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Abstract

Genetic variants in Epstein-Barr virus (EBV) have been strongly associated with nasopha-

ryngeal carcinoma (NPC) in South China. However, different results regarding the most sig-

nificant viral variants, with polymorphisms in EBER2 and BALF2 loci, have been reported in

separate studies. In this study, we newly sequenced 100 EBV genomes derived from 61

NPC cases and 39 population controls. Comprehensive genomic analyses of EBV

sequences from both NPC patients and healthy carriers in South China were conducted,

totaling 279 cases and 227 controls. Meta-analysis of genome-wide association study

revealed a 4-bp deletion downstream of EBER2 (coordinates, 7188–7191; EBER-del) as

the most significant variant associated with NPC. Furthermore, multiple viral variants were

found to be genetically linked to EBER-del forming a risk haplotype, suggesting that multiple

viral variants might be associated with NPC pathogenesis. Population structure and phylo-

genetic analyses further characterized a high risk EBV lineage for NPC revealing a panel of

38 single nucleotide polymorphisms (SNPs), including those in the EBER2 and BALF2 loci.

With linkage disequilibrium clumping and feature selection algorithm, the 38 SNPs could be

narrowed down to 9 SNPs which can be used to accurately detect the high risk EBV lineage.

In summary, our study provides novel insight into the role of EBV genetic variation in NPC

pathogenesis by defining a risk haplotype of EBV for downstream functional studies and

identifying a single high risk EBV lineage characterized by 9 SNPs for potential application

in population screening of NPC.

Author summary

Two genome-wide association studies (GWAS) of Epstein-Barr virus (EBV) in nasopha-

ryngeal carcinoma (NPC) in South China have revealed different risk loci in EBER region
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and BALF2 gene of EBV, respectively. More EBV genomes isolated from healthy donors

and NPC biopsies are included in this study. The meta-analysis of EBV genomes derived

from 279 NPC cases and 227 healthy controls identifies a risk haplotype of EBV compris-

ing of multiple genetic variants having strong linkage disequilibrium with each other. Fur-

thermore, a high risk lineage of EBV characterized by 9 single nucleotide polymorphisms

(SNPs) is found to be enriched in NPC of South China. The risk haplotype of EBV will be

useful for downstream studies of disease mechanisms and the high risk EBV lineage may

be included in screening protocol for early detection of NPC in the population.

Introduction

Nasopharyngeal carcinoma (NPC) has an elevated incidence rate in Southeast Asia [1–3]. The

etiology of NPC is multifactorial with host genetics, environmental factors and viral factors

being identified as risk factors. NPC is more prevalent in male with a male-to-female incidence

rate ratio of 2.59 in 2019 [3]. The increased risk of NPC among family members of NPC

patients suggests a potential role for genetic predisposition in the development of NPC [4].

Genetic studies have proposed several susceptibility loci for NPC including genes in the HLA

locus and in the NF-κB pathway [5–12]. Exposure to carcinogens, such as preserved food and

cigarettes, is also associated with NPC [13,14]. Epstein-Barr virus (EBV) is one of the drivers of

the pathogenesis of NPC supported by the clonal expansion of EBV in infected tumor cells

[15].

The contribution of EBV genetic variation to NPC had been extensively studied. Early stud-

ies found that EBV could be broadly classified into Type I and Type II according to the

sequence variations in the EBNA2, EBNA-3A, -3B and -3C genes [16,17]. Globally, including

South China, Type I EBV is the most prevalent, except in Africa and Papua New Guinea where

Type I and Type II EBV genomes are equally abundant [18–23]. Previous study has shown

that NPC tumor cells predominantly harbor the Type I EBV strain [24]. EBV strains with an

extra BamHI restriction site inside the BamHI F fragment were more commonly found in

NPC tumor cells [25]. Viral oncogene LMP1 with a mutation at the XhoI site in exon 1 and a

30-bp deletion in exon 3 were more common in endemic regions of NPC [26], but regional

case-control studies found that the frequency of this LMP1 variant was not significantly higher

than that of the local controls [27]. The variant V-val of EBNA1 also had an elevated frequency

in EBV genomes derived from NPC cases [28–30]. NPC-enriched EBNA1 subtype that con-

tained the V-val variant could lead to a reduced ability to maintain the EBV episome [31].

Associations in EBER [32], BZLF1 promoter [33] and RPMS1 [34] were also reported to be

associated with NPC.

Recently, an increasing number of EBV genomes derived from clinical samples of NPC had

been sequenced. The advancement in sequencing technology has brought case-control studies

to a genome-wide scale. Currently, three EBV genome-wide association studies (GWAS) of

NPC in Southern Chinese had been conducted. Two studies included sporadic NPC samples,

one conducted in Hong Kong (designated as HK1) [21] and the other conducted in Guang-

dong and Guangxi (designated as GZ) [22]. The third GWAS comprised new familial NPC

samples collected in Guangdong (GZf) [23]. However, the three studies mapped the risk loci

to different EBV genomic regions. The HK1 study identified the susceptibility locus at EBER2
where the top signal is a 4-bp deletion downstream of EBER2 (annotated as EBER-del) [21].

The GZf study identified the top variant of a 12-bp deletion upstream of the BBLF2/BBLF3
gene using familial NPC cases only and identified T6999G within EBER2 to be the top variant
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associated with NPC in the meta-analysis consisting of familial NPC cases and samples from

HK1 and GZ studies [23]. The GZ study identified a lineage of NPC-dominant subgroup and

proposed risk variants within the viral BALF2 gene [22]. A recent EBV genomic analysis of

NPC EBV genomes in Japan, a non-endemic region for NPC, demonstrated that the high risk

loci in the BALF2 gene are not prevalent in EBV genomes derived from Japanese NPC [35].

These findings support the association between high risk EBV variants and NPC in South

China but detailed characterization of the high risk EBV variants is needed.

To further investigate the association between EBV genomic variations and NPC in South

China, we set out to perform a meta-analysis of EBV genomes surveyed in Hong Kong,

Guangdong and Guangxi. The GZf study samples are not included in this study due to non-

availability of the genomic data. Apart from previously published EBV genomes, this study

contributed new EBV genomes isolated from 61 biopsies of NPC and 39 saliva samples of

healthy population controls of Hong Kong (designated as HK2). By combining the new data of

HK2 with previous data of HK1 (combined dataset of HK1 and HK2 designated as HK) and

GZ studies, a meta-analysis of GWAS was performed on the total number of 279 and 227 EBV

genomes derived from NPC biopsies and control saliva, respectively. The results reproduced

the association signals near the EBER region and identified a list of potential viral genetic vari-

ants in strong linkage disequilibrium to form a risk haplotype for NPC. Phylogenetic and pop-

ulation structure analyses further revealed that the high risk subtypes identified in previous

studies might belong to the same high risk EBV lineage which can be characterized by specific

single nucleotide polymorphisms (SNPs).

Results

EBV genomes isolated in Hong Kong and Guangdong/Guangxi provinces

are closely related

In this study, we analyzed EBV genomes isolated from NPC cases and healthy donors from

Hong Kong, Guangdong and Guangxi provinces of China. During the quality assessment

phase, one EBV genome from the control sample in the first Hong Kong EBV GWAS study

(designated as HK1) dataset was excluded in the downstream analyses due to a suboptimal

genotyping rate (< 90%) (S1 Fig and S2 Table). Upon completing the quality control, the data-

set for this meta-analysis comprised of EBV genomes obtained from 279 NPC biopsies and

227 control saliva samples. Among these, 62 NPC biopsies and 141 control saliva are derived

from HK1, 61 NPC biopsies and 39 control saliva are newly sequenced and designated as HK2

and 156 NPC biopsies and 47 control saliva are derived from Guangdong and Guangxi prov-

inces of China (designated as GZ) (Fig 1A and 1B). Ratio of gender and age between healthy

donors and NPC cases is comparable (Fig 1C and 1D).

Guangdong and Guangxi provinces are situated approximately 100 and 600 kilometers,

respectively, from Hong Kong. The Hong Kong Chinese population is closely related and

genetically similar to the Chinese populations in Guangxi and Guangdong [22]. Principal com-

ponent analysis (PCA) showed that different EBV types are distinguished by PC1 with Type I

EBV genomes clustered on the left and Type II EBV genomes clustered on the right (Fig 2A).

In comparison to the EBV genomes surveyed in Hong Kong, the GZ study captured fewer

Type II EBV in the control set but more Type II EBV in the NPC set possibly due to a larger

number of EBV genomes derived from NPC cases relative to the controls in their study. Over-

all, the EBV genomes presented in both Hong Kong and GZ studies are comparable and co-

localize on the first two PCs (Fig 2A).

In order to verify the similarity of EBV genomes surveyed in the Hong Kong (HK) and GZ

studies, a further PCA was conducted using a subset of samples that carried the Type I EBV
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genome (n = 462). The smartpca algorithm identified three outliers which were subsequently

excluded from the analysis. The plot of PC2 against PC3 did not reveal any clustering based on

the dataset (Fig 2B). In addition, the calculation of pairwise nucleotide diversities among con-

trols from HK and GZ as well as among NPC cases from HK and GZ aligned with the pairwise

nucleotide diversity of their respective sampling locations. We also included a set of healthy

control samples from Kenya to demonstrate the genetic similarity patterns among heteroge-

nous samples. The pairwise nucleotide diversity between controls in South China and the Ken-

yan samples was notably high (indicating low genomic similarity) unlike the pairwise

nucleotide diversity for HK and GZ. This finding indicates a high EBV genetic similarity

across the two sampling sites in South China but not with the Kenyan samples (Fig 2C).

GWAS replicates association signals near EBER2

To examine the potential relationship between EBV variant profiles and NPC, we conducted

comparative analyses of sliding window and codon changes generated from healthy control

Fig 1. Characteristics of samples in this study. (a) Schematic diagram describing the composition of the dataset in this study. (b) Proportion of samples from

Guangdong/Guangxi or Hong Kong in each cohort. (c) Proportion of female to male in each cohort. (d) Distribution of age in each cohort. GZ, dataset from

reference [22]; HK1, dataset from reference [21]; HK2, dataset newly sequenced.

https://doi.org/10.1371/journal.ppat.1012263.g001
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and NPC cases, respectively. Our findings did not reveal any significant differences between

NPC cases and controls in terms of variant profile and codon changes (S2 and S3 Figs). Subse-

quently, we conducted two separate GWAS on the EBV genomes surveyed in HK and GZ to

investigate the relationship between NPC and common EBV variants with minor allele fre-

quency>5%, variant missingness <10% and genotyping rate >90%. For the GWAS in HK,

123 NPC biopsies were compared against 180 controls and for the GWAS in GZ, 156 NPC

cases were compared against 47 controls. A total of 1969 SNPs and 69 INDELs was tested in

the HK GWAS while a total of 2021 SNPs and 78 INDELs was tested in the GZ GWAS. A

logistic mixed regression model was employed for the GWAS. Age and sex of the individuals

were included in the model as fixed effects and EBV genetic relatedness matrix was included

Fig 2. Comparative analysis of EBV genomes in South China. (a) First principal component (PC1) was plotted against the second principal component

(PC2). (b) PC2 was plotted against PC3 calculated using samples of Type I EBV only (n = 459). Each shape represents one EBV genome, where different shapes

indicate the dataset of where the sample originate. The colors indicate the identity of the sample (color and shape legends are shown on the right-hand side of

the graph). GZ, dataset from reference [22]; HK1, dataset from reference [21]; HK2, dataset newly sequenced. (c) Analysis of pairwise nucleotide diversity

among samples. The violin plot depicts the distribution of nucleotide diversity among each group of pairwise comparison. The panel on the left represents NPC

cases and the panel on the right represents healthy controls. Additional samples from Kenya were included to show the nucleotide diversity pattern outside of

South China. The lower the nucleotide diversity, the more similar the genomes.

https://doi.org/10.1371/journal.ppat.1012263.g002
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as the random effect. We then pooled the results of the two GWAS for a meta-analysis where a

total of 56 variants passed the permuted p-value threshold (2.35×10−04; Fig 3). Consistent with

our previous study [21], the top association signal was located downstream of the viral non-

coding RNA, EBER2, comprising of a 4-bp deletion (EBER-del) at coordinates, 7188 to 7191

(p = 2.94×10−14
; case frequency = 0.918; control frequency = 0.427; S3 Table). Although the

top risk variant discovered in the GZ study at coordinate 163364 in the BALF2 gene

(p = 5.26×10−05
; case frequency = 0.885; control frequency = 0.427) also passed the permuted

p-value threshold, the p-value ranked at 42nd among 56 variants that passed the threshold. We

also observed that most of the variants that passed the permuted significance threshold were

moderately to strongly linked to EBER-del including the variants near BALF2 (Fig 3). The dis-

crepancy between the findings of EBER-del and risk loci in BALF2 was not attributed to the

quality of called genotypes as demonstrated by minimal genotype missingness around the two

loci (S4 Fig). We also investigated on the allele frequencies of the risk loci in BALF2 and

EBER-del between the two sampling locations (HK and GZ) and their differences were not sta-

tistically significant (S5 Fig).

Since a positive correlation between p-values of the meta-analysis (in negative log scale)

and linkage disequilibrium (LD) with EBER-del was observed (Pearson’s coefficient = 0.73; S6

Fig), we performed conditional analyses on EBER-del and variant 163364 separately followed

Fig 3. Meta-analysis of EBV GWAS of NPC. (a) EBV gene track annotated according to the Type I EBV reference (GenBank accession NC_007605.1). (b)

Manhattan plot of the meta-analysis of GWAS. Variants are colored according to their linkage (r2) with the top variant EBER-del downstream of EBER2, with

red dots representing stronger linkage and blue dots representing weaker linkage. The top signal (EBER-del) in the meta-analysis is labelled with a red arrow.

Repetitive regions in the EBV genome are shaded in yellow. Red line: Bonferroni-corrected genome-wide significance at 2.33×10−05; blue line: permuted

genome-wide significance at 2.35×10−04.

https://doi.org/10.1371/journal.ppat.1012263.g003
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by meta-analyses on these conditional analyses of the two datasets (S3 Table). Our findings

revealed that the significant signals in the 3’ linear end of the EBV genome were dependent on

EBER-del (S7A Fig) but not on variant 163364 (S7B Fig). This suggests that the variants in the

EBER region may exert an effect on NPC independent of variant 163364.

Identification of risk haplotype associated with NPC

Multiple variants have exceeded the genome-wide significance threshold in the meta-analysis

and the existence of LD between EBER-del and these variants complicates the identification of

pathogenic variant(s) for NPC. Therefore, we conducted a haplotype analysis formed by the 56

variants that reached the genome-wide p-value threshold (Fig 4A). After grouping low-fre-

quency haplotypes together, we identified six haplotypes, namely haplotypes I-IV, mixed hap-

lotype and risk haplotype. NPC cases were enriched in the risk haplotype (case

frequency = 69.2%; control frequency = 28.6%; odds ratio = 5.59; p-value<1.0×10−09) which

consisted entirely of the risk alleles identified in the meta-analysis of GWAS (S4 Table). Inter-

estingly, haplotype III and the risk haplotype only differ in four sites (coordinates 148489,

150028, 151822 and 152087) but only 1.4% of NPC cases carried haplotype III in contrast to

69.2% for the risk haplotype. Similar to the testing of EBER-del and variant 163364, condi-

tional analysis incorporating the above four sites as covariates did not demonstrate an

Fig 4. Haplotype analysis of 56 variants that passed p-value cut-off in the meta-analysis. (a) Heatmap showing the genotypes of the 56 variants in the five

haplotypes with grey representing the non-risk allele and red representing the risk allele. The haplotypes are clustered according to their similarity, as shown by

the dendrogram on the left-hand side. Mixed haplotypes are not shown. (b) Bar chart showing the percentages of NPC and healthy samples that carried the

haplotypes with number of samples carrying the haplotype shown on top of each bar. Any haplotypes with less than seven individuals carrying it are grouped

under mixed haplotypes. (c) Distribution of samples carrying the risk haplotype and other haplotypes, stratified by sample identity (Healthy/NPC) and

sampling location (GZ/HK). The first row of the panel represents controls and the second row represents NPC cases. The first column represents haplotypes

other than risk and the second column represents risk haplotype. P-values from the Fisher’s exact test of haplotype counts are shown on top of each bar.

https://doi.org/10.1371/journal.ppat.1012263.g004
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independent effect associated with NPC (S7C Fig). Most of the healthy individuals carried

low-frequency haplotypes that were grouped together under “mixed haplotypes” (47.1%) and

haplotype IV (15.4%) (Fig 4B). The haplotype frequencies in NPC cases and controls with

respect to sampling locations (HK and GZ) are similar indicating no bias was observed

between the two locations (Fig 4C). The haplotype analysis suggested that NPC might be asso-

ciated with multiple EBV variants constituting a risk haplotype instead of a single variant. The

risk haplotype should provide the basis for functional studies of pathogenic EBV variants.

High risk EBV lineage is enriched in NPC

In addition to the high risk variants identified through genome-wide association tests, the HK

and GZ studies have independently reported that certain EBV subpopulations are preferen-

tially enriched in NPC. In this study, we created a phylogenetic tree and conducted a popula-

tion structure analysis to identify the high risk EBV lineage of NPC. The phylogenetic tree

revealed a lineage (Fig 5A) that was enriched with highly similar NPC EBV strains, confirming

the equivalence of the high risk subpopulations identified in the HK1 study (subgroup 1B)

[21] and GZ study (high risk subtype) [22]. Despite the NPC-associated variants being mapped

to different regions in different studies, both studies concurred on the lineage level. To further

characterize the subpopulations of the EBV genomes, we partitioned the dataset into clusters

of similar genomes using genome-wide SNPs by the R package rhierBAPS [36]. A total of nine

clusters were reported, and we observed that most of the EBV genomes derived from NPC are

found in clusters 2, 3 and 7 (Fig 5B and S5 Table).

The high risk EBV lineage is characterized by specific SNPs

To identify the SNPs that characterize the high risk EBV lineage, we identified the most com-

mon SNPs at each EBV coordinate of each cluster. Only the SNPs that were common to clus-

ters 2, 3 and 7 (comprising the high risk lineage) were selected. In total, the high risk lineage

can be characterized by a block of 38 SNPs consisting of loci from BNRF1, EBERs, OriP,

EBNA1, BGRF1/BDRF1, BcRF1, BVRF2, BALF5, BALF2, BARF1 and LMP1. Since multiple

variants shared identical genotypic information across the 506 samples (r2 = 1), these variants

Fig 5. Phylogenetic and population structure analysis. (a) The phylogenetic tree was constructed from the multiple sequence alignment of their EBV

genomes for all samples. The tree is rooted at the midpoint and each tip of the tree represents one sample. The colors of the lines extending from the tree

branches indicate the clusters the samples belong to, which is shown on top of the figure. The outer ring represents the identity of the sample. (b) The

percentages of NPC and healthy samples in each cluster. The numbers of NPC and healthy samples over the total numbers of individuals in each cluster are

labelled on top of each bar, ordered in descending order of NPC to control ratios.

https://doi.org/10.1371/journal.ppat.1012263.g005
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were removed from the dataset reducing the number of SNPs to 28 (S6 Table). We further nar-

rowed down the panel of 28 SNPs by combining the process of LD clumping and XGBoost to

9 SNPs (Fig 6A). All sites in the high risk lineage carried the alternative allele except position

6944 (12 bp upstream of EBER2) which carried the G genotype from the Type I reference

genome. A total of 273 individuals out of 506 carried this panel of 9 SNPs (S8 Fig and S7

Table). The majority of these 273 represent NPC cases suggesting strong association between

the panel of 9 SNPs and NPC (205/273; odds ratio = 6.48; Fisher’s Exact p = 2.2×10−16). Most

of the individuals that carried the panel of 9 SNPs were classified in clusters 2, 3 and 7 (the

high risk lineage) except for one NPC case in cluster 1 (S7 Table). Incorporating age and sex as

covariates in a logistic model, the panel of 9 SNPs can effectively predict NPC cases with an

area under the curve (AUC) value of 0.78 based on the receiver characteristic curve (ROC)

(Fig 6B). The performance metrics in predicting NPC using 28 SNPs and 9 SNPs are compara-

ble with the panel of 9 SNPs having slightly higher balanced accuracy. Hence, the panel of 9

SNPs can achieve similar screening efficiency for NPC with fewer markers (S9 Fig). Overall,

NPC is associated with a high risk EBV lineage that is characterized by a set of variants. Our

data support that the EBV lineage may be screened efficiently using a minimal set of 9

markers.

Discussion

This study reports an analysis of three datasets of EBV genomes (HK1, HK2 and GZ) in order

to resolve the association between EBV genetic variants and NPC in South China. Although

previous studies with smaller sample sizes were able to yield significant GWAS results, they

reported the main associated variants at EBER2 region and BALF2, respectively [21–23]. The

meta-analysis conducted by Zhang et al. identified a SNP of T6999G within EBER2 to be the

top variant associated with NPC [23]. The meta-analysis of GWAS conducted here replicated

the association between variants near EBER2 and NPC with the strongest signal coming from

a 4-bp deletion downstream of EBER2 (EBER-del). Moreover, several variants including those

in the BALF2 gene are strongly linked to the variants near EBERs and are strongly associated

with NPC when the effect of EBER-del is not considered. Importantly, we confirmed that the

high risk subpopulations described in different studies are, in fact, referring to the same high

risk lineage characterized by variants near EBER2, BALF2 and other linked variants.

Fig 6. SNP profile characterizing high risk EBV lineage. (a) SNP profile including multi-allelic variants that characterizes the EBV high

risk lineage. The genome tract on top represents the relative position of the SNPs in the EBV genome. The first panel of the annotation

with grey squares denotes the reference sequence of B95.8, and the subsequent annotations with colored squares denote SNPs at various

loci of low risk lineages and the high risk lineage, labelled at the bottom of the graph. (b) Receiver operating characteristic (ROC) curve

showing the performance of the SNPs profile in predicting NPC. Area under the curve (AUC) is shown on the bottom-right corner.

https://doi.org/10.1371/journal.ppat.1012263.g006
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EBER2, a non-coding RNA, is known to bind to multiple cellular factors to exhibit a myriad

of functions in EBV-infected cells including the suppression of latent gene expression and

modulation of cytokine secretion [37–41]. Recent studies investigated the functional role of

the EBV strain M81 which is derived from a Southern Chinese NPC. The M81 EBV strain

could induce the expression of the chemokine, CXCL8 and, in conjunction with the recogni-

tion of viral single-stranded RNA by toll-like receptor 7, might lead to chronic inflammation

and drive virus lytic production [42]. The T6999G variant of EBER2 discovered in the meta-

analysis of familial NPC cases was reported to be among the most important SNPs that influ-

ence EBER2 expression [42] and establishment of latency [43]. In addition to the EBER2 vari-

ants, several EBV genetic variants may also be associated with NPC independently and

different GWAS may report varying sets of risk variants such as variants in BALF2. However,

upon applying additional GWAS conditioning on the effect of EBER-del, the signals in other

viral genetic regions were abolished suggesting their effects are largely dependent on the EBER

region. Although we observed the most significant effect at EBER-del, the possibility that NPC

is associated with multiple variants instead of a single one cannot be excluded. Therefore, a

haplotype analysis based on all variants that passed the genome-wide p-value cut-off was car-

ried out to investigate the association between these variants and NPC. We found that NPC

cases were highly associated with a risk haplotype suggesting that multiple variants might con-

tribute to NPC collectively. The variants comprising the high risk haplotype could reveal

potential candidates for further investigation into their impact on NPC pathogenesis through

functional studies.

Apart from identifying the casual viral variants for NPC, considerable efforts have been

dedicated to the screening of NPC using plasma EBV DNA load where robust sensitivity and

specificity are attained [44]. However, relying solely on plasma EBV DNA load for NPC

screening may lead to false positive signals. To address this issue, the same group of researchers

defined a set of 661 independent EBV single nucleotide variants (SNVs) to augment the NPC

screening program [45]. Of note, the plasma EBV DNA levels of most individuals are subopti-

mal for sequencing and will pose significant challenge to accurately acquire risk genotypes

across the EBV genome. In this study, we have identified a block of 9 closely linked SNPs pri-

marily concentrated in the two linear ends of the EBV genome to characterize the high risk

EBV lineage in NPC. By reducing the number of screening targets to 9 sites, a higher success

rate in screening and genotyping all sites might be attainable. Incorporating this block of 9

SNPs of EBV in the screening protocol of NPC using plasma EBV DNA can potentially be ver-

ified in future studies.

In summary, our study provides novel insight into the role of EBV genetic variation in NPC

pathogenesis by identifying a risk haplotype of EBV for NPC and a high risk EBV lineage charac-

terized by 9 SNPs. These findings have significant implications for both functional studies of NPC

pathogenesis and the development of population screening program for NPC in endemic regions.

Materials and methods

Ethics statement

The collection of the new samples received approval from the Institutional Review Board of The

University of Hong Kong/Hospital Authority Hong Kong West Cluster (UW 08–156, UW 10–

018 and UW 14–546). Written informed consents were obtained from the participants.

Subject recruitment

The recruitment criteria of healthy population donors were described previously [21]. For the

NPC samples in the HK2 dataset, we obtained 61 NPC biopsies with histologically confirmed
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primary undifferentiated NPC from the NPC Tissue bank of the Centre for Nasopharyngeal

Carcinoma Research (CNPCR) of The University of Hong Kong (HKU) and an established

NPC tumor bank of our laboratory. The characteristics of the population carriers and NPC

cases are shown in S1 Table.

EBV genome dataset

The data analyzed in this study consisted of three datasets: HK1 [21], HK2 and GZ [22] of

South China. The HK1 dataset consisted of 142 EBV genomes derived from the saliva of

healthy donors and 62 EBV genomes derived from biopsies of NPC cases. The GZ dataset con-

sisted of 47 EBV genomes derived from the saliva of healthy donors and 156 EBV genomes

derived from biopsies of NPC cases. In the HK2 dataset, the 61 biopsies DNA collected from

NPC cases were obtained from the NPC Tissue bank of the CNPCR at HKU. The 39 EBV

genomes derived from control saliva were obtained from the samples that were not sequenced

in the recruitment described in the HK1 study [21]. The participants in HK1 and HK2 are

Hong Kong Chinese living in Hong Kong whereas those in GZ are Chinese living in Guang-

dong or Guangxi provinces of China. The raw reads from the HK1 and GZ dataset were down-

loaded from the NCBI SRA database with ID number SRP152584 and NCBI database with

BioProject ID PRJNA522388, respectively. The sample information is listed in S1 Table.

Sample preparation

DNA were extracted using AllPrep DNA/RNA microKit and Qiagen Blood and Tissue Kit

according to the manufacturer’s protocol (Qiagen, Hilden, Germany). The DNA concentra-

tions were determined using NanoDrop spectrophotometer (Thermo Scientific) and Qubit

dsDNA High Sensitivity (HS) Assay Kit (Life Technologies). The viral copies were quantified

by qPCR using the FAM channel of the Applied Biosystems 7900HT Fast Real-Time PCR Sys-

tem (AppliedBiosystems, Life Technologies, CA). The viral load was quantified by targeting

the EBV BamHI-W repeat region, with the forward primer (Integrated DNA Technologies)

sequence 5’-GGTCGCCCAGTCCTACCA-3’; reverse primer (Integrated DNA Technologies)

sequence 5’-GCTTACCACCTCCTCTTCTTGCT-3’; and TaqMan probe (Thermo Scientific)

sequence 5’-CCAAGAACCCAGACGAGTCCGTAGAAGG-3’. The average of three technical

replicates were reported. To ensure optimal sequencing depth, samples with viral load >3×104

copies/ug DNA were selected for Illumina sequencing.

Library preparation, target capture and sequencing

For each sample, 120 ng DNA was aliquoted in 60 ul 0.1x Tris-EDTA buffer (1 mM Tris-HCl,

pH 8.0, 0.1 mM EDTA) (Life Technologies) in microtube AFA Fiber Snap-Cap 6 × 16 mm

Case (Covaris). The tube of DNA was subjected to fragmentation by sonication to a target size

of 350-400bp using the M220 Focused-ultrasonicator (Covaris) with a duty factor of 10%, 200

cycles per burst, peak incident power at 50W, and treated for two minutes. The size of the

DNA fragments was checked on Agilent 2100 Bioanalyzer (Agilent) using the DNA high sensi-

tivity chip, performed by the Centre for PanorOmic Sciences (CPOS) of HKU. The fragmented

DNA were then prepared for Illumina sequencing using NEBNext Ultra II DNA Library Prep

Kit for Illumina (New England Biolabs) according to manufacturer’s instruction. The DNA

library was enriched for EBV genome with a target capture method described previously [21].

The DNA libraries were sequenced (100 bp paired-end) by CPOS of HKU using the HiSeq

2500 Sequencer (Illumina).
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Read alignment, variant calling and filtering

The qualities of the raw sequencing reads were first checked using FastQC, which indicates

good overall sequencing quality (overall mean rate�Q30 = 93.0% before filtering). The reads

were then processed using fastp with the default settings to remove low-quality and low-com-

plexity regions, and to remove Illumina adapter sequences. Processed reads were mapped to

the Type I EBV reference genome (GenBank accession number: NC_007605.1) using BWA-

MEM (version 0.7.17) [46]. The reads mapped to EBV were then sorted by the leftmost coordi-

nates in SAMtools (version 1.14) [47]. Duplicated reads in the alignment were marked with

the Picard toolbox (version 2.0.1). The base quality scores of the duplicates-marked-aligned

reads were recalibrated using the base quality score recalibration (BQSR) tools in Genome

Analysis Toolkit (GATK, version 4.3.0.0) based on our in-house EBV known site variant call

format (VCF) file. Then, SNPs and short INDELs were called by the HaplotypeCaller under

GATK to generate global VCF files (gVCF). The gVCF files were subsequently filtered, and the

gVCF files across multiple studies were combined following GATK’s best practice. Variants

that lied in and within five base pairs of the EBV genome repetitive regions were masked from

this study and were not analyzed. Samples with a genotyping rate less than 90% and with a

sequencing depth excluding repetitive regions less than 15-fold were removed from the data-

set. All samples reached the sequencing depth threshold of 15-fold, and one sample was

excluded from the analyses due to a suboptimal genotyping rate.

Our final dataset consisted of 227 healthy individuals and 279 NPC cases. The EBV variants

were annotated using snpEff (version 5.0e) [48] according to NC_007605.1, and the linkage dis-

equilibrium (LD) statistics of all variants in the EBV genomes were calculated using PLINK

(version 1.90b6.22) [49]. To determine the EBV type of our samples, we aligned the Type II

EBV reference genome AG876 (GenBank accession number: NC_009334.1) to the Type I EBV

reference genome generating an EBV Type II BAM file. The BAM file for each sample was then

combined with the Type II EBV reference BAM file using the mpileup function in BCFtools

(version 1.13) to generate genotype likelihood at each genomic position. Variants were subse-

quently called by BCFtools including only multiallelic SNPs. Nucleotide similarity per 1000

base-pair window with a step size of one base-pair was calculated and the result was plotted in a

graph. EBV typing was performed manually by checking the peaks in each similarity graph.

Principal component analysis (PCA)

To perform PCA, SNPs with missingness less than 0.1 and minor allele frequency greater than

0.05 were selected. The PCA was implemented using the smartpca algorithm in the EIGEN-

STRAT software (version 6.1.4) with the default parameters, where outliers were removed in

five iterations if they are more than six standard deviations away from the top ten PCs [50].

Genome-wide association tests (GWAS), meta-analysis of GWAS and

haplotype analysis

Variants with missingness less than 0.1 and minor allele frequency greater than 0.05 were

retained. The logistic mixed model was implemented in the GMMAT package (version 1.4.0)

in R [51], running it separately for HK (180 controls and 123 NPC cases) and GZ (47 controls

and 156 NPC cases) samples. Age and sex were included as fixed effects, while an EBV genetic

relatedness matrix, generated by GEMMA (version 0.98.5) [52], was incorporated as the ran-

dom effect. We used the Wald test to derive the effect sizes and p-values. In the conditional

analyses, we included the genotypes of the target variant for each individual, along with age

and sex, as fixed effects.
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The meta-analysis was based on the two GWAS summaries of HK and GZ samples, imple-

mented in METAL (version 2011-03-25) [53]. The p-values reported from the two GWAS

were weighted by the number of individuals contributing to each marker in the meta-analysis.

To control for type I error due to multiple testing, we applied two p-value cut-offs. First, we

employed the Bonferroni correction with an alpha level of 0.05, resulting in a genome-wide p-

value threshold of 2.33×10−05. Secondly, we determined an additional p-value cut-off using

label-swapping permutation tests. In this process, we randomly shuffled the phenotype labels

(case or control) within each dataset, and each individual was assigned to one phenotype label.

We repeated this process for one thousand times, conducting a GWAS and meta-analysis of

GWAS in each iteration. The lowest p-value from the meta-analysis in each iteration was

recorded. After all iterations, the p-values were sorted from the smallest to the largest, and the

p-value at the 5th percentile was selected as the permuted p-value cut-off, which is 2.35×10−04.

All variants that passed the permuted threshold in the meta-analysis were selected for hap-

lotype analysis, resulting in 54 SNPs and two INDELs. The haplotype analysis was conducted

in the haplo.stats package (version 1.9.3) in R. A logistic regression model was constructed

using the haplo.glm function. This model was built on the 56 variants against a binary pheno-

type (comprising 227 controls and 279 NPC cases) of individuals. Age and sex were also

included in the model as covariates.

Phylogenetic analysis and population structure analysis

To build a phylogenetic tree, individual FASTA files representing the EBV genome were gen-

erated from their corresponding VCF files. This was done in accordance with the EBV refer-

ence genome NC_007605.1, with nucleotides in the repetitive regions designated as “N”. Then,

a multiple sequence alignment of all the FASTA sequences was created using MAFFT (version

7.505) [54]. Subsequently, a maximum likelihood tree was constructed using IQ-TREE (ver-

sion 2.0.7). The ModelFinder Plus utility was employed to select the best-fit model based on

the Bayesian information criterion [55]. The chosen model for the phylogenetic tree was GTR

+F+R3, which is a general time reversible model with unequal rates and unequal base frequen-

cies. The resulting tree was rooted at the midpoint and visualized using the ggtree package

(version 3.8.0) in R [56]. On the other hand, a core SNP alignment was clustered using the

rhierBAPS package (version 1.1.4) in R with the default setting [36] for population structure

analysis.

Identification of single nucleotide profile that characterized the high risk

EBV lineage

The SNPs that characterized the high risk lineage were identified with an in-house R script. In

brief, for each genomic position within each population cluster, the most common non-miss-

ing SNP was curated. If multiple alleles were equally abundant at a certain site, these alleles

were concatenated and considered together. Subsequently, clusters 2, 3 and 7 were labelled as

“high risk”, while clusters 1, 4, 5, 6, 8 and 9 were labelled as “low risk”. The most common allele

per position was then aggregated according to these labels. Only positions with alleles unique

to the “high risk” label were selected resulting in a total of 38 SNPs. The genotype information

and the codes necessary to reproduce the results are available on our GitHub repository at

https://github.com/AlanC-lab/Integrated_EBV_genomes_NPC_South_China/.

To further refine our results, we first removed SNPs that shared identical genotype infor-

mation across the 506 samples, resulting in 28 SNPs. We then employed LD clumping in

PLINK and XGBoost feature selection algorithm in the xgboost package (version 1.7.7.1) in R

to further analyze these 28 SNPs. In the LD clumping step, we ranked the 28 SNPs based on
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their p-values reported in the meta-analysis of GWAS, then selected one SNP with the lowest

p-value per group of SNPs that was in high LD with each other. An r2 threshold of 0.75 for the

LD clumping was applied yielding six SNPs. Simultaneously, we used XGBoost, a machine

learning algorithm, to rank the importance of the SNPs based on their predictive power for

high risk EBV lineage. We trained the XGBoost model using a binary classification on disease

status (healthy or NPC) and the 28 SNPs were included as features in the model. After training

the model, we selected the top five features based on their Gain scores from XGBoost. The

resulting SNPs from LD clumping and XGBoost were combined, forming a total of 9 SNPs

(two SNPs overlapped between XGBoost and LD clumping). The combined features were fit-

ted into a logistic regression model to predict for NPC followed by evaluation with ten-fold

cross-validation with five-repeats using the caret package (version 6.0–94) [57] in R.

Statistical analysis

The Fisher’s exact test was employed to test the differences in allelic and haplotypic counts

between HK and GZ datasets. All statistical analyses were conducted in R (version 4.3.0) unless

otherwise specified.

Supporting information

S1 Fig. Genotyping rate and sequencing depth of 507 EBV genomes. Each dot represents

the genotyping rate of a sample. Horizontal red line indicates the genotyping rate threshold at

0.9.

(TIF)

S2 Fig. Sliding window analysis with a window size of 1000 nucleotides and a step size of

one base-pair. Blue and red lines indicate the variant profiles for healthy individuals and NPC

cases respectively. Repetitive regions in the EBV genome are shaded in yellow.

(TIF)

S3 Fig. Number of synonymous and non-synonymous variants in the EBV genome. (a) The

number of synonymous and non-synonymous variants in each open reading frame (ORF) is

arranged by the total sum of variants in the ORF. The numbers are normalized by the number

of individuals in each cohort and by the gene length per 1000 amino acids. (b) The number of

synonymous and non-synonymous variants in latent and lytic genes. The numbers are further

normalized by the total number of genes classified as latent/lytic. dN/dS, ratio of non-synony-

mous variant to synonymous variant.

(TIF)

S4 Fig. Percentage of genotype call missingness along the EBV genome. Each dot represents

the percentage missingness of a variant. Repetitive regions in the EBV genome are shaded in

yellow. Variants spanning the upstream of EBER1 (immediately downstream of BNRF1) to the

downstream of EBER2 (immediately upstream of OriP), and BALF2 are colored in red.

(TIF)

S5 Fig. Distribution of samples carrying the risk alleles identified previously. The two col-

umns indicate the distribution of genotypes in the BALF2 risk loci and EBER-del respectively.

The two rows indicate the distribution of genotypes of healthy controls and NPC cases respec-

tively. P-values from the Fisher’s exact test of allelic counts are shown on top of each bar.

(TIF)
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S6 Fig. Degree of linkage disequilibrium against p-values of meta-analysis. Each dot repre-

sents a variant in the meta-analysis of GWAS.

(TIF)

S7 Fig. Manhattan plot of conditional analyses. (a) Conditional on EBER-del. (b) Condi-

tional on variant 163364. (c) Conditional on variants 148489, 150028, 151822 and 152087.

Repetitive regions in the EBV genome are shaded in yellow. Red line: Bonferroni-corrected

genome-wide significance at 2.33×10−05; blue line: permuted genome-wide significance at

2.35×10−04.

(TIF)

S8 Fig. Number of samples carrying the nine high risk SNPs in each cluster. The number of

cases/controls are labelled on each bar chart, colored according to their identity.

(TIF)

S9 Fig. Performance metrics of 28 and 9 SNPs in predicting NPC. Each boxplot represents

the distribution of one performance metric, generated by a ten-fold cross-validation with five-

repeats.

(TIF)

S1 Table. Characteristics of 507 samples included in the current meta-analysis.

(XLSX)

S2 Table. Summary statistics for sequencing and variant calling for 507 samples.

(XLSX)

S3 Table. Variants that passed the permuted p-value cut-off in the meta-analysis of

GWAS.

(XLSX)

S4 Table. Logistic regression of disease states on haplotypes constructed from 56 variants

that passed p-value threshold in the meta-analysis, with age and sex as covariates.

(XLSX)

S5 Table. Distribution of cases and controls in the nine clusters.

(XLSX)

S6 Table. Genotypes of 38 SNPs that characterized the high-risk EBV lineage.

(XLSX)

S7 Table. Number of samples in each cluster carrying the 9 SNPs shared by the high-risk

lineage only.

(XLSX)

Acknowledgments

We acknowledge Tissue Bank of NPC Area of Excellence (AoE/M 06/08 Centre of Nasopha-

ryngeal Carcinoma Research) for providing additional NPC samples for the current study.

Bioinformatic pipelines were executed on the High-Performance Computing Facility hosted

by the Centre for PanorOmic Sciences of the University of Hong Kong. We thank TF Chan for

his assistance on the experimental work. Publication was made possible in part by support

from the HKU Libraries Open Access Author Fund sponsored by the HKU Libraries.

PLOS PATHOGENS Epstein-Barr virus genetic variants and viral lineage associated with nasopharyngeal carcinoma

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012263 May 28, 2024 15 / 19

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s007
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s008
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s009
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s010
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s011
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s012
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s013
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s014
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s015
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012263.s016
https://doi.org/10.1371/journal.ppat.1012263


Author Contributions

Conceptualization: Ka Wo Wong, Kwai Fung Hui, Alan K. S. Chiang.

Data curation: Ka Wo Wong, Kwai Fung Hui, Ki Pui Lam.

Formal analysis: Ka Wo Wong.

Funding acquisition: Alan K. S. Chiang.

Investigation: Ka Wo Wong, Kwai Fung Hui.

Methodology: Ka Wo Wong.

Resources: Dora Lai-wan Kwong, Maria Li Lung.

Software: Ka Wo Wong.

Supervision: Wanling Yang, Alan K. S. Chiang.

Validation: Ka Wo Wong, Kwai Fung Hui, Wanling Yang, Alan K. S. Chiang.

Visualization: Ka Wo Wong.

Writing – original draft: Ka Wo Wong, Wanling Yang, Alan K. S. Chiang.

Writing – review & editing: Ka Wo Wong, Kwai Fung Hui, Ki Pui Lam, Dora Lai-wan

Kwong, Maria Li Lung, Wanling Yang, Alan K. S. Chiang.

References
1. Chang ET, Adami HO. The enigmatic epidemiology of nasopharyngeal carcinoma. Cancer Epidemiol

Biomarkers Prev. 2006; 15(10):1765–77. https://doi.org/10.1158/1055-9965.EPI-06-0353 PMID:

17035381

2. Song Y, Cheng W, Li H, Liu X. The global, regional, national burden of nasopharyngeal cancer and its

attributable risk factors (1990–2019) and predictions to 2035. Cancer Med. 2022; 11(22):4310–20.

https://doi.org/10.1002/cam4.4783 PMID: 35475595

3. Yu H, Yin X, Mao Y, Chen M, Tang Q, Yan S. The global burden of nasopharyngeal carcinoma from

2009 to 2019: an observational study based on the Global Burden of Disease Study 2019. Eur Arch

Otorhinolaryngol. 2022; 279(3):1519–33. https://doi.org/10.1007/s00405-021-06922-2 PMID:

34146150

4. Liu Z, Chang ET, Liu Q, Cai Y, Zhang Z, Chen G, et al. Quantification of familial risk of nasopharyngeal

carcinoma in a high-incidence area. Cancer. 2017; 123(14):2716–25. https://doi.org/10.1002/cncr.

30643 PMID: 28241094

5. Bei JX, Su WH, Ng CC, Yu K, Chin YM, Lou PJ, et al. A GWAS Meta-analysis and Replication Study

Identifies a Novel Locus within CLPTM1L/TERT Associated with Nasopharyngeal Carcinoma in Individ-

uals of Chinese Ancestry. Cancer Epidemiol Biomarkers Prev. 2016; 25(1):188–92. https://doi.org/10.

1158/1055-9965.EPI-15-0144 PMID: 26545403

6. Bei JX, Li Y, Jia WH, Feng BJ, Zhou G, Chen LZ, et al. A genome-wide association study of nasopha-

ryngeal carcinoma identifies three new susceptibility loci. Nat Genet. 2010; 42(7):599–603. https://doi.

org/10.1038/ng.601 PMID: 20512145

7. Cui Q, Feng QS, Mo HY, Sun J, Xia YF, Zhang H, et al. An extended genome-wide association study

identifies novel susceptibility loci for nasopharyngeal carcinoma. Hum Mol Genet. 2016; 25(16):3626–

34. https://doi.org/10.1093/hmg/ddw200 PMID: 27436580

8. Li YY, Chung GT, Lui VW, To KF, Ma BB, Chow C, et al. Exome and genome sequencing of nasophar-

ynx cancer identifies NF-kappaB pathway activating mutations. Nat Commun. 2017; 8:14121.

9. Li X, Fasano R, Wang E, Yao KT, Marincola FM. HLA associations with nasopharyngeal carcinoma.

Curr Mol Med. 2009; 9(6):751–65. https://doi.org/10.2174/156652409788970698 PMID: 19689302

10. Ning L, Ko JM, Yu VZ, Ng HY, Chan CK, Tao L, et al. Nasopharyngeal carcinoma MHC region deep

sequencing identifies HLA and novel non-HLA TRIM31 and TRIM39 loci. Commun Biol. 2020; 3(1):759.

https://doi.org/10.1038/s42003-020-01487-y PMID: 33311639

PLOS PATHOGENS Epstein-Barr virus genetic variants and viral lineage associated with nasopharyngeal carcinoma

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012263 May 28, 2024 16 / 19

https://doi.org/10.1158/1055-9965.EPI-06-0353
http://www.ncbi.nlm.nih.gov/pubmed/17035381
https://doi.org/10.1002/cam4.4783
http://www.ncbi.nlm.nih.gov/pubmed/35475595
https://doi.org/10.1007/s00405-021-06922-2
http://www.ncbi.nlm.nih.gov/pubmed/34146150
https://doi.org/10.1002/cncr.30643
https://doi.org/10.1002/cncr.30643
http://www.ncbi.nlm.nih.gov/pubmed/28241094
https://doi.org/10.1158/1055-9965.EPI-15-0144
https://doi.org/10.1158/1055-9965.EPI-15-0144
http://www.ncbi.nlm.nih.gov/pubmed/26545403
https://doi.org/10.1038/ng.601
https://doi.org/10.1038/ng.601
http://www.ncbi.nlm.nih.gov/pubmed/20512145
https://doi.org/10.1093/hmg/ddw200
http://www.ncbi.nlm.nih.gov/pubmed/27436580
https://doi.org/10.2174/156652409788970698
http://www.ncbi.nlm.nih.gov/pubmed/19689302
https://doi.org/10.1038/s42003-020-01487-y
http://www.ncbi.nlm.nih.gov/pubmed/33311639
https://doi.org/10.1371/journal.ppat.1012263


11. Dai W, Zheng H, Cheung AK, Tang CS, Ko JM, Wong BW, et al. Whole-exome sequencing identifies

MST1R as a genetic susceptibility gene in nasopharyngeal carcinoma. Proc Natl Acad Sci U S A. 2016;

113(12):3317–22. https://doi.org/10.1073/pnas.1523436113 PMID: 26951679

12. Zheng H, Dai W, Cheung AK, Ko JM, Kan R, Wong BW, et al. Whole-exome sequencing identifies multi-

ple loss-of-function mutations of NF-kappaB pathway regulators in nasopharyngeal carcinoma. Proc

Natl Acad Sci U S A. 2016; 113(40):11283–8.

13. Armstrong RW, Armstrong MJ, Yu MC, Henderson BE. Salted fish and inhalants as risk factors for

nasopharyngeal carcinoma in Malaysian Chinese. Cancer Res. 1983; 43(6):2967–70. PMID: 6850606

14. Fachiroh J, Sangrajrang S, Johansson M, Renard H, Gaborieau V, Chabrier A, et al. Tobacco consump-

tion and genetic susceptibility to nasopharyngeal carcinoma (NPC) in Thailand. Cancer Causes Control.

2012; 23(12):1995–2002. https://doi.org/10.1007/s10552-012-0077-9 PMID: 23085811

15. Raab-Traub N, Flynn K. The structure of the termini of the Epstein-Barr virus as a marker of clonal cellu-

lar proliferation. Cell. 1986; 47(6):883–9. https://doi.org/10.1016/0092-8674(86)90803-2 PMID:

3022942

16. Dambaugh T, Hennessy K, Chamnankit L, Kieff E. U2 region of Epstein-Barr virus DNA may encode

Epstein-Barr nuclear antigen 2. Proceedings of the National Academy of Sciences. 1984; 81(23):7632–

6. https://doi.org/10.1073/pnas.81.23.7632 PMID: 6209719

17. Sample J, Young L, Martin B, Chatman T, Kieff E, Rickinson A, et al. Epstein-Barr virus types 1 and 2

differ in their EBNA-3A, EBNA-3B, and EBNA-3C genes. J Virol. 1990; 64(9):4084–92. https://doi.org/

10.1128/JVI.64.9.4084-4092.1990 PMID: 2166806

18. Neves M, Marinho-Dias J, Ribeiro J, Sousa H. Epstein-Barr virus strains and variations: Geographic or

disease-specific variants? J Med Virol. 2017; 89(3):373–87. https://doi.org/10.1002/jmv.24633 PMID:

27430663

19. Correia S, Palser A, Elgueta Karstegl C, Middeldorp JM, Ramayanti O, Cohen JI, et al. Natural Variation

of Epstein-Barr Virus Genes, Proteins, and Primary MicroRNA. Journal of Virology. 2017; 91(15).

https://doi.org/10.1128/JVI.00375-17 PMID: 28515295

20. Correia S, Bridges R, Wegner F, Venturini C, Palser A, Middeldorp JM, et al. Sequence Variation of

Epstein-Barr Virus: Viral Types, Geography, Codon Usage, and Diseases. Journal of Virology. 2018; 92

(22). https://doi.org/10.1128/JVI.01132-18 PMID: 30111570

21. Hui KF, Chan TF, Yang W, Shen JJ, Lam KP, Kwok H, et al. High risk Epstein-Barr virus variants char-

acterized by distinct polymorphisms in the EBER locus are strongly associated with nasopharyngeal

carcinoma. Int J Cancer. 2019; 144(12):3031–42. https://doi.org/10.1002/ijc.32049 PMID: 30536939

22. Xu M, Yao Y, Chen H, Zhang S, Cao SM, Zhang Z, et al. Genome sequencing analysis identifies

Epstein-Barr virus subtypes associated with high risk of nasopharyngeal carcinoma. Nat Genet. 2019;

51(7):1131–6. https://doi.org/10.1038/s41588-019-0436-5 PMID: 31209392

23. Zhang WL, Zhang JB, Wang TM, Wu YX, He YQ, Xue WQ, et al. Genomic landscape of Epstein-Barr

virus in familial nasopharyngeal carcinoma. J Gen Virol. 2022;103(3). https://doi.org/10.1099/jgv.0.

001728 PMID: 35349400

24. Chen XY, Pepper SD, Arrand JR. Prevalence of the A and B types of Epstein-Barr virus DNA in naso-

pharyngeal carcinoma biopsies from southern China. J Gen Virol. 1992;73 (Pt 2):463–6. https://doi.org/

10.1099/0022-1317-73-2-463 PMID: 1311369

25. Lung ML, Lam WP, Sham J, Choy D, Yong-Sheng Z, Guo HY, et al. Detection and prevalence of the "f"

variant of Epstein-Barr virus in southern China. Virology. 1991; 185(1):67–71. https://doi.org/10.1016/

0042-6822(91)90754-y PMID: 1656606

26. Cheung ST, Lo KW, Leung SF, Chan WY, Choi PH, Johnson PJ, et al. Prevalence of LMP1 deletion var-

iant of Epstein-Barr virus in nasopharyngeal carcinoma and gastric tumors in Hong Kong. Int J Cancer.

1996; 66(5):711–2. https://doi.org/10.1002/(SICI)1097-0215(19960529)66:5<711::AID-IJC21>3.0.

CO;2-5 PMID: 8647637

27. Zhang XS, Song KH, Mai HQ, Jia WH, Feng BJ, Xia JC, et al. The 30-bp deletion variant: a polymor-

phism of latent membrane protein 1 prevalent in endemic and non-endemic areas of nasopharyngeal

carcinomas in China. Cancer Lett. 2002; 176(1):65–73. https://doi.org/10.1016/s0304-3835(01)00733-

9 PMID: 11790455

28. Gutierrez MI, Raj A, Spangler G, Sharma A, Hussain A, Judde JG, et al. Sequence variations in EBNA-

1 may dictate restriction of tissue distribution of Epstein-Barr virus in normal and tumour cells. J Gen

Virol. 1997; 78 (Pt 7):1663–70. https://doi.org/10.1099/0022-1317-78-7-1663 PMID: 9225043

29. Thuan LD, Kha ND, Minh NT, Thuy L. Novel Patterns of the Epstein-Barr Nuclear Antigen (EBNA-1) V-

Val Subtype in EBV-associated Nasopharyngeal Carcinoma from Vietnam. Balkan J Med Genet. 2019;

22(1):61–8. https://doi.org/10.2478/bjmg-2019-0011 PMID: 31523622

PLOS PATHOGENS Epstein-Barr virus genetic variants and viral lineage associated with nasopharyngeal carcinoma

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012263 May 28, 2024 17 / 19

https://doi.org/10.1073/pnas.1523436113
http://www.ncbi.nlm.nih.gov/pubmed/26951679
http://www.ncbi.nlm.nih.gov/pubmed/6850606
https://doi.org/10.1007/s10552-012-0077-9
http://www.ncbi.nlm.nih.gov/pubmed/23085811
https://doi.org/10.1016/0092-8674%2886%2990803-2
http://www.ncbi.nlm.nih.gov/pubmed/3022942
https://doi.org/10.1073/pnas.81.23.7632
http://www.ncbi.nlm.nih.gov/pubmed/6209719
https://doi.org/10.1128/JVI.64.9.4084-4092.1990
https://doi.org/10.1128/JVI.64.9.4084-4092.1990
http://www.ncbi.nlm.nih.gov/pubmed/2166806
https://doi.org/10.1002/jmv.24633
http://www.ncbi.nlm.nih.gov/pubmed/27430663
https://doi.org/10.1128/JVI.00375-17
http://www.ncbi.nlm.nih.gov/pubmed/28515295
https://doi.org/10.1128/JVI.01132-18
http://www.ncbi.nlm.nih.gov/pubmed/30111570
https://doi.org/10.1002/ijc.32049
http://www.ncbi.nlm.nih.gov/pubmed/30536939
https://doi.org/10.1038/s41588-019-0436-5
http://www.ncbi.nlm.nih.gov/pubmed/31209392
https://doi.org/10.1099/jgv.0.001728
https://doi.org/10.1099/jgv.0.001728
http://www.ncbi.nlm.nih.gov/pubmed/35349400
https://doi.org/10.1099/0022-1317-73-2-463
https://doi.org/10.1099/0022-1317-73-2-463
http://www.ncbi.nlm.nih.gov/pubmed/1311369
https://doi.org/10.1016/0042-6822%2891%2990754-y
https://doi.org/10.1016/0042-6822%2891%2990754-y
http://www.ncbi.nlm.nih.gov/pubmed/1656606
https://doi.org/10.1002/%28SICI%291097-0215%2819960529%2966%3A5%26lt%3B711%3A%3AAID-IJC21%26gt%3B3.0.CO%3B2-5
https://doi.org/10.1002/%28SICI%291097-0215%2819960529%2966%3A5%26lt%3B711%3A%3AAID-IJC21%26gt%3B3.0.CO%3B2-5
http://www.ncbi.nlm.nih.gov/pubmed/8647637
https://doi.org/10.1016/s0304-3835%2801%2900733-9
https://doi.org/10.1016/s0304-3835%2801%2900733-9
http://www.ncbi.nlm.nih.gov/pubmed/11790455
https://doi.org/10.1099/0022-1317-78-7-1663
http://www.ncbi.nlm.nih.gov/pubmed/9225043
https://doi.org/10.2478/bjmg-2019-0011
http://www.ncbi.nlm.nih.gov/pubmed/31523622
https://doi.org/10.1371/journal.ppat.1012263


30. Zhang XS, Wang HH, Hu LF, Li A, Zhang RH, Mai HQ, et al. V-val subtype of Epstein-Barr virus nuclear

antigen 1 preferentially exists in biopsies of nasopharyngeal carcinoma. Cancer Lett. 2004; 211(1):11–

8. https://doi.org/10.1016/j.canlet.2004.01.035 PMID: 15194212

31. Dheekollu J, Malecka K, Wiedmer A, Delecluse HJ, Chiang AK, Altieri DC, et al. Carcinoma-risk variant

of EBNA1 deregulates Epstein-Barr Virus episomal latency. Oncotarget. 2017; 8(5):7248–64. https://

doi.org/10.18632/oncotarget.14540 PMID: 28077791

32. Shen ZC, Luo B, Chen JN, Chao Y, Shao CK, Liu QQ, et al. High prevalence of the EBER variant EB-

8m in endemic nasopharyngeal carcinomas. PLoS One. 2015; 10(3):e0121420. https://doi.org/10.

1371/journal.pone.0121420 PMID: 25807550

33. Tong JHM, Lo KW, Au FWL, Huang DP, To KF. Re: Discrete Alterations in the BZLF1 Promoter in

Tumor and Non-Tumor-Associated Epstein-Barr Virus. JNCI Journal of the National Cancer Institute.

2003; 95(13):1008–9. https://doi.org/10.1093/jnci/95.13.1008 PMID: 12837838

34. Cui Q, Feng F-T, Xu M, Liu W-S, Yao Y-Y, Xie S-H, et al. Nasopharyngeal carcinoma risk prediction via

salivary detection of host and Epstein-Barr virus genetic variants. Oncotarget. 2016; 8(56). https://doi.

org/10.18632/oncotarget.11144 PMID: 29221111

35. Kondo S, Okuno Y, Murata T, Dochi H, Wakisaka N, Mizokami H, et al. EBV genome variations

enhance clinicopathological features of nasopharyngeal carcinoma in a non-endemic region. Cancer

Sci. 2022; 113(7):2446–56. https://doi.org/10.1111/cas.15381 PMID: 35485636

36. Tonkin-Hill G, Lees JA, Bentley SD, Frost SDW, Corander J. RhierBAPS: An R implementation of the

population clustering algorithm hierBAPS. Wellcome Open Research. 2018;3.

37. Nanbo A, Inoue K, Adachi-Takasawa K, Takada K. Epstein-Barr virus RNA confers resistance to inter-

feron-alpha-induced apoptosis in Burkitt’s lymphoma. EMBO J. 2002; 21(5):954–65. https://doi.org/10.

1093/emboj/21.5.954 PMID: 11867523

38. Iwakiri D, Sheen TS, Chen JY, Huang DP, Takada K. Epstein-Barr virus-encoded small RNA induces

insulin-like growth factor 1 and supports growth of nasopharyngeal carcinoma-derived cell lines. Onco-

gene. 2005; 24(10):1767–73. https://doi.org/10.1038/sj.onc.1208357 PMID: 15608666

39. Samanta M, Iwakiri D, Takada K. Epstein-Barr virus-encoded small RNA induces IL-10 through RIG-I-

mediated IRF-3 signaling. Oncogene. 2008; 27(30):4150–60. https://doi.org/10.1038/onc.2008.75

PMID: 18362887

40. Iwakiri D, Zhou L, Samanta M, Matsumoto M, Ebihara T, Seya T, et al. Epstein-Barr virus (EBV)-

encoded small RNA is released from EBV-infected cells and activates signaling from Toll-like receptor

3. J Exp Med. 2009; 206(10):2091–9. https://doi.org/10.1084/jem.20081761 PMID: 19720839

41. Lee N, Moss WN, Yario TA, Steitz JA. EBV noncoding RNA binds nascent RNA to drive host PAX5 to

viral DNA. Cell. 2015; 160(4):607–18. https://doi.org/10.1016/j.cell.2015.01.015 PMID: 25662012

42. Li Z, Tsai M-H, Shumilov A, Baccianti F, Tsao SW, Poirey R, et al. Epstein–Barr virus ncRNA from a

nasopharyngeal carcinoma induces an inflammatory response that promotes virus production. Nature

Microbiology. 2019. https://doi.org/10.1038/s41564-019-0546-y PMID: 31501540

43. Wang Y, Ungerleider N, Hoffman BA, Kara M, Farrell PJ, Flemington EK, et al. A Polymorphism in the

Epstein-Barr Virus EBER2 Noncoding RNA Drives In Vivo Expansion of Latently Infected B Cells. mBio.

2022; 13(3):e0083622.

44. Chan KCA, Woo JKS, King A, Zee BCY, Lam WKJ, Chan SL, et al. Analysis of Plasma Epstein-Barr

Virus DNA to Screen for Nasopharyngeal Cancer. N Engl J Med. 2017; 377(6):513–22. https://doi.org/

10.1056/NEJMoa1701717 PMID: 28792880

45. Lam WKJ, Ji L, Tse OYO, Cheng SH, Jiang P, Lee PHP, et al. Sequencing Analysis of Plasma Epstein-

Barr Virus DNA Reveals Nasopharyngeal Carcinoma-Associated Single Nucleotide Variant Profiles.

Clin Chem. 2020; 66(4):598–605. https://doi.org/10.1093/clinchem/hvaa027 PMID: 32191318

46. Li H. Aligning sequence reads, clone sequences and assembly contigs with BWA-MEM. arXiv preprint

arXiv:13033997. 2013.

47. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map format

and SAMtools. Bioinformatics. 2009; 25(16):2078–9. https://doi.org/10.1093/bioinformatics/btp352

PMID: 19505943

48. Cingolani P, Platts A, Wang le L, Coon M, Nguyen T, Wang L, et al. A program for annotating and pre-

dicting the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila mela-

nogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012; 6(2):80–92. https://doi.org/10.4161/fly.19695

PMID: 22728672

49. Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MAR, Bender D, et al. PLINK: A Tool Set for

Whole-Genome Association and Population-Based Linkage Analyses. The American Journal of Human

Genetics. 2007; 81(3):559–75. https://doi.org/10.1086/519795 PMID: 17701901

PLOS PATHOGENS Epstein-Barr virus genetic variants and viral lineage associated with nasopharyngeal carcinoma

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012263 May 28, 2024 18 / 19

https://doi.org/10.1016/j.canlet.2004.01.035
http://www.ncbi.nlm.nih.gov/pubmed/15194212
https://doi.org/10.18632/oncotarget.14540
https://doi.org/10.18632/oncotarget.14540
http://www.ncbi.nlm.nih.gov/pubmed/28077791
https://doi.org/10.1371/journal.pone.0121420
https://doi.org/10.1371/journal.pone.0121420
http://www.ncbi.nlm.nih.gov/pubmed/25807550
https://doi.org/10.1093/jnci/95.13.1008
http://www.ncbi.nlm.nih.gov/pubmed/12837838
https://doi.org/10.18632/oncotarget.11144
https://doi.org/10.18632/oncotarget.11144
http://www.ncbi.nlm.nih.gov/pubmed/29221111
https://doi.org/10.1111/cas.15381
http://www.ncbi.nlm.nih.gov/pubmed/35485636
https://doi.org/10.1093/emboj/21.5.954
https://doi.org/10.1093/emboj/21.5.954
http://www.ncbi.nlm.nih.gov/pubmed/11867523
https://doi.org/10.1038/sj.onc.1208357
http://www.ncbi.nlm.nih.gov/pubmed/15608666
https://doi.org/10.1038/onc.2008.75
http://www.ncbi.nlm.nih.gov/pubmed/18362887
https://doi.org/10.1084/jem.20081761
http://www.ncbi.nlm.nih.gov/pubmed/19720839
https://doi.org/10.1016/j.cell.2015.01.015
http://www.ncbi.nlm.nih.gov/pubmed/25662012
https://doi.org/10.1038/s41564-019-0546-y
http://www.ncbi.nlm.nih.gov/pubmed/31501540
https://doi.org/10.1056/NEJMoa1701717
https://doi.org/10.1056/NEJMoa1701717
http://www.ncbi.nlm.nih.gov/pubmed/28792880
https://doi.org/10.1093/clinchem/hvaa027
http://www.ncbi.nlm.nih.gov/pubmed/32191318
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.4161/fly.19695
http://www.ncbi.nlm.nih.gov/pubmed/22728672
https://doi.org/10.1086/519795
http://www.ncbi.nlm.nih.gov/pubmed/17701901
https://doi.org/10.1371/journal.ppat.1012263


50. Price AL, Patterson NJ, Plenge RM, Weinblatt ME, Shadick NA, Reich D. Principal components analy-

sis corrects for stratification in genome-wide association studies. Nature Genetics. 2006; 38(8):904–9.

https://doi.org/10.1038/ng1847 PMID: 16862161

51. Chen H, Wang C, Conomos Matthew P, Stilp Adrienne M, Li Z, Sofer T, et al. Control for Population

Structure and Relatedness for Binary Traits in Genetic Association Studies via Logistic Mixed Models.

The American Journal of Human Genetics. 2016; 98(4):653–66. https://doi.org/10.1016/j.ajhg.2016.02.

012 PMID: 27018471

52. Zhou X, Stephens M. Genome-wide efficient mixed-model analysis for association studies. Nat Genet.

2012; 44(7):821–4. https://doi.org/10.1038/ng.2310 PMID: 22706312

53. Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of genomewide association

scans. Bioinformatics. 2010; 26(17):2190–1. https://doi.org/10.1093/bioinformatics/btq340 PMID:

20616382

54. Katoh K, Standley DM. MAFFT multiple sequence alignment software version 7: improvements in per-

formance and usability. Mol Biol Evol. 2013; 30(4):772–80. https://doi.org/10.1093/molbev/mst010

PMID: 23329690

55. Nguyen L-T, Schmidt HA, von Haeseler A, Minh BQ. IQ-TREE: A Fast and Effective Stochastic Algo-

rithm for Estimating Maximum-Likelihood Phylogenies. Molecular Biology and Evolution. 2015; 32

(1):268–74. https://doi.org/10.1093/molbev/msu300 PMID: 25371430

56. Yu G. Using ggtree to Visualize Data on Tree-Like Structures. Curr Protoc Bioinformatics. 2020; 69(1):

e96. https://doi.org/10.1002/cpbi.96 PMID: 32162851

57. Kuhn M. Building Predictive Models in R Using the caret Package. Journal of Statistical Software. 2008;

28(5):1–26.

PLOS PATHOGENS Epstein-Barr virus genetic variants and viral lineage associated with nasopharyngeal carcinoma

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012263 May 28, 2024 19 / 19

https://doi.org/10.1038/ng1847
http://www.ncbi.nlm.nih.gov/pubmed/16862161
https://doi.org/10.1016/j.ajhg.2016.02.012
https://doi.org/10.1016/j.ajhg.2016.02.012
http://www.ncbi.nlm.nih.gov/pubmed/27018471
https://doi.org/10.1038/ng.2310
http://www.ncbi.nlm.nih.gov/pubmed/22706312
https://doi.org/10.1093/bioinformatics/btq340
http://www.ncbi.nlm.nih.gov/pubmed/20616382
https://doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
https://doi.org/10.1093/molbev/msu300
http://www.ncbi.nlm.nih.gov/pubmed/25371430
https://doi.org/10.1002/cpbi.96
http://www.ncbi.nlm.nih.gov/pubmed/32162851
https://doi.org/10.1371/journal.ppat.1012263

