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Abstract

In sub-Saharan Africa, Kaposi’s sarcoma-associated herpesvirus (KSHV) is endemic, and
Kaposi’s sarcoma (KS) is a significant public health problem. Until recently, KSHV genotype
analysis was performed using variable gene regions, representing a small fraction of the

genome, and thus the contribution of sequence variation to viral transmission or pathogenesis

are understudied. We performed near full-length KSHV genome sequence analysis on samples
from 43 individuals selected from a large Cameroonian KS case-control study. KSHV genomes
were obtained from 21 KS patients and 22 control participants. Phylogenetic analysis of the K1
region indicated the majority of sequences were A5 or B1 subtypes and all three K15 alleles

were represented. Unique polymorphisms in the KSHV genome were observed including large
gene deletions. We found evidence of multiple distinct KSHV genotypes in three individuals.
Additionally, our analyses indicate that recombination is prevalent suggesting that multiple KSHV
infections may not be uncommon overall. Most importantly, a detailed analysis of KSHV genomes
from KS patients and control participants did not find a correlation between viral sequence
variations and disease. Our study is the first to systematically compare near full-length KSHV
genome sequences between KS cases and controls in the same endemic region to identify possible
sequence variations associated with disease risk.

Keywords

Cameroon; human herpesvirus 8; Kaposi’s sarcoma; Kaposi’s sarcoma-associated herpesvirus;
next-generation sequencing; whole genome sequencing

1| INTRODUCTION

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the causative agent of Kaposi’s
sarcoma (KS), primary effusion lymphoma (PEL), a variant of multicentric Castleman’s
disease (MCD) and KSHV-inflammatory cytokine syndrome (KICS).1 KS is a significant
public health problem in sub-Saharan Africa (SSA), particularly in the context of
generalized HIV/AIDS epidemics.23 Prior to the wide-spread availability of antiretroviral
treatments, KS was the most common cancer in men and second most common in women
in Uganda, Zimbabwe and Malawi.* More recently it was reported that KS incidence has
increased and is among the top three most prevalent cancers in both men and women in
Johannesburg, South Africa.

KS was first described in 1872 as an indolent disease occurring primarily in men of
Mediterranean descent: this clinical-epidemiological variant is now referred to as classical
KS. KS has additional recognized variants including African endemic, iatrogenic, AIDS-
associated and the recently proposed form, KS in MSM, described in HIV-negative men who
have sex with men (MSM).6 KS is an angioproliferative disease in which spindle cells of
endothelial origin are latently infected with KSHV. All types of KS are caused by KSHV
infection and are similar pathologically but differ in clinical presentation and course.’
African endemic KS frequently occurs in patients of younger age, including children and
can have a more severe clinical course and poor prognosis as it is often diagnosed in late
stages.8
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KSHV has been classified into subtypes A to F based on the sequence of the variable

K1 gene. The distribution of K1 subtypes is associated with race/ethnicity and geography;
subtypes A and C are common in Europe, Asia and the United States, while A5 and

B are common in SSA. Subtype D is found in indigenous Austronesian populations and
subtype E is found in South American Amerindians.®10 Subtype F was first described

in SSA, particularly in the San people of Botswana and the Gisu people in Uganda but
recently has also been reported in MSM in the United States and France.11-13 Genetic
variation in other gene regions has also been reported, notably K15, K12/T0.7, ORF 26,
ORF 75 and the KSHV encoded microRNA region, which have been used to study viral
recombination.1214.15 Within the last few years, advances in next-generation sequencing
(NGS) have enabled sequencing of near full-length KSHV genomes. These include 16 KS-
derived sequences from AIDS-KS patients in Zambia, 4 non-AIDS KS from the Japanese
Miyako Islands, 7 from HIV negative MSM in France and 23 from matched saliva and KS
tumors of Ugandan patients.13:16-18 We have reported near full-length genomes from 46
KSHYV infected healthy participants of the Uganda General Population cohort and more
recently from nine patients with effusions in the United States.1-1° To date, however,

no studies have compared KSHV genomes from KS cases and controls from the same
geographic region, making it difficult to determine if viral genetic variations are associated
with disease risk.

We have previously published findings from an AIDS KS case-control study conducted in
Cameroon. KSHYV seroprevalence was =80% in controls; risk factors associated with KS
included, minority ethnicity, family history of cancer, HIV infection and factors related

to malaria and other parasitic diseases.2 A subsequent study investigated the relationship
between KSHV load in blood and oral fluids, and we?! recently reported associations
between specific HLA alleles and risk for both AIDS and endemic KS in this population.2?

The current work extends our observations in this well-characterized study to include near
full-length KSHV genome sequences circulating in Cameroon using a target enrichment
NGS approach.1® A systematic analysis of viral sequence variation was performed
comparing viral genomes from AIDS-KS patients and controls. KSHV genes of noncoding
RNAs, including viral microRNAs, were examined in depth as single nucleotide variations
(SNVs) have been associated with the risk of KSHV-associated MCD.23 To our knowledge,
this is the first study of near full-length KSHV genomes conducted in a KS endemic region,
that compares sequences from KS cases and controls within the same source population.

2| MATERIALS AND METHODS
2.1| Study participants

The Cameroon KS case-control study was conducted within the framework of the
International Epidemiologic Databases to Evaluate AIDS (IeDEA) Central Africa cohort

as reported previously and is described here.20-22 Briefly, HIV infected and uninfected
individuals with KS were recruited through Solidarité Chimiothérapie (SOCHIMIO) and the
General Hospital of Yaoundé. KS was confirmed by a senior oncologist after clinical and/or
pathological diagnoses. Age and sex matched controls were recruited at the General Hospital
or the Military Hospital of Yaoundé, both IeDEA sites.
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Sample collection and processing

Matched blood and oral fluids samples were collected in PAXgene DNA tubes and in
alcohol-based mouthwash respectively, from Cameroonian study participants at enrollment
and during follow up visits at 6 and 12 months. All samples were shipped to the Viral
Oncology Section (VOS) at the end of each collection period for processing. The processing
of samples and qPCR testing has been previously described.?!

Next generation sequencing

Samples were selected based upon KSHV load estimates >1000 copies as measured

by gPCR (Table 1). Libraries were prepared using the Agilent SureSelect XT Custom
Library Preparation Kit (Agilent Technologies, Santa Clara, California). A custom bait set
capturing KSHV and EBV was designed as previously described.1® Each sample library was
labeled with a unique barcode to allow for pooling of samples. Paired-end libraries were
sequenced using an Illumina MiSeq Instrument (500 cycle, V2 cartridge: Illumina, Hayward,
California).

2.3.1| Sanger sequencing—Sanger sequencing was used to supplement NGS in some
gene regions. Gaps in the K15 N gene region were Sanger sequenced in five samples.
Moreover, Sanger sequencing was used to cover small areas of gaps in KSHV coverage

as noted in Table S1. The dual infection in sample FNL0985 CM was confirmed with a
targeted primer strategy as previously described? in five regions: ORF8, VIRF-2, ORF 56,
ORF57 and K15, using the original DNA extracted for NGS analysis. In addition, various
combinations of primers for the K1 and K15 genes were used to assess the deletions in
samples FNL0515_CM and FNL0297_CM, respectively.12 All primers were designed using
Geneious Prime January 1, 2020 software (https://www.geneious.com) and are described in
Table S1.

KSHV sequence assembly, alignment and VCF generation

2.4.1| Sequence guided alignment—BBDuk was used to trim raw reads of

artifact adapter sequence and bases with PHRED quality score below 32. Reads shorter

than 100 bp were removed (BBMap-Bushnell B; https://sourceforge.net/projects/bbmap/).
Trimmed reads were initially aligned to GK18 (NC_009333.1) using BWA MEM.24
Resulting SAM files were processed via Samtools?2:26 and deduplicated with GATK (http:/
broadinstitute.github.io/picard/ ). VCF files were generated with Picard to separately identify
SNPs and INDELSs with respect to the GK18 reference sequence via GATK. SNPs failing

to pass Variant Filtration expression “QD <2.0 ||FS >60.0 |[MQ <40.0 [|[MQRankSum <
-12.5||ReadPosRankSum < —8.0” and INDELSs failing to pass “QD <2.0 ||FS > 200.0
||ReadPosRankSum < —20.0” were removed. SNP and INDEL VCFs were combined and
validated for the final output.2” BC-1 (U75698.1) and ZM128 (KT271467) sequences

were subsequently used to correct alignments for K15 M and N subtype gene regions
respectively. Sequences were manually inspected for misalignments in Geneious and five
areas of repetitive sequence were masked including positions 24 230 to 25 045, 29 927 to 30
055,118 229 to 113 914, 124 784 to 126 456 and 137 169 to 137 969, referencing the GK18
reference genome (NC_009333.1).26:28 Study sequences with poor read depth, insufficient
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coverage and/or high overall percentages of non-calls were removed from the analysis. We
used a combination of median coverage of x30 and reference bases coverage as >98% to
determine which samples passed QC (Table S2). Consensus FASTA files were exported
from Geneious.

2.5| Phylogenomic analysis

Consensus KSHYV sequences with complete coverage outside of repeat regions were aligned
with 16 available full-length genomes published in GenBank as of April 2019 in Geneious,
using the MAFFT algorithm with default settings.28

The resulting alignment was used to infer phylogenomic trees via the neighbor-joining
method visualized using Mega 6 software (Figure 1A,B).2° Maximum likelihood
phylogenetic trees were constructed for both the complete nucleotide alignment and a
subalignment lacking K1 and K15 regions using 1Qtree version 1.6.12 with 1000 bootstrap
replicates and evolution models determined empirically via the MFP setting3° (Figure

S1). The KSHV K1 and K15 gene sequences were aligned with representative published
sequences to determine the subtype (Figure 1A,B).

A SplitsTree of the study sequences was created using the default settings (Figure 1C).
Recombination was assessed using the Pairwise Homoplasy Index (PHI) text implemented
in SplitsTree v4.15.1.31 Recombination was further assessed using Simplot software, with
results visualized using Bootscan.32:33 The analysis included the reference sequences GK18
(NC_009333.1), BC-1 (U75698.1), FNL014_CM (MN419227.1), ZM095 (KT271456.1),
Japan 1 (LC200589.1), VG-1 (unpublished Whitby laboratory), BCBL-1 (HQ404500.1) and
JSC-1 (GQ994935.1) (Figure S2).

2.6 | KSHYV percent similarity by gene region

Subalignments of all coding regions (CDS) and functionally described noncoding regions
were obtained, and pairwise distance matrices were calculated and exported from Geneious.
Boxplots reflecting the distribution of pairwise distances for select regions across the

KSHV genome were produced in R as shown in Figure 2A (R Core Team [2020]. R: A
language and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL: https://www.R-project.org/). Clustered heatmaps were constructed
using pheatmap version 1.0.12 in R to visualize similarities between individual sample
pairings, and to identify groupings of samples based on sequence similarity while searching
for evidence of K1-and/or K15-derived designations therein (Figure S5).

2.7] Circos analysis

An annotated KSHV genome map was constructed with the GK18 reference genome
(NC_009333) highlighting regions not covered by our custom bait set (Figure 3A). The
positions of all identified SNVs and indels detected in the study genomes as well as the
linkage disequilibrium (LD), quantified as the correlation coefficient /£2 in PLINK v v1.934
(https://zzz.bwh.harvard.edu/), are visually represented in Figure 3B.3°
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3| ASSOCIATION BETWEEN SNVS AND CASE/CONTROL STATUS

3.1| Principal component analysis

Principal component analysis (PCA) of sequences from HIV+ cases and controls was
performed by generating eigenvalues from a VVCF file using PLINK v1.9 to identify potential
sample clustering.38 After the identification of variants with a minor allele frequency >0.05,
1217 variants and 41 individuals (20 cases/21 controls) were included in the analysis.

The average identity was computed in PLINK, and one sample from each closely related
pair (PI_HAT >0.2) was further excluded. To ensure that the principal components (PCs)
represent the genome-wide structure, SNVs were further pruned by LD (>0.1). The top five
pairs of PCs across 35 samples (19 cases/16 controls) and 147 SNVs were plotted in R with
each sample colored by case or control status.36

3.2 | Test for proportion

The proportion of sequences from cases and controls with SNVs at any given position
is represented in Figure 4. To infer whether SNVs were more common in KS vs control
sequences, we performed a parametric test for equality of proportion for each position
without correcting for multiple comparison; the relevant probability is also represented
visually in Figure 4.

3.3| Analysis of noncoding RNA regions

Polymorphisms within the microRNA coding regions were mapped and KS case/control
status as well as KSHV K1 subtype for each were visualized using Lolliplot software

in conjunction with TrackViewer (https://github.com/pbnjay/lollipops).3” In addition, a
parametric test for equality was performed, as described above, to determine if any
polymorphisms were associated with KS (Figure S3).

4| RESULTS
41| KSHYV phylogenetic and genome analysis

Near full-length KSHV sequences were successfully obtained from 43 of 52 participants
using a target enrichment NGS approach from whole blood or oral fluids with detectable
viral load (VL) (Table 1). Nine samples, which tended to have lower KSHV VL, had
insufficient read depth coverage and were not included in downstream analyses as noted in
Table S2. Although samples with KSHV loads higher than 10 000 copies were more likely
to result in successful near full-length KSHV genome coverage, it was noted that in two
instances oral fluid DNA for FNL0432 and FNLO068, did not amplify as well, despite having
VL >10 000 copies. Reasons for failure to produce near full-length genomes are unknown,
but generally oral fluid DNA is more fragmented than DNA extracted from blood which

can affect performance. In addition, the EBV load for sample FNL0681 was exceedingly
high, which could adversely affect KSHV read depth coverage as our custom bait set
simultaneously captures both viruses. The range of median coverage for samples that passed
QC was 50 to 4252 X. Of the 43 participants included, 21 were KS cases (20 AIDS-KS

and 1 endemic KS) and 22 controls (21 HIVV+, 1 HIV—). In all but three KS cases, KSHV
genome sequences were obtained from whole blood while for all but one control, oral fluids
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were sequenced. The genome sequences for three samples could not be resolved due to
mixed KSHYV infections, resulting in a final 40 genome sequences available for analysis.

4.1.1] K1 gene—Two KSHV K1 gene subtypes were prevalent in our study
population, A5 (24/40, 60%) and B1 (14/40, 35%). One sample from a control participant,
FNLO0173_CM, had a B2 subtype (Figure 1A). A complete deletion of the K1 gene which
extended into the ORF4 CDS was identified in FNL0515 CM, a KS case. The deletion was
confirmed by NGS in both a blood and an oral fluid sample sequenced 4 months apart.
Attempts to Sanger sequence across this region using custom primers, as shown in Table
S1, produced a product that did not extend into the gap in coverage. The Sanger product
failed to confirm 24 nucleotides of KSHV sequence just downstream of the gap. To rule
out reference guided alignment bias, this sample was also assembled de novo producing a
genome that also had a complete K1/partial ORF4 gap sharing 96.3% overall identity with
the reference guided aligned sequence (data not shown). Amid the 39 remaining sequences,
similar numbers of KS cases and controls were determined to have A5 (11/18, 61% vs
13/20, 65%) or B1 (7/18, 39% vs 7/20, 35%) subtypes (B2 subtype control excluded).

4.1.2 | K15 gene—All three K15 genotypes are represented, with the predominant P
subtype most abundant (25/40, 62.5%), followed by the minor M (9/40, 22.5%) and the

N (5/40, 12.5%) as shown in Figure 1B. The sequence FNL0297_CM, isolated from a
control participant, carried an apparent partial deletion of the K15 CDS. The gap was
initially thought to be a low coverage sequencing artifact. Primers were designed spanning
the missing region referencing the NC_009333 genome and FNL0297 K15 specific forward
primers to Sanger sequence into the gap. Sanger sequence ultimately proved inconclusive,
and this sequence was also assembled de novo to rule out reference guided alignment bias. A
de novo alignment confirmed the K15 deletion, displaying 98.05% identity to the reference
guided consensus sequence (data not shown). In addition, the sequence of control sample
FNLO0173_CM, a K15 M subtype, has polymorphisms within the ORF75/K15 gene overlap
that are clearly the K15N subtype as shown in Figure S6. This suggests a recombination
event occurred near the end of the overlap of the ORF75 and K15 genes between nucleotides
134 569 and 134 595 (referencing NC_009333.1). Among KS cases 73.7% (14/19) were of
the P subtype, 10.5% (2/19) of the M and 15.8% (3/19) of the N subtype. Controls were also
predominantly P subtype (55%, 11/20), followed by M (35%, 7/20) and N (10%, (2/20).

4.1.3| microRNA coding region—The KSHV microRNA encoding region includes
the K12 (kaposin) gene and the intragenic region between the K12 and ORF71 genes. Many
SNVs previously identified in the microRNA region, common in KSHV sequences from
Africa, were observed in the current study.38 However, novel sequence variants were noted
within the K12 gene including a 11 bp deletion, located within the T0.7 product of K12,
observed in sequences from three control and two KS cases. While polymorphisms were
frequent, none were statistically associated with KS although some were more frequently
observed in genomes of either K1 subtype A5 or B (Figure S3).

4.1.4| KSHV genome analysis and gene diversity—A SplitsTree of 40 Cameroon
samples, excluding the dual infections, and 16 published genomes shows a high degree of
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conflicting phylogenetic signals (Figure 1C). Five regions of repeats, representing <6% of
the viral genomes as described in the sequence alignment section of Materials and Methods,
were not covered by our custom baits, and were masked during analysis (Figure 3A).

The genetic diversity of the CDS was analyzed by comparing the Cameroon KSHV A5 and
B subtype sequences, to the canonical C subtype GK18 reference. The lowest nucleotide
identity across all sequences was observed in known variable genes K1 and K15, =20%
and 50%, respectively. Outside of these regions, overall variation was low, with 99.5% to
98.5% identity excluding samples FNL0515 CM and FNL0297_CM that have significant
deletions in the K1 and K15 gene regions. Many genes within the central portion of the
KSHV genome were conserved between study sequences in comparison to each other and
the reference genome. Conserved genes include ORF36 (99.8%), K5 (99.75%), ORF35,
ORF40 and ORF43 (all 99.6%) as noted in Figure 2. KSHV genes with notably higher
variation and unique polymorphisms include the ORF47 (90%), K8 (95%) and K4.2 (98.6%)
gene regions (Figure 2B).

4.2 | Single nucleotide variants in KS cases and controls

When compared to GK18, we identified 1184 SNVs arising in at least 25% of sequenced
samples. Of these, 376 SNVs were non-synonymous mutations. SNVs were distributed
across the whole KSHV genome, with specific patterns of LD noted in Figure 3B. PCA did
not support the segregation of cases and controls based upon the unique variants observed in
these samples (data not shown). In addition, parametric tests for the equality of proportion
determined that no polymorphisms distinguished KS or control sequences as the SNVs
identified were observed with comparable proportion in both cases and controls (Figure
S4B). Additional multivariate analysis was performed examining both KSHV K1 and K15
subtype and determined that neither were associated with KS risk (data not shown).

4.3 | Evidence of multiple infections

Samples of three individuals, FNL0454 CM, FNL0578_CM and FNL0985 CM, showed
evidence for the presence of at least two divergent KSHV genomes. FNL0454 _CM and
FNLO578 CM contained reads specific to both the A5 and B K1 subtypes, as illustrated in
Figure 5A,B. The dual infection pattern of FNL0985_CM is only apparent outside of the K1
gene region, as indicated by two different K15 subtypes, P and N, and distinct patterns of
reads supporting different subtypes in genes within the central portion of the genome. The
dual infection in FNL0985_CM was confirmed by Sanger sequencing using strain specific
primers in the ORF8, ORF57 and K15 gene regions (Figure 5C; Table S1). Unfortunately,
insufficient material remained for samples FNL0578 CM or FNL0454 CM to confirm these
observations by Sanger sequencing.

4.4 | Recombination analysis

Simplot software analysis indicated that the study sequences were highly recombinant.
Cameroonian genomes were compared to eight KSHV published genomes of all available
KSHV K1 and K15 subtypes, excluding the K1 F subtype which was published after our
analysis. Unique fragmentation profiles were generated illustrating potential recombination
sites visualized using Bootscan software. The Cameroonian sequences most closely
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resembled reference sequences of A5/B KSHV K1 subtypes, as expected (Figure S2). A
SplitsTree was created using only the 40 Cameroon genomes with single KSHV infections.
This resulted in a network of three splits driven by the highly variable K15 gene. FNL0297,
which has a substantial K15 deletion, is positioned in the central node of the SplitsTree
despite having an otherwise intact KSHV genome thus emphasizing the strong influence
of K15. A Phi test of recombination determined using the phylogenetic network created in
SplitsTree, showed strong evidence of recombination between circulating KSHV strains in
Cameroon.

5| DISCUSSION

A total of 40 near full-length KSHV genomes were successfully obtained from a Cameroon
KS case control study using a target enrichment bait design previously reported.19:39
Consistent with previous reports from Cameroon, the KSHV sequences detected in this
population were A5 or B K1 subtypes.4? One sample, FNL0515_CM, could not be subtyped
due to a deletion of the K1 gene region that extended into the downstream ORF4 CDS.

We observed that the distinctive pattern of polymorphisms, used to distinguish KSHV K1
subtypes, were not limited to K1 but extended into the ORF4 gene. This distinctive region
of variability encompasses the region missing in FNL0515 CM, a KS case. The apparent
K1 gene deletion in this KS case sequence implies that the K1 gene, a recognized KSHV
oncoprotein, may not be strictly required for KS development*! (Figure S4A). In addition,
the substantial partial deletion in ORF4 includes the start codon suggesting that the encoded
protein is unlikely to be produced.

All three K15 subtypes, P, M and N were identified in the study (Figure 1B). One genome,
FNLO0173_CM, has a recombination event, at the beginning of the overlap between the
ORF75 and K15 genes (Figure S6). Similar recombination events of ORF75/K15 have been
previously reported.}:14 As the breakpoint occurred after the end of the CDS, it is not likely
to affect processing of the either protein. The K15 gene was the strongest driver of KSHV
genome topology as shown in a SplitTree of 40 samples, excluding the three dual infections
(Figure S2B) and also in IQTrees that visualizes the contribution of the K1 and K15 regions
in topologies in which K1, K15 or both K1 and K15 have been omitted from the near
full-length sequences (Figure S1A-D).

The phylogenomic analysis of the near full-length KSHV sequences did not precisely
recapitulate the distinct splits pattern observed by Sallah et al used for the reclassification
of KSHV K1 subtypes!? (Figures 1C and S2D) although major branching patterns remained
consistent. Our analysis did confirm previous observations!16 in that, although K1, and
particularly K15, were strong drivers of the branching patterns observed in the SplitsTree,
variation within the central portion of the KSHV genome also contributes to whole genome
phylogeny (Figure 1C). This supports the merit of considering full-length genomes, when
available, in determining subtype designations of KSHV strains. By using whole genomes
sequences and not just highly variable genes, the distinctive patterns of variation observed
across the viral genomes, as shown in Figure S4, could then be considered. A recent study
of whole EBV genomes noted that geography, as well as recombination, were essential
considerations in subtype designation.*2 In order to assess recombination patterns in KSHYV,
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the distribution and linkage among SNVs across all genomes was visualized in Figure 3B.
The high level of LD across the genome suggests that isolated variations may have wider
implications for future association analyses and the identification of recombinant loci.

A high conservation of 94.6% to 99.6% was observed within genes in the central portion

of the KSHV genome. However, a high frequency of nonsynonymous mutations relative

to GK18 was noted in the K4.2, ORF47 and K8 genes which could alter function or

viral phenotype (Figure 2B). Mutations in K4.2, encoding an pERP-1 binding protein
which regulates immunoglobulin secretion and calcium homeostasis, have been previously
reported?8; our data included 13 samples with a frame shift introducing seven amino

acid changes, followed by a premature stop codon, potentially resulting in a truncated
protein.#3 In addition, two samples (FNL0531_CM and FNL0346_CM) had frame shifts
due to nucleotide insertions resulting in significant amino acid variations near the 3" end

of the 4.2 coding region. In KS samples FNL0515 CM and FNL0461_CM, we identified

a 15 base pair deletion and a high degree of nonsynonymous mutations within the ORF47
CDS, which encodes the virus glycoprotein L. A search of available KSHV genomes in
GenBank found these variations in sequences from Japan, Uganda and France.13:17.18:44 The
mutations do not appear to alter the start and stop codon of the protein but could potentially
have functional implications. In K8, encoding for a bZIP protein analogous to the EBV

Zta protein, 34 of 40 sequences had a single nucleotide deletion resulting in a series of
nonsynonymous amino acid changes followed by a premature stop codon. The phenotypic
consequences of the sequence variants observed in these genes are beyond the scope of our
study and merit further investigation.

Previous studies have suggested relationships between risk, severity or outcomes of KS and
specific KSHV variants; however, many studies have primarily focused on viral sequences
from KS patients and, with the exception of a recent MSM study in France, often focused
on exclusively highly variable genes like K1.1345-47 |n this article, we have the opportunity
to examine KSHYV sequence variations, including coding and noncoding regions from both
AIDS-KS cases and controls, from the same source population. After extensive analyses, we
were unable to observe specific genetic variations in the KSHV genome that were associated
with disease risk. PCA analysis could not distinguish KS case and control samples or K1
subtypes (data not shown). A parametric test of equality further corroborated this finding,
which failed to show sequence variations distinguishing KS cases and controls (Figure 4).

In a previous study, we have shown unique KSHV microRNA SNVs associated with mature
microRNA expression differences and increased risk of MCD.#8 However, as all study
samples share similar sequence variations across this region, we did not find an association
between microRNA sequence variation to KS risk. This finding contrasted with our study

of a European AIDS-KS study, comprised of samples from five countries of varying KSHV
K1 subtypes, in which we noted higher frequency of SNVs within the microRNA region

in cases compared to controls.#? In a similar manner, we also examined the noncoding

RNA PAN region in which SNVs also clustered equally among cases and controls (data not
shown).

There are obvious study limitations that may impact our findings. As the study design
was essentially cross-sectional, some control participants could have later developed KS;
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however, given the cumulative incidence of KS in HIV-infected Cameroonian and in the
general population, it is unlikely that substantial misclassification occurred in our study.
The study was not powered to investigate the effect of HIV on KSHV sequence variation
and KS risk as few samples from HIV negative individuals qualified for NGS. Additional
studies examining KSHV genomes from HIV negative individuals would be informative.
The custom baits used were designed to simultaneously capture both KSHV and EBV.

As many of the study samples had extremely high EBV copies, particularly in oral fluids
(data not shown), this impacted the read depth coverage obtained from nine samples, as
shown in Table S2. Only samples with KSHV loads greater than 10 000 copies reliably
achieved sufficient coverage of the KSHV genome, limiting the number of specimens in our
study, and potentially introducing selection bias into our analysis.>° Based on the technical
limitations of short read sequencing, the repetitive areas in close proximity to K4, K7, the
microRNA cluster and K15 as well as the internal repeats within ORF73 and the long
terminal repeat between K1 and K15 were not covered by our custom bait design. Thus,
the variation in these regions and their possible contribution to pathogenicity could not

be assessed. Although the sequences characterized by the study reflect the viral variants
circulating in this population, they were obtained from whole blood or oral fluids and not
from KS biopsies. This may explain why large structural mutations, recently described by
Santiago et al, were not observed within our sample set.18 While the study was balanced
between cases and controls, 40 genomes may not be sufficient to detect low frequency

KS risk associations. Expanded studies, utilizing long read sequencing to capture repetitive
regions of the viral genome, are needed to investigate the contribution of sequence variations
more adequately to KS risk.

We observed within-sample sequence heterogeneity in three samples consistent with the
presence of two KSHV genomes, as identified by distinct K1 or K15 subtypes (Figure 5).
The sequence heterogeneity was apparent across the whole genome and not only observed
in highly variable KSHV gene regions. Whether a haplotype analysis from short read data
would resolve the viral diversity observed in the dually infected samples across the genome
fragments is being investigated.>C It is possible that many multiple infections are undetected
due to inherent detection limitations in NGS protocols including the dependence upon high
VL of each genome variant within in the sample and the read depth coverage available for
analysis. These observations support our recently reported dual KSHV infection in an PEL
patient, also from Cameroon, which we identified using a shot gun sequencing approach.!

In addition to unique sequence variations and observation of multiple infections, we
examined the genomes for evidence of recombination. The results suggest that the
Cameroon samples are highly fragmented and most closely related to A5 and B references
as expected.116 These observations were further supported by a PHI test that provided
strong statistical evidence of recombination.

Our study included direct comparisons of near full-length KSHV genomes from both KS
case and control participants from the same endemic KS region, finding no evidence

of associations between individual SNVs and disease. The joint or cumulative effect of
numerous polymorphisms is beyond the scope of our study but highlight the need to
further characterize the contributions of viral sequence variations to KSHV pathogenesis.
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Moreover, our current observations of highly recombinant KSHV sequences and mixed
KSHYV infections, may have implications for future KSHV vaccine strategies, particularly
in KSHV endemic regions. Further, our observations highlight the phylogenetic analysis
of geographically distinct viral genomes as an important epidemiological tool. The authors
of a recent article on EBV addressing phylogenetic challenges emphasize the need to
increase the number of viral genomes available for analysis with a focus on characterizing
world-wide sequence diversity.#2 To that end, our study provides an additional 40 near
full-length KSHYV sequences to the research community, from a KSHV endemic region, to
further promote our understanding of KSHV epidemiology and evolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What’s new?

Kaposi sarcoma-associated herpesvirus (KSHYV), the cause of Kaposi sarcoma (KS), is
classified into different subtypes based on genetic variation. Little is known, however,
about whether variations in KSHV genomes differ among KS patients in the same
geographic region. Here, no link was found between viral sequence variations and

KS risk, based on comparison of KSHV genomes from KS patients in the same
population. Several participants exhibited evidence of at least two divergent KSHV
genomes, indicating dual infection with distinct KSHV subtypes. The observation of
highly recombinant KSHV sequences and KSHV coinfection contributes to improved
understanding of KSHV epidemiology.
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FIGURE 1

KSHYV subtyping (current study participants in blue) with K1 and K15 subtypes indicated
by color. (A) K1 neighbor-joining bootstrapped phylogenetic tree created in Mega 6.

The analysis consisted of 40 Cameroon and 38 published amino acid sequences. All
Cameroon samples were KSHV K1 subtypes A5 or B as indicated (B) K15 neighbor-joining
bootstrapped phylogenetic tree constructed in Mega 6. The analysis included 65 nucleotide
samples with 777 positions making up the final dataset. Most Cameroon samples were
determined to be the predominant K15 P subtype, although less common M and N subtypes
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were also observed. (C) Whole-genome splits network of 40 study and 16 published
sequences created using SplitsTree 4. A total of approximately 130 000 positions were
included in the final data set with bootstrap values over 80 reported. Repeat regions were
removed from the analysis. The KSHV full and partial genomes used for phylogenetic
analyses included: GK18 (NC_009333), BC-1 (U75698.1), Japan/Miyako sequences
(LC200587.1-L.C200589.1), BCBL-1 (HQ404500.1), JSC-1 (MK143395.1), KSHV-BAC36
(HQ404500.1), BrK.219 (KF588566.1), BCBL-1 (MT936340.1), Zambian sequences
ZMO007-ZM130 (KT271453-KT271468), K1-7/Ngo (AF178779), K1-20/Gon (AF178789),
K1-21/Gho (AF178790), K1-22/Yan (AF178791), K1-23/Kok (AF178792), K1-27/Ban
(AF178796), K1-31/Ren (AF178798), K1-54/Kos (AF171059), K1-59/Sir (AF178824),
K1-34/E40 (AF178801), K1-28/Djk (AF178797), K1-46/Na (AF171058), K1-37/E44
(AF178804), K1-52/Ali (AF178818), Tupi 1 (AF220292.1), Tupi 2 (AF220293.1),

Hual (AY329026.1), Hua2 (AY329027.1), Hua3 (AY329026.1), Siol (AY329025.1),

Sio2 (AY329024.1), AU1 (AF151687.1), ZKS3 (AF133044.1), TKS10 (MK176598.1),

J24 (AF278844.1), J25 (AF278845.1), J26 (AF278846.1), G413 (AF130262.1), KE-234
(FJ884616.1), BR33 (KT215106.1), KS137 (KP997134.1), KS55 (KP997076.1), UKma24
(AF130301.1), lap3 (AF130271.1), BCBL-R (AF133038.1), BCP-1 (AY787132.1), Ukmal
(AF130300.1), Ukb22 (AF130298.1), Ivel (AF130286.1), UgD1 (AF130292.1), UgD2
(AF130293.1), Ug52 (AF130290.1) and BC-2 (AF133042.1)
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FIGURE 2.
KSHV %ID by gene region: (A) Boxplots reflect the distribution of pairwise distances

calculated for sample pairs in selected regions across the KSHV genome. Distances are
based on a consensus alignment and includes current study sequences and the KSHV GK18
reference NC_009333.1. As expected, K1, ORF73 (repeat regions masked) and K15 are
highly divergent regions. Variation outside these gene regions, in the central portion of the
viral genome, ranged from 0.2% to 5% between the A5 and B subtypes represented in the
current study. The zoomed inset (shaded) highlights the range from 94% to 100%, to provide
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clearer insight into less divergent gene regions. (B) Variations observed in the K4.2, ORF47
and K8 gene regions. Los Alamos Highlighter software was used to visualize mutations
noted within the K4.2 (A), ORF47 (B) and K8 (C) gene regions. The plots show predicted
amino acids changes as referenced in the figure legend, compared to the GK18 reference
genome. Gaps in sequences are indicated by gray bars
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FIGURE 3.
Reference KSHV genome ORF (CDR) (GenBank. NC_009333). (A) K1 and K15 are

indicated at the top center of the outer circle with the orientation of individual genes
reflected in the placement on the outside or inside of the outer circle as shown. Repetitive
regions, not sequenced by NGS method, are indicated by the inner circle. (B) Detailed
mapping of the positions of single nucleotide variations, insertions and deletions (B ring)
as well as linkage disequilibrium analysis (C ring) in the KSHV sequences analyzed from
HIV+ participants. Masked repeat regions indicated in red. Graphs created with Circosplot

Int J Cancer. Author manuscript; available in PMC 2023 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Marshall et al.

Proportion with SNP

Page 22
Cameroon SNPs across genome

054 N~ -0.5

N

N
S
~N
N i
S~ - —— e - ~
0.4 - it e - 0.4
~ ~ -

0.3 - 0.3
0.2 -0.2

—— SNP controls
0.1 —— SNP cases ~ 0.1

==—=" Probability

0 —
T T T
50 000 100 000 150 000
Position
FIGURE 4.

KSHYV sequence comparisons between AIDS-KS cases and controls. Proportion (left y axis)
of KS (red) and control (blue) whole KSHV genomes with variant sequence compared to the
reference GK18 at any given nucleotide position (x axis). A parametric test for the equality
of proportion yielded the probability shown by the green line (right yaxis) and did not
identify any SNVs occurring more frequently in KS as compared to control sequences
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(A)

FNL0454 640 650 660 670 650 630 790 710 720 730 740 750 760 70 780 790 800 810
COMSENSUS  ACCGTTTGACATCTACCAAACGGACBAAATGAAACCGTGTCACARACTARATACTATARTT TTACGCTBATGAACCARAC TGAGGGGTGTTATHCTTGT TCTARCGGGETGTCGTCTCGCC TGTCARAT CGTRTATGTTT TTBGGCGCGTTGTGCCART ATAACTCCBGAAACTCATACT
Translation ® F G 1 v o T OMMM K P C H K L N T I 1 L REEM. T K LR GVEELY LTGECRLAG G I I voyv rEERVYVEP I

495 505 515 525 535 545 555 565 575 585 595 605 615 625 635 645 655
NC_009333 “_e—_.c—mam_ea“m__ma__
Translation B O K BN K C FHT K HES N T S R s BN T« B R G OVEEMESSSVEEE T ©G' C R BN A_C FOWSERVE v EVE ¢ R R VSN  EEECESEr « S

K1.CDS

ACCRTTTGGCGTCTANAAACGGACAAATIIAAACCGTGTCACAAACTAAATACTATAATTTTACGRTGATGAACCAAACTIAGGGGTGTTATIIC TTGTTCT AACGGGCT GTCGTCTCGCC TGTCAAAT CGTRTATG TTTTTGGGCGTT GTRCAATATAACTCCAGAAACTCRTACT
ACCRTTTGGCGTCTACRAAACGGACAAATIAAACCGTGTCACAAACTAAATACTATAATT TTACGRTGATGAACCAAACTIAGGGGTGTT ATRCTTGT TCTAACGGGCT GTCGTCTCGCCTGT CAAAT CGTRTATGTTTTTGGGCGRITT GTRICAAT ATAACTCCAGAAACTCRTACT
ACCTTTGGCGTCTAAAACGGACAAATIIAAACCGTGTCACAAACTAAATACTATAATT TTACAITGATGAACCAAACTIAGGGGTGTTATICTTGTTCTAACGGGCT GTCGTCTCGCC TGTCAAATCGTRTATG TTT TTGGGCGHTT GTRCAATATAACTCCAGAAACTCRTACT
ACCRTTTGGCGTCTAAAACGGACABAATIIAAACCGTGTCACAAACTAAATACTATAATT TTACGRTGATGAACCAAACTAGGGGTGTTAT

ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACAAACTAAAT TACGCTBATGAACCAAACTGAGGGGTGTTATICTTGT TCTAACGGGCT GTCGTCTCGCCTGTCARATCGTIRTATGTTT TTBGGCGCGTTGTGCCAAT ATAACTCCBGAAAC TCATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACAAACTAAATACTATAATT TTACGCTBATGAACCAAAC TGAGGGGTGTT ATRCTTGT TCTAACGGGCT GTCGTCTCGCCTGTCAAAT CGTIRTATG TTT TTBGGCGCGTTGTGCCAAT ATAACTCCBGARACTCAT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCG TGTCACAAACTAAATACTATAATT TTACGCTBATGAACCARACTGAGGGGT TTCTAACGGGCTGTCGTCTCGCCTGTCAMTCGTIRTATGTTT TTBGGCGCGTTGTGCCAAT ATAACTCCBGAAC TCATACT
ACCGTTTGGCATCTACCAAACGGACBAARTGAAACCGTGTC TACTATAATTTTACGCTBATGAACCAAACTGAGGGGTGTTATBCTTGT TCTAACGGGCTGTCGTCTCGCCTGTCAAATCGTRTATG TTTTTBGGCGCGTTGTGCCAATATAACTCCBGAAAC TCATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACAAACTAAATACTATAATT TTACGCTBATGAACCAAAC TGAGGGGTGTT ATICTTGTTCTAACGGGCT GTCGTCTCGCC TGTCAAAT CGTIRTATGTTTTTBGGCGCGTTGTGCCAAT ATAACTCCBGAAA
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACAA ATAATTTTACGCTBATGAACCAAAC TGAGGGGTGTTATRCTTGTTCT AACGGGCT GTCGTCTCGCCTGTCAAAT CGTIITATGTTTTTBGGCGCGTT GTGCCAAT ATAACTCCBGAAACTCATACT

ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCG TGTCACAAACTARATACTATAATT TTACGCTBATGAACCARAC TGAGGGGTGTTATICTTGT TCT AACGGGCT GTCGTCTCGCCTGTCARATCGTRITATG
GTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACAAACTAAATACTATAATTTTACGCTBATGAACCAAAC TGAGGGGTGTTATIICTTGT TCTAACGGGCT GTCGTCTCGCC TGTCAAATCGTRTATG TTTTTBGGCGC GTTGTGCCAAT ATAACTCCBGAAACTCATACT
ACCGTTTGGCATCTACCAAACGGACGAAATGAAACCGTGTCACARACTARATACTATAA AACCAAACTGAGGGGTGTTATIICTTGT TCTAACGGGCTGTCGTCTCGCCTGTCAAATCGTRTATG TTTTTBGGCGCGTT GTGCCAATATAACTCCBGAAAC TCATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCG TGTCACAAACTARATACTATAATT TTACGCTBATGAACCARAC TGAGGGGTGTTATBCTTGT TCT AACGGGCT GTCGTCTCGECTGTCARMAT CGTIRTATGTTTTTBGGCGCGTTGTGCCAATATAACTCCBGA
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCG TGTCACAAACTARATACTATAATT TTACGCTBATGAACCAAAC TGAGGGGTGTTATRICTTGT TCTAACGGGCTGTCGTCTC TATGTTTTTBGGCGCGTTGTGCCAATATAACTCCBGAAAC TCATACT
ACCGTTTGGCATCTACCAAACGG ACCGTGTCACAAACTAAATACTATAATTTTACGCTBATGAACCAAAC TGAGGGGTGTTATIICTTGTTCT AACGGGCT GTCGTCTCGCCTGTCAAATCGTRTATG TTTTTBGGCGC GTT GTGCCAATATAACTCCBGAAACTCATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACAAACTAAATACTATAATT TTACGCTBATGAACCAAAC TGAGGGGTGTTATRICTTGTTCTAACGGGCTGTCGTCTCGE GTBTATGTTTTTBGGCGCGTTGTGCCAATATAACTCCBGAAACTCATACT
GGCATCTACCAAACGGACBAAATGAAACCGTGTCACAAACTAAATACTATAATT TTACGCTBATGAACCAAAC TGAGGGGTGTT ATRICTTGTTCTAACGGGCT GTCGTCTCGCC TGTCAAATCG TGTGCCAATATAACTCCBGAAACTCATACT

AAVAVYVYVVAAVYVYAAVAVAAYYY

ACCGTTTGGCATCTACCAAACGGACBARATGARACCG AATACTATAATTTTACGCTBATGAACCAAAC TGAGGGGTGTTATICTTGTTCTAACGGGCT GTCGTCTCGCCTGTCAAATCGTRTATG TTTTTBGGCGC GTT GTGCCAATATAACTCCBGAAACTCATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACARACTARATACTATAATTTTACGE AACTGAGGGGTGTTATRCTTGT TCTAACGGGCT GTCGTCTCGCCTGTCAAATCGTRTATG TTTTTBGGCGCGTTGTGCCAATATAACTCCBGAAAC TCATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCG TGTCACAAACTAAATACTATAATT TTACGCTBATGAACCARAC TGAGGGGTGTTATICTTGT TCT AACGGGCT GTCGTCTCGCCTGTCARATCGTIRTATGTTT TTBGGCGCGTTGTGCCAATATAA TeATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCGTGTCACAAACTARATACTATAATT TTACGCTBATGAACCARACTG

ACCGTTTGGCATCTACCAAA GAAACCGTGTCACAAACTAAATACTATAATT TTACGCTBATGAACCAAACTGAGGGGTGTTATICTTGT TCTAACGGGCTGTCGTCTCGCCTGTCAAATCGTRTATGTTTTTEGGCGCGTTGTGCCAATATAAC cATACT
ACCGTTTGGCATCTACCAAACGGACBAAATGAAACCG TGTCACAAACTAAATACTATAATT TTACGC ACTGAGGGGTGTTATICTTGTTCTAACGGGCT GTCGTCTCGCCTGTCAAATCGTRTATG TTTTTBGGCGCGTTGTGCCAATATAACTCCBGAAAC TCATACT

B) [0B1 subtype  [J A5 subtype

PLOBTS o i ww
Consensus TTATGACBCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIRTTATCTTTIICCCATTGTCAAAAANAAIIGTGACTCAAGCAAAACAGEGCIIACAACAATTGCEGGATTATTATTCCCTAGACHATTTHMICACGGAAGACTATACGCAACCAGTGGABTG
Translation L +MEMs ¢+« L + + E P C V VS + E L L S L P I « BN v T o NAN « o NN c o PEET O BENT R K 1 N o w S

IC_00!
Translation SRR
K1CDS

TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIITTATCTTTIICCCATTGTCAAAAANAANG TGACTCAAGCAAAACAGGGCIACIIACAATTGCGGGATTATTATTCCCTAGACHAT T THEMICACGGAAGAC TATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIITTATCTTTIICCCATTGTCAAAAAAANIGTGACTCAAGCAAAACAGGGCIIACAACAATTGCGGGATTATTATTCCCTAGACHATT THEMICACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIITTATCTTTIICCCATTGT! GACT G Gocl CAATTGCGGGATTATTATTCCCTAGACHAT TTEEMICACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTITTATCTTTIICCCATTGTCAAAAANAAIIGTGACTCAAGCAAAACAGGGCIIACAACAATTGCGGGATTATTATTCCCTAGACHAT T THMICACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIITTATCTTTIICCCATTGTCAAAAANAANIGTGACTCAAGCAAAACAGGGCIACAACAATTGCGGGATTATTATTCCCTAGACHATTTIMICACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIT TATCTTTICCCATTGTCAAAAAAANG TGACTCAAGCAAAACAGGGCIIACAACAATTGCGGGATTATTATTCCCTAGACHATT THEMICACGGAAGAC TATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIITTATCTTTIICCCATTGTCAAAAANAANIGTGACTCAAGCAAAACAGGGCIIACAACAAT TGCGGGATTATTATTCCCTAGACHATT THMICACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIRTTATCTTTIICCCATTGT MAANGTGACTCAAG! GOl CAATTGCGGGATTATTATTCCCTAGACHAT TTIMCACGGAAGACTATACGCAACCAGTGGAGTG,
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIITTATCTTTIICCCAT MAANGTGACTS GGCMACAACAATTGCGGGATTATTATTCCCTAGACHIAT T TREMICACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTIIT TATCTTTIICCCATTGTCAAAAANAANIGTGACTCAAGCAAAACAGGGCIIACAACAAT TGCGGGATTATTATTCCCTAGACAT T THMICACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTITTATCTTTICCCATTGTCAAAAANAANGTGACTCAAGCAAAACAGGGCIACAACAATTGCGGGATTATTATTCCCTAGACHAT TTHMICACGGAAGACTATACGCAACCAGTGGAGTG

TTATGACECTCGTAGCTCT GATAGGAACCATGTGTGGTATCTTAGGAACTIT TATCTTTCCCATTGT WAABGTGACTCAAG Gock TTGCGGGATTATTATTCCCTAGACHAT TTRECACGGAAGACT ATACGCAACCAGTGGAGTG
rurcAcG(Y(mAc(r:vr.ArAanAA((Mmmcnrnnnmucr‘ﬂnﬂrrl((uYvar(AAAAAIAAlm'm:Y:AAG:AMA(A“Q(IA(AA(AArm(m.nuYATunc(cuﬁA(lArvr-(AcncAAc,AtrArALc(M:(Ac,'mmsY(.
TTATGACGCTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTRTTATCTTTRCCCATTGT BAABGTGACTCAAGC: " TTGCGGGATTATTATTCCCTAGACHAT TTREBMCACGGAAGACTATACGCAACCAGTGGAGTG
TTATGACGCTCGTAGETCT GATAGGAACCATGTGTGGTATCTTAGGAACTRITTATCTTTRCCCATTGT! WAANGTGACTCAAG GGCMACAACAATTGCGGGATTATTATTCCCTAGACHATTTRBCACGGAAGACTATACGCAACCAGTGGAGTG

TTATGACACTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGTGACTCAAACAAAACAGT GCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACTATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGTGACTCAAACAARACAGTGCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACTATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGTGACTCAAACAARACAGT GCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACT ATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCT GATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGTGACTCAAACAAAACAGTGCCACAACAATTGCAGGAT TATTATTCCCTACACGATTTGTGCACGGAAGACTATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCT GATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGTGACTCAAACAAAACAGTGCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACTATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAACAACGTGACTCAAACAARACAGTGCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACTATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCT GATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGT GACTCAAACAAAACAGTGCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACT ATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGTGACTCAAACAAAACAGTGCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACTATACGCAACCAGTGGATTG
TTATGACACTCGTAGCTCTGATAGGAACCATGTGTGGTATCTTAGGAACTATTATCTTTGCCCATTGTCAAAAACAACGTGACTCAAACARAACAGTGCCACAACAATTGCAGGATTATTATTCCCTACACGATTTGTGCACGGAAGACTATACGCAACCAGTGGATTG

(©) [OB1 subtype  [J A5 subtype

AVAAVVYVVAAVAVAAVYVAAYVYVAY

Consensus GACTTGGGTTAGGGCTTTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIIGAATCCACAGTTAC
Translation

NC_009333

Translation
T [ Sanger | Wejr | Winor | Number
GACTGGGGT TARGECEGTGATR T TCTGGGGAGEAGGAARAAANT GAGAATCCCCAAATATIBACGCAGGCACAGGT TGCTCTGCMGAGT TTGTTTTCGCT T TCITGGGATCCACAGT TAC Strain | Strain | of SNVs
GACTGGGGTTARGECEGTGATI TRTCTGGGGAGEAGGAANAAANTGAGAATCCCCAAATATIIACGCAGGCACAGGTTGCTCTGCAMGAGTTTGTTTTCGCTTTCMTGGGATCCACAGTTAC
GACTGGGGTTARGECEGTGATI T TCTGGGGAGEAGGAANAAANTGAGAATCCCCAAATATIBACGCAGGCACAGGT TGCTCTGAMGAGTTTGTTTTCGCT TTCMTGGGATCCACAGTTAC ORF 8 X X 9
GACTGGGGTTARGECEGTGATR T TCTGGGGAGEAGGAARAAANT GAGAATCCCCAAATATIBACGCAGGCACAGGTTGCTCTGAMGAGTTTGTTTTCGCTTTCIMTGGGATCCACAGTTAC
GACTGGGGTTA.GGGTGAT‘WETGGGGAG.AGGAA.AAA.TGAEAATCCCCAAATAT-ACGCAGGCACAGGTTGCTCTGmGAGTTTGTTTTCGCTTTC‘TGGGATC(ACAGTTAC ORF56 X 8
GACTGGGGTTARGECBGTGATITETCTGGGGAGEAGGAAAAANTGAGAATCCCCAAATATIBACGCAGGCACAGGTTGCTCTGCAMGAGTTTGTTTTCGCTTTCMTGGGATCCACAGTTAC ORF57 X X 9
GACTGGGGTTARGE(MGTGATI T TCTGGGGAGEAGGAANAAANTGAGAATCCCCAAATATIIACGCAGGCACAGGTTGCTCTGAMGAGTTTGTTTTCGCTTTCIMTGGGATCCACAGTTAC
GACTGGGGTTARGECEGTGATI THTCTGGGGAGRAGGAANAAART GAGAATCCCCAAATATIACGCAGGCACAGGTTGCTCTGAMGAGTTTGTTTTCGCTTTCMTGGGATCCACAGTTAC | vIRF2 X 17
GACTGGGGTTARGECEGTGATR T TCTGGGGAGEAGGAARAAANT GAGAATCCCCAAATATIBACGCAGGCACAGGTTGCTCTGAMGAGTTTGTTTTCGCTTTCIMTGGGATCCACAGTTAC
GACTGGGGTTARGE(BGTGATI T TCTGGGGAGAGGAAAAANTGAGAATCCCCAAATATIBACGCAGGCACAGGTTGCTCTGAMGAGTETGTTTTCGCTTTCIMTGGGATCCACAGTTAC K15 X X 26
GACTGGGGTTARGE(BGTGATI T TC TGGGGAGMAGGAANAAANT GAGAATCCCCAAATATIIACGCAGGCACAGGTTGCTCTGMGAGTITGTTTTCGCTTTCMTGGGATCCACAGTTAC
GACTTGGGTTAGGGCTTTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACG AGGTTGCTCTGCMGAGTTTGTTTTCGCTTTCMTGGGATCCACAGTTAC

GACTTGGGTTAGGGCT TTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIGAATCCACAGTTAC
GACTTGGGTTAGGGCT TTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIGAATCCACAGTTAC
TTGGGTTAGGGCTTTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTHGAATCCACAGTTAC
GACTTGGGTTAGGGCTTTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGT CAGTTAC
GTTAGGGCTTTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIGAATCCACAGTTAC
GACTTGGGTTAGGGCTTTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTA AGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTMGAATCCACAGTTAC
GACTTGGGTTAGGGCTTTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIIGAATCCACAGTTAC
T TGGGTTAGGGCT TTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIIGAATCCACAGTTAC
GACTTGGGTTAGGGCT TTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTMGAATCCACAGTTAC
GACTTGGGTTAGGGCT TTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIGAATCCACAGTTAC
GACTTGGGTTAGGGCTTTGATTTCTCTGGG AAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTMGAATCCACAGTTAC
GACTTGGGTTAGGGCT TTGATTTCTCTGGGGAGTAGGAAGAAACTGAGAATCCCCAAATATTACGCAGGCACAGGTTGCTCTGCAGAGTTTGTTTTCGCTTTCGTIGAATCCACAGTTAC

CIN subtype  [JP subtype

VAVAAAVYAVAVYVAVAVAAVYVA

FIGURE 5.
Mixed infection. KSHV sequence alignments are shown from the three identified dual

infection samples. The alignments show a representative number of reads for the highly
variable genes K1 (panels A and B) and K15 (panel C) using Geneious Prime software
2021.0.3. The shaded portion represents the A5 gene specific reads in the K1 gene
alignments and the N subtype in the K15 alignment. For sample FNL0985, we were able
to Sanger sequence confirm the major and minor KSHYV strains in K15 gene, as well as
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two additional gene regions attempted, as shown in adjacent table. Sanger sequence primer
designs used to distinguish dual infections are included in Table S1
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