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Abstract 
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Chair of the Supervisory Committee: 

James I. Mullins 

Department of Microbiology 

 

Kaposi sarcoma (KS) is a progressive, incurable soft tissue disease that is the most 

common cancer of men in regions of sub-Saharan African and the second most common among 

people with HIV. Kaposi Sarcoma-associated Herpesvirus (KSHV) is the infectious cause of KS, 

but why only a small fraction of those infected develop KS is not understood. Immune status, viral 

co-infection, host genetics and environmental factors all are likely to play a role. My thesis sought 

to identify a possible viral genetic component of KS, through an analysis of the diversity of whole 

KSHV genomes within individuals afflicted by KS. Strain variation or de novo mutations occurring 

in other oncoviruses have been associated with variations in disease risk, disease manifestation 

and clinical course. These variations have the potential to become diagnostic biomarkers and 

help reveal insights into the pathogenicity of the virus. To identify potential tumor-associated 

mutations in KSHV I analyzed the ~131 kb unique sequence regions of 43 whole KSHV genomes 

from tumors and oral swabs from 22 individuals and then screened additional tumors by targeted 

sequencing and ddPCR to better assess the frequency of identified mutations. In total, 65 KS 
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tumors and 18 oral swabs were evaluated from a cohort of 30 study participants with KS, all from 

the Uganda Cancer Institute. In addition, the major internal repeat regions of the KSHV genome 

were examined from 16 individuals. The newly developed technologies of duplex Unique 

Molecular Identifier (dUMI) and single molecule real time sequencing with UMI (SMRT-UMI) were 

employed to provide an unprecedented accuracy and depth of study of herpesvirus populations 

within individuals. These studies revealed recurring tumor-associated mutations, specifically an 

overrepresentation of a specific region encompassing the K5 and K6 genes and inactivating 

mutations in the K8.1 gene, both of which were found in at least a third of the cohort and had 

associations with late-stage tumor characteristics. In contrast, the translation potential of full-

length Kaposin proteins from IR2 was lost in a majority of individuals, but no tumor association or 

clinical correlate was identified. Rearrangement breakpoints were sometimes shared between 

different tumors from the same person, indicating spread by metastases, helper viruses or 

residual infectivity. In summary, these studies revealed the presence of selection for tumor- and 

clinical-stage specific changes the KSHV genome. Hypotheses on whether these changes play a 

role in KS tumor formation, immune evasion and driving persistence in the host are put forth along 

with proposed experiments to test them. Among them, findings from my thesis suggest that 

targeted screening of the K5-K6 and K8.1 gene regions can be helpful in tumor classification.  
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CHAPTER 1: Introduction 
 

Kaposi Sarcoma and KSHV associated diseases 
 

Kaposi Sarcoma (KS) is a soft tissue cancer of endothelial cell origin, most commonly 

presenting as vascular, cutaneous lesions and discolorations on the skin. It is a multifocal 

angiogenic disease and can range from being indolent and localized to hyperproliferative and 

disseminated [1]. KS lesions can develop in surfaces of the oral cavity and involve lymph nodes, 

visceral organs and the lungs, and can often be a cause of mortality [2,3]. The lesions are 

characterized by pervasive angiogenesis, infiltration of inflammatory cells and atypical 

differentiation of spindle-like tumor cells [4]. The tumors typically progress from distinct patch, to 

plaque and then nodular stages, but a patient can simultaneously present tumors in various 

stages [5]. There is no cure for KS and current treatments are mostly palliative [3]. 

There are 4 epidemiological classes of KS --classic, endemic, iatrogenic and epidemic-- 

although the tumor lesions are indistinguishable by histopathology [6]. Classic KS was described 

in 1872 by an Austro-Hungarian doctor Moritz Kaposi, the disease's namesake [7]. Classic KS 

mostly presents as chronic, indolent tumors at the lower extremities of elderly men of 

Mediterranean and Eastern European descent [8]. Endemic KS is found in sub-Saharan Africa 

and has variable prognoses, with its most aggressive forms involving disseminated 

lymphadenopathy in children [8]. Iatrogenic KS can be found in immune-suppressed patients after 

solid organ transplantation [8]. Epidemic KS is rapidly progressive, multicentric and is HIV-

associated; its incidence reflected the emergence of the HIV pandemic. While previously rare in 

the United States, KS became an AIDS-defining disease, developing in about 50% of men with 

both HIV and KSHV before the widespread use of combined antiretroviral therapy [9], now 

referred to simply as ART. Recently a fifth epidemiologic class, nonepidemic KS, was proposed 

to account for KS that develops in men who have sex with men but who are HIV-negative and 

have no immunodeficiency, and whose indolent clinical course resembles classic KS [8]. 

A key feature of KS lesions is the ubiquitous presence of endothelial spindle-like cells infected 

with Kaposi Sarcoma-associated Herpesvirus (KSHV). Identified in KS lesions in 1994 in the 

laboratory of Yuan Chang and Patrick Moore, DNA of the then novel herpesvirus was discovered 

by PCR and DNA subtractive hybridization to reveal genetic differences between KS lesions and 
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adjacent normal tissue from the same patients, followed by selective enrichment of this tumor-

unique DNA from KS tissues [10]. KSHV was subsequently recognized as the etiologic agent of 

KS [11] and is one of seven known human oncoviruses (others being Epstein-Barr virus, human 

papillomavirus, hepatitis B and C viruses, human T-cell lymphotropic virus-1, and Merkel cell 

polyomavirus) [12]. 

KSHV as a cause of KS fulfills all Bradford Hill Criteria for causation [13,14], which were nine 

principles originally proposed when establishing cigarette smoking as a cause of lung cancer [15]. 

Epidemiological data and the detection of KSHV in all cases of KS showed an association that is 

(1) strong, (2) consistent, (3) coherent and (4) specific, correcting for false positives from healthy 

controls and unrelated diseases. The higher probability of detecting KSHV in tumor than non-

tumor sites fulfills the (5) dose gradient criterion in the virology field [13]. Detection of KSHV by 

PCR and antibodies before onset of KS showed (6) a temporal sequence. Subsequent laboratory 

characterization of KSHV-encoded oncogenes provided (7) biological plausibility and (8) analogy. 

Finally, (9) experimental evidence was provided by an incidental finding in a randomized clinical 

trial of an anti-herpesvirus drug, which showed that it prevented new KS tumor formation, albeit 

being ineffective against established KS tumors [13]. 

In addition to KS, KSHV is the etiologic agent of the lymphoproliferative diseases primary 

effusion lymphoma (PEL) and a plasmablastic form of multicentric Castleman disease (KSHV-

MCD) [3]. PEL is a clonal B-cell neoplasm, commonly presenting as an effusion in the pleura, 

peritoneum or pericardium, but sometimes as an extra-cavitary solid lymphoma [11]. KSHV-MCD 

is a polyclonal neoplasm of enlarged plasmablasts that occurs along with systemic inflammation, 

high KSHV viremia, and bouts of elevated cytokines, especially IL-6 [3]. These two B-cell 

malignancies often arise in conjunction with KS in HIV-infected individuals [3]. KSHV is 

additionally implicated in KSHV-associated inflammatory cytokine syndrome (KICS) [3,16]. Like 

MCD, KICS is characterized by systemic inflammation, widespread lytic KSHV replication and 

flares of high IL-6 and IL-10 cytokine levels, but without the enlarged lymph nodes and 

plasmablasts that define MCD [17]. Finally, immune reconstitution inflammatory syndrome (KS-

IRIS) results in 10% of AIDS-KS cases upon initiation of ART [11]. 

KS is a non-trivial public health concern, it along with non-Hodgkin lymphoma and cervical 

cancer are the most frequent cancers [18,19] among the global population of 37 million HIV-

infected individuals [20]. In sub-Saharan Africa, where both KSHV and HIV are prevalent, KS has 
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become the leading cancer in men and second in women [18,19]. The advent of ART has 

drastically reduced the rates of KS along with AIDS [21,22]. However, KS can arise even with 

restored CD4+ cell counts, and people taking ART comprise a third of AIDS-KS cases in the US 

[23–26]. The risk for KS in ART-controlled HIV infections remains 800-fold greater than in the 

general population [22]. Since old age is also a risk factor for KS [3,27], the drop in rates of KS 

worldwide may reverse as more people surviving with HIV due to ART are aging. ART has no 

effect independent of HIV on the risk of developing KS [28] and is not expected to impact rates of 

non-AIDS KS [8,18,29]. Standard chemotherapy does not induce even partial remission in ~30% 

of KS patients, and paradoxically, ~10% of AIDS-KS  patient develop KICS upon initiation of ART 

[3]. Anti-herpesvirus drugs have inconsistent results against new KS tumors and established 

tumors are refractory to them [30]. For these reasons KS will continue to be a substantial disease 

burden for the foreseeable future. 

 

Gaps in the Literature to be Addressed 
 

While KSHV is a requirement for KS, infection alone is far from sufficient. The rate of KS 

among the KSHV-infected worldwide is estimated to be only 1 in 10,000 [9]. KS emerges only 

after years or decades of chronic infection. The precise factors essential for developing KS are 

poorly understood. HIV co-infection is a potent risk factor for KS; HIV-infected people before 

taking ART have a 2,800-fold higher risk of KS compared to the general population [22]. Aside 

HIV infection, KS is also common in organ transplant recipients after chemically-induced 

immunosuppression. However, KS can also develop with little evidence of immunodeficiency as 

evidenced by endemic and non-epidemic KS. Known host factors that contribute to higher KS 

rates are host genetics, old age and male sex [31]; KS occurs at significantly higher rates in men 

[18]. Environmental factors include hypoxia or low oxygen conditions, thought to possibly occur 

in the extremities, and oxidative damage from chronic infection [31,32].  

Viral genetic differences arising from strain diversity or de novo mutations can influence the 

properties of oncogenic viruses and the diseases they cause, as will be discussed below. This 

thesis examines the role of viral genetic factors in the natural history of KS, and sheds light on 

genetic aspects of KSHV genome diversification, which for practical purposes may inform rational 

therapeutic targets. The work that will be described is the most comprehensive characterization 
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to date of KSHV intra-host genomic variation. Elucidation of this variation can be a powerful 

means of uncovering KSHV polymorphisms and mutations associated with various KS disease 

manifestations, clinical presentations and outcomes, which can potentially serve as predictive and 

treatment-selective biomarkers. While factors leading from KSHV infection to the development of 

KS are likely multifactorial – including host genetics and immune function, viral co-infections, and 

environmental factors – the central question this thesis addresses what role(s) KSHV genomic 

diversity might play in the natural history of KSHV infection in KS patients. 

 

Kaposi Sarcoma-associated Herpesvirus  
 

Alternatively known as Human Herpesvirus-8 (HHV-8), KSHV is a large, double-stranded 

DNA virus of the Herpesviridae family, in the lymphotropic or gamma (γ) herpesvirinae subfamily 

[9]. Gamma-herpesviruses are typically tropic to T or B lymphocytes [9]. KSHV can be further 

classified into the gamma-2 or rhadinovirus genera together with Herpesvirus saimri [33] and 

KSHV's closest animal virus homolog, retroperitoneal fibromatosis-associated herpesvirus 

Macaca nemestrina (RFHVMn) [34]. KSHV is one of only 2 gamma-herpesviruses known to infect 

humans, the other being Epstein-Barr Virus (EBV) of the gamma-1 or lymphocryptovirus 

subfamily. Like other gamma-2 herpesviruses, the genome of KSHV is composed of a central 

unique sequence region interspersed with 3 major internal repetitive regions (IR1, IR2 and LANAr), 

flanked by 20-40 copies of terminal repeat (TR) sequences. It contains at least 86 open reading 

frames (ORF) that were numbered serially from 5' to 3' (ORF4 to ORF75). The ORFs consist of 

genes for herpesvirus replication and virion structure shared with other gamma-herpesviruses, 

and 15 genes unique to KSHV and other gamma-2 herpesviruses are designated K1 to K15 

instead of ORFxx. Protein coding sequences discovered after KSHV gene names had been 

established were appended with a decimal number (e.g., K4.1, K8.1). Moreover, the KSHV 

genome encodes several transcripts for long non-coding, micro and circular RNAs [35,36]. 

KSHV is highly endemic (>50%) in parts of sub-Saharan Africa, moderately endemic (10%-

25%) in the Mediterranean region and parts of Latin America, and rare (<10%) in most of the US, 

Europe and Asia, except for men who have sex with men [16]. KSHV is primarily transmitted via 

saliva during childhood and sexually, with some cases of infection via blood transfusion or 

intravenous drug use. In endemic areas, family members will often infect other family members 
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[37]. B cells are a major reservoir for KSHV persistence in the body, and human primary tonsillar 

B cells can be infected by KSHV [38]. Other than B-lymphocytes KSHV has a broad host cell type 

tropism encompassing monocytes, dendritic cells, fibroblasts, endothelial cells and epithelial cells 

[9]. EphA2R and EphA4R are among the receptors employed by KSHV for cell entry [38,39].  

The infection cycle of KSHV, like other herpesviruses, comprises latent and lytic phases [9]. 

KSHV generally enters latency upon infection, after a brief abortive replication to create a few 

dozen KSHV genome copies [40]. KSHV genomes are linear while inside virion capsids, but 

during latency the TR on both ends are covalently joined to form circular episomes, which are 

tethered to host cell nucleosomes by the product of viral gene ORF73/LANA (Latency associated 

nuclear antigen), which also mediates viral DNA replication and propagation to daughter cells [16]. 

Only a few viral latency genes are expressed for viral genome maintenance and enhanced host 

cell survival [41]. Upon reactivation triggered by incompletely understood host or environmental 

factors, the lytic genes are expressed in ordered stages – immediate-early, delayed-early, and 

late [32]. Immediate-early genes are generally viral transcription factors. One key immediate-early 

gene, KSHV trans-activator ORF50/RTA, regulates the switch from latent to lytic phase and 

initiates transcription of most other lytic genes. Delayed-early genes encode enzymes and 

regulatory proteins for viral DNA replication and creating a favorable cellular environment for 

productive viral replication. Late genes encode most viral structural proteins including capsid, 

tegument and glycoproteins. Concatemers of multiple, full-length viral genomes connected head-

to-tail are produced by rolling circle replication. Unit-length genomic DNA, cut between variable 

numbers of TR sequences, is packaged into preformed capsids in the nucleus. The intranuclear 

capsid then acquires its inner envelope from the nuclear membrane, tegument proteins in the 

cytoplasm, and its outer envelope by budding into Golgi vesicles. Mature virions are finally 

released extracellularly via fusion of vesicle and plasma membranes [32]. 

KSHV genes expressed in both lytic and latent phases are implicated in tumorgenicity. They 

have functions in promoting cell proliferation, angiogenesis, inflammation, anti-apoptosis, immune 

evasion, among other effects. KSHV latency genes that were found to be oncogenes in vivo are 

LANA, which maintains viral latency; ORF72/vCyclin, a homolog of cellular cyclin D, that regulates 

cell cycle progression; and K13/vFLIP, which inhibits apoptosis and activates NF-κB [42]. Among 

the oncogenic lytic genes are K1, a cell membrane protein that functions akin to a constitutively 

active B-cell receptor; K2/vIL-6, a homolog of inflammatory cytokine IL-6; ORF36/vPK, a viral 

serine-threonine kinase that alters cell signaling; and ORF74/vGPCR, a constitutively active G 
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protein-coupled receptor functionally homologous to human IL-8 receptor [42]. Additionally, KSHV 

miRNAs, by influencing and subverting cellular regulatory networks, contribute to viral 

oncogenicity [43]. 

 

Viral Genetic Heterogeneity in Human Tumor Viruses 
 

Strain  variation and de novo mutations in tumor viruses have been associated with varying 

disease risk and course. The Hepatitis C (HCV; an RNA virus) genotype 1b confers twice the risk 

for developing hepatocellular carcinoma compared to other HCV genotypes, and deep 

sequencing revealed that the proportions of disease-associated HCV core protein polymorphisms 

increased along with disease severity [44]. The various genotypes of Hepatitis B Virus (HBV; a 

DNA virus that replicates through an RNA intermediate) have different seroconversion rates, 

lifetime risk for hepatocellular carcinoma and responses to interferon-based therapy. There are 

HBV core promoter and pre-S protein coding sequence mutations that are predictive of disease 

progression [45]. Cancer-causing human papillomavirus (HPV; a small DNA virus) types are 

divided into high risk and low risk groups, with HPV types 16 and 18 being the most carcinogenic 

[46]. In both HPV and Merkel cell polyomavirus (MCPyV; another small DNA virus), integration 

into host chromosomes and disruptive mutations to viral genes E2 and Large T, respectively, are 

necessary drivers for the progression of their respective cancers [46]. 

The gamma-herpesvirus EBV is the most closely related human tumor virus to KSHV, and 

EBV strains have genetic differences among them that are associated with different biological 

properties and distinct clinical diseases. For example, EBV strains with a defective EBNA3B gene 

are uniquely linked to diffuse large B-cell lymphomas and were more tumorigenic in mice [47]. In 

another example, EBV strains derived from nasopharyngeal carcinomas (NPC) poorly 

immortalize B-cells and have higher tropism to epithelial cells, unlike other strains that are highly 

B-cell transforming [48,49]. Replacing one residue in the transactivator protein EBNA-2 of a 

weakly transforming strain with that of an efficiently transforming strain led to superior growth in 

a B-cell growth maintenance assay [50]. Also, independent contributors to the B-cell hyper-lytic 

phenotype of NPC-derived strains were mapped to a 7-nt segment of its DNA polymerase gene 

[48] and to NPC strain-specific polymorphisms in the DNA binding domain of EBV latency gene 

EBNA-1 [47]. 
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 EBV genomes reportedly have measurable intra-host diversity between saliva and peripheral 

B-cells during acute infection [51]. These differences were concentrated in EBV latency and 

glycoprotein encoding genes and diminished over 6-12 months as acute infection transitioned into 

chronic infection. At the last time point measured, EBV genomes were genetically closer to a B-

cell transforming genotype, mostly due to nonsynonymous mutations in latency-associated genes 

[51]. Human cytomegalovirus (HCMV) herpesvirus genomes also exhibit compartment-specific 

mutations and intra-host diversity [52]. Single polymorphisms in specific herpesvirus genes can 

have phenotypes that impact disease course and management [53], including single amino acid 

changes in HCMV kinases or DNA polymerase that can confer drug resistance [54,55]. 

Occasionally, EBV genomes or genome fragments have been found integrated into 

chromosomes in gastric and nasopharyngeal carcinoma and lymphoma cells [56], even though 

integration is not a required part of its life cycle. The number of integration sites correlated with 

the amount of EBV structural variations [57], and these sites had microhomology between 

sequences in human and EBV genomes [58]. Intriguingly, EBV integrations were commonly found 

near or inside tumor suppressor and inflammation-related genes, some of which were shown to 

affect cellular gene expression levels [58]. 

 

Genetic Heterogeneity of KSHV 
 

KSHV has genetic variability that could potentially contribute to disease risk and course. The 

hypervariable gene K1 is by convention used to classify KSHV isolates into at least 6 subtypes A 

to F, and sub-subtypes [59]. K1 is an oncogene encoding a single transmembrane glycoprotein 

with a hypervariable extracellular domain at its N-terminus [60]. The C-terminal cytoplasmic 

domain is highly conserved and contains a constitutively active immunoreceptor tyrosine-based 

activation motif (ITAM) thought to imitate signals used to promote the survival of host lymphocyte 

cells [60]. It is unclear what drives the hypervariability of K1 extracellular domains, but there are 

numerous reports of certain K1 subtypes having differing KS risk profiles and prognoses: Subtype 

A was correlated with more aggressive KS and higher plasma viral loads than subtype C [61–63]; 

subtype A5 was associated with more extensive KS (>10 KS lesions) among the sub-subtypes of 

both A and B [64], and subtype B was associated with better KS prognosis compared to A, C and 

F subtypes [65]. However, these findings have not been consistently observed [66–69]. K1 
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subtypes are predictive of host ethnicity and geographic origin and are thought to follow ancient 

human migration patterns [59]. Subtypes A and C predominate in Europe and the US, subtype B 

predominates in Africa, D is present in Pacific islands, E has been found among Amerindians, 

and F was discovered among Bantu tribes in Uganda [59].  

Polymorphisms in the KSHV microRNA-dense region, found 3' of IR2 in the KSHV latency 

locus, are highly correlated with the occurrence of MCD [70]. This region has significantly more 

variability and divergence in MCD patients than in non-MCD infections. The polymorphisms were 

subsequently shown to alter processing and expression levels of the 10 encoded microRNAs in 

vitro [71] and in KS lesions [72]. Polymorphisms in these 22 - 23 nucleotide microRNAs are of 

consequence since they co-opt cellular processes that drive cell survival, differentiation and 

transformation [43].  

 

Whole Genome Heterogeneity of KSHV 
 

The first two decades following the discovery of KSHV saw only 6 whole KSHV genomes 

sequenced, owing to the difficulty of sequencing the entire 165 kb genome interspersed and 

flanked by GC-rich repetitive sequence regions. Furthermore, this number lagged far behind the 

sequencing of other human herpesviruses, and were restricted to isolates in the US and Europe 

[73]. Over the next 5 years, however, a total of 66 additional KSHV genomes were sequenced 

from Japan, Zambia and Uganda [74–77]. The growing use of second/next-generation 

sequencing fueled the increase in available KSHV genomes. The 72 whole KSHV genome 

sequences then available painted a more comprehensive picture of KSHV global diversity than 

single KSHV genes alone. Importantly, these studies showed that polymorphisms in the rest of 

the genome contribute in aggregate much more to KSHV diversity than within the 0.9 kb hyper-

variable K1 gene alone. KSHV whole genome phylogenetic trees are markedly different from K1 

gene trees of the same strains, and removing the hypervariable genes did not change the 

phylogenetic tree topology from the whole genome tree [75,76]. Unmistakable signatures of 

recombination were also seen from analyzing whole genomes [77], corroborating the mosaic 

genomes inferred previously by sequencing short genic segments and complicating disease risk 

associations solely based on K1 subtypes [59].  
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Whole viral genome sequencing has also revealed genome-level structural variations. The 

first KSHV genome published, from a biopsied KS tumor and sequenced using the Sanger method, 

had a 33-kb mid-genome section duplicated into the midst of KSHV terminal repeats [33]. A study 

of 16 whole KSHV genome sequences from KS tumors biopsied from Zambia was done by de 

novo assembly of short reads [76]. It reported 4 KSHV genomes with regions of up to 3 times the 

average read coverage, suggesting duplications, although the exact structures were not 

elucidated. In another example, a 9-kb region from IR1 to ORF19 was found duplicated into the 

TR region of BAC36 [78], a bacterial artificial chromosome constructed from the KSHV-infected 

PEL cell line BCBL1 [79]. Incidentally, this was where the BAC cassette was targeted for insertion, 

between ORF18 and ORF19 [79]. Selection markers inside the duplication would favor retention 

of the short sub-genomic fragment in E. coli during the BAC cloning process and the loss of the 

full-length KSHV genome via homologous recombination. It is thus unclear how BAC cloning 

could produce the observed duplication if it had not naturally existed already as a minor variant 

in the BCBL1 cell line.  

 

KSHV Increases Both Host and Virus Genome Instability 
 

As genomic instability and gene amplification are hallmarks of tumor cells [80], intra-genome 

copy number variation and rearrangements of resident herpesvirus genomes is not surprising in 

KS tumors. Host cell chromosomal aberrations in KSHV-infected tumor cells are frequent and 

have been suggested by several findings to be non-random. Recurring losses and translocations 

in specific regions of chromosomes 3, 7, 8, 11, 14, 16, 17, 21 and Y are associated with KSHV-

infected primary KS tumors or cell lines [81]. KSHV-positive PEL cells have recurring 

abnormalities in specific regions of chromosomes 1, 4, 7, 8, 12 and X [82–84]. KSHV also induces 

mitotic abnormalities leading to chromosomal aberrations in human umbilical vein endothelial 

cells (HUVEC) [85]. Not only have integrations of EBV sequences into host cell chromosomes 

been observed [56], but host cell genome instability has been found to be a common result of 

repeated chemical reactivations from latency [86].  

Double-stranded DNA (dsDNA) breaks are key intermediates to gene amplification and 

genomic instability [80]. Many components of the DNA damage response are hijacked during 

KSHV infection and replication, and KSHV lytic and latency proteins contribute directly to dsDNA 
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breaks [87]. KSHV processivity factor PF-8 increases dsDNA breaks and impedes non-

homologous end-joining repair in a dose-dependent manner [88]. KSHV viral transcription factor 

ORF57 can induce dsDNA breaks by sequestering the human Transcription and Export complex 

(hTREX) at the expense of cellular transcription, increasing the formation of highly vulnerable 

RNA:DNA hybrids in the form of R-loops [89]. KSHV vGPCR downregulates several DNA damage 

and repair genes through microRNA-34a [90]. Latency gene vCyclin, and to an extent LANA, can 

independently activate DNA damage response pathways [87]. 

Large DNA viruses typically have their own proof-reading enzymes, helicases and 

processivity factors, which results in high replication fidelity [9]. Recombination plays an outsized 

role in generating genetic diversity in all alpha-, beta-, and gamma-herpesvirus subfamilies within 

human prehistory and contemporary times [91–93]. As discussed below, the conserved 

replication mechanism of herpesviruses is inherently conducive to strand-transfer and genome 

segment inversions, independent of the herpesvirus genome template [64]. Additionally, genomes 

of gamma-herpesviruses, compared to other herpesvirus families, are enriched in motifs that are 

inducers of double-stranded breaks and recombination in B-cells, their primary host cells [94]. An 

analysis of recombination across 171 EBV genomes showed that recombination signals 

significantly clustered with CCCAG and TGGAG motifs [92].  

Herpesviruses are commonly thought to replicate by rolling-circle replication (RCR) during the 

lytic phase [9]. However, RCR alone yields linear amplification, and most dsDNA viruses first 

undergo an exponential circle-to-circle, or theta (θ), replication before switching to RCR to 

produce linear genome concatemers, which are in turn cut into single genome units and packaged 

into capsids [95,96]. Recombinases are integral in the switch from theta replication to RCR [96]. 

Multi-branched and entangled DNA structures associated with theta-like replication had been 

found in HSV-1 and EBV [95–97]. Additionally, double-rolling circle replication (DRCR), as when 

there are 2 replication forks continuously going around a circular genome in the same direction, 

has been suggested to explain the frequent inversions of HSV-1 genome isomers [98]. DRCR 

can be induced from template switching events and are thought to accumulate repeating DNA 

structures in close conformations where they can more frequently recombine. In yeast and 

mammalian cell systems, inducing DRCR can elevate deletions, inversions and amplifications of 

a marker gene by 2 orders of magnitude [98,99]. Aside from viral infections, RCR and DRCR can 

occur with so-called double minute chromosomes and extra-chromosomal circular DNA. Tumor 
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cells are prone to produce these acentric, circular DNA bodies endogenously, which oftentimes 

serve to amplify oncogenes [100,101]. 

 

Defective Viral Genomes  
 

Deleted or defective KSHV genomes have been detected in primary KS tumors, and helper 

virus activity has been reported in cell culture. For example, defective KSHV genomes developed 

during long term culture of BCBL1 suffered an 82 kb deletion from the 5' end [102]. Cells 

exclusively harboring these defective genomes had more malignant phenotypes than the parental 

BCBL-1 line but were lytic replication incompetent. The defective genomes still include TR 

sequences, and they could be packaged into infectious virions in cells containing both intact and 

defective genomes [102]. Similar genomic deletions were detectable by PCR in a few primary KS 

tumors and other KSHV-infected cell lines [102]. 

There are known examples of herpesviruses generating defective genomes in animal model 

systems and in clinical disease [103–105], and specific DNA sequences in herpesvirus genomes 

can promote their generation [106,107]. While generation of defective viral genomes is common 

among RNA and DNA viruses, their role in a natural infection is unclear. They can have large 

deletions or other major mutations that render them defective for independent replication, but their 

smaller sizes can contribute to a replicative advantage over full-length genomes [108,109]. They 

typically compete and interfere with the propagation of full-length viral genomes but cannot 

completely outcompete and eliminate the full-length genomes. Defective viral genomes 

modulating viral replication is increasingly thought to facilitate persistence of some viruses in vivo 

[108]. Cooperative networks of mutants, or quasispecies, have been thought to be integral to the 

life cycle of some viruses in their host organisms [110]. Detection of defective viral genomes has 

been associated with distinct clinical outcomes in respiratory syncytial virus [111]. In EBV, 

rearranged viral DNA can been readily detected in hairy oral leukoplakia and Hodgkin's disease 

[104,105], where rearranged genomes can remain detectable even in the absence of the EBV 

diagnostic marker EBER [105]. The biological significance of defective EBV genomes is unclear, 

but intriguingly, there are defective EBV genomes that, instead of interfering, transactivate latent 

EBV in cell culture [112,113]. Such defective EBV genomes have rearrangements that enhance 

the expression of EBV transactivator protein ZEBRA [114].   
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Significance of Repeat Sequence Heterogeneity 
 

The large internal (IR1, IR2 and LANAr) and terminal (TR) repeat sequences can be sites of 

rapid evolution [115], yet they are rarely sequenced in KSHV genomes because of the presence 

of long, GC-rich repeats which are largely insurmountable by Sanger and next generation, short-

read sequencing. The IR1 and IR2 tandem repeats have up to 84% GC content and can span 

more than 1 kb, while paired-end short reads can map erroneously to homologous sequences in 

IR1 or IR2. LANAr is composed of GC-rich trinucleotide repeats of up to 2 kb. It has 3 subdomains 

of imperfectly repeating strings of the amino acids DED, QED and QEL, including short runs of 

Qs and Es. The major internal repeats are masked in 65 of 72 KSHV genome sequences 

published to date. The few studies on KSHV major internal repeats show them to be 

heterogeneous across individuals in length and sequence [116–119]. They could be overlooked 

sources of both genetic and functional diversity in KSHV, since they encode DNA elements, 

transcripts and protein domains essential throughout the viral infection cycle  [32,120,121].  

Heterogeneity of repeat sequences has been shown to be consequential in other DNA viruses. 

EBV IR1 was observed to have minor sequence variants and repeat defects in tumor-derived and 

lab strains more frequently than in saliva-derived and non-tumor strains [122]. Repairing defects 

in IR1 of the EBV lab strain B-95 resulted in increased production of large LP isoforms and higher 

transformation efficiency [122,123]. Mutations in repetitive sequences may also disrupt structures 

important for their functions. For example, GC-rich repeats in EBV origins of lytic replication adopt 

triple helix DNA structures in vivo that when interrupted with point mutations abrogates Origin of 

Lytic replication (Ori-Lyt)-dependent replication [124]. The KSHV GC-rich tandem units consist of 

sequences similar to the JC polyomavirus Ori-Lyt pentanucleotide repeat AGGGA [125], which in 

JC regulates DNA replication and transcription that depends on host cell type [126,127]. 

Secondary structures adopted by this sequence impedes and facilitates transcription of early and 

late genes, respectively. Furthermore, mutations that delete or disrupt Ori-Lyt repeat sequences 

in BK and SV40 polyomaviruses result in viruses unable to fully replicate but which are highly 

transforming [128,129]. 

The variation in tandem repeat numbers within repetitive regions adds another level of 

diversity. Numbers of tandem repeats expand and contract at 10-3 to 10-6 per generation, a rate 
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up to 10 orders of magnitude higher than nucleotide substitutions (10-9 to 10-12) [115]. Tandem 

repeats can be important contributors to variation in gene expression and protein function, and 

there are numerous examples of phenotypic diversity dependent on tandem repeat unit counts 

(e.g., onset of several human degenerative diseases, regulation of circadian clocks, dog breed 

morphologies) [115]. Excessive structure-forming repeats can modulate and stall transcription 

through the formation of RNA-DNA hybrid R-loops, and it can strain replication machinery [130]. 

Repeats have functional significance during tumor progression as well, since repeat instability is 

markedly increased in early stage tumor genomes compared to those of matched healthy normal 

tissues and late stage tumors, and this transient increase is thought to allow for adaptive evolution 

to maintain fitness while driver mutations have not yet accumulated [131]. 

 

Sequencing Challenges and Innovations 
 

Clinical samples with low viral loads pose challenges for accurate sequencing, hence 

amplifying DNA is a requisite step. Previous studies that assessed KSHV single nucleotide 

polymorphisms, variants or multi-strain infection in KS tumors, mucosa and plasma may have had 

bias introduced during sample preparation and PCR [132][25]. For whole genome sequencing, 

conventional next generation sequencing (NGS) can have error rates 1 – 0.1%, due to PCR 

misincorporation, PCR chimeras and DNA damage from long, repeated high-temperature 

incubations [133–136]. Both Sanger sequencing and NGS can miss genomic and minor sequence 

variants. As well, KSHV has rather high GC content averaging 54%, peaking at 84% at the GC-

rich tandem repeats. GC content affects the efficiencies of PCR amplification, sequencing [137] 

and enrichment specificity.  

Augmenting NGS with duplex Unique Molecular Identifiers (dUMI), which are double-stranded 

oligonucleotides that include a stretch of random base pairs to barcode both ends of individual 

DNA molecules before PCR amplification, can direct removal of errors due to PCR [138]. During 

bioinformatic processing, the DNA sequences as they were before all PCR amplification are 

reconstructed by taking the consensus of reads with identical dUMI. This removes nearly all PCR 

misincorporation errors since they cannot be found in 100% of all PCR products derived from a 

template molecule. Point mutations in the original template sequence are left behind, and the 

error rate is reduced to ~10-9. Incorporating dUMI is especially advantageous when multiple 



Page 23 of 149 

 

rounds of bait enrichment are employed [139], which necessitates more rounds of PCR but is 

often required for analyzing the typically less than 0.1% KSHV DNA present in human clinical 

specimens. Moreover, since reads are tagged on both ends, dUMI pairing information is used to 

identify and remove PCR-related recombination, identified by a given dUMI pairing with another 

dUMI in a minority of sequences. A chimeric read relative to a reference but supported by a 

majority of dUMI pairings would indicate a real genomic rearrangement breakpoint. 

While typical NGS sequencing can identify mutations shared by a substantial proportion of 

the genomes within a population, it is fundamentally limited in its ability to identify rare variants in 

heterogeneous mixtures, regardless of read depth [140].  Given that herpesviruses have a lower 

error rate than RNA viruses [141], NGS errors will correspond to a greater proportion of suspected 

mutations. The use of dUMI, which reduces the error rate approximately 5 orders of magnitude 

below that of typical NGS, is therefore essential for accurate low-level variant discovery and 

confirmation. Finally, since each dUMI tags a unique DNA molecule before PCR, the depth of 

unique dUMI-consensus reads per base allows accurate quantification of the number of unique 

DNA templates sequenced per base [142,143]. 

 UMI-consensus sequencing can also be applied to 3rd generation sequencing like Pacific 

Biosciences single-molecule long read sequencing (PacBio SMRT), making it truly effective for 

analyzing intra-host diversity of GC-rich KSHV internal repeats. PacBio SMRT is by far more cost-

effective and higher throughput than Sanger sequencing and has no GC-content bias unlike NGS 

[144]. However, with longer DNA templates polymerases during PCR have more opportunity for 

template switching and indel errors that destroy reading frames in the rest of the read, especially 

within homopolymer runs. These errors can accumulate to become debilitating, given that PacBio 

SMRT has lower throughput than NGS. Tagging DNA templates with UMI before PCR 

amplification allows for error correction by UMI-consensus, resulting in essentially error-free 1.5 

– 4kb reads, as was shown in our lab (manuscript in preparation).  

 

Scope of Thesis Work 
 

Upon starting my graduate studies, the genomic variability of KSHV was not well understood, 

with the exception of K1 and other small segments that together constitute ~4% of the 165-kb 
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KSHV genome. Since then, many more whole KSHV genomes have been added to the literature, 

particularly from Africa. Nevertheless, the viral genetic contributions to KS has not been fully 

addressed, and much remains unknown of the natural history and evolution of KSHV genomes. 

My thesis focuses on some outstanding questions about possible KSHV genomic diversity in vivo 

in the individual level: Do KSHV whole genome sequences in KS tumors have characteristic 

mutations that make them different from "circulating" strains that would be found in saliva of the 

same person? Are there intra-host genetic variants of KSHV, be it from quasispecies, 

compartmentalization, spontaneous integrations, or defective viral genomes, that can arise in 

people with advanced KS? Are there regions of underestimated genetic variability in the KSHV 

genomes outside of K1? If any novel polymorphisms or mutations are found, do they have the 

potential to explain the variability of KS manifestations, tumor morphology, staging, progression, 

treatment response, and clinical outcomes, as well as offer insights into KS pathogenesis?  

With the novel sequencing methodologies described above, I had set out to explore these 

questions in detail from clinical samples provided by a cohort of 30 individuals with KS in Uganda 

enrolled in the HIPPOS study, administered by Dr. Warren Phipps of the Uganda Cancer Institute 

- Fred Hutchinson Cancer Research Center consortium. The study participants included men and 

women with advanced KS from Uganda, most of which have HIV co-infections. Importantly, many 

clinical specimens examined were from matching KS tumor biopsies and oral swabs taken from 

the same individuals. In the course of my graduate work, I will publish 43 new whole KSHV 

genomes that were enriched and sequenced from tumors and oral swabs of 22 individuals. I also 

obtained informative viral genetic data from a total of 65 tumors and 18 orals swabs from 30 

individuals, as well as fully sequenced KSHV internal major repeats in matching samples from 16 

individuals.   

Chapter 3 showcases the utility of dUMI technology when deep sequencing low viral load 

clinical samples, including oral swabs, from 9 individuals. This study highlights the remarkably 

little KSHV diversity existing within hosts at the nucleotide sequence level within a sample and 

between oral swabs and tumors. However, whole genome sequencing and de novo assembly 

revealed tumor-associated KSHV genome aberrations that frequently retain the IR1 region, 

inactivating mutations of K8.1, and shared viral genome rearrangement breakpoints, which when 

results in defective viruses, may be indicative of metastatic spread of clonal tumor cells or 

propagation by helper viruses. Chapter 4 follows up on these observations in a larger cohort of 

30 individuals and examines their associations with clinical phenotypes. I found that the IR1 region 
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read over-coverage, minimally encompassing the K5 and K6 genes, was a significantly common 

and specific occurrence (10/30 individuals), among all possible KSHV genome regions. Nine 

unique K8.1-inactivating mutations were found in 8/30 individuals, a significant finding given that 

no other intra-host mutation recurred in more than one individual in all the other 85 KSHV ORFs. 

Polymorphisms in K4.2, K11.2 and miR-K10 across individuals were also characterized. In 

Chapter 5, I found via PacBio SMRT-UMI sequencing that KSHV internal repeat regions have 

higher variability within hosts compared to the genome-wide variability I reported in Chapter 3. 

IR1 encoded imperfect repeats more often than IR2 in persons with KS, and polymorphisms that 

lead to loss of the translation potential of all full-length Kaposin isoforms from IR2 is frequent 

among KSHV isolates from Africa. Chapter 6 discusses each of the viral genomic aberrations and 

mutations I observed from the preceding 3 chapters, their biological and clinical implications, and 

the means of assessing whether such changes could be causal or incidental to tumor formation. 

To conclude, Chapter 7 summarizes my body of work and future studies that could be undertaken 

to extend my findings to clinical settings.                                                                                                                          
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CHAPTER 2: Methods 
Ethics statement 

All participants provided written informed consent. This protocol was approved by the Fred 

Hutchinson Cancer Research Center Institutional Review Board, the Makerere University School 

of Medicine Research and Ethics Committee (SOMREC), and the Uganda National Council on 

Science and Technology (UNCST). 

 

Study Cohort and Specimen collection  
Specimens were obtained from participants enrolled in the “HIPPOS” Study, an ongoing 

prospective cohort study, begun in 2012, of KS patients initiating treatment at the Uganda Cancer 

Institute (UCI) in Kampala, Uganda (Table 1). Participants were eligible for the HIPPOS study if 

they were >18 years of age with biopsy-proven KS, and naïve to antiretroviral therapy (ART) and 

chemotherapy at enrollment. Participants attended 12 study visits over a one-year period and 

received treatment for KS consisting of ART and chemotherapy (a combination of bleomycin and 

vincristine or paclitaxel) per standard protocols by UCI physicians. At each visit, participants 

received a detailed physical exam to assess clinical response using the ACTG KS response 

criteria [145]. 

Table 1. Study participant characteristics 

Number of participants 30 
Gender:  Male / female 23 / 7 
Age in years, median (range) 32 (23 - 78) 
ACTG stage:   
        Tumor extent (T1) 26 
         Immune Status (I1) (CD4 <200) 13 
         Systemic symptoms (S1) 21 
HIV positive individuals: 25 

        Median CD4 T-cell cells/mm3 (IQR) 215 (97, 385) 

        Median plasma HIV RNA, copies/ml (IQR) 2.1 x 105 (1.2 - 4.1x105)  
 

Participants provided plasma samples at each visit for KSHV, CD4 and HIV viral load testing, 

and in addition, provided up to 12 biopsies of KS lesions before, during, and after KS treatment. 

KS tumor biopsies were obtained using 4mm punch biopsy tools after cleaning the skin with 

alcohol, and either snap-frozen at the clinic site and stored in liquid nitrogen (LN2) or placed in 
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RNAlater (Sigma-Aldrich, Cat. # R0901) and stored at -800C. Study clinicians collected swabs of 

the oral mucosa at each study visit and participants self-collected oral swabs at home for 1 week 

after the visit after education on the sample collection technique, as previously validated by our 

group in Uganda [146]. Briefly, a Dacron swab is inserted into the mouth and vigorously rubbed 

along the buccal mucosa, gums, and hard palate. The swab is then placed in 1 mL of filter-

sterilized digestion buffer [147] and stored at ambient temperature [148] before being placed at -

20oC for storage.  

 

DNA preparation 

DNA was extracted from 300µL homogenized tumor lysates using the AllPrep DNA/RNA Mini 

Kit (QIAGEN, Cat. # 80204) and eluted into 100µL EB Buffer. For oral swab specimens, DNA was 

extracted from the swab tip eluate using the QIAamp Mini Kit (Qiagen, Cat. # 51304) following 

the manufacturer’s protocol. Purification of DNA from saliva stabilized in RNAprotect Saliva 

Reagent (Qiagen) was performed following the manufacturer’s protocol with the following 

modifications: There was no initial pelleting or PBS wash, 20 µL proteinase K was used per 200 

µL specimen, and DNA was eluted in 50 µL water. DNA was quantified using a NanoDrop 1000 

Spectrophotometer (ThermoScientific).  

 

PCR  

All PCR reactions for genetic marker screening and breakpoint junction confirmation were set 

up in a PCR-clean room, except for the addition of control templates. PCR was conducted using 

the PrimeSTAR GXL kit (Takara, Cat. # R050B) with ThermaStop (Thermagenix) added. Cycling 

conditions were: 98°C for 2 mins; 35 cycles of 98˚C for 10 secs, 60-65˚C (depending on primer) 

for 15 secs, 68˚C for 1min/kb; 68˚C for 3 mins and then hold at 4˚C. All primer sequences used 

throughout are listed in Table 2.  

 

Copy number quantification 

KSHV DNA copy number across the genome were quantified by droplet digital PCR (ddPCR) 

using the QX200 Droplet Generator and Reader (Bio-Rad), with ddPCR SuperMix for Probes (No 

dUTP) (Bio-Rad, Cat. # 186-3024). Primers and probes (Table 2) were designed to detect 

segments of 4 KSHV- unique genes K2/vIL-6, ORF16/vBCL-2, ORF50/RTA and ORF73/LANA, 
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Table 2. Primer list 

PRIMERS SEQUENCE NOTES 
For PCR confirmation of breakpoint junctions and other polymorphisms 

K8.1intron_innerF GTCTGGAGAAGATGCAATAGATGAAT   

K8.1intron_innerR AAGTATAAGGACAAGCCCCAGCAAT   

K8.1intron_outerF AATGTCTCCGTATCTGTTGAAGATA   

K8.1intron_outerR  GGCATCGTGGAACGCACAGGTAA   

U030C-K15gapF GAAAGGCATGAATGGGAAACGCAAA   

U030C-K15gapR AACATAAGTGTTTACTACCAACTTT   

U008B-IR2int-F GGACCTAGCATCCCGCTCCCATT 
Breakpoint junction PCR of 14.8 kb IR1-
region insertion into IR2 

U008B-K3int-R CAGATATGTGGCGTCGTATACAACA 
Breakpoint junction PCR of 14.8 kb IR1-
region insertion into IR2 

K3-F GAGTTTGGTATCAACCGCAACTA   

ORF19internal-F CCAAGAACCATAAAGTACGCTCTAT   

ORF19internal-R ATGGACAGAGGCGGGAAGATTCT   

003CgapTR-R GGGCTAGGCCACGCCTACTTT   

003CgapTR-F TATTTTACCCCCCTCATATTCATCT   

ORF11int-F GCAAAGTCACAGCCATCGTGTCAA   

ORF11-R CTACAGTCACTATGTCTTTGTGTGT   

ORF19int-R GTGTCCTTCATCTTCCCTGGCATA   

ORF18-F_alt2 TTTCGGTCTAAATGTGTACCTGTTAA   

ORF4-F GTCGCCCTAACGTGTGGACTGAT   

K1out-R ATGTCCAACAAGGTCTGAAAGACA   

ORF25in-F TTGCTCTACGACCATTCAATACCA   

ORF25in-R TACACCACCTTGTTTCCGAGCTT   

K12in-R GGATAGAGGCTTAACGGTGTTTGT   

IR2-R GGTGCCCAAATTGCTCAATAATGAA   

K8.1-F1 GCTGTCTTTGTAGGCATTAGAAGA   

K8.1-F2 CTATGTTTCCTAGCGGCGAGATT   

K8.1-F3 GGAGGCACATAAGGAACAGATTAT   

K8.1-R1 ACCGCTAAACCGCCTCCTGGT No PCR product with other K8.1 primers 

K8.1-R2 ACGAAGAGGAGCCTCGACAACA   

K8.1-R3 GTACCACTCTTTATCATGTGAACA   

IRcomplexF ATCCCTAGAACTCCCAAGCTGATT   

K5-F GCGTCACGTCACATATCTCTGT   

K6-F GCGTCATCACTAGTTATGAGAGAA   

K6-R CATATAAGGAACTCGGCGTTACAT   

ORF9in-F GTTATGGATCTTCTGCTACGGTT   

ORF9in-R AATAACACAGTAGTTTCCCACCTT   

ORF8in-F ATTATCGTTATAGCAATCATCCTGA   
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ORF10in-R CCAAATGCCGATGGGTTCTGAA   

ORF9in-F2 ACGACAGAATCCCCTACGTGTT   

ORF10in-R2 TATGTGCTCGGACAGTCACGATT   

TR-F GAGCCCTGGACACTAMGTGAACA 
no PCR product with TR-R, or any other 
primers 

TR-F_alt1 AGATAAGATGAAGAGTATCCTGGAA 
no PCR product with TR-R, or any other 
primers 

TRout_alleleP_F CCGACACAAGGCTCATAAATATTC 
no PCR product with TR-R, or any other 
primers 

TR-F_alt3 GCGGCAGCGGAGCGCGAGC 
no PCR product with TR-R, or any other 
primers 

TR-F_alt4 TCCTCAGTGCTTGCTACGTGGA 
no PCR product with TR-R, or any other 
primers 

TR-R GGCTCCACGTAGCAAGCACTGA   

TR-R_alt1 GCGGGAGAAAACGAAAGCAAGC no PCR product with TR-F, or any other 
primers 

TR-R_alt2 CGCATCCCCCCCCCTATTTTAC 
no PCR product with TR-F, or any other 
primers 

TR-R_alt3 GCGCTCGCGCTCCGCTGC 
no PCR product with TR-F, or any other 
primers 

K4.1inF1 TGGACAGGGAATTCTCGCAACAA   

K4.1inF2 GCTCAATCACGGCCACCCAGA no PCR product with IRcomplexR1 or R2 

vIRF2r_F1 CCGTTAAATCAAAGTGGGTCTTCA   

vIRF2r_R1 TGTAGGGAGGGATATGCACAGTT   

vIRF2r_F2 CGAAATAATACACTTCCACCACTA   

vIRF2r_R2 TCATCTGGTCAGTCATCGAGCTT   

For ddPCR 

vIL6-F TTGGATGCTATGGGTGATCGA   

vIL6-R TCAGTATCGTTGATGGCTGGTAG   

vIL6-probe (HEX) CGTACCGGCATCTGCAAGGGTATTCTAGA   

vBCL2-F GCCTGTGGATTAAACGAACCTG   

vBCL2-R GTCTCGCATTAAGCCTGTGATG   

vBCL-2_probe (FAM) CCTGTACCATCCTTTGCTCAGCCCTATTAAGC   

RTA-F GACGAACTGAAGGCCCAACTCTA   

RTA-R ATGCACACATCTTCCACCACTCTA   

RTA-probe (HEX) CGCATACGAAACAATCTACGATCCCAGTGAC   

LANA-F CCAGGAAGTCCCACAGTG TTC   

LANA-R GCCACCGGTAAA GTAGGACTAGAC   

LANA-probe (FAM) CATCCGGGCTGCCAGCATTTG   

T.07-K12-F TCCCCCACCGAGYGCTT   

T.07-K12-R GCACGCGGTGTCAACCA   

For Illumina library amplification 

mws13  AATGATACGGCGACCACCGAG forward primer 
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mws20 GTGACTGGAGTTCAGACGTGTGC 
reverse primer for pre-enrichment 
amplification 

mws21 
CAAGCAGAAGACGGCATACGAGATXXXXXX
GTGACTGGAGTTCAGACGTGTGC 

reverse primer with sample index for final 
amplification 

mws15 CAAGCAGAAGACGGCATACGAGAT 
reverse primer without sample index for 
pre-enrichment and final amplification 

For SMRT-UMI PCR 

UMI-tagging 
  

illu-IR1-R_alt1 AATGATACGGCGACCACCGAGATCTACACTC
TTTCCCTACACGAC(N:25252525)(N)(N)(N)(
N)(N)(N)(N)GGTTGTGTGCTTGTGACTGATA
CAA 

(N) = random bases (hand-mixed), 
Integrated DNA Technologies 

illu-IR2-R AATGATACGGCGACCACCGAGATCTACACTC
TTTCCCTACACGAC(N:25252525)(N)(N)(N)(
N)(N)(N)(N)GGTGCCCAAATTGCTCAATAAT
GAA 

(N) = random bases (hand-mixed), 
Integrated DNA Technologies 

illu-LANAr-R AATGATACGGCGACCACCGAGATCTACACTC
TTTCCCTACACGAC(N:25252525)(N)(N)(N)(
N)(N)(N)(N)GAAAATAATCAGGCTGGCGAG
GAT 

(N) = random bases (hand-mixed), 
Integrated DNA Technologies 

1st Round 
  

IR1-F TGGCAAGGTGACTGAAAAGGTCATA forward 

IR2-F_alt1 GGGGACAACACTAATCGCCAACA forward 

LANAr-F_alt0 ACTTCCATTTCGTCCTCGGATGA forward 

illu_F1 AATGATACGGCGACCACCGA reverse 

2nd Round 
  

IR1-F_alt1 GGTCCCATTTCCCACGGTCCAAA forward 

IR2-F_alt2 AACACCGTYAAGCCTCTATCCAT forward 

LANAr-F CCCGTGCAAGATTATGGGCTCTT forward 

illu-adapt GATCTACACTCTTTCCCTACACG reverse, contains adapter sequences  

3rd Round 
  

IR1-F_alt1 GGTCCCATTTCCCACGGTCCAAA forward 

IR2-F_alt1 GGGGACAACACTAATCGCCAACA forward 

LANAr-F CCCGTGCAAGATTATGGGCTCTT forward 
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with the copy number reported as the average of the 4 measures. 420 ng BCBL-1 cell line DNA 

diluted 1:10,000 (~475 genome copies) was used as positive control, 1 ng human genomic DNA 

(Bioline, Cat. # BIO-35025) as negative control, and water as no template control. Cycling 

conditions were: 95°C for 10 mins; 40 cycles of: 94°C for 30 secs, 56°C for 30 secs, 60°C for 1 

min; one cycle at 98°C 10 for mins, and then hold at 12°C. The KSHV on-target percent was 

calculated using the copy number quantification by ddPCR normalized to the total nucleic acid 

concentration.  

 

UMI-addition and Illumina library preparation 

To obtain ~500-bp DNA fragments, 10-20 ng/μL of DNA extract in 100 µL chilled TLE buffer 

(10mM Tris, pH8.0, 0.1mM EDTA) was sheared using a Bioruptor (Diagenode) on high power for 

up to 15 min, or Covaris S2 Sonicator set to duty cycle 5%, 200 cycles per burst for a total of 30 

seconds. Fragment sizes were assessed on 1.5% agarose gels. Sheared DNA was purified using 

1.2X volume of Agencourt AMPure XP Beads (Beckman Coulter Cat. # A63880) and eluted in 50 

µL water. Library preparation (end repair, A-tailing and adapter-ligation) was performed using the 

KAPA HyperPrep Library Preparation Kit (Cat. # KR0961/KK8503). For dUMI sequencing, double-

stranded DNA adapters containing a random 12-bp dUMI sequence and a defined 5-bp spacer 

sequence were added to Illumina TruSeq adaptor sequences [138] (Fig 1). Subsequently, DNA 

was bead-purified with 1X volume of beads and eluted in 50 µL water. Samples were then divided 

into aliquots of up to a maximum of 240 ng, prior to the next PCR step, to be pooled afterwards. 

For dUMI sequencing DNA libraries were subjected to pre-enrichment amplification with primers 

mws13 & mws20 (Table 1, Fig 1). For libraries that were sequenced without dUMI, KAPA 

Hyperprep adapter primers (Cat# KR1317) were used. PCR conditions were: 95°C 4 mins; 5-8 

cycles of 98°C 20 sec, 60°C 45 sec, 72°C 45 sec; 72°C 3 mins, 4°C hold. PCR products were 

then bead-purified as above with 1.2X volume beads and elution in 100 µL water, quantified using 

a Nanodrop spectrophotometer, and their sizes assessed using a Bio-analyzer (Agilent DNA 7500) 

or Qiaxcel (QIAGEN AM420).  

 

Library enrichment & sequencing 

Biotinylated RNA baits used for KSHV DNA enrichment from Illumina libraries were those 

designed in [149] and were obtained from Agilent, Inc. (Santa Clara, CA). The design was a 120-  
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Figure 1. dUMI-adaptors and primers for duplex UMI sequencing 

During library preparation, sheared DNA fragments were A-tailed and ligated with forked, double-

stranded oligonucleotides containing Illumina TruSeq universal adaptor sequences, 12-random 

base pairs (the dUMI) and spacer sequences. DNA libraries were then PCR amplified before 

enrichment with primers mws13 and mws20, which bind to Illumina Truseq adaptors. Primer 

mws21, containing sample index ID for multiplex sequencing, was used instead of mws20 for 

PCR following enrichment. DNA library fragments produced post processing are shown below. 

 

bp, 12X tiling of the genome of KSHV isolate GK18 (Genbank ID: AF148805.2). The diversity of 

the bait library was further increased by including K1, ORF75, K15, ORF26 and TR sequences of 

strains JSC-1 (Genbank ID: GQ994935.1), DG1 (Genbank ID: JQ619843.1), BC-1 (Genbank ID: 

U75698.1), BCBL-1 (Genbank ID: HQ404500.1), Sau3A (Genbank ID: U93872.2), and of all 

Western and African isolates in [66,76] (Genbank ID: AF130259, AF130266, AF130267, 

AF130281, AF130305, AF133039, AF133040, AF133043, AF133044, AF151687, AF171057, 

AF178780, AF178810, AF220292, AF220293, AY329032, KT271453-KT271468). 

Target enrichment was performed using SureSelect Target Enrichment Kit v1.7 (Agilent) with 

all suggested volumes reduced by half. DNA hybridized to biotinylated-RNA baits was captured 

with streptavidin beads (Dynabeads myOne Streptavidin T1, Invitrogen) and resuspended in 20µL 

water. The DNA-streptavidin bead mixture was split into two and used directly in post-enrichment 

PCR amplification. For dUMI libraries, mws13 and mws21 were used, the latter of which includes 

a sample index sequence (Table 1, Fig 1). When omitting dUMI, PCR primers were mws13 and 
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mws15. The PCR cycle number ranged from 10-16, with products monitored every 2 to 3 cycles 

on a TapeStation (Agilent) to ensure correct fragment sizes (~500bp). When over-amplification 

resulted in library fragment sizes larger than expected dur to heteroduplex formation, a single 

“reconditioning“ PCR cycle with fresh reagents was done, which had the effect of reducing 

fragment size [150]. PCR products were cleaned using 1.2X volume AMPure XP beads and the 

eluted DNA library was sequenced using Illumina HiSeq 2500 with 100-bp paired end (PE) reads 

or Illumina HiSeqX with 150-bp paired-end reads. For some tumor samples with low KSHV copy 

numbers and all oral swab samples, a second library enrichment was performed. 

 

De novo assembly of sample-consensus genomes  

Initially, a sample-consensus KSHV genome (Fig 2) was generated de novo from paired-end 

(PE) reads of each sample using custom scripts as follows (Fig 3, https://github.com/MullinsLab/ 

HHV8-assembly-SPAdes). First, the first 17-bp from read ends were trimmed to remove dUMI 

sequences if present. Next, reads were subjected to windowed quality filtering using sickle pe 

[151] with a quality threshold of 30 and a window size 10% of read length. Filtered reads were 

aligned to a human genome (GRCh38 p12, GenBank GCA_000001405.27) using bwa mem [152]. 

Unmapped reads were used as input into the de novo assembler SPAdes v3.11.1 [153], with the 

setting -k 21,35,55,71,81 for 100 PE reads and -k 21,35,55,71,81,127 for 150 PE reads. This 

often yielded 3 to 4 scaffolds that together encompassed the entire 131-kb unique sequence 

regions of KSHV, bounded by the major repeat regions: IR1, IR2, LANAr and the TR. Next, all 

scaffolds over 500 bp were aligned using bwa mem to the genome of reference KSHV isolate 

GK18. From the aligned scaffolds a draft genome was generated in Geneious (Biomatters, Ltd) 

with manual correction as needed. To finish the assembly, GapFiller v1.1 [154] was used, setting 

bwa as the aligner and filtered paired-end reads as the input library. The genomes were annotated 

in Geneious based on the GK18 reference, also adding the annotation for long non-coding RNA 

T1.4 based on [155]. All K8 and some K1 and K15 annotations were transferred from the most 

homologous sequence among KSHV genomes GK18, Japan1 (Genbank LC200589) and ZM095 

(Genbank KT271456). The major repeat regions were masked by the insertion of N residues since 

they were poorly resolved by assembly of short reads that can map to multiple locations within 

the repeat regions.  
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Figure 2. Workflow for analyzing intra-host KSHV genome diversity from clinical samples 

Each study participant contributed multiple KS tumors and oral swabs, but only those samples 

with the highest viral loads are reported here. Sequencing libraries were prepared from DNA 

extracts from each sample with adaptors containing duplex Unique Molecular Identifiers (dUMIs, 

see Fig 1). Adaptor-labelled DNA libraries were enriched using biotinylated RNA baits 

homologous to KSHV sequences. Captured DNA was PCR-amplified to levels sufficient for 

Illumina HiSeq sequencing. For most samples, libraries were subjected to a second round of 

enrichment and PCR amplification. Upon sequencing, whole KSHV genomes were first 

assembled de novo from each sample without the use of dUMIs. The sample-specific genomes 

generated (sample-consensus) were then used as reference to map the consensus of reads with 

identical dUMI-tags (i.e., dUMI-consensus reads).



Page 35 of 149 

 

Figure 3. Workflow of genome assembly and variant analysis 

A series of python and bash scripts were used to process Illumina dUMI library sequences 

(described in the text). KSHV genomes were first assembled de novo from sequence reads of 

each sample, before being used as reference for mapping their respective dUMI-consensus 

reads (adapted from [138], see details below). Discrepancies between the sample-consensus 

genome and mapped dUMI-consensus reads were taken to be real intra-sample variants. 

 

Variant identification from dUMI-consensus reads 

PE reads, including their dUMI sequence tags, were mapped using bwa to sample-consensus 

genomes (Fig 2) using a Makefile adapted from [138] (https://github.com/MullinsLab/ Duplex-

Sequencing). Briefly, all reads mapping to the same genomic position were collapsed by single 

strand UMIs (sUMI) to make sUMI-consensus reads (Fig 3). Complementary UMI tags from 

opposing strands were matched to create dUMI-consensus reads, thus removing nearly all PCR 

polymerase misincorporation and chimera artifacts. Nine bases from both read ends were then 

trimmed to minimize read end artifacts. Discrepancies between mapped dUMI-consensus reads 
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and the sample-consensus genomes were manually inspected in Geneious and misalignments 

around homopolymer runs were corrected. 

All genome and subgenome sequence alignments were generated using MAFFT [156] 

[algorithm FFT-NS-i x1000, scoring matrix 1PAM/k=2], and all phylogenetic trees were inferred 

using RAxML [157] (-f d, GTR gamma, N=100 starting trees), using a representative KSHV 

genome from each individual. The NeighborNet phylogenetic network was generated using 

SplitsTree5, excluding gap sites [158]. Consensus genome sequences were deposited in 

GenBank (Accession numbers MT510648 - MT510670, MT936340, with additional sequences to 

be submitted) annotated with the genomic rearrangements, when present. 

 

Structural variation and integration breakpoint detection 

To identify potential chimeric KSHV-human sequences, the KSHV reference genome GK18 

was appended as an extra chromosome to the human genome reference GRCh38 p12. PE reads 

from each sample library were mapped to the appended human genome reference. Alignment 

files were generated using SpeedSeq [38]. All potential rearrangement breakpoint locations, along 

with the number of supporting split and discordant paired reads, were tabulated using LUMPY 

[39] and imported as VCF annotations of genome GK18 into Geneious Prime. Supporting reads 

of breakpoint positions in which the corresponding breakpoint had been identified in LUMPY were 

manually inspected in the Geneious Prime alignment viewer. For cases in which LUMPY did not 

output a breakpoint location for a region with an abrupt change in read coverage, split reads were 

identified using the Geneious Prime mapping tool. Human chromosomes linked to KSHV 

sequences were taken to be putative integration sites. Additionally, each library was searched 

using local BLASTN against both human and KSHV sequences and then using the Perl script 

SummonChimera [159] to extract coordinates of potential integration sites. 

Potential breakpoints detected in LUMPY were accepted for analysis using the following 

criteria. Breakpoints had to have at least 6 supporting split reads for libraries that did not use 

dUMIs and 3 for dUMI libraries, and plus >1 supporting PE reads. For my earlier sequencing 

dataset that utilized duplex unique molecular identifiers [31], the threshold was lowered to 3 

supporting split reads, the lowest that were validated by PCR. Breakpoints had to be at least 1 kb 

apart, approximately twice the library insert sizes. Identical breakpoint locations, sometimes found 

in tumors from the same person, were counted as one. Breakpoints of rearrangements wholly 

inside KSHV repeat regions were filtered out. The original coordinates of remaining breakpoints, 
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along with the number of supporting reads and other output information from LUMPY and 

Geneious Prime, were exported as a table .tsv file for analysis of the DNA sequence context in R 

(Table 3). 

 

Analysis of DNA structures and motifs 
The following were implemented with custom scripts in bash and in R with the Biostrings 

package [160] (https://github.com/MullinsLab/). Five kilobase (kb) windows with position 1 

centered at the observed breakpoints (Table 3) were sliced from KSHV genome sequences. A 

randomized control dataset was generated from 5 kb windows centering on an equivalent number 

of random positions along the KSHV reference GK18 genome, minus the TR sequences. A 

permuted control dataset was generated by shuffling the sequences of the same 5 kb slices of 

the observed breakpoints. For each window, probabilities of cruciform, denaturation and Z-DNA 

formation at every base position were computed using SIST (Stress-Induced Structural 

Transitions), set to the algorithm that considers competition among the three possibilities [161]. 

Potential triplex and G-quadruplex formation was analyzed separately using R packages triplex 

[162] and pqsfinder [163], respectively. Both algorithms output a score at each position, which 

was normalized to a maximum of 300 [164] and 50, respectively. Probabilities and relative scores 

of only the central 1 kb were plotted for each observed breakpoint. Means of probabilities and 

relative scores were taken from equivalent positions across all breakpoint windows to create a 

plot of averages.  

Summed probabilities or relative scores were obtained for each predicted non-B DNA stretch 

by adding their values at all positions +200 bp from the breakpoint. The shortest distance to each 

predicted non-B DNA site was taken from the minimum of 0 or the distance in either direction to 

the nearest position with non-B DNA probabilities or scores >0.20. The summed values and 

distances were also calculated for the set of random breakpoints, and the differences between 

means of observed and random sets were tested using the Student's T-test assuming unequal 

variance. To estimate the probabilities of attaining G-quadruplex structures higher summed 

scores and shortest distances equal to or less than the observed 31-breakpoint dataset, G-

quadruplex summed scores and shortest distances were calculated from 1000 simulations of 31 

randomly sampled points along the GK18 reference genome.   
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Table 3. Breakpoints identified in KSHV genomes 

Count Source  GenBank Breakpoint 
coordinate 

Number of 
split reads 

Number 
of paired-
end reads 

Read 
Support SV length Reference 

Random 
breakpoint 

dataset (GK18 
coordinates) 

1 BCBL1 MT936340 25,816 N/A N/A N/A N/A [78] 5,670 
2 BCBL1 MT936340 34,943 N/A N/A N/A N/A [78] 106,870 
3 BCBL1 MT936340 82,922 N/A N/A N/A N/A [102] 71,578 
4 U003-C MT510648 54,270 N/A N/A N/A N/A Chapter 4, Geneious Prime  1,828 
5 U003-C MT510648 77,054 163 163  Chapter 3, LUMPY 131,143 
6 U004-D MT510665 3,129 713 2808 3521 -134644 Chapter 3, LUMPY & Geneious Prime 22,956 
7 U008-B MT510656 19,691 203 386 589 100522 Chapter 3, LUMPY & PCR, sequencing 7,134 
8 U008-B MT510656 34,762 3 641 644 -85370 Chapter 3, LUMPY & PCR, sequencing 5,418 
9 U008-B MT510656 120,133 N/A N/A N/A N/A Geneious Prime 114,328 

10 U020-B MT510666 47,218 209 1336 1545 -91032 Chapter 3, LUMPY & Geneious Prime 47,221 
11 U020-B MT510666 17,135 163 163 120619 Chapter 3, LUMPY & PCR, sequencing 114,698 
12 U020-B MT510666 33,614 279 279 -104247 Chapter 3, LUMPY & PCR, sequencing 55,652 
13 U034-B MT510659 16,712 12 71 83 41549 Chapter 4, LUMPY & Geneious Prime 118,061 
14 U048-E U048-D 24,207 11 397 408  Chapter 4, LUMPY & PCR, sequencing 81,221 
15 U048-E U048-E 24,550 258 258  Chapter 4, LUMPY & PCR, sequencing 63,068 
16 U048-E U048-E 27,832 258 258  Chapter 4, LUMPY & PCR, sequencing 67,405 
17 U099-D U099-D 25,019 1064 375 1439 111925 Chapter 4, LUMPY 51,232 
18 U099-D U099-D 25,545 49 0 49 111367 Chapter 4, LUMPY 35,391 
19 U099-D U099-D 29,731 1744 0 1744 -107394 Chapter 4, LUMPY 27,081 
20 U099-D U099-D 81,699 5 14 19 7718 Chapter 4, LUMPY 2,453 
21 U108-B U108-B 24,340 N/A N/A N/A N/A Chapter 4, Geneious Prime 135,915 
22 U108-B U108-B 29,308 544 693 1237 -107523 Chapter 4, LUMPY & Geneious Prime 48,675 
23 U108-B U108-B 32,137 8 13 21 -10798 Chapter 4, LUMPY 57,360 
24 U108-B U108-B 120,972 556 546 1102  Chapter 4, LUMPY & Geneious Prime 13,034 
25 U156-B U156-B 12,695 8 1 9 -100965 Chapter 4, LUMPY 104,564 
26 U156-B U156-B 96,697 10 1 11  Chapter 4, LUMPY 93,964 
27 U156-B U156-D             23,052 6628 3660 10288 114878 Chapter 4, LUMPY & Geneious Prime 54,990 
28 U156-B U156-D             29,806 21 0 21 -107695 Chapter 4, LUMPY & Geneious Prime 71,235 
29 U210-B U210-B             22,208  2976 1584 4560 115458 Chapter 4, LUMPY & Geneious Prime 126,605 
30 U210-B U210-B             34,137  4795 2708 7503 -103203 Chapter 4, LUMPY & Geneious Prime 34,326 
31 U215-D U215-D             25,889  8 1 9 71772 Chapter 4, LUMPY 72,668 
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Single-molecule-real-time unique-molecular-identifier (SMRT-UMI) sequencing of 

major internal repeat regions of KSHV 

UMI-tagged, single-stranded copies of IR1, IR2 and LANAr were simultaneously generated 

from DNA extracts of individual tumor biopsy and oral swabs in 25 µL linear extension reactions. 

UMI-tagged reverse primers were used for IR1, IR2 and LANAr and were were composed of 

conserved sequences downstream of the repeat regions, a random 8-nt UMI and 2 primer binding 

sites for nested PCR. All primers were synthesized by IDT (https://www.idtdna.com/pages) with 

“Hand-Mix” for the 8-nt UMI (Table 2). The PrimeSTAR GXL kit (Takara Cat. # R050B) was used 

for all PCR reactions. Sample DNA corresponding to a maximum of 1,500 KSHV genome copies, 

estimated from ddPCR from 4 genomic regions [165], was used per reaction. 16 µL was used for 

oral swab DNA extracts regardless of measured copy number. Conditions for the single-strand 

synthesis reaction were 98°C for 4 mins; 60˚C for 20 secs, 68˚C for 6 mins, then hold at 4˚C. To 

remove unincorporated primers the reaction was cleaned with 0.7X volume of AMpure XP 

magnetic beads then eluted in 20 µL water.  

Next, IR1, IR2 and LANAr were amplified separately by nested PCR from the single stranded 

templates. Three rounds of PCR, including 2 nested rounds, were performed, with each round 

not exceeding 22 cycles to limit heteroduplex formation. ThermaStop (Thermagenix, Inc.) was 

added in all rounds to increase specificity of PCR primer binding [166]. Templates for 1st round 

PCR were limited to an estimated 100 - 200 copies per 25 µL reaction. Primer pairs corresponded 

to conserved sequences upstream of the repeats and the UMI-tagged primers. Conditions for 1st 

round PCRs were:  95˚C for 4 mins, 22 cycles of 98˚C for 20 secs, 61˚C for 15 secs and 68˚C for 

5 mins, and then hold at 4˚C. 2 µL of 1st round products was used as template for the 25 µL 

second round PCR with inner primers. Conditions for 2nd round PCRs were:  95˚C for 4 mins; 15 

cycles of 98˚C for 20 secs, 63˚C for 15 secs, and 68˚C for 4 mins, and then hold at 4˚C. To remove 

unincorporated primers, 2nd round PCR products were purified using 0.7X volume AMpure XP 

magnetic beads and eluted in 20 µL water. 10 µL of the eluate was used in a 3rd round of PCR to 

append sample IDs for multiplexed sequencing. Conditions for 3rd round PCRs were: 95˚C for 4 

mins; 10 cycles of 98˚C for 20 secs, 55˚C for 15 secs and 65˚C for 4 mins, and then hold at 4˚C. 

Final PCR products were separated on a 0.8% agarose gel and bands extracted using 

NucleoSpin Clean-up Columns (Machery-Nagel, Cat #740609). If PCR products were not visible 

on the gel, amplification was repeated using the 2nd or 3rd round products as template. 

The concentrations of purified PCR products were determined using the Qubit dsDNA HS 
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Assay Kit (ThermoFisher). PCR products were combined in equimolar amounts into pools of 

5,000-6,000 UMI-tagged templates. Each pool was purified with 0.7X volume AMpure XP beads 

and quantitated. Library preparation was performed on each pool using the SMRTbell Express 

Template Prep Kit 2.0 or SMRTbell Template Prep Kit  (Pacific Biosciences, Inc.). 

Each library received a different barcoded adapter from the Barcoded Overhang Adapter Kit–

8A/8B (Pacific Biosciences, Inc.). Completed libraries were sequenced on either the Sequel I or 

Sequel II instruments (Pacific Biosciences, Inc.). 

 

Demultiplexing and UMI consensus processing 
The bioinformatic pipeline used to demultiplex SMRT-UMI-consensus reads from PacBio 

sequencing is available at https://github.com/MurrellGroup/PORPID.jl. Briefly, each read 

corresponded to one circular consensus sequence (CCS) produced from one sequencing well. 

All CCS reads with the same UMI, i.e., a "UMI family", were collapsed to form one UMI-consensus 

read, accepting a minimum agreement of 0.5. This removes the PCR errors that accumulate 

during amplification after the synthesis of the DNA copy of the repeat region Since each UMI 

barcodes one DNA molecule template before PCR amplification, the number of UMIs represents 

the number of original DNA molecules sequenced per sample. In turn, each UMI family member 

is composed of several CCS reads, referred to as read depth, per template DNA molecule. The 

minimum threshold of CCS to accept a UMI was set at 5. 

 

Statistical Analysis 
 All clinical data, individual tumor characteristics and viral genetic polymorphisms observed 

were classified into binary categories. For intrahost mutations, individuals were classified into 

whether they have at least one tumor with the observed mutation. A chi-squared test was used to 

compare the odds ratio of genetic markers with clinical or tumor data. Cox regression was used 

to assess potential differences in survival. No multiple tests corrections were applied. 
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CHAPTER 3: Changes in KSHV genomes in Ugandan adults with 
Kaposi sarcoma 

Results published in: Santiago JC, Goldman JD, Zhao H, Pankow AP, Okuku F, Schmitt MW, et 
al. Intra-host changes in Kaposi sarcoma-associated herpesvirus genomes in Ugandan 
adults with Kaposi sarcoma. PLoS Pathog. 2021;17. PMID: 33465147 

 

Introduction 
As noted in the first Chapter of this thesis, KSHV, is the etiologic agent of KS yet only a small 

fraction of KSHV infections progress to KS. The factors contributing to this progression are poorly 

understood often associated with HIV infection and immunosuppression [6], but others factors, 

including KSHV genome variation, may contribute to the differential outcomes of KSHV infection. 

Studies of other human oncogenic viruses have revealed that viral genetic variation or de novo 

mutations may be important to their pathogenicity, yet whether KSHV genetic variation can 

similarly influence KS pathogenesis or manifestation is unknown. 

Studying whole KSHV genomes provides a far more comprehensive picture of diversity than 

the variable regions alone (most often the K1 gene), which until recently has comprised the 

majority of sequences available. For example, KSHV genomes have signatures of ancient 

recombination [59,77], resulting in mosaic genomes that could complicate disease risk 

association solely with K1 subtypes. This Chapter describes our initial efforts to evaluate the 

possible impact of KSHV strain variation on KS development and clinical outcomes.  

Whether KSHV infection commonly displays intra-host diversity is also unclear. Some studies 

examining virus in different anatomic sites or multiple isolates from an individual have reported 

detection of KSHV quasispecies, multi-strain infections [167–172] and intra-host KSHV viral 

evolution [170,173,174], while some studies of individuals with AIDS-associated KS have only 

reported a single persisting strain [132,175–177]. Apparent recombination events in the 

evolutionary history of KSHV [59,77,175,178,179] do suggest that co-infection of divergent KSHV 

strains occur, at least sporadically. However, limitations of commonly employed PCR 

technologies can undermine reliable interpretation of observed intra-host KSHV variation.  

To much more accurately assess minor intra-host KSHV sequence variation as well as tumor 

specific changes than has been done previously, we determined viral genome sequences in 

distinct anatomic compartments (oral and tumor sites), using a highly sensitive short-read 
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sequencing method termed “duplex sequencing” [143]. This method incorporates duplex unique 

molecular identifiers (dUMI), which are double-stranded strings of random base pairs used to 

barcode individual DNA molecules before PCR amplification and enrichment [143]. By utilizing 

dUMI-consensus reads of each DNA molecule in a sample library, PCR-associated errors are 

reduced to ~10-9, revealing the original sequence variation within a sample [143] (Fig 2). In this 

chapter, we report the results of successfully enriching and duplex sequencing whole KSHV 

genomes from tumors and oral swabs from 9 Ugandan adults with HIV-associated KS. 

 

Results 
Assessment of the dUMI sequencing protocol with a KSHV infected cell line 

As part of the optimization of the dUMI-sequencing protocol, KSHV genome sequences (Fig 

4A) were first obtained from an early passage of BCBL-1, a KSHV-infected PEL cell line [79]. 

BCBL-1 cells were grown as previously described [180]. After DNA extraction, KSHV sequences 

corresponded to ~0.16% of the total DNA using a ddPCR assay for ORF73 and T0.7-K12, 

normalized by comparison to the human gene POLG (DNA polymerase subunit gamma). 

Following a single round of bait capture, the fraction of sequence reads corresponding to KSHV 

from BCBL-1 DNA extracts (i.e., the “on-target” level), was 15.6%, corresponding to 173-fold 

enrichment. 

Sequencing of the BCBL-1 KSHV genome produced a median coverage of 16,805 reads per 

base excluding the repeat regions. Collapsing raw reads by identical sUMI to generate sUMI-

consensus reads resulted in a median of 2,677 sUMI reads per base. When collapsed further into 

consensus sequences derived from both strands, a median of 302 dUMI reads per base was 

obtained that were essentially free of PCR errors (Table 4; Fig 4B). Since each dUMI tags a 

unique DNA molecule before PCR, the number of unique dUMI tags indicates the number of 

unique viral templates sequenced [142,143]. Using this measure, 302 also approximated the 

number of KSHV genomes sampled from BCBL-1.  

Eighty-one base positions (0.06%) in the BCBL1 consensus KSHV genome had detectable 

variants in dUMI-consensus reads, and the average frequency of minor variants was 1.35%. No 

variant exceeded 14% of the total dUMI-consensus reads at any position (Fig 4C). No doubling 

of read coverage within the 9-kb genomic region previously reported in the BCBL-1-derived KSHV 

recombinant clone BAC-36 was found in our study [78]. 
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Table 4. Origin and processing results from specimens for KSHV genome analysis 

Pt ID Age Sex 
Plasma HIV 

RNA 
(copies/mL) 

CD4 T 
cells /µL 

Sample 
ID Sample Type 

% on-target Median read 
coverage 

Standard 
Deviation 

Median dUMI-
consensus read 

coverage 
Standard 
Deviation 

Genome length 
(excluding 

masked repeats) 
# positions 

with 
variants 

Mean 
frequency of 
variant base 

Genbank 
Accession Pre-

enrichment 
Post-

enrichment 
n/a n/a n/a n/a n/a BCBL-1 cell line 0.0009% 15.61%     16,805     1,858  302 52.49 132,676  81 1.35%  MT936340 

U003 25 M 759,635  45 
U003-C Tumor 0.0037% 7.15% 16,265 1,715 270  30.47  131,292  21 1.80% MT510648 
U003-o1 Oral swab 0.0000% 35.20% 49,598 26,446 7  6.22  131,102  12 - MT510649 
U003-o2 Oral swab 0.0003% 31.60% 66,527 13,995 310  68.48  131,129  218 0.51% MT510650 
U003-o3 Oral swab 0.0000% 41.90% 65,984 21,979 47  21.31  131,143  24 - MT510651 

U004 37 M 277,655  85 
U004-C Tumor 0.0016% 17.20% 19,582 3,078 34  7.41  131,277  12 - MT510663 
U004-D Tumor 0.0017% 75.10% 60,340 10,253 1,291  280.27  131,237  73 0.73% MT510665 
U004-o1 Oral swab 0.0001% 18.90% 37,794 6,280 56  11.70  131,277  31 - MT510664 

U007 26 M 91,096  136 
U007-B Tumor 0.0006% 86.90% 75,001 19,771 1,172  268.44  131,352  156 0.17% MT510654 
U007-o1 Oral swab 0.0001% 27.60% 43,707 6,258 206  25.54  131,126  61 1.93% MT510655 

U008 56 M 860,937  488 
U008-B Tumor 0.0049% 16.97% 19,309 4,168 637  148.42  131,142  31 0.93% MT510656 
U008-D Tumor 0.0040% 29.98% 26,209 4,674 195  42.95  131,102  24 0.70% MT510657 
U008-o1 Oral swab 0.0000% 23.50% 48,339 6,869 114  16.62  131,116  76 2.11% MT510658 

U020 27 M 118,191  370 
U020-B Tumor 0.0070% 1.47% 2,913 14,971 24  196.60  131,102  10 2.40% MT510666 
U020-C Tumor 0.0003% 34.38% 420 3,674 3  2.51  131,471  30 - MT510667 
U020-o1 Oral swab 0.0000% 77.30% 73,287 22,429 80  21.66  131,115  22 - MT510668 

U023 33 F 338,285  191 U023-o1 Oral 0.0001% 2.70% 19,889 6,683 2  1.30  131,122  2 - MT510669 
U030 40 M 100,184  70 U030-C Tumor 0.0135% 15.68% 38,935 6,664 490  62.59  131,282  17 1.08% MT510670 
U032 23 F 587,149  274 

U032-B Tumor 0.0003% 43.50% 69,815 9,269 890  67.12  131,266  45 0.41% MT510652 
U032-o1 Oral 0.0000% 7.70% 7,311 3,218 1  0.80  130,842   - - MT510653 

U034 47 F 130,375  237 

U034-B Tumor 0.0014% 84.40% 74,927 13,969 1,747  189.51  131,248  107 0.11% MT510659 
U034-C Tumor 0.0013% 30.70% 17,968 2,505 133  24.36  131,088  11 1.46% MT510660 
U034-o1 Oral swab 0.0000% 7.30% 7,851 2,818 2  1.22  130,754  2 - MT510661 
U034-o2 Oral swab 0.0000% 6.00% 4,085 1,735 1  0.62  130,884  -  - MT510662 

 



Page 44 of 149 

 

 

Figure 4. KSHV genomes in BCBL-1 cells have low point mutational diversity 

(A) Schematic representation of a linear KSHV genome, with genes colored in green and the 

major repeat regions in orange. The locations of the K1, vIL-6, vBCL-2, RTA, LANA and K15 

genes used for genome quantitation are indicated in green type. (B) Raw (light blue), sUMI-

consensus (blue) and dUMI-consensus (dark blue) read coverage along the de novo assembled, 

BCBL-1 KSHV genome. Reads from the 3 large internal repeat regions were masked out, with 

read coverage showing as zero. (C) Bubble plot of minor sequence variants. Each bubble 

represents a position within the genome at which a variant base or indel was detected, colored 

by whether they were predicted to be silent or protein-altering mutations. Mutations likely to be 

silent included synonymous and intergenic point mutations, while protein-altering mutations 

included non-synonymous, nonsense and frameshift mutations. Bubble height represents variant 

base frequency among dUMI-consensus reads at that position. Vertical grey columns represent 

masked internal repeat regions. 

 

 The consensus de novo-assembled KSHV genome in BCBL-1 had 3 differences from the 

published BAC-36 sequence: a CA change in the noncoding sequence before ORF K5 (BAC-

36 position 24,630), 2 additional Gs in a homopolymer run at BAC-36 position 25,210), and a 
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synonymous TC change in the K7 gene (BAC-36 position 28,409). No variant bases were found 

in dUMI-consensus reads at the equivalent positions, indicating that the 3 BAC-36 sequence 

variants were not present in this passage of the BCBL-1 line at detectable levels (i.e., <1 copy 

per 302 genomes). 

 

KSHV sequence derivation from tumor tissues and oral swabs 

KSHV genome sequences were successfully obtained from samples provided by 9 

participants with HIV-associated KS, including 12 KS tumors and 11 oral swabs. (Table 4). The 

representation of KSHV DNA in a sample was determined by ddPCR analysis of segments of vIL-

6, vBCL-2, RTA and LANA genes (Fig 4A) and provided as the percentage “on-target” KSHV 

DNA. These levels ranged from 0.03% to 1.35% (median 0.17%) in tumors, while most oral swab 

samples were below 0.01% on-target (Table 4). Following one enrichment with RNA baits, KSHV 

DNA corresponded to a median of 1.3% on-target, and after a second enrichment a median of 

24.2% on-target, for a median final enrichment of 123,955-fold.  

Median read coverage across KSHV genomes, excluding the major repeat regions, was 

22,896 for tumors and 37,794 for oral swab samples. After collapsing mapped reads by dUMI, 

the median dUMI-consensus read coverage was 380 for tumors and 27 for oral swabs (Table 4, 

Fig 5). The lower dUMI-consensus read coverage of oral swab KSHV sequences, despite having 

higher raw read coverage than in tumors, was due to oral swab sample libraries having lower 

amounts of KSHV DNA and higher proportions of PCR duplicates. This resulted from low viral 

genome input requiring more rounds of enrichment and PCR cycles, and more significant DNA 

degradation during storage. Indeed, only 11 of 43 oral specimens attempted yielded acceptable 

library quality for whole KSHV genome sequencing, compared to 12 of 13 tumor samples. Since 

the median dUMI-consensus read coverage corresponds to the number of viral genomes sampled, 

tumor U032-B had the highest number of genomes analyzed at 1,653. The lowest number of 

genomes accepted for confident assignment of variant frequencies was set to 100 (Fig 6A); below 

this number dUMI-consensus read coverage was judged to be too sparse. U020-B was an 

exception due to most genomes having a large deletion, to be discussed below. For other samples 

with genome counts below 80, dUMI-consensus reads generated were insufficient to cover the 

entire KSHV genome, even if whole KSHV genomes could be assembled 
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Figure 5. Raw, sUMI and dUMI read coverage across tumor- and oral swab-derived KSHV 

genomes 

Raw (light blue), sUMI (blue) and dUMI-consensus (dark blue) read coverage is shown on log 

scale along the de novo assembled, sample-consensus KSHV genomes from tumors (A) and oral 

swabs (B) reported in Chapter 3. Major repeat regions were masked and seen here as no 

coverage regions.  
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Figure 6. Potential sequencing artifacts 

(A) KSHV intrasample variant frequency as a function of read coverage. Sample variant 

frequencies were shown in Table 4 when at least 100 viral genomes were sampled, since below 

that level, minor variant frequencies were judged to be unreliable. (B) Minor variants detected in 

dUMI-consensus reads of all samples by type of base substitution. 

 

from raw reads. Overall, read coverage was relatively uniform along the KSHV genome for most 

tumors (Fig 5A) and all adequately sampled oral swabs (Fig 5B).  

Very few point mutations were found in dUMI-consensus reads from either tumors (Fig 7A) 

or oral swabs (Fig 7B). Excluding the major repeat regions, the number of genome positions with 

a detectable intrasample variant base ranged from 2 – 218 (<0.01 – 0.17%) (Table 4). These 

frequencies were lower or comparable to those in the BCBL-1 cell line, although clinical samples 

had detectable variation in long homopolymer runs not observed in the BCBL-1 viruses. The 

sample-consensus genome was generally the only KSHV sequence present in each sample, 

hence, there was no evidence for the existence of quasispecies [181].  

Artifacts resulting from the end-repair step in DNA library preparation, which precedes the 

application of dUMI tags, cannot be corrected by duplex sequencing [138,143,182]. Hence, 9 

bases were trimmed from ends of dUMI-consensus reads before analyses, substantially reducing 

the variation observed in the raw data (not shown). The minor base variants remaining in all 

samples revealed a preponderance of CA and GT substitutions (Fig 6B) as well as 
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Figure 7. Point mutational diversity in KSHV genomes from tumors and oral swabs 

Bubble plots of minor sequence variants remaining after removal of PCR errors, in KSHV genomes 

from tumors (A) and oral swabs (B). Each bubble represents a variant base or indel, colored by 

whether they were predicted to be silent or protein-altering mutations. Silent mutations include 

synonymous and intergenic point mutations, while protein-altering mutations included non-

synonymous, nonsense and frameshift mutations. Hollow circles represent mutations occurring in 

homopolymer runs. Bubble heights represent the frequency of the variant base among dUMI-

consensus reads at that position. Vertical gray columns represent the masked repeat regions. The 

region containing the K1 gene is indicated with arrows at the bottom of the figure. 
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differences in homopolymer run lengths (Fig 7A & B). However, most minor variants were 

supported by only one dUMI-consensus read. Overall, mean variant frequency and median 

dUMI-consensus read coverage were inversely correlated (Fig 6A). Since the remaining 

variation cannot be distinguished from artifacts, true minor variant frequencies could be even 

lower than reported here. 

  

KSHV genomes were virtually identical at the point mutational level between tumors and 
oral swabs from the same individual 

Within-individual single nucleotide differences between tumor and oral swabs ranged in 

number from 0 – 2 across the entire ~131-kb genomes, not counting the major repeat regions. 

Notably, there were almost no polymorphisms in the KSHV hypervariable gene K1 (Fig 7A & B). 

Hence, no evidence for minor KSHV variants, quasispecies or multi-strain infections was found in 

these individuals. 

KSHV genomes were distinct across the 9 participants, with between-individual differences 

ranging from 3.06-4.85%. They included K1 subtypes A5, B1 and C3 (Fig 8A) and K15 alleles P 

and M (Fig 8B). While K1 and K15 are the most variable KSHV genes, polymorphisms along the 

rest of the genome have been reported to contribute more in aggregate to the total diversity of 

KSHV [75–77]. Consistent with this, maximum-likelihood phylogenetic trees using entire KSHV 

genomes (Fig 8C) were topologically distinct from those of K1 or K15. Moreover, due to signatures 

of recombination in the evolutionary history of KSHV [59,77], differing phylogenies along sections 

of the KSHV genome may be better represented by a phylogenetic network (Fig 8D), in which 

higher degrees of conflict result in a more web-like structure rather than a tree. 

 

Aberrant KSHV genome structures in tumors 

Among the 12 tumor-derived KSHV genomes examined, 7 had anomalous read coverage 

that shifted abruptly once or twice along the viral genome (Fig 5A). In contrast, oral swab KSHV 

genomes from the same individuals had uniform read coverage while being identical in sequence. 

This argues against preferential target capture by RNA baits or sequencing biases. Repeating the 

enrichment and sequencing of reproduced their distinctive read coverages in the 2 instances  
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Figure 8. KSHV phylogenetic relationships in variable genes K1 and K15 and whole 

genomes 

Phylogenetic trees of (A) K1 genes, (B) K15 genes and (C) whole genomes from this study and 

of select genomes from other publications. K1 and K15 subtypes are indicated in the K1 (A) and 

K15 (B) trees. (D) A neighbor-net phylogenetic network of all published KSHV genomes to date, 

color-coded by genome types proposed in [77]: P1 in green, P2 in blue, N in purple, M1 in red 

and M2 in maroon. All de novo-assembled genomes from this study are in bolded italics. 
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examined. Split reads accumulated at the points of abrupt shifts in read coverage, even after 

collapsing reads by their dUMI consensus, indicating that these were not PCR template switching 

artifacts but rather were breakpoints in the viral genomes in vivo. Specific viral genomic anomalies 

observed are detailed below: 

Tumor U003-C. Read coverage from U003-C was high (average of 15,635) and uniform across 

the KSHV genome except for a 6-bp gap within the K8.1 gene intron extending to the first base 

of the second K8.1 exon (Fig 9A). No read documented a deletion in this region, nor was any 

read found with its mate pair located across the 6-bp gap. To investigate its structure, this region 

was PCR amplified from unsheared U003-C tumor DNA using conserved primers flanking the gap 

(Fig 9B) yet, no PCR product was detectable. In contrast, in contrast this region was intact when 

amplified and sequenced from an unrelated tumor (Fig 9C) and BCBL-1 (not shown). Rather, de 

novo assembly revealed that the reverse complement of TR sequences continued from the gap 

position (Fig 9B). K8.1-TR junctions were confirmed by PCR with primers flanking the junctions 

(Fig 9D) and Sanger sequencing. Inversion of the 60-kb 3’ half of the U003-C genome, starting 

inside K8.1, is a parsimonious explanation for the breakpoints. 

Tumor U004-D. The first 3kb, from K1 to the end of gene ORF4, had 1.5X read coverage 

compared to the rest of the KSHV genome (Fig 5A). However, no split reads or chimeric read 

pairs were found to explain this result from a genome rearrangement or deletion. 

Tumor U008-B and D. U008-B had 1.7X greater read coverage over a 14.8-kb segment from 

inside K3 to inside ORF19 (GK18 reference positions 19,168 to 33,980, Fig 10A), including IR1 

(masked). This was corroborated by ddPCR quantitation of vBCL-2, inside the 1.7X coverage 

region, with 1.7 – 1.9-fold higher gene copy number in the tumor compared to vIL-6, RTA and 

LANA (Table 5).  

Inferring from split reads, the 14.8-kb segment was inside IR2 (to GK18 position 119,496, 

Fig 10D). This was confirmed in the unsheared tumor DNA extract by PCR and Sanger 

sequencing using primers spanning the breakpoint (Fig 10D & E, lanes 4 & 5). Other primer pair 

combinations were tested to see if there were DNA species with the 14.8-kb segment inverted, 

deleted in place, duplicated in tandem or rearranged in other ways. None generate detectable 

PCR products except for primer pairs showing that the 14.8-kb segment also exists in the native 
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Figure 9. KSHV genomes in the U003-C tumor 
(A) Read coverage of the U003-C KSHV genome, showing a 6-bp gap (red arrow) where no read 

pairs were mapped. (B) Cartoon of the de novo-assembly sequences generated at either side of 

the gap, both ended within the K8.1 gene intron and continued into terminal repeat (TR) 

sequences. Green and yellow arrows show the directions of the K8.1 gene and terminal repeat 

sequences, respectively. Blue arrows show the position of PCR primers used to confirm 

breakpoint junctions, with the expected PCR product sizes. (C) PCR products generated from 

U003-C tumor DNA using primers flanking the gap. The 443-bp PCR product expected if the K8.1 

gene intron was intact was not detected in U003-C (left column) and was detected in tumor U007-

B (right column) from another person. (D) Hemi-nested PCR of U003-C tumor DNA for the K8.1-

TR (left) and TR-K8.1 (right) junctions produced products of the predicted sizes. These structures 

were confirmed by Sanger sequencing. No K8.1-TR or TR-K8.1 junction fragment was produced 

from BCBL-1 DNA. The light bands at the TR-K8.1 lane under BCBL-1 were determined from 

Sanger sequencing to be amplicons generated from the forward primer sequence (indicated with 

* in panel B) overlapping with K8.1; this primer was used since the rest of the connected TR 

sequence assembled was GC-rich and unsuitable for primer design. 
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Figure 10. KSHV genomes in two tumors from participant U008 had a 14.8-kb region 
flanking IR1 duplicated and translocated into IR2 

Total, sUMI and dUMI-consensus read coverage of tumor B (A) and D (B) genomes from 

individual U008. (C) Annotations of the region with 1.5-2X read coverage, with genes in green, 

repeat regions in orange, and long non-coding RNAs in red. Many reads on the edge of this region 

continue into IR2 (red arrows). Annotations are from the KSHV reference isolate GK18. (D) 

Cartoon showing the duplication of the 14.8 kb region into IR2 and the relative positions of PCR 

primers used to examine the genomic rearrangement in unsheared tumor DNA extracts from 

tumors U008-B and U008-D. PCR products produced from primer pairs numbered in D from 

U008-B and BCBL-1 (E) and in U008-D (F). All visible bands were excised from the agarose gel 

and sequenced, confirming the indicated junction sequences. Primer pairs # 9-12 produced no 

PCR products discernible on an agarose gel and are not shown here. 

 

Table 5. Gene copy numbers in tumor or oral swab DNA 

Sample vIL-6 vBCL-2 RTA LANA 
U003-C N/A N/A N/A 9,664 
U003-o1 127 100 120 135 
U003-o2 1,298 1,238 1,452 1,628 
U003-o3 191 184 169 199 
U004-C 1,243 1,274 1,205 998 
U004-D 4,433 4,466 4,543 4,290 
U004-o1 117 128 120 112 
U007-B 1,842 1,864 2,040 1,925 
U007-o1 376 356 322 344 
U008-B 19,140 33,629 19,910 19,195 
U008-D 24,360 34,755 12,737 17,189 
U008-o1 129 136 119 138 
U020-B 49,600 55,850 4,550 5,500 
U020-C 3,658 5,033 145 139 
U020-o1 254 231 234 248 
U020-o2 100 183 123 225 
U023-o1 62 57 50 66 
U030-C N/A N/A N/A 59,730 
U030-o1 2 5 5 7 
U032-B 476 520 494 466 
U032-o1 9 0 2 0 
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U034-B 1,920 1,887 1,870 1,793 
U034-C 13,083 13,335 8,148 6,552 
U034-o1 9 6 9 7 
U034-o2 6 11 0 1 

configuration (Fig 10E). Thus, the 14.8-kb segment was copied into IR2 but had not been deleted 

from its original location.  

In a parallel study of viral transcriptomes [119], abundant expression of a chimeric Kaposin 

transcript fused to the 14.8-kb segment was found in tumor U008-B, consistent with the viral 

genome structure I observed. Another tumor from the same participant, U008-D (Fig 10B), had 

100% nucleotide identity and was confirmed to have the same duplication and breakpoint 

junctions (Fig 10F).  

Tumor U020-B. Read coverage abruptly dropped 12.8-fold over the 3' ~90 kb of the KSHV 

genome in this tumor (Fig 11A). This was consistent with ddPCR quantitation, with vIL-6 and 

vBCL-2 gene amplicons having 9.0 – 12.3-fold higher levels than RTA and LANA (Table 5). The 

coverage shifted before the end of ORF25 (GK18 position 46,615) and reads at this breakpoint 

continue into TR sequences ~90 kb downstream (Fig 11C). Thus, U020-B appeared to have 

KSHV genome variants with a ~90-kb deletion, or formally, a 12.8X amplification of a 46-kb 

subgenomic region.  No U020-B tumor DNA remained to allow confirmation of this breakpoint. 

Tumor U030-C. Greater than 30,000 reads/position were uniformly observed throughout most of 

the KSHV genome. However, coverage dropped or was missing within the K15 gene (Fig 5A). 

The remaining K15 sequences corresponded to the K15 M-allele, which is less common than the 

P allele but was included in the RNA bait design I used (GenBank U75698). PCR amplification 

and Sanger sequencing of this region showed that the U030-C tumor did contain some copies of 

the entire M-allele K15 sequence. The U030-C sample-consensus genome was finished with this 

Sanger sequence result, since no dUMI-consensus reads mapped to the gaps in K15. In the 

parallel RNAseq study of tumors of this same participant, U030-B and C, transcripts of K15 were 

also lacking, unlike tumors from all other participants [81]. 
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Figure 11. KSHV genomes in U020-B and U020-C have large, distinct deletions 

Total, sUMI and dUMI-consensus read coverages of U020-B (A) and U020-C (B) KSHV genomes. 

GK18 reference annotations in the high-coverage regions of U020-B (C) and U020-C (D). (E) 

Cartoon showing the region encompassing the high coverage region of U020-C viral genomes, 

leaving a 16.5-kb region connected to TR. (F) Relative positions of PCR primers used to examine 

genome structure. Primers for unique genomic sequences are in blue, and primers for TR 

sequences are in orange. (G) PCR products produced from primer pairs numbered in E, with DNA 

from U020-C and BCBL-1 as templates. Bands from lanes 1, 2 and 5 were excised from the 

agarose gel and the DNA used for Sanger sequencing. Faint bands in lanes 7 (five bands) and 9 

(one) under U020-C were extracted from the gel but did not yield enough DNA for sequencing, 

except for the light 1-kb band in lane 7. Top BLAST hits to this sequence were human 

phosphatidylserine synthase 2 gene sequences, likely amplified due of spurious primer homology. 

The ~16 kb band in lane 3 under BCBL-1 was confirmed by sequencing to be ORF11 and ORF18 

sequences from its two ends, and lane 10 under BCBL-1 corresponded to sequences common to 

many cloning vectors such as pCMV-VEE-GFP. Row 11 primers in (F), in which the forward 

primer binds to unique genomic sequences preceding the TR, yielded no discernible product (not 

shown). 

 

The same aberrant KSHV genomes are found in multiple lesions from the same individual 

In the case of U008-B and U008-D, two tumors biopsied from distinct lesions on the left leg 

(Fig 12), full-length genome sequencing showed that they had the same 14.8 kb KSHV sub-

genomic sequence duplicated in IR2 (Fig 11F). PCR primers across those breakpoints were used 

to screen for the same structures in 6 other distinct KS lesions from this individual, and none had 

this duplication (not shown). In contrast, four additional tumors tested from participant U003 had 

the same inversion breakpoints, detected by PCR, as tumor U003-C (Fig 13). Moreover, no intact 

K8.1 sequences were detected in 2 of these 4 tumors by nested PCR of the region spanning the 

K8.1 intron gap (Fig 13). These biopsies came from distinct lesions in the left leg. Lastly, in 

participant U020, the ORF18-TR junction sequences found spanning the U020-C genomic 

deletion was not detected in the 2 other tumors tested. 
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Figure 12. U008-B and U008-D were from distinct lesions on the left leg. 

U008-B and U008-D were from distinct lesions on the left leg. The U008-B biopsy was obtained 

from lesions in the upper thigh, while the U008-D tumor tissue was biopsied from a large lesion 

on the knee. 

 

Figure 13. Genome inversion found in multiple tumors of participant U003. 

Junction sequences marking the genomic aberration in U003-C were detected in all 4 other 

tumors tested, while intact K8.1 sequences were detected in 2 of the 4. The cartoon shows the 

breakpoints in the K8.1 intron of U003-C extending into TR sequences, along with PCR primers 
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used to confirm the genome structure. The numbers (1, 2 and 3) correspond to lanes in the bottom 

of the figure. A positive PCR result in lanes 1 indicates a product spanning the left-hand breakpoint 

in the rearranged genome and a positive PCR result in lanes 2 indicates the presence of an intact 

K8.1 sequence. The products in lanes 3 are positive controls showing amplification of the KSHV 

K12 gene. PCR products from other tumors of participant U003 and from the BCBL-1 cell line are 

shown at the bottom of the figure. All visible bands were excised from the agarose gel and their 

structures confirmed by Sanger sequencing. 

 

Mutations in sample-consensus KSHV genomes from tumors that impacted protein coding 

sequences 

Among the 7 participants with KSHV sequences from at least one oral swab and one tumor, 

sample-consensus KSHV genomes were identical in the oral and tumor samples from 2 

participants with few differences in 4 others. In the remaining participant, U004, the sample-

consensus KSHV genome in one tumor was identical to that in the oral swab but a second tumor 

had mutations. Tumor-unique mutations were typically nonsynonymous point mutations resulting 

in highly dissimilar residues or were mutations that would disrupt their expression, such as 

rearrangement breakpoints (Table 6). 

Several of the mutations or genome aberrations observed in tumors occurred in structural 

genes (Table 6), and frequently involved the K8.1 gene, which encodes an envelope glycoprotein: 

The U003 inversion breakpoint cleaved the K8.1 gene; U004-D had an R56Q mutation in its 

ORF32 tegument protein coding sequence, as well as a 28-nt deletion in the promoter region of 

K8.1 (Fig 14A). The deletion was after the K8.1 core promoter sequence [183], but encompassed 

the K8.1 transcription start site [184]; the ORF25 major capsid protein in U020-B had a Q594K 

mutation, in addition to the U020-B genomic deletion that started downstream of ORF25; U020-

C had a nonsense mutation at the beginning of the second K8.1 exon; and U032-B had a T848A 

mutation in ORF63, a tegument protein.  

The only intra-host synonymous point mutation observed was in ORF K12 of U003-C (GK18 

position 118,082). This C to T change occurred within the oncogenic microRNA K10 (miR-K10a-

3p) sequence embedded in the K12 transcript. The three oral swab samples from this participant 

maintained the consensus C at this position (Fig 14B), whereas the 4 other tumors from this 

participant examined had T at this position, with tumor U003-G having a minor population of 
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viruses with the consensus C (Fig 14C). The change was outside the seed sequence of miR- 

K10a-3p and may have resulted in a slightly more stable stem loop precursor (∆G -32.40 vs. -

32.70, Fig 15). 

 

Table 6. Unique KSHV mutations observed in tumors compared to oral swabs from the 
same individual.  

Sample ID Tumor-specific differences 
U003-C K12 synonymous mutation within miR-K10 

  genomic inversion starting at K8.1 
U004-C NONE 
U004-D ORF32 nonsynonymous mutation R56Q 

  K15 nonsynonymous mutation A290P 
  28-nt deletion within the K8.1 promoter 
  3-kb segment duplication from before K1 to after ORF4 

U007-B NONE 
U008-B duplication of 14.8 kb segment around IR1 into IR2 

  - breakpoints inside K3 & ORF19 
  - genes duplicated: ORF70, K4.1, K4.2, K5, K6, K7, ORF16, ORF17, ORF17.5, ORF18 

U008-D same as U008-B 
U020-B ORF25 nonsynonymous mutation Q594K 

  
genomic deletion connecting end of ORF25 coding sequence to TR sequences, 47 kb 
remaining 

U020-C ORF11 nonsynonymous mutation T396P 
  K3 nonsynonymous mutation F88L in transmembrane domain 
  K8.1 nonsense mutation at start of 2nd exon 
  genomic deletion leaving only 16 kb segment surrounding IR1 connected to TR sequences 
  - breakpoints inside ORF11 and ORF18 

  
- ~30X coverage for: K2, ORF2, K3, ORF70, K4, K4.1, K4.2, K5, K6, K7, ORF16, ORF7, 
ORF17.5 

U032-B ORF63 nonsynonymous mutation T848A 
U034-B NONE 
U034-C NONE 
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Figure 14. Mutations of KSHV genomes in tumors from participants 004 and 003 

(A) Alignment of KSHV genomes from Participant 004, showing a 28-bp deletion in the K8.1 

promoter in U004-D. U004-D and U004-C are from tumors while U004-o1 is from an oral swab. 

(B) The only intra-host synonymous mutation found in this study, within miR-K10 in participant 

003. (C) Sequence chromatograms of miR-K10 in other tumors of participant U003, with a T in all 

tumors and a mixture of T and the database consensus C in a minority of viruses in U003-G.
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Figure 15. Predicted secondary structure of the stem loop precursor of miR-K10a 

The structure of pre-miR-K12-10a was predicted using mfold (http://unafold.rna.albany.edu 

/?q=mfold/RNA-Folding-Form), indicating the mature miRNA, seed sequence (grey) and the intra-

host polymorphism (red) found in participant U003. The G to A change in RNA sequence resulted 

in a slightly more stable stem loop (∆G -32.40 à -32.70).  
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Lack of evidence for integration of KSHV sequences into human chromosomes 

No de novo-assembled scaffolds, split reads or improperly-paired read mappings suggested 

an instance of KSHV sequences fused to human DNA. Nevertheless, attempts were made to 

systematically search for human-KSHV chimeric sequences. The methods employed were the 

same as those used to screen for all integrated herpesviruses sequences in public databases 

[185] and EBV integration sites in in primary gastric and nasopharyngeal carcinomas [58]. The 

KSHV genome inversions, duplications and deletions described above were detected with high 

confidence values. In contrast, putative breakpoints joining human and KSHV sequences were 

supported by about 2 orders of magnitude lower in numbers of reads (tens of reads), and often 

involved LANA repeats and low-complexity human repeat sequences. These were judged to be 

artifacts. 

 

Co-infection with EBV detected predominantly in oral swabs 

Some scaffolds generated during de novo assembly corresponded to EBV sequences. Nearly all 

oral swab samples yielded multiple EBV-mapping scaffolds up to 73 kb in length, with no region 

of the EBV genome over-represented. In contrast, EBV-sequences were detected in only 5 of 12 

tumors, and in all cases were sequences flanking the EBNA-1 repeat. The proportion of reads 

mapping to EBV in oral swabs ranged from 0 - 33%, median 1.8%, whereas in tumors the range 

was from 0 - 0.5%, median 0.002% (not shown). No other eukaryote viruses were identified.
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Chapter 4: Tumor-associated KSHV genome aberrations, mutations 
and their clinical correlates in Ugandan adults with KS  
 

Introduction 

Potentially consistent patterns of diversity across the ~165-kb KSHV genome are beginning 

to emerge. The first whole genome sequence of KSHV reported had a 33-kb region duplicated in 

the TR region [33]. KSHV genomes with major deletions have been found by PCR screening in 

some KS tumors and cell lines [102]. In a cohort of 16 individuals with KS in Zambia, 4 harbored 

KSHV genomes with uneven read coverages indicative of genomic aberrations [76]. A study of 

near full-length KSHV genome sequences from Zambia revealed frequent nonsense mutations in 

the K4.2 gene [76]. In Chapter 3 we extended these observations through detailed 

characterization of intra-host mutations that were tumor-specific, not found in the oral swabs of 

the same individuals. Identical mutations were found in multiple tumors from the same individual 

and similar mutations were found in multiple individuals. Most pronounced were mutations that 

appeared to inactivate the K8.1 gene in 3 individuals, large inversions, deletions and duplications 

present in tumors from 4 of 8 individuals [165], including sole persistence or over representation 

of a region near IR1.  

The effect of KSHV sequence variation and de novo mutations is of potential significance to 

the clinical course of KS. KSHV encodes immunomodulatory, angiogenic and anti-apoptotic 

factors, and its gene expression and replication are tightly regulated [186]. Hence, KSHV 

polymorphisms observed in vivo coupled with detailed clinical data may reveal insights into the 

pathogenic process of KS. Extending the results from Chapter 3, I confirmed from a study of a 

total of 65 KS tumors from 30 individuals that K8.1 mutations and the over-representation of IR1 

region (further localized to the K5-K6 gene region) do indeed occur at significantly high 

frequencies. Moreover, KSHV genes K4.2 and vIRF-2 were found to be unusually polymorphic 

between hosts and breakpoints in the genome were associated with sites of potential G-

quadruplex formation. Finally, some genotypic variations were associated with clinical 

manifestations of KS. 

Since we established through the use of dUMI-tagged sequences in the study reported in 

Chapter 3 that little point mutational variation exists within KSHV genomes found in vivo, the 
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following study did not include the use of dUMI as the goal was primarily to validate the larger 

scale or specific mutations found in Chapter 3. 

 

Results 

KSHV genomes in KS tumors often have significantly higher representation of a 

subgenomic region near IR1 

The previous chapter described 5 unique tumor-associated KSHV genome aberrations, 3 of 

which involved a 2 to 30-fold greater read coverage of a sharply delineated region close to IR1 

compared to the rest of the viral genome [165]. To better determine the frequency of discordant 

read representation in the IR1 region in tumors, a total of 67 tumors from 30 individuals, including 

the 12 from Chapter 3, were screened for IR1 region copy number elevation. Four gene segments 

of the viral genome, within K2, ORF16, ORF50 and ORF73 genes, were quantified by ddPCR. 

K2 and ORF16 are located near IR1, while ORF50 and ORF73 are located near the midpoint and 

3' end of the KSHV genome, respectively (Fig 16A).  

Of the 65 tumors with positive PCR results, 13 had ORF50 and ORF73 copy numbers that 

were a median of 6-fold less than K2 and ORF16, or below the limit of detection (Table 7). In 

contrast, 2 tumors had K2 and ORF16 that were 2-fold less than ORF50 and ORF73 levels or 

below the limit of detection. Two tumors sequenced in Chapter 3 had no DNA extracts left for 

ddPCR (U003-C and U030-C), but their whole genome sequencing results did not exhibit the IR1 

region read over-coverage [165]. In the remaining 48 tumors, copy numbers of the 4 genes were 

within 50% of each other. Notably, when high copy number variation was detected, it did not apply 

to all tumors sampled from an individual. 

Consensus KSHV genome sequences were obtained from 10 individuals with >2-fold higher 

copy numbers of K2 and/or ORF16 compared to ORF50 and/or ORF73, as well as 1 -2 additional 

tumors from the same individuals and 1 tumor each from the remaining group having the highest 

mean genome copy numbers. In total, 24 tumor DNA samples were prepared for whole KSHV 

genome sequencing. Greater than 99.9% of the KSHV genome (aside from the 3 repeat regions) 

was successfully sequenced from 20 tumors, including all with at least 769 genome copies per 

µL, as estimated by ddPCR (Table 7). Eight of the 20 tumors had elevated read coverage that 

encompassed a region between genome positions 26,000 and 32,000 (Fig 1B). In 5 of these 

(U099-D, U108-B, U156-D, U156-E, U210-B) the spike in read coverage was sharply confined to  
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Figure 16. Raw read coverage of KSHV genomes detected in 20 tumors from 16 individuals 

(A.) Linear schematic of KSHV genome. Yellow arrows represent open reading frames, as annotated in KSHV reference strain GK18. The 4 gene 

regions used for copy number quantitation are labeled by gene name (protein product in parenthesis). Orange bars represent the major repeat 

regions Internal Repeat 1 (IR1), Internal Repeat 2 (IR2), LANA repeat domain (LANAr) and Terminal Repeats (TR). (B.) Read coverages of KSHV 

genome sequences from 20 tumor biopsies. Heights of the blue fill represent the raw read coverage along the KSHV genome. The yellow boxes 

highlight the 8 tumors with the KSHV IR1 region overrepresented in read coverage. The translucent grey vertical lines represent the major repeat 

regions where precise sequence mapping was unreliable. 
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Table 7. Summary of KSHV genome characteristics in all 65 KS tumor  
Sample Sample ID 

[a] 
Amplicon copy number (by ddPCR) [b] __K2 + ORF16_ [c] KSHV genome Genome Overrepresented   

miR-K10 
K4.2 K11.2 [e] 

count K2 ORF16 ORF50 ORF73 ORF50 + ORF73 (avg copies/µL) Sequenced K5-K6 region [d] K8.1 size (bp) 174-bp dup 
1 U003-B 9,757 9,372 5,720 8,223 1.37              8,268      Breakpoint G16A 549 no 
2 U003-C ND ND ND 9,664 ND              9,664  yes   Breakpoint G16A 549 no 
3 U003-E 2,541 3,971 2,750 5,132 0.83              3,599      Breakpoint G16A 549 no 
4 U003-F 3,702 2,063 2,618 3,119 1.00             2,876      Breakpoint G16A 549 no 
5 U003-G 31,735 31,185 10,896 12,595 2.68            21,603  yes yes Breakpoint G16A 549 no 
6 U004-C 1,243 1,274 1,205 998 1.14 1,180 yes   Intact WT 549 yes 
7 U004-D 4,433 4,466 4,543 4,290 1.01              4,433  yes   TSS deletion WT 549 yes 
8 U004-F 1,198 1,322 799 881 1.50              1,050  yes   Intact WT 549 yes 
9 U007-B 1,842 1,864 2,040 1,925 0.93              1,918  yes   Intact WT 378 yes 

10 U008-B 19,140 33,660 19,910 19,195 1.35            22,976 yes yes Intact WT 378 no 
11 U008-C 16,995 17,325 19,170 15,235 1.00         17,181      Intact WT 378 no 
12 U008-D 24,360 34,755 12,737 17,189 1.98           22,260  yes yes Intact WT 378 no 
13 U008-E 7,744 7,871 6,617 5,451 1.29            6,921      Intact WT 378 no 
14 U008-F 4,257 4,120 4,252 4,362 0.97           4,248      Intact WT 378 no 
15 U008-G 3,839 4,164 3,889 4,257 0.98              4,037      Intact WT 378 no 
16 U008-H 560 1 1,309 1,463 0.20                833      Intact WT 378 no 
17 U008-I 8,701 9,059 7,541 8,080 1.14               8,345      Intact WT 378 no 
18 U020-B 49,600 55,850 4,550 5,500 10.49            28,875  yes yes Intact WT 237 no 
19 U020-C 3,658 5,033 145 139 30.62              2,243  yes yes Stop codon WT 237 no 
20 U020-E 167 84 1 172 1.45                 106      TSS deletion WT 237 no 
21 U020-F 11,479 13,640 8,943 11,105 1.25            11,292      NPD ND NPD NPD 
22 U021-C 5,691 5,943 6,867 6,101 0.90              6,151  yes   Intact C15T 237 no 
23 U021-D 1,190 1,134 1,348 1,680 0.77              1,338      Intact C15T 237 no 
24 U021-E 15,792 16,558 23,083 20,050 0.75            18,871  yes   Intact C15T 237 no 
25 U021-H 1 424 454 826 0.33                 426  failed   Intact C15T 237 no 
26 U021-I 234 311 312 205 1.05                 266      Intact C15T 237 no 
27 U030-C ND ND ND 59,730 ND            59,730  yes   Intact WT 369 yes 
28 U032-B 476 520 494 466 1.04                 489  yes   Intact WT 549 yes 
29 U034-B 1,920 1,887 1,870 1,793 1.04              1,868 yes   Intact WT 378 yes 
30 U034-C 13,083 13,335 8,148 6,552 1.80           10,280  yes   Intact WT 378 yes 
31 U039-B 5,313 5,502 4,946 4,799 1.11              5,140      Intact WT 378 no 
32 U048-B 2,791 2,353 2,285 2,524 1.07              2,488      Intact WT 372 no 
33 U048-C 549 84 79 71 4.22                 196  failed yes Intact WT 372 no 
34 U048-D 237,350 22,470 20,276 21,000 6.29            75,274  yes yes Intact WT 372 no 
35 U048-E 7,142 717 602 592 6.58              2,263  yes yes Intact WT 372 no 
36 U060-C 26,460 25,830 24,990 25,725 1.03            25,751      Intact G16A 369 yes 
37 U060-D 24,885 25,305 26,040 24,360 1.00            25,148  yes   Intact G16A 369 yes 
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38 U062-B 1,765 1,991 2,127 1,846 0.95             1,932      Intact WT 369 no 
39 U062-C 3,266 3,287 2,510 2,407 1.33              2,868      Intact WT 369 no 
40 U066-C 1,107 1,147 1,192 974 1.04              1,105      Intact WT 378 yes 
41 U094-B 1,829 1,846 1,855 1,419 1.12             1,737      Intact WT 378 no 
42 U099-D 999,999 999,999 140,910 195,090 5.95         584,000  yes yes Stop codon WT 549 yes 
43 U101-D 5,061 5,271 4,767 3,150 1.31              4,562  yes   Intact C15T 549 no 
44 U106-B 3,108 3,108 4,001 4,106 0.77              3,581      Intact WT 549 no 
45 U108-B 53,655 50,610 45,360 45,150 1.15            48,694  yes yes Stop codon WT 549 no 
46 U108-H 1 1,067 1 1 534.00                 268  failed yes NPD NPD NPD NPD 
47 U146-C 3,003 2,982 2,489 2,128 1.30              2,651      Intact WT 549 no 
48 U156-B 3,045 3,119 2,877 4,862 0.80              3,476  yes   Intact WT 378 no 
49 U156-C 8,526 9,240 7,875 9,356 1.03              8,749  yes   Intact WT 378 no 
50 U156-D 163,083 159,750 164,500 171,583 0.96         164,729  yes yes TSS deletion WT 378 no 
51 U156-E 1,010 1,001 275 789 1.89 769  yes yes TSS deletion G16A 378 no 
52 U156-G 387 413 379 287 1.20 367     Intact WT 378 no 
53 U156-H 3,262 3,471 2,206 2,822 1.34              2,940      Intact WT 378 no 
54 U191-B 21,389 21,515 19,541 21,431 1.05            20,969  yes   Intact WT 237 no 
55 U191-C 9,261 9,534 9,597 9,807 0.97              9,550      Intact WT 237 no 
56 U191-D 623 662 455 676 1.14                 604      Intact WT 237 no 
57 U191-E 324 599 372 411 1.18                 427      Intact WT 237 no 
58 U191-F 39 1,091 43 26 16.38                 300  failed yes NPD NPD NPD NPD 
59 U210-B 14,700 31,675 15,125 12,917 1.65            18,604  yes yes Stop codon WT 237 no 
60 U211-D 87,583 91,667 89,750 84,167 1.03            88,292  yes   Intact WT 378 no 
61 U215-D 36,752 51,538 4,100 4,150 10.70               4,135  yes yes Intact WT 237 yes 
62 U216-D 121,333 130,083 121,000 110,250 1.09             20,667  yes   Stop codon C15T 237 no 
63 U217-D 2,914 3,008 3,988 3,289 0.81               3,300      Intact WT 375 no 
64 U218-D 13,075 13,467 12,500 12,125 1.08               2,792      Intact WT 378 no 
65 U219-D 19,188 19,600 32,958 23,875 0.68               3,905  yes   Intact WT 378 no 

Key 
ND = not determined; tumor extracts were exhausted in previous study [165]  
WT = wildtype; database consensus 
NPD = no product detected 
Breakpoint = breakpoint of a genomic rearrangement in KSHV, interrupting the K8.1 coding sequence [165] 
[a] Adults with KS contributed multiple tumor biopsies from distinct lesions to this study and were anonymized with a "U" number. The following letter is the 
tumor identifier 
[b] 1 = below the limit of detection; 999,999 = over the limit of detection 
[c] Ratio of ddPCR counts of (K2 and ORF16) over (ORF50 and ORF73). Ratios higher that 1.5 are bolded, ratios lower than 0.5 are italicized 
[d] Incorporates both ddPCR screening data and whole genome sequencing read coverage data 
[e] Duplication of the central 174-bp domains of K11.2 (vIRF-2) 
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this region. Read over-coverage was also found in 2 tumors (U108-B and U156-D) in which copy 

numbers of the K2 and ORF16 regions were not elevated over the ddPCR amplicon regions 

(Table 7). Taking together from the ddPCR copy number variation and whole genome sequencing 

results, a total 16 of 65 tumors, from 10 individuals out of 30, were determined to have IR1 region 

over-representation. 

The precise boundaries of the overrepresented regions, as well as any genomic aberrations 

not apparent from read coverage changes, were determined by mapping supporting split reads 

(see Methods). Two tumors from participant U048 (U048-D and U048-E) were found to have the 

same breakpoint. Two of 4 tumors from U156 (U156-D and U156-E) also had identical 

breakpoints, while 2 of his other tumors had relatively even read coverage across the genome 

(Fig 1B).  

Putative rearrangements in the original tumor DNA from U048-D were chosen for validation 

by PCR across breakpoints and sequencing. PCR products were produced that confirmed 

breakpoint junctions directly connecting IR1 and TR sequences (Fig 17). More breakpoints 

junctions connecting IR1 and K6 sequences in the opposite orientation were found and confirmed 

by PCR and sequencing (not shown). The structures, which may involve multiple rearrangements 

of the K5-K6 region and at least one inversion, were not further characterized due to the length 

of the repeats and high GC content in IR1. Lastly, minor variants in U048-D containing an 86-bp 

inversion between ORF9 and ORF10 coding sequences were detected and confirmed by PCR 

and Sanger sequencing.  

 

A 2.2-kb segment region encompassing K5 and K6 corresponds to the minimal region of 

overrepresentation. 

In the 32 tumor-derived KSHV genomes sequenced between this and the previous chapter, 

nine unique KSHV genome aberrations had an abrupt, >1.5-fold read coverage over-

representation in a subgenomic region near IR1. Strikingly, all these elevated read coverage 

regions minimally encompassed a 2.2kb segment downstream of IR1 and included the K5 and 

K6 genes (Fig 18). The recombinant KSHV strain BAC36 had been reported to exhibit read 

overrepresentation in the same region [78] (Fig 18).  Four over-coverage regions partially or did 

not include the T1.4 long non-coding RNA, and the PAN long non-coding RNA was included in all 

but one over-coverage region.  
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Figure 17. PCR and sequencing confirmation of rearrangement connecting IR1 to TR 

sequences in tumor U048-D 

A genome section of the KSHV isolate GK18 from K4.2 through IR1, and a TR unit sequence is 

shown. ORFs are in yellow, repetitive sequences in orange, and primer sequences in blue arrows. 

The K5 and K6 ORFs are further downstream. PCR products were separated on 0.8% agarose 

gel, and all visible bands were extracted and sequenced, with the results shown in the table. Cell 

line BCBL1 DNA was used as control. PCR conditions for GC-rich sequences: 30 cycles, 5 min 

extension time, annealing temperature 63°C 

 

The average length of the genome segments with read coverage overrepresentation was 17.6 

kb (Fig 18), or ~13% of the 137 kb KSHV genome excluding the terminal repeats (TR). Given ten 

random 17.6-kb windows of the KSHV genome sequence, that all 10 would include the 2.2-kb 

K5-K6 region is highly improbable (1 in 4.3 x 1037). No other non-repeat region segment >3 kb in 

size had >1.5-fold read over-coverage in any of the 32 tumors with whole KSHV genomes 

sequenced in this cohort (U004-D had 1.5X read over-coverage on the first 3 kb from the 5' end; 

Figs 5A & 16B). The K5-K6 region overrepresentation, detected by ddPCR screening or whole 

viral genome sequencing, was found in at least one tumor from 10 individuals (Table 7), or 1/3 of 

this cohort of 30 individuals. Of note, participant U020 had two tumors with different breakpoints 

yet both contained the minimally overrepresented region (Figs 5A & 18). 

There were 4 clusters of breakpoints defining the endpoints of each overrepresented region: 

encompassing K4.1-K4.2, IR1, the minor internal repeat between K7 to ORF16, or at ORF18-

ORF19 (Fig 18). The 5' breakpoints from two individuals (U156-B and U210-B) were 0.2 kb apart 

within genes K4.1 and K4.2. Three 5' breakpoints were within the second GC-rich tandem repeat 
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family of IR1, with one more ~500 bp downstream. Three 3' breakpoints were within 0.3 kb of 

each other at or near the minor internal repeat. Four 3’ breakpoints were within OR18 or ORF19, 

two of which were only 3 bp apart (U008-B and U210-B).  

  

Figure 18. Overlap in KSHV IR1 overrepresentation regions 

Sequence alignment of regions with excess read coverage near IR1 (showing those with identical 

breakpoints only once). Location and orientations of ORFs are in yellow, long non-coding RNAs 

in red, and repetitive sequences in orange. In addition to IR1, a region labelled 'minor internal 

repeat' is composed of the 13-bp sequence TGGGATGGGGGTG repeated 4 to 13 times. Vertical 

dashed red lines demarcate the overlap among all IR1 overrepresented regions. Below are 

indicated the maximum distances between breakpoints in the 3 identified breakpoint clusters, 

aside from those that could not be precisely mapped in IR1. 

 

KSHV rearrangement breakpoints are associated with G-quadruplexes 

Chromosomal rearrangement breakpoints are prone to cluster at fragile regions, typically 

sequences that form non-B DNA structures [187]. Genomes of gamma-herpesviruses are 

enriched, more than expected from nucleotide composition, with GC-rich DNA motifs known to 

induce double-stranded breaks that undergo repair and recombination in B-cells [92,94]. I 

therefore assessed whether KSHV rearrangement breakpoints were associated with these DNA 

features.  
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To determine any association between KSHV rearrangement breakpoints and potential non-

B DNA sequences, sequences +500 bp from all 31 breakpoints identified here and in other studies 

[78,165,188] (Table 3) were scanned for the following 5 sequence motifs associated with non-B 

DNA sequences: cruciforms, Z-form DNA, AT-rich local melt regions, mirror repeats or triplexes, 

and G-quadruplexes (G4). This window length was chosen because breakpoints have been 

associated with G4 DNA up to 500 bp distant [189]. Control windows were generated from a 

sequence permutation of the observed breakpoint windows and from the same number of random 

500 bp windows of the KSHV genome. Cruciform DNA was not predicted to be formed in any of 

the breakpoint or control windows (not shown). However, breakpoints were most common at or 

near Z-DNA and G4 sequences (Fig 19A and B). The 2 breakpoints 3 bp apart at ORF19 were 

found within a high probability Z-DNA sequence. On average, Z-DNA probabilities had a local 

peak at the observed breakpoint although a nearby peak was also generated from the random 

control dataset (Fig 19C), while G4 scores peaked at the breakpoint position in contrast to controls 

(Fig 19D). 

To quantify any association with breakpoints, total non-B DNA probabilities and relative scores 

within 200 bp in both directions from the observed or control breakpoints were summed. Also 

measured were distances from each breakpoint to the nearest position with >0.20 non-B DNA 

probability or relative score in either direction. The summed scores and the nearest distances of 

the 31 observed breakpoints were compared to those of 31 random breakpoints (Table 3) using 

a Welch 2-sample T-test, assuming unequal variance (Table 8). Among the summed scores of 

the 5 non-B DNA motifs analyzed, G4 had the largest difference between the means of the 

observed and random datasets, and the difference was statistically significant (p=0.0040). The 

closest distances to local melt regions and regions of relative G4 scores >0.20 were significantly 

smaller for observed breakpoints than for random dataset (p=0.024, p=0.0007, respectively). To 

get a more robust assessment of association with G4, 1000 simulations of 31 randomly sampled 

points along the GK18 genome were made in R, generating a normal distribution of means. The 

probability of attaining equal or higher means than the observed mean G4 summed scores was 

1.4 x 10-6, and the probability of attaining equal or lower than the observed mean distances to G4 

was 0.0009. 
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Table 8. P-values of non-B-DNA summed probabilities/scores and distances to breakpoints 
Sum total of probabilities or relative scores of non-B-DNA structures +/-200 bp from breakpoint 

 Non-B-DNA Mean obs. Mean random 95% CI lower 95% CI upper P-value 

 melt 0.04 0.12 -0.26 0.10 0.380 

 Z-DNA 1.58 1.84 -2.16 1.63 0.782 

 cruciform 0 0 0 0 NA 

 triplex 0.93 0.3 -0.82 2.08 0.385 

 G4 16.09 2.64 4.6 22.31 0.004 

       
Average distance to closest non-B-DNA structure with probability or relative score >0.2 

 Non-B-DNA Mean obs. Mean random 95% CI lower 95% CI upper P-value 

 melt 450.26 498.20 -89.11 -6.76 0.024 

 Z-DNA 278.52 327.56 -154.86 56.77 0.357 

 cruciform >500 >500 NA NA NA 

 triplex 433.87 442.20 -77.06 60.40 0.809 

 G4 308.65 460.48 -235.30 -68.37 0.001 
Note: probabilities for melt, Z-DNA and cruciform; relative scores for triplex and G4 

 

Potentially inactivating mutations are common in the K8.1 gene in tumors.  

I observed in Chapter 3 that mutations in the K8.1 gene were common in KS tumors, all 

putatively disrupting K8.1 gene expression due to large truncations, frameshifts, or promoter 

region deletions. As with the genomic alterations noted above, in individuals where K8.1 

mutations were observed, not all their tumors had the K8.1 mutation, indicating that they most 

likely arose de novo in each individual. Remarkably, none of the other 85 KSHV coding sequences, 

three-quarters of which are longer than K8.1, had intra-host mutations in more than one person. 

To better assess the frequency of K8.1 mutations, a 1.4 kb region of the K8.1 coding sequence 

and its promoter region was determined from all 65 tumors from 30 individuals. Parallel analysis 

of a 250 bp K12 gene sequence served as sample control. 

Nine unique K8.1 mutations were detected in 8 individuals (Table 7, Fig 20A). Five were 

nonsense mutations in the second exon, and three were 28 - 32 bp deletions between the K8.1 

core promoter and the K8.1 coding sequence, spanning the transcription start site (Fig 20A). One 

of the deletions also included the first base of the K8.1 coding sequence (U020-E in Fig 20B). 

Finally, participant U003 had a genomic inversion interrupting the second K8.1 exon and 

extending to TR sequences [165]. U020 had tumors with different K8.1 mutations – a nonsense 

mutation in U020-C and a deletion in the promoter region of U020-E (Fig 20A). 
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 Figure 19. Association of breakpoints to non-B-DNA 

(A) The probabilities and relative scores of 5 non-B-DNA structures (local melt region, Z-DNA, G-quadruplex and triplex DNA) were 
graphed along the genome of KSHV isolate U048-E. Shown is a genome segment including the overrepresented region including K5 
and K6. The black ticks mark the breakpoints observed, and below are the annotations for ORFs (yellow), repeat regions (orange) and 
long non-coding RNAs (red). The asterisk at ORF19 denotes 2 breakpoints 3 bp apart found in 2 different individuals. G-quadruplex 
scores were normalized to 300, near the human genome maximum (https://pqsfinder.fi.muni.cz/genomes), and triplex scores were 
normalized to a maximum of 50. (B) Relative scores were plotted in DNA sequences +500 bp of 31 observed breakpoints along the 
entire KSHV genome excluding the TR and averaged across all windows with score normalization as in panel A. Of note, all averages 
were below 0.10 since probabilities and scores were 0 at most breakpoint windows. (C) Z-DNA probabilities and (D) G-quadruplex 
scores in control permuted sequences, 31 random windows from the GK18 genome. The genome-wide averages are shown with the 
horizontal broken lines. 
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Figure 20. Inactivating mutations observed in the K8.1 gene 

(A) Alignment of the K8.1 gene and promoter mutations found in this study, showing identical 

mutations from the same person once. Indicated above are locations of the K8.1 core promoter, 

transcription start site and open reading frame. Sequence coordinates are for reference isolate 

GK18. Gray bars adjacent to tumor IDs represent their nucleotide sequences, below which are 

the representations of their translations. Colored ticks represent nucleotide or amino acid 

differences from the GK18 sequence, brackets indicate transcription start site deletions, asterisks 

indicate nonsense mutations, and red mark corresponds to the inversion breakpoint location in 

U003 tumors. (B) Alignment zoomed in on the transcription start site deletions. 

 

Polymorphisms in miR-K10, K4.2 and K11.2.  

Promoter region deletions, indels and nonsense mutations in the 85 KSHV genes aside from 

K8.1 were compiled for all 32 KSHV genomes sequenced. No promoter region deletions or 

nonsense mutations were found in the other genes. There were seven different indel mutations, 

4 of which were in-frame (Table 9). A single nucleotide extension of an A homopolymer run in 

K11.2 was found in only 1 of 4 tumors from U156 (Table 9).  

A. 

B.
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Table 9.  Coding sequence mutations*  

In frame deletions 

ORF34 Related to HHV-5 UL95 3 nt  U004-C,D,F 3 of 3 tumors 

ORF47 
Envelope glycoprotein gL; 
herpesvirus core gene UL1 family 15 nt  U004-C,D,F 3 of 3 tumors 

ORF50 
Transactivator; RTA, induces switch 
from latent to lytic infection 

24 nt  U099-D 1 of 1 tumor 

K9 Interferon regulatory factor, vIRF-1 18 nt  U216-D 1 of 1 tumor 

Frameshifting indels 

ORF4  
Complement control protein; 
membrane protein; contains four 
SCR domains; KCP 

23 nt deletion, 
truncated ORF 

U048-D,E  2 of 2 tumors 

K7 
IAP-like inhibitor of apoptosis; 
contains hydrophobic domain; vIAP 

1 nt homopolymer 
deletion, extended ORF 

U216-D 1 of 1 tumor 

K11.2 Interferon regulatory factor, vIRF-2 
1 nt homopolymer 

insertion, truncated ORF 
U156-D 1 of 3 tumors 

Intra-host non-synonymous point mutations 

ORF11 herpesvirus dUTPase T396P U020-C 
1 of 3 tumors and 1 oral 

swab 

K3 
E3 ubiquitin ligase, membrane 
protein MIR1, downregulation of 
MHC1; ORF12 

F88L U020-C 
1 of 3 tumors and 1 oral 

swab 

ORF25 
major capsid protein; herpesvirus 
core gene UL19 family 

Q594K U020-B 
1 of 3 tumors and 1 oral 

swab 

ORF32 
tegument protein; herpesvirus core 
gene UL17 family; DNA packaging 

R56Q U004-D 
1 of 3 tumors and 1 oral 

swab 

ORF63 
tegument protein; herpesvirus core 
gene UL37 family 

T848A U032-B 
1 of 1 tumor and 1 oral 

swab 

K15 
LAMP; signal transducing 
membrane protein 

A290P U004-D 
1 of 3 tumors and 1 oral 

swab 

Intra-host synonymous point mutations 

ORF8  envelope glycoprotein gB; 
herpesvirus core gene UL27 family 

nucleotide: C762AT U021-E 1 of 2 tumors 

K12 
Kaposin A, hydrophobic membrane 
protein; contains microRNA K10 

nucleotide: G126A 
(K12); G16A (miR-K10) 

U003-
B,C,E,G; 
U156-D 

4 of 4 tumors and 0 of 3 
oral swabs; 1 of 4 

tumors 

* Not shown are mutations arising from rearrangement breakpoints, mutations in K8.1, K4.2 or 

K11.2, all of which are discussed separately. 
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The intra-host differences between matching sample-consensus genomes were determined 

within 10 individuals who had whole KSHV genomes sequenced from more than one sample, 

including the oral swabs also evaluated in the previous chapter. Six nonsynonymous point 

mutations were found in 6 different genes (Table 9). Only 3 instances of synonymous point 

mutations were detected, 2 of which were the same G126A nucleotide substitution in K12 from 2 

different individuals. This mutation also impacted the overlapping microRNA K10 sequence 

(G16A mutation in miR-K10, or position C118082T in the GK18 genome). G16A was found in 1 

of 4 tumors from U156, and in all of 4 tumors (Table 9) and none of 3 oral swabs (Table 10, Fig 

15) in participant U003. 

PCR screening was conducted on all 65 tumors (Table 7) and 18 oral swabs (Table 10) to 

determine the extent of miR-K10 diversity in this cohort. Six of 30 individuals had either a miR-

K10 C15T or G16A mutation while the remainder had the miR-K10 database consensus 

nucleotide.  

 
Table 10. PCR screening and sequencing in oral swabs 

Sample ID K8.1 miR-K10 
U003-oral1 intact wt consensus 
U003-oral2 intact wt consensus 
U003-oral3 intact wt consensus 
U004-oral intact wt consensus 
U007-oral intact wt consensus 
U008-oral intact wt consensus 
U020-oral1 intact wt consensus 
U020-oral2 intact wt consensus 
U023-oral intact wt consensus 
U032-oral intact wt consensus 
U034-oral1 intact wt consensus 
U034-oral2 intact wt consensus 
U191-oral1 no product wt consensus 
U191-oral2 intact wt consensus 
U191-oral3 intact wt consensus 
U191-oral4 intact wt consensus 
U211-oral1 intact wt consensus 
U211-oral1 intact wt consensus 

  Note: Italicized samples were sequenced and reported in Chapter 3 
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Truncations of the K4.2 coding sequence, relative to the GK18 reference, were reported in 12 

of 16 adults with KS in Zambia [76]. Here, 16 of 22 individuals that had whole KSHV genomes 

sequenced were found to have K4.2 truncations resulting from frameshifts and premature stop 

codons (Fig 21A). Another gene polymorphism was also found here, in a 174-bp sequence 

duplication in the central domain of K11.2 that was present 8 of the 22 individuals (Fig 21B). In 

inspecting the 16 genomes from Zambia, the duplication was found in 12 (a partially overlapping 

subset with those that had truncated K4.2). To determine the overall extent of K4.2 and K11.2 

diversity in this cohort, both genes were sequenced following gene-specific PCR in all 65 tumors 

(Table 7). The K4.2 length polymorphisms observed were recurring between individuals, and no 

intra-host differences were found. K4.2 was truncated in 23 of the 30 total individuals in our cohort, 

while the central 174-bp duplication in K11.2 was absent in 11 of 30.  

Among the 96 KSHV genomes sequenced to date, 3 predominant length polymorphisms of 

the K4.2 gene were found: 31 were full-length at 546 or 549 bp, 47 had a truncation to 369 or 378 

bp (Truncation A and B), and 18 had a truncation to 237 bp or shorter (Truncation C) (Table 11). 

Of the 94 KSHV genomes with a complete K11.2 gene, 76 had the 174-bp duplication (Table 11), 

including 31 with 1-2 single nucleotide imperfections. These K4.2 and K11.2 polymorphisms did 

not coincide with major KSHV phylogenetic groupings [77] (Fig 8 & 21C; Table 11). 

 

KSHV mutations associated with disease course and tumor characteristics 

An exploratory statistical analysis was conducted for associations between the mutations and 

genetic polymorphisms observed and clinical traits (Table 12) and tumor characteristics (Table 

13). The genetic markers evaluated were K5-K6 region read over-coverage, K8.1 inactivation, 

miR-K10 point mutations, K4.2 truncation, K11.2 central duplications, and marker co-occurrence. 

Clinical or individual traits evaluated were: gender, age, plasma KSHV load, HIV load, CD4+ cell 

counts, ACTG staging (tumors extensive or not [T], systemic symptoms [S] and immune status or 

CD4+ T-cell count below 200 cells/mL []; see Table 12 keys) [145], survival, treatment responses, 

prevalence (number of anatomic areas lesions were found), presence of any head, neck or oral 

lesions, and presence of lesions in the extremities. Tumor characteristics evaluated were 

morphotype (nodular, fungating or macular), size (greater or less than 1 cm diameter), anatomic 

area (head/neck, hard palate, oral excluding hard palate, back, chest/abdomen, groin/genitals, 

upper limbs, and lower limbs), and sampling time from first visit.  
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Figure 21. Polymorphisms in K4.2 and K11.2 

Alignment of predicted K4.2 (A.) and (B.) K11.2 amino acid sequences in whole KSHV genomes 

sequenced in this study aligned against the GK18 reference, showing 3 length genotypes. Black 

marks indicate amino acid differences from GK18. The 22 sequences in (A) are representative of 

K4.2 length polymorphisms found in the 98 KSHV genomes sequenced to date. The 174-bp 

repeats found in K11.2 are in orange. (C.) Phylogenetic tree of KSHV genomes in this study. 

Colored circles indicate K4.2 length genotypes, and asterisks indicate the presence of 174-bp 

duplication inside K11.2. Major genome types [77] are indicated on the right. 

B.

C.
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Table 11.  Linkages of KSHV genome types with K4.2 and K11.2 polymorphisms 

NAME GENOTYPE K4.2 CDS K11.2 REPEAT  NAME GENOTYPE K4.2 CDS K11.2 REPEAT  NAME GENOTYPE K4.2 CDS K11.2REPEAT 
Japan1 M1 FL yes  U003-C P1 FL no  U156-B P1 Tr A no 

Miyako1 M1 FL yes  U101-D P1 FL no  U211-D P1 Tr A no 
Miyako2 M1 FL yes  U108-B P1 FL no  U219-D P1 Tr A no 
Miyako3 M1 FL yes  GK18 P1 Tr A yes  U060-D P1 Tr B yes 
UG118 M1 FL yes  U007-B P1 Tr A yes  UG146 P1 Tr B yes 
UG119 M1 FL yes  U034-B P1 Tr A yes  ZM116 P1 Tr B yes 
UG145 M1 FL yes  UG110 P1 Tr A yes  U048-E P1 Tr B no 
UG157 M1 FL yes  UG12 P1 Tr A yes  DG-1 P1 Tr C yes 
UG15 M1 Tr B yes  UG125 P1 Tr A yes  U210-B P1 Tr C no 
UG16 M1 Tr B yes  UG126 P1 Tr A yes  UG122 P2 FL yes 

UG219 M1 Tr B yes  UG128 P1 Tr A yes  UG155 P2 FL yes 
BC-1 M1 Tr C yes  UG13 P1 Tr A yes  ZM091 P2 FL no 

UG237 M2 FL yes  UG133 P1 Tr A yes  ZM121 P2 Tr A no 
U030-C M2 Tr B yes  UG134 P1 Tr A yes  ZM027 P2 Tr B yes 
UG131 M2 Tr B yes  UG137 P1 Tr A yes  ZM102 P2 Tr B yes 
UG160 M2 Tr B yes  UG141 P1 Tr A yes  ZM108 P2 Tr B yes 
ZM095 N FL yes  UG148 P1 Tr A yes  ZM117 P2 Tr B yes 
ZM004 N Tr A no  UG152 P1 Tr A yes  U215-D P2 Tr C yes 
ZM128 N Tr A no  UG159 P1 Tr A yes  UG114 P2 Tr C yes 
BAC16 P1 FL yes  UG162 P1 Tr A yes  UG117 P2 Tr C yes 
BAC36 P1 FL yes  UG163 P1 Tr A yes  UG120 P2 Tr C yes 
SPEL P1 FL yes  UG165 P1 Tr A yes  UG132 P2 Tr C yes 

U004-D P1 FL yes  UG166 P1 Tr A yes  UG136 P2 Tr C yes 
U032-B P1 FL yes  UG168 P1 Tr A yes  UG149 P2 Tr C yes 
U099-D P1 FL yes  UG212 P1 Tr A yes  UG164 P2 Tr C yes 
U93872 P1 FL yes  UG222 P1 Tr A yes  ZM114 P2 Tr C yes 
UG129 P1 FL yes  UG226 P1 Tr A yes  ZM130 P2 Tr C yes 
UG151 P1 FL yes  UG244 P1 Tr A yes  U020-B P2 Tr C no 
UG156 P1 FL yes  ZM106 P1 Tr A yes  U021-C P2 Tr C no 
UG158 P1 FL yes  ZM123 P1 Tr A yes  U023-o1 P2 Tr C no 

UNC_KICS0009 P1 FL yes  ZM124 P1 Tr A yes  U191-B P2 Tr C no 
ZM118 P1 FL yes  U008-B P1 Tr A no  U216-D P2 Tr C no 

 
Key: Full-length (FL) = 546 or 549 bp, Truncation A (Tr A) = 369 bp, Truncation B (Tr B) = 369 bp, Truncation C (Tr C) = 237 bp or shorter
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K5-K6 over-representation and K8.1 inactivation were significantly more common in nodular 

and fungating compared to macular lesions (OR=20.24, p<0.001 and OR=6.38, p=0.0005 

respectively; Table 14). Both were also more common in participants that had limited KS lesions 

(found in <4 of 8 anatomic regions: OR=0.20, p=0.01 and OR=0.05, p=0.007, respectively). Since 

all K4.2 truncations observed removed its putative transmembrane region, K4.2 genotype was 

classified into having either a full-length or truncated coding sequence. A truncated K4.2 was less 

common in nodular compared to macular lesions (OR=0.28, p=0.028, Table 14). While barely 

significant, it can be noted that the K11.2 174-bp domain duplication was more common among 

female participants (OR=7.56, p=0.048), and was not found in any of the 4 HIV-negative 

participants. The miR-K10 mutations C15T and G16A were less prevalent in lesions >1 cm (OR= 

0.20, p=0.01) (Table 14) and weakly associated with lower survival rates (HR=4.11, p=0.053, 

Table 15). No other statistically significant correlations were observed between KSHV mutations 

and clinical phenotypes, but among associations between mutations, a truncated K4.2 was 

inversely correlated with having K8.1 inactivating mutations (OR=0.12, p=0.008, Table 16).
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Table 12. Participant clinical traits 
      Best 

response 
[b] 

           
ACTG 

Stage [c] 

    Lesions in: Lesion 
Sites  
(of 8) 

  
PTID Died Days 

[a] 
Age Sex HIV CD4 

count 
CD8 

count 
HIV  
RNA 

KSHV  
plasma VL 

[d] 

Edema Head/ 
Neck 

Hard 
Palate 

Oral, ex- 
Hard 

Palate 
Back Chest Groin Arms Legs 

Total Lesion 
Number 

T I S 
U003 Yes 114 PR 25 M + 45 837 759,635 1 1 1       12,728  Yes No No No No Yes No Yes Yes 3 109 
U004 No 669 PD 37 M + 85 1,197 277,655 1 1 0       81,324  Yes No No No Yes Yes Yes Yes Yes 5 84 
U007 No 444 PD 26 M + 136 589 91,096 0 1 1       10,927  No Yes Yes No Yes Yes No Yes Yes 6 38 
U008 Yes 188 PD 56 M + 422 800 860,937 1 0 1       17,815  Yes Yes Yes No Yes Yes Yes No Yes 6 83 
U020 Yes 294 PD 27 M + 370 819 118,191 1 0 1       48,73  Yes No No No No No No Yes Yes 2 3 
U021 Yes 214 PD 35 M + 306 4,283 55,805 1 0 0       20,251 Yes Yes No No Yes Yes No Yes Yes 5 35 
U023 No 445 CR 33 F + 191 1,487 338,285 1 1 1          3,438  Yes No No No No No No No Yes 1 2 
U030 No 453 CR 40 M + 70 261 100,184 1 1 0          1,124  Yes Yes Yes Yes Yes Yes Yes Yes Yes 8 207 
U032 No 433 PR 23 F + 274 1,614 587,149 0 0 0          5,246  No Yes Yes No No Yes No No No 3 50 
U034 No 432 PR 47 F + 237 1,246 130,375 1 0 0       47,657  Yes Yes Yes Yes Yes Yes No Yes Yes 7 54 
U039 Yes 162 PD 27 M + 182 1,661 68,357 1 1 1       15,341  Yes Yes Yes Yes Yes Yes Yes Yes Yes 8 151 
U048 No 441 PR 23 M + 115 1,427 194,676 1 1 0          3,364  Yes No No No No No No No Yes 1 81 
U060 Yes 145 PR 26 M + 134 970 319,573 1 1 0       15,781 Yes No No No No No Yes No Yes 2 46 
U062 No 441 PR 31 M + 436 982 1,058,360 1 0 1     540,178 Yes Yes Yes Yes Yes Yes Yes Yes Yes 8 285 
U066 No 792 PR 40 M + 36 1,087 138,338 1 1 1          5,208 Yes Yes No No Yes Yes Yes Yes Yes 6 148 
U094 No 426 PR 30 F + 400 741 413,511 1 0 1          4,770 Yes Yes Yes Yes Yes Yes Yes Yes Yes 8 67 
U099 No 746 NA 42 M + 215 1,153 313,323 0 0 1 0 No No No No No No No No Yes 1 26 
U101 No 476 PR 34 M + 331 340 208,808 1 0 1          1,448 No Yes No Yes No No No Yes Yes 4 25 
U106 No 630 SD 37 M + 1 298 95,361 1 1 1          6,143 Yes Yes Yes Yes Yes Yes Yes Yes Yes 8 116 
U108 No 593 PR 34 M + 1,437 1,042 377,043 1 0 0          7,312 Yes No No No No Yes Yes Yes Yes 4 116 
U146 No 479 SD 30 M + 302 1,142 920,350 1 0 1          8,439 Yes Yes Yes No No Yes Yes Yes Yes 6 73 
U156 Yes 320 PD 30 M + 109 740 103,371 1 1 1       45,117 Yes No No No No No Yes Yes Yes 3 77 
U191 No 333 CR 29 M + 16 485 1,289,560 0 1 1       25,694 No Yes Yes No Yes Yes No Yes Yes 6 98 
U210 No 540 CR 37 M - NA NA NA 1 NA 1             536 Yes No No No No Yes No Yes Yes 3 41 
U211 No 790 PR 25 M - NA NA NA 1 NA 1       10,540 Yes No No No No No No Yes Yes 2 47 
U215 No 650 PR 32 F + 4 69 150,734 1 1 1  ND  No Yes Yes Yes Yes Yes Yes Yes Yes 8 89 
U216 No 436 PR 78 M - 1,066 1,045 NA 1 0 1          8,642  Yes No No No No Yes No Yes Yes 3 82 
U217 No 579 PR 26 F + NA NA NA 1 NA 0          1,648 Yes Yes Yes No No No No Yes Yes 4 143 
U218 No 518 PR 32 M + 612 1,578 155,437 1 0 1       10,86 Yes Yes Yes No Yes Yes Yes Yes Yes 7 260 
U219 Yes 20 PD 45 F - 479 585 NA 1 0 1       21,511 Yes Yes No No Yes Yes Yes Yes Yes 6 542 

Key: 
[a] Number of days from baseline to last known vital status 
[b] PR = Partial Response; CR = Complete Response; SD = Stable Disease; PD = Progressive Disease; NA= Not Applicable 
[c] T(1) = tumors not limited to skin, with extensive oral, gastrointestinal & visceral KS; I(1) = CD4+ T-cell count <150/uL, NA if HIV(-) ;  S1 =  systemic illness 
(fever, night sweats, >10% weight loss, diarrhea for >2 weeks) [145] 
[d] ND = Not Determined
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 Table 13. Individual KS tumor-level characteristics and morphotypes 

Tumor ID Visit 
no. 

Visit 
day Biopsy Location Lesion 

Type 
Lesion 

appearance 
Size 1st visit 

(cm) 
Size 2nd visit 

(cm) 
Treatment 
Response 

U003-B 1 0 Left leg  Nodular Raised 0.60 0.60 Baseline  
U003-C 1 0 Left leg  Macular Raised 1.20 1.00 Baseline  
U003-E 5 90 Left leg  Macular Raised 1.00 0.60 Regressing  
U003-F 5 90 Left leg  Nodular Raised 0.50 0.40 Regressing  
U003-G 5 90 Left foot  Fungating Raised 5.50 3.60 Regressing  
U004-C 1 0 Left leg  Macular Flat 3.20 2.10 Baseline  
U004-D 1 0 Right leg  Nodular Raised 0.50 0.50 Baseline  
U004-F 5 87 Right leg  Macular Flat 0.30 0.40 Regressing  
U007-B 1 0 Right leg  Macular Raised 1.80 0.70 Baseline  
U008-B 1 0 Left leg  Nodular Raised 2.00 1.00 Baseline  
U008-C 1 0 Right leg  Macular Flat 5.20 3.00 Baseline  
U008-D 1 0 Left leg  Macular Raised 7.50 4.00 Baseline  
U008-E 5 84 Right leg  Macular Raised 3.00 2.00 Regressing  
U008-F 5 84 Left leg  Macular Raised 5.90 3.30 Regressing  
U008-G 5 84 Left leg  Macular Raised 4.20 2.00 Regressing  
U008-H 8 154 Right leg  Macular Flat 1.00 0.80 Unable to assess  
U008-I 8 154 Right leg  Macular Raised 1.20 1.00 New/Progressing  
U020-B 1 0 Left upper extremity  Nodular Raised 1.90 0.90 Baseline  
U020-C 1 0 Left foot  Fungating Raised 21.00 13.00 Baseline  
U020-E 9 282 Right upper extremity  Macular Raised 3.00 2.00 New/Progressing  
U020-F 9 282 Left leg  Macular Raised 0.60 0.60 New/Progressing  
U021-B 1 0 Chest/ Abdomen  Macular Flat 0.70 0.40 Baseline  
U021-C 1 0 Chest/ Abdomen  Macular Flat 0.80 0.40 Baseline  
U021-D 1 0 Right leg  Macular Raised 0.50 0.50 Baseline  
U021-E 5 94 Right upper extremity  Macular Raised 1.20 1.10 Regressing  
U021-H 8 175 Right upper extremity  Macular Flat 0.60 0.40 Stable  
U021-I 8 175 Right upper extremity  Macular Flat 0.80 0.50 Regressing  
U030-C 1 0 Right upper extremity  Nodular Raised 1.00 0.70 Baseline  
U032-B 1 0 Chest/ Abdomen  Macular Flat 1.00 0.30 Baseline  
U034-B 1 0 Right upper extremity  Macular Flat 2.00 1.50 Baseline  
U034-C 1 0 Left upper extremity  Macular Flat 1.20 0.50 Baseline  
U039-B 1 0 Right leg  Macular Flat 1.10 0.70 Baseline  
U048-B 1 0 Right leg  Macular Flat 0.70 0.50 Baseline  
U048-C 1 0 Right leg  Nodular Raised 1.00 0.70 Baseline  
U048-D 1 0 Right leg  Nodular Raised 0.80 0.60 Baseline  
U048-E 5 91 Right leg  Nodular Raised 0.70 0.70 Regressing  
U060-C 1 0 Right leg  Macular Raised 0.50 0.60 Baseline  
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Tumor ID Visit 
no. 

Visit 
day Biopsy Location Lesion 

Type 
Lesion 

appearance 
Size 1st visit 

(cm) 
Size 2nd visit 

(cm) 
Treatment 
Response 

U060-D 1 0 Right leg  Macular Raised 0.50 0.50 Baseline  
U062-B 1 0 Right upper extremity  Macular Raised 0.60 0.70 Baseline  
U062-C 1 0 Right leg  Macular Raised 0.70 0.60 Baseline  
U066-C 1 0 Right leg  Macular Raised 1.10 0.70 Baseline  
U094-B 1 0 Right upper extremity  Macular Raised 1.20 0.60 Baseline  
U099-D 1 0 Right foot (09) Nodular Raised 1.00 0.80 Baseline  
U101-D 5 86 Left leg  Nodular Raised 1.00 1.00 Regressing  
U106-B 1 0 Back (06) Macular Raised 4.20 2.00 Baseline  
U108-B 1 0 Right upper extremity  Nodular Raised 1.00 0.80 Baseline  
U108-H 8 280 Right leg  Macular Raised 0.50 0.50 Regressing  
U108-I 8 280 Right leg  Macular Raised 0.60 0.50 Regressing  
U146-C 1 0 Left leg  Macular Flat 1.80 1.60 Baseline  
U156-B 1 0 Left leg  Macular Flat 0.60 0.50 Baseline  
U156-C 1 0 Left leg  Macular Flat 0.50 0.50 Baseline  
U156-D 1 0 Right leg  Macular Raised 1.20 0.80 Baseline  
U156-E 5 84 Right leg  Nodular Raised 0.30 0.30 Regressing  
U156-G 8 167 Left leg  Macular Flat 0.80 0.50 Stable  
U156-H 8 167 Left leg  Macular Flat 0.60 0.50 Stable  
U191-B 1 0 Right upper extremity  Macular Raised 1.60 1.10 Baseline  
U191-C 1 0 Right upper extremity  Macular Raised 1.30 1.30 Baseline  
U191-D 1 0 Right upper extremity  Macular Raised 1.00 0.70 Baseline  
U191-E 5 87 Left upper extremity  Macular Flat 2.20 1.70 Regressing  
U191-F 5 87 Right leg  Macular Flat 1.80 1.50 Regressing  
U210-B 1 0 Right leg  Nodular Raised 0.90 0.80 Baseline  
U211-D 1 0 Left leg  Macular Raised 0.50 1.00 Baseline  
U215-D 1 0 Left leg  Macular Raised 2.00 2.8 Stable 
U216-D 1 0 Left leg  Macular Raised 0.80 0.60 Baseline  
U217-D 1 0 Right upper extremity  Macular Raised 1.60 1.20 Baseline  
U218-D 1 0 Left upper extremity  Macular Raised 1.80 1.30 Baseline  
U219-D 1 0 Left upper extremity  Macular Raised 1.00 1.00 Baseline  
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Table 14. Odds ratios of mutations to clinical or tumor traits 

  K5-K6  
Over-represented 

K8.1  
Inactivated v. Intact 

 miR-K10 
Non-wt v. wt 

 K4.2 Length 
Truncated v. Normal 

vIRF2 174bp  
Repeat v. Personal/Clinical Traits OR[a] (95%CI) P OR[a] (95%CI) P OR[a] (95%CI) P OR[a] (95%CI) P OR[a] (95%CI) P 

Age, per 5 years 0.90 (0.69, 1.17) 0.434 0.96 (0.59, 1.57) 0.886 0.89 (0.52, 1.51) 0.657 1.25 (0.80, 1.96) 0.325 1.03 (0.72, 1.48) 0.882 
Female v. Male 0.50 (0.05, 5.02) 0.556 0 [d]  0 [d]   2.00 (0.17, 23.66) 0.582 7.56 (1.02, 56.09) 0.048 
HIV Positive v. Negative 0.94 (0.09, 10.33) 0.958 0.21 (0.02, 1.96) 0.170 0.95 (0.07, 12.72) 0.972 0 [e]   inf. [f]   
                        
Plasma KSHV (log10 copies/ml), per unit [b] 0.71 (0.16, 3.10) 0.650 0.81 (0.22, 2.98) 0.756 0.71 (0.26, 1.98) 0.516 1.82 (0.33, 10.00) 0.493 1.30 (0.20, 8.44) 0.783 
                        
Patient no. of sites w/lesions, per site 0.61 (0.42, 0.90) 0.011 0.57 (0.35, 0.93) 0.024 0.73 (0.47, 1.13) 0.163 1.19 (0.80, 1.76) 0.381 1.14 (0.74, 1.76) 0.544 
More than 4 lesion sites v. 4 or fewer [j] 0.20 (0.06, 0.71) 0.013 0.05 (0.00, 0.44) 0.007 0.31 (0.03, 3.76) 0.358 3.41 (0.43, 27.17) 0.247 2.25 (0.33, 15.19) 0.405 
Any head, neck, or oral lesions 0.13 (0.03, 0.55) 0.006 0 [g]  0.45 (0.04, 4.59) 0.502 5.05 (0.76, 33.59) 0.094 1.01 (0.15, 6.70) 0.990 
Any lesions other than extremities 0.08 (0.03, 0.22) <0.001 0.41 (0.05, 3.38) 0.407 inf. [h]   0.31 (0.02, 4.26) 0.382 2.40 (0.18, 31.44) 0.505 
                        
KS T-stage 1  2.39 (0.18, 31.11) 0.507 1.50 (0.11, 20.76) 0.762 inf. [i]   1.07 (0.09, 12.85) 0.957 0.34 (0.03, 4.32) 0.406 
KS S-stage 1 1.20 (0.26, 5.50) 0.814 2.81 (0.45, 17.73) 0.271 0.44 (0.04, 4.25) 0.476 1.70 (0.21, 13.97) 0.621 0.16 (0.02, 1.05) 0.056 
KS I-stage 1 [c] 1.24 (0.32, 4.80) 0.753 1.50 (0.21, 10.93) 0.689 1.33 (0.12, 15.01) 0.816 0.68 (0.09, 5.46) 0.721 2.86 (0.40, 20.55) 0.295 
                        
CD4+ cell count, per 100 /ul [c] 1.02 (0.92, 1.14) 0.704 1.08 (0.76, 1.55) 0.664 0.81 (0.43, 1.50) 0.502 0.88 (0.65, 1.19) 0.417 0.62 (0.35, 1.09) 0.099 
HIV viral load (log10 copies/ml), per unit [c] 0.63 (0.15, 2.64) 0.524 1.06 (0.13, 8.47) 0.959 0.43 (0.02, 11.01) 0.609 0.27 (0.03, 2.43) 0.241 0.44 (0.07, 2.84) 0.392 

                       
Tumor Traits                       
Visit, Followup v. Baseline 0.83 (0.24, 2.85) 0.771 0.71 (0.19, 2.62) 0.606 3.74 (1.27, 11.02) 0.017 0.59 (0.22, 1.59) 0.294 0.12 (0.02, 0.76) 0.024 
Lesion Type, Nodular/Fungating v. Macular 20.24 (4.97, 82.48) <0.001 6.38 (1.74, 23.41) 0.005 1.64 (0.28, 9.43) 0.582 0.28 (0.09, 0.87) 0.028 0.95 (0.23, 3.96) 0.940 
Lesion Site, Legs v. Other 2.57 (0.47, 14.18) 0.278 3.06 (0.55, 17.09) 0.202 1.56 (0.16, 15.16) 0.702 0.39 (0.07, 2.09) 0.271 1.12 (0.19, 6.83) 0.898 
Large Lesion (>1 cm diameter v. less) 1.32 (0.33, 5.30) 0.697 0.5 (0.10, 2.54) 0.404 0.20 (0.06, 0.68) 0.01 2.12 (0.62, 7.26) 0.23 1.07 (0.25, 4.54) 0.93 
Large Lesion (>1 cm2 PD v. less) 1.43 (0.35, 5.76) 0.618 0.46 (0.10, 2.20) 0.331 0.31 (0.09, 1.10) 0.07 1.42 (0.38, 5.27) 0.60 0.70 (0.18, 2.70) 0.60 

 
[a] univariable analysis 
[b] among those with measured plasma KSHV RNA 
[c] HIV+ only 
[d] No non-intact K8.1 or non-wt miR-K10 among women 
[e] All HIV-negative had truncated K4.2 
[f] No vIRF2 or IR1 perfect repeats in HIV negative (all vIRF2 observed in HIV+) 
[g] No K8.1 broken from pts with head/oral lesions 
[h] All non-wt miR-K10 from pts with lesions outside of extremities 
[i] All non-wt miR-K10 was from T=1 pts 
inf. = infinite 
Significant values are bolded (p<0.5) 
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Table 15. KSHV genetic polymorphisms and survival rates, Cox regression 
 

 

 

 

 
 

Significant values are bolded (p<0.5) 
HR = Hazard ratio 
 

 

Table 16. Correlations between observed KSHV mutations 

  K5-K6 Region K8.1 miR-K10 K4.2 

  Normal Overrep. Intact 
Not 
Intact  

Wt Non-wt Full Trunc.  

  N % N % OR (95% CI) P N % N % OR (95% CI) P N % N % OR (95% CI) P N % N % OR (95% CI) P 

K8.1                                                

Intact 40 87 10 62.5 ref.    50 100         29 80.6 4 50 ref.   4 40 29 85.3 ref.    

Not intact 6 13 6 37.5 4 (0.56, 28.49) 0.166    12 100       7 19.4 4 50 4.14 (0.43, 40.03) 0.219 6 60 5 14.7 0.11 (0.02, 0.63) 0.013 

miR-K10                                                         

wt consensus 33 71.7 14 87.5 ref    40 80 7 58.3 ref.    47 100         7 70 29 85.3 ref.    

non-wt 13 28.3 2 12.5 0.36 (0.07, 1.83) 0.219 10 20 5 41.7 2.86 (0.37, 22.30) 0.317     15 100       3 30 5 14.7 0.40 (0.03, 5.08) 0.482 

K4.2                                               

Full length 12 23.5 4 25 ref.    7 14 7 58.3 ref.    8 17 6 40 ref.   16 100         

Truncated 39 76.5 12 75 0.92 (0.32, 2.67) 0.883 43 86 5 41.7 0.12 (0.02, 0.57) 0.008 39 83 9 60 0.31 (0.03, 3.24) 0.326    51 100       

K11.2                                                         

No 174 bp dup. 41 80.4 13 81.3 ref.    39 78 10 83.3 ref.    36 76.6 13 86.7 ref.   11 69 43 84.3 ref.    

174 bp dup. 10 19.6 3 18.8 0.95 (0.23, 3.88) 0.939 11 22 2 16.7 0.71 (0.13, 3.98) 0.696 11 23.4 2 13.3 0.5 (0.04, 6.08) 0.589 5 31 8 15.7 0.41 (0.05, 3.14) 0.39 
OR =Odds Ratio 
Overrep. = Copy number or read coverage overrepresentation of K5-K6 region >1.5X over rest of genome (Table 7) 
Wt = Wild-type (database consensus sequence) 
Trunc. = All K4.2 truncation polymorphisms  
Ref = Reference (=1), base ratio 
Significant values are bolded (p<0.5) 

Marker HR 95%CI P 

IR1 over-representation v. normal 1.44 (0.38, 5.47) 0.593 

K8.1 not intact v. intact 1.54 (0.40, 6.03) 0.531 

miR-K10 non-WT v. WT 4.11 (0.98, 17.15) 0.053 

K4.2 Truncated v. Full-length 2.8 (0.31, 25.06) 0.357 

vIRF2 repeat v. none 0.29 (0.03, 2.50) 0.26 



Page 89 of 149 

 

CHAPTER 5: Variation Within Major Internal Repeats of Kaposi 
Sarcoma Herpes Virus In Vivo 
 

Introduction 

The ~165-kb KSHV genome has 3 major repetitive sequence regions (Fig 22A): the two 

origins of lytic replication (Ori-Lyt) found in IR1 and IR2 [125,190], and the latency associated 

nuclear antigen (LANA) gene central repeat domain (LANAr). IR1 and IR2 are inverted homologs 

of each other, both having a complex 1.1 kb sequence that has 86.5% sequence identity and two 

0.3 – 1.4 kb GC-rich direct repeat families – DR1 and DR2 in IR1, and DR3 and DR4 in IR2 (Fig. 

22B). The four repeat families have different tandem repeat unit (TRU) sequences of length 20 

bp in DR1, 23 bp in DR3 and DR 4, and 31 or 32 bp in DR2, with repeat numbers varying across 

KSHV strains [116,118]. The direct repeats are necessary for KSHV lytic replication, since 

progressive deletion of repeats eliminates KSHV Ori-Lyt mediated transactivation [125,190,191].  

A non-coding RNA expressed from IR1 referred to as T1.4, comprised largely of DR1 and 

DR2 repeat families, is necessary for KSHV Ori-Lyt-dependent replication [155,191] and for 

interactions of KSHV viral co-transactivator bZIP with Ori-Lyt [192]. Transcripts through DR4 and 

DR3 in IR2 from the opposite strand are found in latently-infected cells and in KS tumors [117,119]. 

Isoforms of Kaposin proteins are translated from cryptic CUG start sites immediately upstream of 

DR4 sequences in some KSHV strains [117]. (Fig 22B). 

Repeat sequence heterogeneity has been shown to be consequential in other DNA viruses. 

EBV IR1 was observed to have minor sequence variants and imperfect repeats in tumor-derived 

and lab strains more frequently than in saliva-derived and non-tumor derived lab strains [122]. 

Repairing defects in IR1 within the EBV lab strain B-95 resulted in higher production of large 

EBNA-LP isoforms and higher transformation efficiency [122,123]. GC-rich repeats in EBV Ori-

Lyt's adopt triple helical DNA structures that when interrupted by point mutations abrogate Ori-

Lyt-dependent replication [124]. The JC polyomavirus Ori-Lyt pentanucleotide repeat AGGGA, 

elements of which are present in KSHV GC-rich tandem repeats [125], regulates DNA replication 

and transcription, depending on host cell type [126,127]. In BK and SV40 polyomaviruses, 

mutations that delete or disrupt Ori-Lyt repeats result in viruses unable to fully replicate but are 

highly transforming [128,129]. 
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Figure 22. Diagram of KSHV internal repeats IR1 and IR2. 

(A.) Linear schematic of KSHV genome. Yellow arrows represent open reading frames, as 

annotated in KSHV reference strain GK18. Orange bars represent the major repeat regions IR1, 

IR2, LANAr and the TRs. (B.) Diagram of IR1 and IR2 regions of the KSHV genome. IR1 and IR2 

are inverted, related copies of each other that serve as origins of lytic replication. Each is 

composed of a 1.1 kb complex sequence and 2 families of GC-rich direct tandem repeats. Shown 

in black arrows are transcripts through the repeats, including a T1.4 lytic transcript from IR1 

(above cartoon) and latency transcripts from IR2 (below cartoon). Blue arrows show the Kaposin 

proteins translated from the latency transcripts. T1.6, T1.7, T1.8, T6.5 latency transcripts are 

transcribed from promoters further upstream, and the dashed line indicates the portion spliced 

out to generate KSHV microRNAs. Only miR-K9, in red, is included in the region depicted. 

Coordinate positions are for KSHV reference genome GK18. Below are the sequences of each 

family of direct tandem repeats and their counts in GK18.   
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Despite being sites of rapid evolution [115], repeat regions are rarely sequenced in KSHV 

genomes because their long, GC-rich repeats are insurmountable by short-read sequencing. 

Short reads can also map erroneously to homologous sequences between IR1 and IR2. To 

overcome these constraints and accurately assess the intra-host diversity of the major internal 

repeats in KSHV, Pacific Biosciences’ single-molecule real-time long read sequencing (SMRT) 

platform was used along with unique molecular identifier (UMI) tags, which were applied before 

PCR amplification (SMRT-UMI). Full-length sequences of IR1, IR2 and LANAr from 1-2 tumors 

and 0-1 oral swab were obtained from 16 Ugandans with KS. This study revealed higher intra-

host diversity in internal repeats compared to the rest of the KSHV genome, frequent mismatches 

in IR1 repeat sequences, and a frequent loss of the coding potential of full-length Kaposin 

products due to polymorphisms in the translation initiation in IR2. 

 

Results 

Intra-host diversity of KSHV major internal repeat regions 

UMI-consensus reads of the repeat regions IR1, IR2 and/or LANAr were obtained from tumors 

from 16 individuals – 1 tumor each from 8 individuals, and 2 tumors each from 8 others (Table 

17). One, two or all KSHV internal repeats from matching oral swabs were successfully 

sequenced by SMRT-UMI from only 6 individuals, yielding in total 4 tumor-oral swab pairs of IR1, 

4 pairs of IR2, and 4 pairs of LANAr. Altogether, repeat sequences from at least 2 samples were 

obtained from 11 individuals. A median of 21.5 UMI-consensus reads (UMIs), range 1 – 171, were 

obtained from tumors, while a median of 2.5 UMIs, range 1 – 13, were obtained from oral swabs 

(Table 17). The median read depth per DNA template was 29.17 CCS, range 1 - 4,843 (Table 

18). By repeat region, the median UMIs obtained was 21.5 for IR1, 26.5 for IR2, and 38.5 for 

LANAr. 

KSHV internal repeats were largely conserved within individuals. Intra-host variation, when 

present, derived from minor single nucleotide variants (SNV), homopolymer G runs and tandem 

repeat unit (TRU) counts. Minor SNVs were found in an average of 0.23% of base positions of 

the KSHV internal repeats (Table 17), and nearly all were present in only one UMI-consensus 

read. Homopolymer G runs were conserved within hosts when the total length was below 8 

nucleotides and unstable when longer (Table 17). TRU counts were the largest contributor of 

diversity. Indels at tandem repeat regions were always by multiples of the TRU length. When TRU  
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Table 17. Sample counts, UMI counts and intra-host diversity of KSHV repeats in tumors and oral swabs of 16 individuals 

    no.  of samples 
no. of UMI 
consensus     

  
no. of columns 
with minor SNV 

longest 
homopoly-G 

Tandem Repeat Unit (TRU) 

PTID* Region tumor oral total tumor oral total 
avg UMIs 

per 
sample 

 consensus 
length (bp) 

% pairwise 
identity ** 

no. 
% of repeat 

length 

DR1  
consensus 
TRU count 

consensus 
UMI over 
total UMI 

DR2 
consensus 
TRU count 

consensus 
UMI over 
total UMI 

U003 IR1 1 0 1 4 0 4 4            2,615 99.7% 1 0.04% 8 58 3/4 6 1 
U004 IR1 2 0 2 58 0 58 29            2,354 99.7% 11 0.47% 8 48 48/58 4 1 
U007 IR1 1 1 2 8 2 10 5            2,736 97.2% 4 0.15% 10 to 11 62 8/10 7 1 
U008 IR1 2 1 3 13 2 15 5            2,364 100.0% 2 0.08% 10 47 1 5 1 
U020 IR1 2 1 3 19 1 20 7            2,113 98.7% 3 0.14% 15 to 20 34 14/20 6 17/20 
U021 IR1 2 0 2 119 0 119 60            1,876 98.9% 10 0.53% 11 to 14 20 68/119 6 1 
U030 IR1 1 0 1 21 0 21 21            2,043 100.0% 4 0.20% 8 21 21/21 9 1 
U032 IR1 1 0 1 3 0 3 3            2,279 100.0% 1 0.04% 8 45 1 4 1 
U034 IR1 2 0 2 16 0 16 8            2,184 99.9% 0 0.00% 11 to 13 38 15/16 5 1 
U048 IR1 2 0 2 90 0 90 45            1,897 99.9% 4 0.21% 16 to 19 17 1 9 1 
U156 IR1 2 0 2 110 0 110 55            2,215 97.7% 11 0.50% 8 38 95/110 6 109/110 
U191 IR1 1 0 1 15 0 15 15            2,383 99.8% 6 0.25% 22 46 1 7 1 
U210 IR1 1 0 1 31 0 31 31            2,521 91.1% 3 0.12% 9 39 20/32 16 26/32 
U215 IR1 1 0 1 48 0 48 48            1,898 99.7% 6 0.32% 11 to 13 25 1 5 44/47 
U216 IR1 1 0 1 127 0 127 127            1,754 99.9% 4 0.23% 9 to 11 15 126/127 7 126/127 
U217 IR1 1 1 2 20 2 22 11            1,603 90.7% 2 0.12% 9 11 12/23 5 19/23 
  MEDIAN        21.50             2,200 98.3%           
                                   
U003 IR2 1 1 2 1 1 2 1            2,372 100.0% 0 0.00% 11 19 1 10 1 
U004 IR2 2 1 3 36 3 39 13            2,455 98.4% 7 0.29% 10 to 11 21 37/40 13 30/40 
U007 IR2 1 1 2 18 3 21 11            2,092 100.0% 1 0.05% 7 15 1 6 1 
U008 IR2 1 1 2 2 3 5 3            2,324 100.0% 0 0.00% 8 18 1 8 1 
U020 IR2 1 0 1 3 0 3 3            2,415 99.5% 1 0.04% 7 28 2/3 11 1 
U021 IR2 2 0 2 39 0 39 20            2,227 96.7% 5 0.22% 7 23 26/39 8 26/39 
U030 IR2 1 0 1 75 0 75 75            1,946 100.0% 10 0.51% 8 17 1 3 1 
U032 IR2 1 0 1 4 0 4 4            2,100 100.0% 1 0.05% 9 18 1 8 1 
U034 IR2 1 0 1 7 0 7 7            2,252 100.0% 0 0.00% 9 23 1 9 1 
U048 IR2 2 0 2 139 0 139 70            2,224 99.9% 10 0.45% 9 17 132/139 13 1 
U156 IR2 2 0 2 34 0 34 17            2,385 99.8% 3 0.13% 10 to 12 33 33/34 5 1 
U191 IR2 1 0 1 6 0 6 6            2,206 99.7% 1 0.05% 7 19 5/6 12 1 
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    no.  of samples no. of UMI 
consensus 

    
  

no. of columns 
with minor SNV 

longest 
homopoly-G 

Tandem Repeat Unit (TRU) 

PTID* Region tumor oral total tumor oral total 
avg UMIs 

per 
sample 

 consensus 
length (bp) 

% pairwise 
identity ** 

no. 
% of repeat 

length 

DR1  
consensus 
TRU count 

consensus 
UMI over 
total UMI 

DR2 
consensus 
TRU count 

consensus 
UMI over 
total UMI 

U210 IR2 1 0 1 61 0 60 60            1,849 99.9% 1 0.05% 11 to 13 3 1 12 59/61 
U215 IR2 1 0 1 19 0 19 19            1,896 99.3% 2 0.11% 7 8 1 9 1 
U216 IR2 1 0 1 84 0 84 84            2,252 99.7% 11 0.49% 7 22 72/84 10 1 
U217 IR2 1 0 1 32 0 32 32            2,084 99.9% 1 0.05% 7 13 31/32 8 1 
  MEDIAN         26.50             2,226 99.6%           
                                   
U003 LANA 1 0 1 1 0 1 1            1,693 - - - -         
U004 LANA 2 1 3 70 6 76 25            1,492 99.9% 9 0.60% N/A         
U007 LANA 1 1 2 19 12 31 16            1,489 100.0% 1 0.07% N/A         
U008 LANA 2 1 3 33 13 46 15            1,183 99.8% 3 0.25% N/A         
U020 LANA 2 1 3 15 1 16 5            1,741 100.0% 2 0.11% N/A         
U021 LANA 2 0 2 113 0 113 57            1,522 100.0% 6 0.39% N/A         
U030 LANA 1 0 1 93 0 93 93            1,582 99.9% 6 0.38% N/A         
U032 LANA 1 0 1 8 0 8 8            1,807 99.9% 1 0.06% N/A         
U034 LANA 2 0 2 17 0 17 9            1,456 100.0% 1 0.07% N/A         
U048 LANA 2 0 2 171 0 171 86            1,909 99.8% 24 1.26% N/A         
U156 LANA 2 0 2 122 0 122 61            1,624 100.0% 9 0.55% N/A         
U191 LANA 2 0 2 6 0 6 3            1,735 100.0% 1 0.06% N/A         
U210 LANA 1 0 1 59 0 59 59            1,636 100.0% 4 0.24% N/A         
U215 LANA 1 0 1 22 0 22 22            1,741 94.1% 2 0.11% N/A         
U216 LANA 1 0 1 96 0 96 96            1,909 94.3% 6 0.31% N/A         
U217 LANA 0 0 0 0 0 13 -  - - - - -         
  MEDIAN          38.50             1,636 99.1%          
                                   
TOTAL MEDIAN       21.5 2.5 26.5 17       0.23%           
 * PTID - Participant ID 
** % pairwise identity from all UMI-consensus sequences of given repeat in individual; including gap versus non-gap sites but excluding gap versus gap sites.
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Table 18. UMI counts, circular consensus sequence (CCS) counts and minimum 
agreement 

    no. of UMIc average UMIc 
per sample 

median CCS count 
of all UMIc 

median 
minimum 

agreement* 
PTID Region tumor oral total 

U003 IR1 4 0 4 4.0 325.0 0.90 
U004 IR1 58 0 58 29.0 34.7 0.85 
U007 IR1 8 2 10 5.0 192.8 0.76 
U008 IR1 13 2 15 5.0 182.7 0.79 
U020 IR1 19 1 20 6.7 41.1 0.72 
U021 IR1 119 0 119 59.5 20.0 0.68 
U030 IR1 21 0 21 21.0 1044.6 0.76 
U032 IR1 3 0 3 3.0 45.0 0.91 
U034 IR1 16 0 16 8.0 8.5 0.75 
U048 IR1 90 0 90 45.0 49.1 0.69 
U156 IR1 110 0 110 55.0 7 0.67 
U191 IR1 15 0 15 15.0 16.0 0.67 
U210 IR1 31 0 31 31.0 56.0 0.70 
U215 IR1 48 0 48 48.0 9.0 0.73 
U216 IR1 127 0 127 127.0 11.0 0.78 
U217 IR1 20 2 22 11.0 11.9 0.61 
MEDIAN: 
  

       21.5  37.9 
          

U003 IR2 1 1 2 1.0 598.0 0.76 
U004 IR2 36 3 39 13.0 86.7 0.73 
U007 IR2 18 3 21 10.5 48.1 0.88 
U008 IR2 2 3 5 2.5 359.4 0.84 
U020 IR2 3 0 3 3.0 53.0 0.85 
U021 IR2 39 0 39 19.5 38.0 0.89 
U030 IR2 75 0 75 75.0 24.9 0.82 
U032 IR2 4 0 4 4.0 47.0 0.92 
U034 IR2 7 0 7 7.0 11.0 0.82 
U048 IR2 139 0 139 69.5 33.8 0.87 
U156 IR2 34 0 34 17.0 6.0 0.67 
U191 IR2 6 0 6 6.0 32.5 0.88 
U210 IR2 61 0 60 60.0 37.0 0.71 
U215 IR2 19 0 19 19.0 6.0 0.80 
U216 IR2 84 0 84 84.0 12.0 0.78 
U217 IR2 32 0 32 32.0 21.0 0.83 
MEDIAN:           26.5    35.4 

          
U003 LANA 1 0 1 1.0 2537.0 0.94 
U004 LANA 70 6 76 25.3 70.5 0.92 
U007 LANA 19 12 31 15.5 69.5 0.87 
U008 LANA 33 13 46 15.3 23.8 0.87 
U020 LANA 15 1 16 5.3 21.6 0.75 
U021 LANA 113 0 113 56.5 41.0 0.90 
U030 LANA 93 0 93 93.0 13.6 0.80 
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    no. of UMIc average UMIc 
per sample 

median CCS count 
of all UMIc 

median 
minimum 

agreement* 
PTID Region tumor oral total 

U032 LANA 8 0 8 8.0 15.0 0.82 
U034 LANA 17 0 17 8.5 6.3 0.77 
U048 LANA 171 0 171 85.5 19.8 0.81 
U156 LANA 122 0 122 61.0 9.0 0.82 
U191 LANA 6 0 6 3.0 25.8 0.79 
U210 LANA 59 0 59 59.0 20.0 0.78 
U215 LANA 22 0 22 22.0 16.0 0.56 
U216 LANA 96 0 96 96.0 15.0 0.53 
U217 LANA 0 0 13 - - - 
MEDIAN:    38.5  20.0  
Total Median: 21.5 2.5 26.5 17 25.83   0.79 

Key:  

CCS – Pacific Biosciences SMRT circular consensus sequences/reads 

UMIc – UMI-consensus reads, the consensus of all CCS with the same UMI tag 

CCS count – the number of CCS comprising a given UMIc 

Minimum agreement – In an alignment of UMI reads comprising one UMI-consensus read, the 
proportion of the majority base in the alignment column that is least conserved among all 
alignment columns 

Median minimum agreement – the median of minimum agreements from all UMI-consensus reads 
obtained from an individual 

 

counts were variable within hosts, the UMI reads in the minority varied typically by 1 or 2 units 

from the intra-host consensus. 

Distinct populations of repeat sequences, defined as shared non-consensus SNVs or TRU 

counts in at least 2 UMIs, were detected in 12 of 16 individuals (Table 19A). In 7 of 10 individuals 

with >5 UMIs from at least 2 samples, the sample-consensus in one or more of the 3 KSHV 

internal repeats were different (Table 19B). There was an SNV or a TRU count difference 

between 3 pairs of oral swab and tumor IR1 sequences (e.g., U020 in Fig 23A; U007 in Fig 23B; 

Table 19B), and an SNV and a TRU count difference between an oral swab-tumor pair of IR2 

sequences (Table 19B). The TRU count differences between oral swab-tumor pairs of U007 and 

U217 were 7 and 19 units, respectively (U007 in Fig 23B), whereas all other intra-host TRU count 

differences were <2. LANAr had distinct intra-host populations of sequences as well (Table 19A), 

although none were between a tumor and an oral swab from an individual (Table 19B). 

Differences also existed between pairs of tumors from single individuals. For instance, 2 tumors  
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Table 19. Summary of distinct populations of repeat sequences detected. 
A. Difference(s) between populations of sequences of repeat region within an individual 

PTID IR1 UMI counts  IR2 UMI counts  LANAr UMI counts  

U003 4 none 2 none 1 NA 
U004 58 TRU 39 SNV, TRU 76 none 
U007 10 SNV, TRU 21 SNV 31 none 
U008 15 none 5 none 46 none 
U020 20 none 3 none 16 SNV 
U021 119 TRU 39 TRU 113 SNV 
U030 21 none 75 SNV 93 SNV 
U032 3 none 4 none 8 SNV 
U034 16 none 7 none 17 none 
U048 90 none 139 TRU 171 SNV 
U156 110 none 34 none 122 none 
U191 15 none 6 none 6 none 
U210 31 TRU 61 none 59 none 
U215 48 TRU 19 TRU 22 none 
U216 127 none 84 TRU 96 TRU,SNV 
U217 22 TRU 32 TRU 0 NA 

 
B. Difference(s) of repeat region between sample-consensus of given individual* 

PTID Total tumors Total oral swabs IR1 IR2 LANAr 

U004 2 1 none SNV none 
U007 1 1 SNV, TRU none none 
U008 2 1 none none none 
U020 2 1 none NA SNV 
U021 2 0 TRU TRU none 
U034 2 0 none NA none 
U048 2 0 none none none 
U156 2 0 none none none 
U191 2 0 NA NA SNV 
U217 1 1 TRU NA NA 

Key: 

* - Had at least 2 samples with KSHV repeat sequences obtained  

PTID – Participant ID 

TRU – repeat region has distinct populations of sequences intra-host due to tandem repeat unit counts 

differences; in LANAr they signify triplet nucleotide (codon) differences 

SNV – repeat region has distinct populations of sequences intra-host due to single nucleotide variant(s) 

NA – no UMI-consensus sequences available for comparison 

none – repeat region has no intra-host difference detected 
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Figure 23. Representative sequence alignments. 
Single molecule sequences of IR1, IR2 or LANAr derived from all tumor biopsies and oral swabs sequenced from an individual were aligned 
together. Above each alignment is the consensus sequence. For IR1 and IR2 sequences, locations of each tandem repeat unit were indicated by 
colored triangles. Black ticks below each represent mismatches to the dominant tandem unit sequence. Intra-host variation comprised of homo-poly 
G runs (hollow green arrow), minor single nucleotide variants (black ticks on alignment) and tandem unit count differences (alignment gaps under 
tandem units). Sequences were obtained from 1-2 tumors and sometimes an oral swab, as labeled on the left. Sequences are named by participant 
ID (number), tumor identifier (letter) and UMIs (unique molecular identifiers, after 'plib'). Alignment numbering are only of the displayed sequences. 
A. Representative alignments of highly conserved IR1, IR2 and LANAr sequences from participants U020 and U191. 
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B. Alignment of IR1 showing 2 distinct variants in tumor and oral swab in one individual 
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C. Alignments of IR1 and IR1 showing 2 
distinct variants between 2 tumors (separated 
by a blue line) from one individual. Columns 
are colored by nucleotide base (A – red, C – 
blue, G – yellow, T – green). 
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D. Alignment of IR1 showing 2 distinct variants in 1 tumor 
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from U021 had different TRU counts in both IR1 and IR2 (Fig 23C). There was a distinguishing 

SNV in LANAr between 2 tumor pairs from participants U020 and U191 (Table 19B). Distinct 

sequence populations were also found in a single sample source; for example, a bimodal variation 

in IR1 TRU counts was found within one tumor, U210-B (Fig 23D). Only 3 individuals that had >5 

UMIs from 2 - 3 of their samples had no differences detected IR1, IR2 or LANAr - U008, U034, 

U156 (Table 19B).    

As a measure of total intra-host diversity within an individual, all UMI-consensus reads from 

all tumors and oral swabs within each person were aligned together for every repeat region. The 

percent pairwise identity was then calculated, including gap versus non-gap sites, but excluding 

gap versus gap sites. Hence, indels or TRU count differences are considered and detract from the 

total pairwise identity. IR1, IR2 and LANAr sequences had 100% intra-host pairwise identity in 3/16, 

5/16 and 8/16 individuals, respectively (Table 17). The proportions increase to 6/16, 9/16 and 

11/16 individuals respectively when counting >99.9% intra-host pairwise identity. The average % 

intra-host pairwise identity among individuals was 98.3% for IR1, 99.6% for IR2 and 98.9% for 

LANAr, and the lowest intra-host pairwise identity, i.e., most diverse, found in any one individual 

was 90.6% for IR1, 96.7% for IR2, 94.1% and LANAr. From these data, LANAr was homogeneous 

in the most number of individuals, while IR2 sequences consistently had the least amount of intra-

host diversity (Table 17). The consistently lower intra-host % pairwise identity for IR1 reflects the 

frequent intra-host variation in TRU counts of IR1. 

 

KSHV internal repeats had higher rates of intra-host variation than the rest of the genome 

We hypothesized that KSHV internal repeats will be subjected to a higher rate of mutation due 

to high GC content and repetitive sequences. The 131 kb non-repeat regions of the KSHV 

genome was found in Chapter 3 to have on average 0.17% of base positions with a minor SNV 

detected [165]. Here, an average of 0.23% of base positions of the KSHV internal repeats (~6 kb 

altogether) had minor SNVs detected (Table 17). 

In general, the depth of UMIs positively correlated with how much diversity can be detected 

(Figs 6A). This trend was observed here with SMRT-UMI on repeat regions (Fig 25A), although 

the median UMI-consensus read depth was lower in this study of KSHV internal repeats (21.5 for 

tumors and 2 for oral swabs) compared to unique KSHV genomic sequences in Chapter 3 (302  
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Figure 24. Detectable intra-host diversity as a function of UMIs recovered.  

A. The percent of total bp positions with a detectable SNV in a sequenced repeat region was 

plotted against the number of all UMIs recovered from one individual for that repeat region.  B. 

High sequence identity intra-host was maintained even with increasing number of UMIs recovered 

per individual. % intra-host pairwise identity is the percentage of pairwise identical sites in an 

alignment, including gap vs non-gap sites, but not gap vs gap sites. Number of UMI-consensus 

reads is equivalent to the number of unique DNA molecules sequenced per repeat region in all 

oral swab and tumor samples within an individual. 

 

for tumors and 27 for oral swabs, Table 4). Nevertheless, there were samples with >100 UMI 

coverage that have 100% intra-host pairwise identity (Fig 25B). The discrepancy comes from % 

bases with detectable SNV considering the absolute counts of SNVs detected regardless of read 
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depth, while % pairwise identity takes into account the total number of sequences being evaluated. 

Hence % pairwise identity is relatively unaffected by very minor SNVs at high read depth, although 

it is greatly affected by large indels stemming from TRU count differences.       

Lengths of internal repeats were highly variable between individuals. From the conserved 

primer binding sites I used (Table 2), the median length of IR1 in 16 Ugandans with KS was 2,200 

bp, ranging from 1,603 to 2,736 bp (Fig 26A, Table 17), for IR2 it was 2,226 bp, ranging from 

1,849 to 2,455 bp (Fig 26B, Table 17), and for LANAr it was 1,665 bp, ranging from 1,183 to 

1,909 bp (Fig 26C, Table 17). TRU counts were the source of most of IR1 and IR2 inter-host 

length variation across individuals, even as the inverted complex repeats remained largely 

conserved. LANAr sequences had the most sequence variation across individuals, but the least 

length variation. In fact, there were 2 pairs of individuals (U020 and U215, U048 and U216) in 

which the consensus LANAr sequences were the same length, although the sequences of the 

same-length pairs were still different (Fig 17C, Table 17). LANAr can be divided into 3 

subdomains of imperfectly repeating codons. While acidic residues were abundant, there were 

no repeating tandems or any discernible regularity in either the nucleotide or amino acid 

sequences (Figs 26C and 26D). All inter-host polymorphisms of consensus LANAr maintained 

the reading frame (Fig 26C). 

 

Direct repeats in IR1 were imperfect more often than in IR2 

We hypothesized that IR1 and IR2 sequences of viruses in oral swabs, having originated from 

host cells that completed reactivation, would have less minor SNVs and imperfect repeats 

compared to tumor viruses. However, imperfect tandem repeats, when present, were conserved 

throughout all an individual's tumor and oral swab viruses (Fig 24A). The sequence of the 

predominant TRU in a given repeat region, i.e., the 'master' TRU, was determined by finding a 

sequence that maximizes the TRU lengths and counts while minimizing imperfect TRU counts. A 

sequence is considered a related but imperfect copy of the dominant TRU only when it has 

mismatches less than 20% of a TRU length. Under these search criteria the dominant TRU 

sequence is not the same in all isolates. Mismatches to the dominant TRU sequence could be 

found propagated to more than 1 TRU and at irregular intervals (Fig 26E). The TRUs can also 

overlap or have a gap of a few bases between them that is present in a majority of the TRU family. 

Considering TRU families with >2 imperfect TRU as degraded, IR1 DR1 was the most often 

degraded TRU family, observed in 12 of 16 individuals (Fig 26A). In 2 individuals, U003 and U007, 
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Figure 26. Diversity of KSHV Internal Repeats. 

A. Individual-level consensus of IR1 sequences from participants in this study, sorted in descending length. DR1 tandem repeat units are in purple, 

DR2 tandem repeat units are in blue, and black ticks are mismatches to their respective dominant tandem unit sequence. 
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B. Individual-level consensus of IR2 sequences (reverse complemented) from participants in this study, sorted in descending length. DR1 tandem 

repeat units are in gold, DR2 tandem repeat units are in red, and black ticks are mismatches to their respective dominant tandem unit sequence. 
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C. Individual-level consensus of LANAr amino acid sequences (reverse complemented) from participants in this study, sorted in descending length.  

U048 and U216 LANAr have identical lengths, and U020 and U216 have identical lengths. Color-coded translations of the codons are shown (most 

common amino acids: Glu – magenta, Asp – orange, Gln – blue, Pro – yellow, Val – green). 
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D. Individual-level consensus of LANAr nucleotide sequences (reverse complemented) from participants in this study, sorted in descending length.  

U048 and U216 LANAr have identical lengths, and U020 and U216 have identical lengths. Color-coded nucleotides are shown (A – red, C – blue, G 

– yellow, T – green). 

 

 



Page 108 of 149 

 

 

E. Mismatches to the DR1 dominant tandem repeat unit sequence in IR1 propagate to more than one unit at irregular intervals. Shown are IR1 direct 

repeat families from participants U003 and U007, with repeat sequences differentiated by color. DR2 is in blue. Nucleotides are colored: A – red, C – 

blue, G – yellow, T – green. Below each sequence is a graph of the GC content, with sliding window size of 8.
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a few irregular DR1 TRUs were 27 bp instead of the standard 20 bp DR1 unit length (Fig 26E). 

DR1 TRU counts had the widest range (11 to 62), in addition to being the most variable within 

host (Table 17). In contrast, IR2 TRU families DR3 and DR4 were degraded in only 2 of 16 

individuals (Fig 26E), and the mismatches propagated at regular intervals. DR4 TRU elements of 

up to 6 units (in U004) can be found downstream the DR4 region before the Kaposin translation 

start sites. 

KSHV internal repeats in KSHV-infected lymphoma cell line BCBL1 were sequenced by 

SMRT-UMI as well, and no imperfect DR1 TRUs were observed (Fig 27A & B). Published KSHV 

genomes that had the internal repeats sequenced by Sanger were also included in Fig 27A & B. 

 

No full-length Kaposin isoform from IR2 in the majority of IR2 sequences from Africa  

Polymorphisms in IR2 sequences result in different sets of Kaposin family proteins being 

translated in different strains: Kaposins B and C, Kaposins D and E, Kaposins B and E, or none 

(Fig 28). The latter two genotypes were discovered in a previous study of viral transcriptomes in 

KS tumors from Uganda [119]. In the last genotype, one 'CTG' start codon has 'GCG' instead, 

and the other CUG codons are followed immediately by an in-frame TAG stop codon. I examined 

this region of the IR2 complex repeat just before DR4 in 21 individuals, including 5 with whole 

KSHV genomes sequenced in Chapter 4 that included this region. A third of the individuals (7/21) 

were revealed to encode intact Kaposins B and E reading frames, while the translation potential 

of full-length Kaposin isoforms was lost in others (Fig 28). These polymorphisms were conserved 

within hosts in 16 individuals, and there were no intra-sample minor SNVs detected at the 'GCG' 

and 'TAG' positions. Considering all 96 KSHV genomes sequenced to date, a majority of at least 

55, all from Africa, had the 'CTG' to 'GCG' mutation, and 52 in addition had the 'TAG' mutation. 

This number excludes KSHV genomes with incomplete or ambiguous IR2 sequences. 

 

Clinical Phenotypes associated with IR1 and IR2 diversity  

Given the known biological activities of Kaposin B, I assessed whether its loss in many KSHV 

isolate sequences have discernible clinical phenotypes. Another genotype assessed was IR1 

repeat degradation, as defined above. There were no intra-host differences detected in these 

genetic markers, and individuals were classified as harboring KSHV that have Kaposin isoform 

open reading frames or not, and IR1 either perfect or degraded. Clinical traits considered were



Page 110 of 149 

 

 

 

 

Figure 25. KSHV tandem repeat counts and mismatches in lab strains and other published KSHV genomes.  

A. Individual-level consensus of IR1 sequences from BCBL1 and published genomes in other studies, sorted in descending length. SPEL, BC-1, 

BrK219 and BCBL-1 are derived from primary effusion lymphoma lines, while the rest are from KS biopsies. DR1 tandem repeat units are in purple, 

DR2 tandem repeat units are in blue, black ticks are mismatches to their respective dominant tandem unit sequence, and misaligned tandem units 

indicate repeat overlaps. Only BCBL1 internal repeats were sequenced by UMI and PacBio SMRT; others were sequenced by Sanger sequencing of 

cosmid libraries (U93872, GK18, BrK219, BC-1) or PCR products (SPEL, Japan1, Miyako1, Miyako2, Miyako3). DR2 unit counts in U93872 were only 

estimated from PCR products (annotation). 
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B. Individual-level consensus of IR2 sequences from BCBL1 and published genomes in other studies, sorted in descending length. SPEL, BC-

1, BrK219 and BCBL-1 are derived from primary effusion lymphoma lines, while the rest are from KS biopsies. DR3 tandem repeat units are 

in gold, DR4 tandem repeat units are in red and black ticks are mismatches to their respective dominant tandem unit sequence. Only BCBL1 

internal repeats were sequenced by UMI and PacBio SMRT; others were sequenced by Sanger sequencing of cosmid libraries (U93872, 

GK18, BrK219, BC-1) or PCR products (SPEL, Japan1, Miyako1, Miyako2, Miyako3). 
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Figure 26. Translation start sites of Kaposin isoforms in different KSHV strains. 

Kaposin translation start sequences of representative strains (BCBL1, GK18, U215-D and U210-B) encoding different sets of Kaposin 

isoforms are shown in reverse complement from their layout in a linear KSHV genome. Coordinate numbering is for BCBL1 strain. 

Amino acid sequences in 3 reading frames are below each nucleotide sequence. The cryptic 'CUG' translation start sites are indicated 

in green, and the putative products are highlighted in yellow and blue. Along with indels further downstream, the open reading frames 

result in different Kaposin isoforms, indicated on the right. Sequences boxed in red shows the mutations that result in loss of full-length 

Kaposin products from IR2. Written below are genotypes of the KSHV sequences in this study, which are largely conserved within each 

genotype. The underlined ones have further polymorphisms in the sequence region depicted but which do not change the translation 

potential. Only one isolate is shown from individuals with multiple samples sequenced.
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HIV status, plasma KSHV load, CD4+ cell count, prevalence of tumors (>4 anatomic areas), 

survival rates and treatment responses. The presence of an intact Kaposin coding sequence and 

IR1 perfect repeats were far less common in leg/foot lesions (odds ratio=0.05, p<0.001 and odds 

ratio=0.14, p=0.03, respectively, Table 20). IR1 perfect repeats additionally were not found in any 

HIV-positive participants. There was no other significant correlation observed in Kaposin and IR1 

genotypes with survival rates, treatment response and other clinical traits considered (Table 20, 

21). Strikingly, the presence of an intact Kaposin coding sequence was tightly correlated with 

perfect IR1 repeats (odds ratio=126, p=0.001, Table 22), even though these sequences are found 

in different regions of the genome. 

 

Table 20. Clinical associations of repeat polymorphisms 

 IR1 Perfect Repeat Kaposin presence 
  OR[a] (95%CI) P OR[a] (95%CI) P 
Personal/Clinical Traits       

Age, per 5 years 0.97 (0.62, 1.50) 0.876 0.95 (0.61, 1.48) 0.832 
Female v. Male 0.54 (0.03, 8.73) 0.663 4.37 (0.44, 43.75) 0.209 
HIV Positive v. Negative inf. [d]  1.68 (0.12, 23.09) 0.699 
        

plasma KSHV (log10 cp/mL), per unit [b] 1.36 (0.16, 11.55) 0.781 4.09 (0.37, 45.62) 0.252 
        
Pt #sites(of 8) w/Lesions, per site 0.98 (0.53, 1.79) 0.945 1.33 (0.71, 2.50) 0.37 
More than 4 lesion sites v. 4 or fewer 1.51 (0.11, 21.46) 0.76 3.83 (0.36, 41.15) 0.267 
Any head, neck, or oral lesions 1.71 (0.12, 24.50) 0.691 5.54 (0.45, 67.84) 0.181 
Any lesions other than extremities 0.36 (0.01, 9.23) 0.535 0.77 (0.05, 12.52) 0.857 
        

KS T-stage 1  0.87 (0.05, 15.16) 0.922 0.26 (0.02, 3.74) 0.325 
KS S-stage 1 0.8 (0.05, 12.55) 0.874 0.59 (0.06, 5.90) 0.651 
KS I-stage 1 [c] 0.12 (0.01, 1.74) 0.12 0.32 (0.02, 4.39) 0.396 
        

CD4+ cell count, per 100 /ul [c] 1.53 (0.55, 4.22) 0.414 0.9 (0.66, 1.23) 0.519 
HIV viral load (log10 cp/mL), per unit [c] 0.02 (0.00, 3.60) 0.143 0.27 (0.01, 11.10) 0.493 
        
Biopsy Lesion Traits       

Visit, Follow up v. Baseline 0.81 (0.29, 2.25) 0.689 0.71 (0.31, 1.63) 0.416 
Lesion Type, Nodular/Fungating v. Macular 0.6 (0.09, 3.94) 0.595 0.18 (0.02, 1.57) 0.122 
Lesion Site, Legs v. Other 0.14 (0.02, 0.85) 0.033 0.05 (0.01, 0.23) <0.001 
Large Lesion (>1 cm diameter v. less) 0.85 (0.15, 4.90) 0.856 3.12 (0.53, 18.39) 0.208 
Large Lesion (>1 cm2 PD v. less) 1.1 (0.17, 6.98) 0.923 2.89 (0.48, 17.53) 0.249 
[a] univariable analysis 
[b] among those with measured plasma KSHV RNA 
[c] HIV+ only 
[d] No vIRF2 or IR1 perfect repeats in HIV negative (all vIRF2 observed in HIV+) 
Significant values in bold 
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Table 21. Survival rate association of repeat genotypes 
  Cox regression 

Marker HR 95%CI P 

IR1 perfect repeat v. not 1.07 (0.19, 5.94) 0.94 

Kaposin yes v. no 0.92 (0.18, 4.65) 0.924 

  CR/PR v. SD/PD 

IR1 perfect repeat v. none 1.33 (0.15, 11.87) 0.796 

Kaposin B/C yes v. no 1.56 (0.20, 11.97) 0.667 

Marker is categorized by the presence of "Abnormal" sequence in any lesion sequenced at 
baseline 
CR/PR = complete response or partial response 
SD/PD = stable disease or progressive disease 

 

Table 22. Correlation between degraded IR1 and loss Kaposin isoforms. 
  IR1 Perfect Repeat 
  No Yes      
  N % N % OR (95% CI) P 
Kaposin       

     
No 29 90.6 1 7.1 ref.     
Yes 3 9.4 13 92.9 126 (6.86, 2300.84) 0.001 

 Significant values in bold 
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CHAPTER 6: Discussion & Future Directions 
 

The low point mutational diversity of KSHV in adults with KS 

My study is the first to explore KSHV diversity within individuals at the whole genome level, 

across tumor and non-tumor sites, and provides an unprecedented level of precision to KSHV 

genome sequence analysis definition in clinical specimens. In Chapter 3, KSHV genome 

sequences were obtained essentially error-free from 11 oral swabs and 12 KS tumor samples 

provided by 9 Ugandan adults with KS. More than 100 genome copies per sample were 

sequenced from most tumors, while fewer copies were sequenced from oral swabs due to lower 

input and sample quality. By incorporating dUMI, PCR misincorporation errors and template 

switching artifacts were substantially eliminated, permitting detection of variants as infrequent as 

0.01% and a theoretical error rate of 1/10-9, approximately the DNA replication error rate in 

eukaryotic cells [143]. Given that herpesviruses have among the lowest replication error rates 

among viruses [141], next-generation sequencing errors would have corresponded to a greater 

proportion of suspected mutations and confounded discernment of any rare variants in a 

potentially heterogeneous mixture, regardless of read depth [140]. 

I did not observe evidence of KSHV quasispecies within individuals [181], consistent with the 

low mutation rates of large dsDNA viruses [141]. Less than 0.01% of all base positions in the 131-

kb KSHV genomes (excluding the major repeat regions), or <1 site per genome, were found to 

have a detectable variant, and these were typically supported by only one dUMI-consensus read. 

While the possibility of artifacts cannot be totally excluded, the exceedingly low intra-sample 

variation observed is within the published resolution of dUMI sequencing [143]. There are reports 

of intra-host KSHV variability in certain KSHV-endemic populations [167], in children [173], in 

iatrogenic settings [169–171] and in blood of AIDS-KS patients [172], but these findings were 

arrived at by Sanger sequencing of PCR amplicon clones of hypervariable regions in K1 or other 

genes. Such protocols are more likely to detect errors that occurred during PCR. My study found 

virtually no intra-sample or intra-host diversity even at K1 in the 9 individuals examined. While 

second enrichment could conceivably bias sequencing results, comparing double-enriched oral 

swabs libraries to their matching, single-enriched tumor libraries resulted in identical sequences 

(page 47). Nevertheless, since recombination is evident in the evolutionary history of KSHV 

[59,77,175,178], co-infections by multiple KSHV strains have occurred, but this does not appear 

to be a common feature of KSHV infection. 
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KSHV genome aberrations are associated with KS tumors 

A striking finding in Chapter 3 was the frequency of aberrant KSHV genomes in KS tumors. 

At least 4 of the 7 participants whose samples were examined had KSHV with major inversions, 

deletions or duplications in their tumors. In contrast, no aberrant genome structures were found 

in oral swabs from the same individuals. Moreover, aberrant genomes comprised the majority of 

the KSHV genomes in the tumors in which they were detected, from 1.7-fold (U008-B) to 30-fold 

(U020-C) more than full-length intact KSHV genomes. Further, no intact viral genomes were 

detected in 3 of 5 tumors examined from participant U003. I did not find evidence of integration of 

KSHV into human chromosomal DNA; all breakpoints detected in KSHV sequence reads, when 

mapped, connected to other regions of the KSHV genome.  

The fact that aberrant KSHV genomes were only observed in tumor samples is intriguing yet 

their significance is unclear, since it is well known that tumor cells suffer substantial genomic 

instability [193]. KSHV genome aberrations have been reported previously: The first whole 

genome sequence of KSHV published reported a 33-kb portion of the KSHV unique central region 

duplicated into the TR region [33]. A study of 16 tumor-derived KSHV whole genomes from 

Zambia reported 4 that had regions with as much as 3-fold more coverage than sample average, 

although the regions were not specified [76]. A PCR screen for some KSHV genes showed that 

some KS tumors and KSHV-infected B-cell lines can harbor deleted KSHV genomes [102], and 

one such B-cell line proliferated faster than the parental BCBL-1 line [102]. The infecting KSHV 

virus in this line had an 82-kb deletion from the 5’ end of its genome, was lytic replication-

incompetent, and could be packaged by a helper virus. The genomic deletion reported in that 

study is different from all the deleted KSHV genomes confirmed to be present in this cohort.  

The genomic locations and character of tumor-associated mutations I observed in chapters 3 

and 4 suggested that mutations that propagated to high copy numbers may not have been random. 

However, again, they could represent regions of particular susceptibility to genome instability, 

contribute to tumor formation, or are associated with tumor persistence due to loss of targets for 

immune elimination. All point mutations and structural variations I observed impacted protein 

coding sequences, and most rearrangement breakpoints truncated lytic gene products. Given that 

the KSHV genome densely encodes many immunomodulatory, angiogenic and anti-apoptotic 

factors [4,16,194], it is therefore possible that some mutations observed here could contribute to 

KS disease.  
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Shared mutations in distinct tumors of the same individuals 

I found 4 persons to date with KSHV genome rearrangement breakpoints shared between 2-

4 of their tumors. That the same viral mutational signatures were found in separate KS lesions 

provides strong evidence that tumor-associated and rearranged KSHV genomes can spread by 

metastasis, by helper virus activity, or because of residual infectivity of the aberrant genome. 

Identical KSHV genome rearrangements in distinct tumors implies that the viruses were clonally 

related, since independently acquiring the same breakpoint sites is highly improbable. One 

participant, U003, had a KSHV genome inversion from gene K8.1 that would likely disable 

production of infectious virions, yet the signature K8.1-TR breakpoint junction was present in all 

5 tumors collected over 3 months. Only 3 of the 5 had intact K8.1 sequence detectable by PCR. 

This suggests that the genomic inversion and K8.1 loss of function was not too detrimental to KS 

tumor persistence and suggests a capacity for tumor-associated KSHV to continually seed tumors 

in other anatomic sites. Evidence of possible metastatic spread of KSHV genomes has not been 

previously reported, and these findings may have significant implications for understanding the 

progression of KS. However, consistent with the helper virus hypothesis, all deleted genomes 

retained the terminal repeat sequences, which contain the putative virion packaging (pac1) and 

cleavage sites. 

 

Recurrent K5-K6 region overrepresentations in KS Tumors.  

KSHV genome diversity was characterized in Chapter 4 from a total of 65 KS tumors from 30 

individuals with advanced KS. Rearranged KSHV genomes involving read coverage over-

representation of a 3.3 - 53 kb region were present in 10 individuals, in all cases including the K5 

and K6 genes. Read over-coverage ranged from 1.5 to 6,000-fold with a median of 6-fold. The 

actual frequency of K5-K6 region overrepresentation could be higher, since only one or a minority 

of tumors from each participant were biopsied, and the ddPCR screen conducted quantified 

genomic segments outside this minimal high coverage region.  There could be other rearranged 

KSHV sub-genomes sequenced, but low numbers of split reads connecting non-adjacent regions 

of the KSHV genome are indistinguishable from PCR chimera artifacts, hence they were not 

considered.  It is striking that genome fragments containing K5 and K6 were amplified or retained 

in nearly all KSHV genome rearrangements that were detected, becoming the majority genome 

form in some tumors.  

The high-coverage regions found in 10 individuals all encompass at minimum a 2.2-kb 
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sequence containing only the K5 and K6 genes. However, the 2 genes are not among the known 

KSHV oncogenes [16] and thus a direct role in tumorigenesis is not likely. K5/MIR2 is a viral 

ubiquitin E3 ligase best known to ubiquitinate and degrade MHC1 from the cell surface [195]. It is 

a membrane protein expressed upon primary infection and reactivation [196,197] and at low levels 

during latency [198]. Another KSHV ubiquitin E3 ligase, K3/MIR1, is far more efficient in degrading 

MHC1 [195], but K5 modulates numerous more immunoreceptors than K3, targeting also adherins, 

ligands and co-stimulators for cytotoxic T and NK cells, cytokine receptors, restriction factors and 

members of the SNARE, ephrin, plexin and other receptor families [195,199,200]. One 

downregulated ephrin receptor of note is EphA2 [199,200], one of the receptors employed by 

KSHV for entry into endothelial cells [201]. Amplification of K5 might suggest that cells may 

become less visible to cytotoxic T and NK cells and less susceptible to KSHV superinfection as 

EphA2 expression on host cell surface is depleted by K5. Lytic gene K6 encodes vMIP-I, a viral 

homolog of cellular cytokine MIP1α (CCL3). vMIP-I is a selective, high affinity agonist for 

chemokine receptor CCR8 and has angiogenic and chemotactic effects in vitro [202–204]. The 

inclusion of K6 in the minimum region is puzzling, given that vMIP-I is not readily detectable in KS 

lesions by immunohistochemistry [205]. 

Selection for the K5-K6 region could alternatively be acting on the DNA sequence level, with 

the overrepresentation of K5 and K6 simply being a passenger mutation. Nearly all K5-K6 sub-

genome fragments are attached to IR1, a KSHV origin of lytic replication [125,190], and to TR 

sequences, which have cleaving signals for packaging [206]. These 2 DNA elements together 

could be sufficient for amplification in situ and for horizontal transmission if circularized and 

complemented by a 'helper' full-length KSHV genome.  

To determine if selection for K5-K6 region is acting on the gene functions of K5 and K6, 

transcriptome sequencing will be needed to corroborate whether they are over-expressed in KS 

tumors that have K5-K6 copy number elevation, in comparison to other KS tumors without the 

mutation, as well as immunohistochemistry for vMIP-I and cell surface receptors downregulated 

by K5 such as Eph2A. Silencing RNA complementary to K5 and K6 can be used in primary KS 

tumors to directly assess the effects of inhibiting K5 or K6 expression. 

 

Significance of IR1 region overrepresentation 

While K5-K6 region overrepresentation minimally contain the K5 and K6 genes, other protein 

coding sequences, the IR1 region, as well as those for known non-coding RNA were also included 
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in most. For example, sequences encoding the T1.4 and PAN long non-coding RNAs are 

commonly included, with the latter found in all but one sample with the K5-K6 read over-coverage 

regions. These 2 transcripts are among the most highly expressed in KS tumors [119] and have 

indispensable roles during lytic reactivation of KSHV [155,191,192,207–209]. PAN has been 

shown to interact with promoters of cellular genes involved in inflammation, cell cycle regulation 

and metabolism, and exogenous expression of PAN alone enhanced cell growth phenotypes 

[210]. Additionally, virally-encoded circular RNAs encoded within PAN were abundant in clinical 

samples and inducible in KSHV-infected cell lines [35,36,211]. Other non-coding transcripts are 

potentially expressed from this region but their biological significance is unknown [209,212]. 

Finally, most ORFs encoded in the 14.8-kb retained region are lytic genes that have functions in 

subverting adaptive (K5/MIR2) [213,214] or innate immunity (K4/vCCL-2, K4.1/vCCL-3, K4.2 and 

K6/vCCL-1)[60,214–216], and apoptosis (K7 and ORF16/vBCL-2) [214,216], all of which may 

enhance the survivability of a host cell. There is evidence to suggest that KSHV lytic gene 

expression is crucial to KS pathogenesis [30], and that residual lytic gene expression plays a role 

in latent KSHV persistence in vivo [217]. These lytic genes were frequently and specifically 

amplified or retained in KS tumors at higher copy numbers than the rest of the viral genome, 

including the KSHV latency gene region at the 3' end. It is possible that the underrepresented 

regions were deleted in some genome aberrations. These findings support the idea that viral lytic 

genes or their expression may be necessary to KS tumor persistence. 

 

Association of KSHV genome rearrangement breakpoints to G-quadruplexes 

There was clustering of KSHV rearrangement breakpoints found in different individuals at 

K4.1-K4.2, near IR1, at the minor repeat region, and at ORF18-ORF19. In the latter cluster, 4 

unique breakpoints were within 1.2 kb, with 2 breakpoints only 3 bases apart. IR1 and the minor 

repeat region are composed of tandem repeats with poly-G or C runs. Such repeats are prone to 

forming G-quadruplexes (G4), stable structures formed by 4 consecutive guanines folding into a 

tetrad and stacking with other guanine tetrads on the same strand [130,189,218]. ORF19 has a 

high-probability Z-DNA-forming sequence, precisely at the 2 breakpoints that were 3 bases apart. 

Z-DNA refers to a left-handed helix in a zigzag pattern formed by alternating purines and 

pyrimidines [218]. Z-DNA and G4 are alternative DNA structures that depart from canonical, right-

handed B-form DNA helix. When left unresolved, they can interfere with the progression of 

replication forks, leading to double-stranded DNA breaks [218]. They can form during replication, 
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transcription and other events that generate negative supercoiling and expose single-stranded 

DNA [218]. 

Within +500 bp from the 31 KSHV rearrangement breakpoints identified here and in other 

studies [78,102,165], G-quadruplex (G4) was the most common among the 5 non-B DNA forms I 

searched for, with others being denaturation regions, cruciforms, Z DNA and triplex DNA. No 

cruciform DNA was found. Compared to 1000 simulations of 31 random points on the GK18 

genome, G4 had significantly higher summed scores and shorter distances to the observed 

breakpoints. While only 31 data points, this result is consistent with G4 being associated with 

recombination breakpoints in herpesviruses [219]. G4 in DNA and RNA is quite stable and require 

complexes of helicases and other enzymes to melt to allow unfettered access by polymerases 

[130]. Under replication stress and perturbation of the DNA damage response pathways during 

KSHV lytic replication [87], the G4-rich regions of KSHV may have become particular regions of 

susceptibility to double-stranded DNA breaks and non-homologous end joining. 

  

K8.1 inactivating mutations  

Eight of 30 individuals were found to have had 9 different inactivating mutations in the late 

lytic gene K8.1. Additionally, K8.1 was the only KSHV gene that had intra-host differences in more 

than two members of this cohort. All the K8.1 mutations observed were putatively inactivating -- 

nonsense mutations, transcription start site deletions and rearrangement breakpoints. The K8.1 

mutations were typically local only to one tumor since other tumors sampled from the same 

individual still had intact K8.1. In fact, one person had 2 different K8.1 mutations. Another 

individual had K8.1 gene sequence interrupted by a genomic inversion breakpoint; however, this 

was detected by PCR in all 5 of his tumors tested. Full-length, uninterrupted K8.1 could only be 

detected in 3 of those five tumors. No K8.1 inactivating mutations were found in matching oral 

swab samples. K8.1 truncations had been reported previously, and all were from KS tumor 

isolates. The original GK18 isolate has a 74-bp deletion at the 3’ end (GenBank ID AF148805 

K8.1 annotation); the Zambian isolate ZM124 (GenBank ID: KT271466) has a 25-nt deletion 

resulting in a frameshift and premature stop [76], and the Japanese isolate Miyako1 has a stop 

codon early in its first exon (GenBank ID LC200586 miscellaneous annotation). The unique 

sequence mutations in every individual implies that they were acquired independently. 

K8.1 encodes an envelope glycoprotein that interacts with heparin sulfate for attachment 

[220–223]. It is not required for entry into primary endothelial [221] or 293 cells [188], although it 
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had been shown to be necessary for infection of primary and cultured B-cells [224]. The K8.1 

protein is among the most immunogenic KSHV proteins [225–227] and can be targeted by cellular 

immunity [228]. The truncations observed here and in other studies removed its C-terminal 

transmembrane anchor domain [227]. It is therefore conceivable that the preponderance of K8.1 

mutations might be due to immune elimination of cells expressing K8.1 glycoproteins. Evading 

immune responses by impairing K8.1 expression may confer better survival of the host tumor cell. 

However, K8.1 sequences are highly conserved across individuals, unlike that of K1, a KSHV lytic 

membrane protein with hypervariable extra-cellular domains [4]. Given that (1) full-length K8.1 

sequences are conserved across individuals and that (2) K8.1 inactivating mutations were often 

not present in all tumors of a given individual, the selection against K8.1 expression could be 

occurring only locally at the tumor site. Characterizing the immunoreactivity of individuals 

harboring tumors with inactivated K8.1 will be needed to substantiate immune selection.  

 

Point mutations in microRNA-K10 

An intra-host miR-K10 G16A mutation (GK18 position 118,082), was found in two individuals, 

out of 10 that had KSHV genomes sequenced from >1 sample. In participant U003, all his tumors 

had G16A in miR-K10, while the oral swab counterpart maintained the database consensus 

genotype G16. In the other participant, U156, miR-K10 G16A mutation was present in only 1 of 

his 4 tumors sequenced. The intra-host single nucleotide difference stands out given the absence 

of other synonymous intra-host mutations along the entire ~131 kb of non-repeat KSHV genome 

sequences. KSHV genomes from all matching pairs of samples in 10 individuals differed by at 

most two point mutations.  

The 23-nt UAGUGUUGUCCCCCCGAGUGGCC sequence of miR-K10 is tightly conserved in 

the vast majority of KSHV genomes sequenced to date [229]. Among published KSHV genomes, 

only tumor-derived ZM106 (GenBank KT271458) also had miR-K10 G16A. Aside from this 

mutation, a non-consensus miR-K10 C15T mutation was also found in 2 other individuals in this 

cohort, although there were no intra-host differences detected at the C15 position. Both the C15T 

and G16A polymorphisms (bolded above) are outside the miR-K10 seed sequence (underlined) 

[209]. The KSHV microRNA miR-K10 is weakly transforming [230], and a single A to G change at 

position 2, inside the seed sequence, has been reported to alter its tumorigenicity [231]. The miR-

K10 G16A mutation is predicted to result in a slightly more stable stem loop precursor (∆G -

32.40à-32.70). The biologic implications of this change are not clear, but polymorphisms within 
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and around KSHV miRNAs have been reported to affect viral microRNA levels in KS lesions [72]. 

Though the tumor-specificity of the miR-K10 G16A mutation is suggestive, there is insufficient 

evidence to say that it was selected for in tumors. If the miR-K10 G16A mutation can be observed 

to impact the processing, silencing activity, and expression level of miR-K10 in vitro, these 

differential effects can be a basis for selection. Finally, the effects of G16A and C15T on the 

tumorgenicity of miR-K10 can be tested in a transformation assay in comparison to the database 

consensus sequence to determine a biological impact. 

 

Novel genotypes of K4.2 and K11.2 

Genes K4.2 and K11.2 were revealed to be polymorphic across individuals, and they were 

not tumor-associated. Considering all 96 sequenced KSHV genomes to date, K4.2 has 3 coding 

sequence length clusters: the prototypic 549-bp full-length form, a 378 or 369-bp truncated form, 

and a 237-bp or shorter truncated form. A majority of KSHV whole genomes from Africa, now 

comprising most of the sequenced KSHV genomes, carry the truncated K4.2 forms. The K11.2 

polymorphism relates to a 174-bp duplication in its central domain, which was not present in 18 

of 94 published whole KSHV genomes. Both K4.2 and K11.2 polymorphisms do not wholly 

coincide with the phylogenetic groupings of KSHV genomes, although the 237-bp truncated K4.2 

appears to largely be monophyletic to genome type P2. 

Full-length K4.2 expresses an immediate-early protein that inhibits the endoplasmic reticulum 

chaperone protein pERP1, which enhances KSHV glycoprotein maturation, among other effects 

[232]. All K4.2 truncations delete its putative transmembrane domain, which abrogates the 

localization of K4.2 to the ER [232]. Completely deleting K4.2 diminishes the expression of KSHV 

glycoproteins K8.1 and gB, dampening infectious virus titer by 4-fold [232]. This effect on K8.1 

production is noteworthy, because K4.2 truncation and K8.1 inactivation were inversely correlated 

i.e., tended to not occur together in this cohort (p=0.013). Suggestively, defective K4.2 may have 

the same effect as K8.1 inactivation in depressing K8.1 production. This can be tested by 

immunohistochemistry for surface expression of K8.1 in KS tumors with and without the K4.2 

truncations but with intact K8.1 sequence. If K4.2 truncation and K8.1 inactivation have the same 

phenotypic effect, this finding will further support the hypothesis that K8.1 expression is highly 

selected against. Another prediction is that natural KSHV strains with K4.2 truncations will have 

lower levels of K8.1 glycoproteins on their virion surface. 
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K11.2 encodes a viral homolog of cellular interferon regulatory factor 2 (vIRF-2), which 

modulates the antiviral signaling of interferon [233,234] and regulates KSHV lytic replication by 

suppressing KSHV early lytic gene expression [235]. Endothelial cells infected with vIRF-2 

deletion KSHV mutants had increased and prolonged expression of KSHV lytic proteins K-bZIP 

and ORF45 following induced reactivation and de novo infection [235]. While the C- and N-

terminal domains of vIRF-2 have been characterized [235,236], the function of the central 174-bp 

sequence duplication has not been elucidated. Given that duplication was not common in our 

cohort (21 of 30 individuals) and was not associated with tumors or with an observable tumor 

characteristic, the duplicated sequence may be of little consequence in KS. However, its effect 

on the role of vIRF-2 in suppressing KSHV lytic expression can be tested in an infection assay, 

where K-bZIP and ORF45 expression levels are measured following chemical reactivation.  

 

Clinical phenotypes of tumor-associated mutations and polymorphisms.  

K5-K6 region overrepresentation and K8.1 inactivation were more likely in nodular rather than 

macular tumors (p<0.001 and p=0.010, respectively), while it was the opposite for K4.2 

truncations (p=0.028). Nodular forms are typical of later stages of KS tumor development. 

Individuals with more widespread lesions (>4 anatomic areas) were less likely to have K5-K6 

over-representation (p=0.01) and K8.1 inactivation (p=0.005), which suggests that these 

mutations limit the anatomic spread of KS tumors. Non-database consensus miR-K10 mutations 

were rarer in tumors <1 cm in diameter (p=0.01), suggesting that miR-K10 can be involved in the 

aggressiveness of tumor growth. When considering mortality, a trend for the miR-K10 mutations 

was found in individuals with lower survival rates (p=0.053), which has to be verified in a larger 

cohort.  

Study participants entered the study at varying stages of their illness, so there likely is 

heterogeneity in both the tumor stages sampled at baseline as well as in clinical course following 

admission. Tumors of study participants were not exhaustively sampled, which implies a likely 

under-counting of intra-host mutations. While my findings may suggest that perhaps KS tumors 

have a tendency to develop K5-K6 region overrepresentation and K8.1 inactivation mutations, 

these 2 most common tumor-associated viral mutations observed were still in only a minority of 

KS tumors sampled. It follows that the tumor-associated KSHV mutations were not required for 

tumorigenesis, but they could still be influential or be a trend during KS tumor development. There 

in addition may still be a remote possibility of undiscovered but common and clinically relevant 
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KSHV mutations. Longitudinal screening targeted to K5-K6 copy number elevation, K8.1 

inactivation and miR-K10 point mutations over time may be needed to verify the mutation trend 

suggested. Their potential as contributing driver mutations can be assessed by observing their 

source tumors following chemotherapy and following immune reconstitution upon initiation of ART 

for HIV-positive patients. If they are contributing driver mutations, one prediction is that tumors 

harboring such mutations would be less amenable to these treatments. 

 

KSHV repeats variation as revealed by SMRT-UMI 

The three KSHV major internal repeats, IR1, IR2 and LANAr, comprise transcripts and protein 

domains that play important roles throughout the KSHV infection cycle [32,121,237]. Yet their 

diversity is rarely analyzed because of long, repetitive sequences and >60% GC content. 

Additionally, PCR amplification, which is an obligate step when sequencing from low viral load 

clinical samples, is inherently error prone. These challenges were overcome with SMRT-UMI. 

PacBio SMRT sequencing is relatively insensitive to GC content [144], while UMIs remove 

misincorporation errors and frame-shifting indels. The consensus of reads with identical UMI 

converges on the pre-amplification DNA sequence template, allowing for single molecule 

resolution of the intra-sample diversity of KSHV internal repeats even from low viral load oral 

swabs. There are 2 important caveats. First, because the primers used to amplify the repeat 

regions target conserved flanking sequences, rearrangements involving other parts of the KSHV 

genome would not be detected. Second, because size selection was done before SMRT 

sequencing, and because smaller sizes are more efficiently PCR amplified and sequenced, DNA 

molecules far from the mean size (+400 bp) would less likely be detected. This was minimized by 

extracting and size selecting for DNA 1 kb greater than the visible band sizes. 

Single molecule sequences of the 3 KSHV internal repeats were successfully obtained from 

1 – 2 KS tumor biopsies and oral swabs of 16 individuals, such that 4 tumor-oral swab pairs each 

of IR1, IR2 and LANAr were sequenced. UMI-consensus reads per sample was only a median of 

21.5, but the sequencing accuracy allowed for definitive observations on intra-host sequence 

diversity. Nearly all SNVs were found in only one UMI-consensus read. An average of 0.23% of 

base positions in the repeat regions had a detectable minor SNV, more than the 0.17% found for 

the rest of the KSHV genome [165]. These values are not directly comparable, however, because 

duplex UMIs on both ends of short reads were employed for whole KSHV genome dUMI-

sequencing. With SMRT-UMI, only single-stranded UMI was used and only one end is tagged, 
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because each UMI-tagging step by PCR requires additional purification that can lead to more loss 

of template DNA. In contrast, both ends of sheared DNA are simultaneously ligated with adapters 

containing dUMI when doing whole-genome dUMI-sequencing.  

Higher diversity in repeats may be expected, since repeat sequences diversify at rates much 

higher than nucleotides substitutions [115]. Furthermore, it has been reported that tumor genomes 

have increased repeat instability early during malignant transformation while point mutations 

accumulate only late in their transformation [131]. Although highly conserved overall, there were 

distinct populations of KSHV internal repeats detected within more than half the individuals 

examined, with minor sequence populations defined as being at least 2 UMIs with a shared non-

consensus SNV or TRU count. Variation in TRU counts when present were typically only by one 

or 2 units. Differences between sample-consensus sequences as large as 7 and 19 TRU were 

found in only 2 tumor-oral swab pairs of IR1. Variation by one TRU can be explained by simple 

replication slippage, whereas larger changes can be attributed more to recombination and repair 

mechanisms [115,130].  

 

Heterogeneity of LANAr sequences 

LANAr encodes the highly acidic, repetitive central domain of LANA, the key viral protein in 

maintaining KSHV latency and episome propagation to daughter cells [41]. LANA interacts with a 

myriad of proteins, e.g., transcriptional activators, cell cycle regulators, tumor suppressors, 

antiviral sensors, heterochromatin modifiers, DNA repair proteins [121,238]. Deletion of LANAr 

eliminates activation of a viral promoter and results in diffuse intranuclear distribution of LANA 

[239]. LANAr also contributes to the extraordinarily long half-life of LANA; it retards translation, 

inhibits proteasomal degradation, and interferes with antigen processing for MHC1 peptide 

presentation  [240–242], and it induces efficient ribosomal frameshifting to produce alternative 

LANA isoforms [243]. LANAr has >61% GC content, and the G-rich sequences of LANAr form G4 

secondary structures in mRNA that negatively regulates translation [244]. 

The LANAr region is highly variable in length and sequence between strains [116]. In the 

cohort I studied, LANAr ranged from 1.2 to 1.9 kb in 16 individuals, but strikingly, had identical 

lengths in 2 pairs of individuals, though DNA sequences were still unique. LANAr sequence 

variations were always in-frame at the sample-consensus. LANAr was the most stable KSHV 

internal repeat intra-host.  
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Variation in LANAr could conceivably influence the affinities of LANA isoforms to its many 

protein targets. Amino acid repeats in mammals are overrepresented in transcription factors and 

proteins that have numerous interaction partners [245,246]. They are thought to serve as flexible 

linkers between domains and stabilize protein-protein interactions [245,246]. However, it may be 

challenging to discriminate the effects of LANAr variation in vitro, as repeat variations typically do 

not result in deleterious changes but rather, in small incremental phenotypic changes [115]. 

Additionally, the instability of amino acid repeats has been attributed more to GC content than to 

expression level or to adaptive evolution [245]. Hence, I would hypothesize that LANAr at the 

extreme length ranges observed will have no phenotypic differences, except in the amount of 

detectable G4 and retardation of translation. 

 

IR1 and IR2 imperfect repeats  

Gamma-herpesviruses have evolved two functional Ori-Lyts for optimal fitness in nature, with 

either one preferentially employed depending on host cell type and bound by different cell type-

specific proteins [247]. Both IR1 and IR2 have Ori-Lyt activity in a plasmid transient-transfection 

replication assay [125,190], but it has been observed in the context of a full KSHV genome 

bacterial artificial chromosome (BAC) that IR1 alone but not IR2 alone is sufficient for propagation 

in Vero cells [248]. IR1 and IR2 GC-rich tandem repeats contain GRGGC motifs and similar 

elements of the polyomavirus non-coding control region (NCCR) [249]. These repeat elements 

serve as transcription factor binding motifs and regulate polyomavirus gene expression [249]. In 

BK and SV40 polyomaviruses, mutations that delete or disrupt Ori-Lyt repeats result in viruses 

unable to fully replicate but are highly transforming [128,129]. In JC polyomavirus the enhancer 

and promoter activities are cell type specific, exerting their effects by forming secondary structures 

that impede and facilitate transcription of early and late genes, respectively [250]. If the KSHV 

GC-rich tandem repeats function analogously, mutations in them may alter transactivation 

regulation and binding of cell-specific nuclear factors.  

Tandem repeats add another level of diversity, which comes from mismatches within the same 

TRU family. Between individuals, the DR1 family in IR1 was the most variable in length and by 

far the most frequently degraded, defined here as having at least 2 TRU with <20% mismatches 

to the dominant TRU sequence. Degraded DR1 usually had TRU mismatches propagated to other 

TRU at irregular periodicities, and some TRUs were overlapping or were longer than the normal 

20 bp. Altogether IR1 had degraded TRU families more often (12/16 individuals) than IR2 (2/16 
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individuals). The degraded repeats were also conserved in all tumor and oral swab KSHV 

sampled from within individuals. Degraded IR1 and IR2 can be found also in 3 and 1, respectively, 

of 10 published whole KSHV genome sequences that included the internal repeats.  

GC-rich repeats are prone to forming G-quadruplex secondary structures, which are 

mutagenic at the single nucleotide level [251]. Imperfect repeats dramatically increase the stability 

of repeats [115,130]. Point mutations in EBV repeats have been suggested to be signatures of 

genetic exchange or DNA damage repair when TRUs are treated as internally controlled 

sequences [122]. In the KSHV internal repeats from this cohort, purifying selection could be 

maintaining the fidelity of IR2 TRU sequences in persons with KS, while selection was relaxed in 

IR1. Another possibility is that degraded IR1 can contribute to KS disease. It is one of the KSHV 

transactivation initiation sites for lytic gene expression, and inefficient, "leaky" or abortive lytic 

expression has been thought to be a possible factor in the pathogenesis of KS since full 

reactivation leads to lysis of the host cell [9,32].  In EBV an inverse relationship has been observed 

among EBV strains between their efficiencies in lysing or immortalizing B-cells [49]. One fairly 

transforming but poorly B-cell lytic EBV strain, B95-8, has among other mutations one of its two 

Ori-Lyts deleted [252]. JC virus isolates from the central nervous system of progressive multifocal 

leukoencephalopathy (PML) patients have an Ori-Lyt rearrangement differentiating them from 

urine isolates, the latter of which are thought to be the transmissible form [249]. Whether KSHV 

with heavily degraded IR1 can successfully establish infection in a new host organism is unknown. 

The importance of secondary structures in Ori-Lyt activity has already been observed for EBV. 

Its Ori-Lyt sequences have conserved mirror repeats that adopt a triple helical DNA structure 

[124]. Its capacity to mediate lytic DNA replication was abrogated by introducing point mutations 

that disrupt the triple helix but was restored to a degree by compensatory mutations recreating 

the mirror repeats and triple helix properties  [124].  

IR1 repeat degradation was not significantly associated with high plasma KSHV load, high 

CD4+ cell count, prevalent tumors (>4 anatomic areas), lower survival rate and treatment 

responsiveness. Degraded IR1 was not found in the 2 HIV-negative participants in this cohort of 

16. The IR1 mutations observed could have clinical effects more subtle than can be determined 

from this small cohort or could simply be stochastic or passenger mutations. In either case, a 

transient plasmid replication assay of IR1 and IR2 with divergent structures is one way to 

determine the biological impact of the imperfect repeats. As well, biophysical characterization 

[189] can be done to determine what non-B-DNA structures form in these GC-rich repeats and to 



Page 128 of 149 

 

assess their roles in recruiting cell-specific transcription factors and in regulating lytic transcription. 

Finally, assaying their transactivation capacities [155,191,248] separately in different cell types in 

the context of a full-length KSHV genome BAC can give more insights into the cell types that are 

important for successful KSHV infection of an organism and, if degraded repeats were to be found 

deficient in their functions, provide insights also into the cell types that give rise to these mutations 

in KS tumors.   

 

Loss of full-length Kaposin isoforms from IR2 

In KSHV strains typified by viruses infecting BCBL-1, Kaposins B and C are translated from 

CUG start sites ~70 bp downstream of IR2 DR4, in the 3' to 5' orientation on the KSHV genome 

[117]. In strains typified by GK18, the reading frames are shifted due to a 2-bp insertion between 

DR3 and DR4, so Kaposins D and E are encoded instead [118,119]. There were polymorphisms 

in the Zambian and Ugandan isolates that engender either both Kaposins B and E reading frames, 

or loss of the translation potential of all full-length Kaposin isoforms from inside IR2 [119]. Kaposin 

B is the best characterized isoform among the Kaposin family proteins. It promotes stability of 

mRNA with AU-rich elements, particularly those encoding cytokines and lymphatic differentiation 

transcription factor PROX1 [253–255]. It also associates with the cell cycle regulator c-Myc to 

promote angiogenesis [256,257] and phosphorylates proto-oncogene STAT3, leading to 

increased activation of pro-inflammatory genes [258].  

Considering all 96 whole KSHV genomes to date, including those derived from my thesis work, 

a majority of at least 55, all from Africa, have polymorphisms that lead to the loss of all full-length 

Kaposin isoform translation potential downstream of DR4. The Kaposin translation start genotype 

was conserved within hosts. It is noteworthy that there were no other open reading frames in that 

region that could supplant Kaposin B, given the significance suggested by its known biological 

activities. The nearest CUG or AUG start codons upstream are beyond the transcription start and 

splice sites of Kaposin transcripts. Downstream there is a 'CUG' within every DR3 TRU that could 

initiate translation [117,118], but the preceding DR4 sequence that would be missing encodes the 

protein-binding domain of Kaposin B [253]. It is also noteworthy that loss of all full-length Kaposin 

isoforms from IR2 resulted in no observable clinical phenotypic difference. Whether full-length 

Kaposin isoforms can be translated or not from IR2 had no detectable association with survival 

rates, treatment response or other clinical traits considered in our cohort of 16 individuals.  
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CHAPTER 7: Conclusions and Future Directions 
How chronic KSHV infection leads to KS disease is still poorly understood. Herpesviruses, 

while known to have the lowest mutation rates among virus classes, can still exhibit strain 

differences and acquire mutations that affect their virulence. Developing and employing innovative 

sequencing methodologies, I comprehensively examined the viral genomic component of KS 

directly from clinical specimens at the whole viral genome level. I sought to discover viral genomic 

polymorphisms that could shed light on the pathogenesis and progression of KS. While KS is 

likely an end result from a combination of many factors, the central thrust of my thesis was to 

discover KSHV genomic changes likely to play a role in the natural history of KSHV infections. 

In Chapter 3, highly accurate deep sequencing revealed that whole KSHV genomes in paired 

oral swabs and tumors from individuals with advanced KS were virtually identical at the point 

mutational level. The use of dUMI provides a proof of concept for utilizing this technique to study 

other DNA viruses such as human cytomegalovirus, which can exhibit substantial intra-host 

genome heterogeneity [122]. Where there were differences, the viruses detected in saliva had 

the database consensus genotype while viruses detected in some tumors had novel mutations. I 

found that KS tumors can harbor KSHV with genomic aberrations affecting coding regions, which 

raised the possibility that these mutations could alter the function of these genes and were of 

biologic significance. The most prominent mutations were the read over-coverage of a region 

around IR1 and K8.1 inactivating mutations. Furthermore, this study demonstrated that signature 

KSHV genome aberrations can be found in distinct tumors from the same individual, suggesting 

that infected tumor cells can seed KS lesions in other sites. Another interpretation suggested is 

that aberrant or deleted genomes can be propagated through helper viruses within a host.  

Chapter 4 followed up on my observations of the frequent IR1 region read over-coverage and 

K8.1 inactivating mutations. I analyzed multiple tumors from the same individuals in a larger, 30-

person cohort. Read over-representation specific to IR1 region and intra-host K8.1 inactivating 

mutations were common in persons afflicted with advanced KS. The genomic region of frequent 

read over-coverage was found to minimally encompass the K5 and K6 genes. This sub-genomic 

fragment differed in length across individuals, but there appears to be clustering of their 

breakpoints with G4-forming sequences in the KSHV genome. The K5-K6 and K8.1 mutations 

arose independently in a third of individuals in this cohort (different subsets), evidenced by unique 

breakpoint locations or sequence mutations, and they were often observed in only a subset of 



Page 130 of 149 

 

tumors sequenced from the same person. Additionally, tumor-associated, intra-host miR-K10 

point mutation was observed in 2 individuals. Aside from intrahost mutations, interhost 

polymorphisms of K4.2 and K11.2 were found but had no detectable changes within a host. 

Exploratory analyses revealed some potential association of these mutations and polymorphisms 

with clinical presentation of KS. Among the most significant, K5-K6 region overrepresentation was 

more likely in nodular rather than macular tumors, and it and K8.1 inactivation were much less 

likely in persons with widely disseminated KS lesions. These findings call for targeted surveys of 

these genes and more studies into their biological roles in an in vivo setting. Consistent viral 

polymorphisms may be indicative of or be influential to tumor progression and escape from 

immune selection. 

Chapter 5 described both the inter-host and intra-host diversity in the often-overlooked major 

internal repeat sequences of KSHV, also highlighting the application of SMRT-UMI sequencing I 

helped develop. I found that IR1, IR2 and LANAr can reveal distinct variants within and between 

tumors and oral swabs from persons with advanced KS. As such they were found to have higher 

variability than the rest of the KSHV genome. LANAr was found to have the most stable internal 

repeat but was still quite heterogeneous across individuals. IR2 sequences that do not encode 

full-length Kaposin protein isoforms were found in a majority of KSHV isolates from Africa. IR1 

had imperfect repeats much more often than IR2. Follow up work can be done to test the 

transactivation and Ori-Lyt activities of IR1 and IR2 separately in different cell types, identify cell-

specific host proteins that associate with them, examine their secondary structures through 

biophysical means, and determine the impact of the degraded IR1 DR1 families observed here 

on the functionality of IR1.  

To conclude, I uncovered several recurring KSHV genome mutations and mutation patterns 

that occur to KSHV genomes within persons afflicted with KS, showing that KS disease has a 

viral genetic component. The frequency and clinical associations of these tumor-associated KSHV 

mutations suggest that viral genetics play a role in KS development and presentation, if not 

pathogenesis. They suggest numerous hypotheses about the potential of KSHV mutations as 

contributing driver mutations that can explain aspects of KS and ultimately, inform clinical 

treatments and management of the disease. 
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