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Abstract
Nasopharyngeal carcinoma (NPC) is caused by infection with Epstein– Barr virus (EBV) 
and endemic in certain geographic regions. EBV lytic gene, BALF2, closely associates 
with viral reactivation and BALF2 gene variation, the H- H- H strain, causes NPC in en-
demic region, southern China. Here, we investigate whether such EBV variations also 
affect NPC in a non- endemic region, Japan. Viral genome sequencing with 47 EBV 
isolates of Japanese NPC were performed and compared with those of other EBV- 
associated diseases from Japan or NPC in Southern China. EBV genomes of Japanese 
NPC are different from those of other diseases in Japan or endemic NPC; Japanese 
NPC was not affected by the endemic strain (the BALF2 H- H- H) but frequently car-
ried the type 2 EBV or the strain with intermediate risk of endemic NPC (the BALF2 
H- H- L). Seven single nucleotide variations were specifically associated with Japanese 
NPC, of which six were present in both type 1 and 2 EBV genomes, suggesting the 
contribution of the type 2 EBV- derived haplotype. This observation was supported by 
a higher viral titer and stronger viral reactivation in NPC with either type 2 or H- H- L 
strains. Our results highlight the importance of viral strains and viral reactivation in 
the pathogenesis of non- endemic NPC.
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1  |  INTRODUC TION

Epstein– Barr virus has been recorded as one of the most prevalent 
viruses in humans since its discovery in 1964,1,2 and is a causative 
agent of hematologic and epithelial cell neoplasms, including a sub-
set of gastric carcinoma and NPC.3,4 EBV is classically divided into 
type 1 (T1- EBV) and type 2 (T2- EBV)5,6 based on the genetic dif-
ferences in the Epstein– Barr nuclear antigens. The two types are 
reported to have different geographical distributions and biolog-
ical characteristics: T1- EBV is predominant in Western and Asian 
countries, whereas T2- EBV is relatively frequent in Africa.7 T1- EBV 
transforms human cells more efficiently than T2- EBV. Associations 
between EBV types and diseases have been discussed previously; 
for example, T2- EBV is frequently detected in NPC in Africa,8– 10 
whereas it is rarely detected in other regions.8– 10

Nasopharyngeal carcinoma is an EBV- associated epithelial cell ma-
lignancy. One of its marked characteristics is the geographical differ-
ence in morbidity; the incidence rate is ~25 per 100,000 individuals in 
endemic areas such as southern China. In contrast, the incidence is less 
than 0.5– 1 per 100,000 individuals in non- endemic areas such as Japan, 
North America, and North China.11 Risk factors for NPC development 
include feeding habits of salty fish and genetic rearrangement of the HLA, 
CDKN2A/B, TNFRSF19, and TERT loci.12– 15 In addition, a recent study re-
vealed a strong association between an EBV strain carrying three single 
nucleotide variants (BALF2 162215A>C, 162476T>C, and 163364C>T 
variants) in the EBV genome (the BALF2 H- H- H- endemic strain) and NPC 
in the endemic region.16 However, definitive risk factors attributable to 
the host, as well as the uneven geographic distribution of this disease, 
have not been elucidated yet, especially for NPC in non- endemic regions.

More than 500 EBV genome sequences from various EBV- 
associated diseases and cell lines have been identified since the 
whole genome sequence of B95- 8,6,17– 19 a representative EBV 
strain, was demonstrated in 1984.20 Studies on these EBV strains 
have elucidated the existence of genomic variations in the geo-
graphic area that predispose individuals to certain EBV- associated 
diseases. In addition, our recent study revealed frequent intragenic 
deletions that were prevalent among hematologic malignancies.21 
As the study was conducted in a non- endemic area of NPC in Japan, 
it was quite interesting to determine whether these gene modifica-
tions had also been identified in Japanese NPC patients.

In the present study, we sequenced the EBV genome of Japanese 
patients with NPC. We also analyzed whether viral genomic variations 
affected clinical and pathological features such as clinical tumor stages, 
serum EBV- DNA load, and viral reactivation status in tumor specimens.

2  |  MATERIAL S AND METHODS

2.1  |  The study cohort

This study included 47 NPC patients who were diagnosed at the 
Department of Otolaryngology, Head and Neck Surgery, Kanazawa 
University Hospital between 1997 and 2020. The diagnoses of NPC 

were done histologically. All patients were of Japanese ethnicity. 
Staging was done according to the American Joint Committee on 
Cancer/International Union Against Cancer Stage Classification. All 
the human samples used in this study were obtained from consenting 
patients with written informed consent. This study was conducted 
in accordance with the principles of all relevant ethical regulations 
including the Declaration of Helsinki. The institutional review boards 
of the Kanazawa University, Graduate School of Medical Science 
and the Nagoya University Graduate School of Medicine approved 
this study.

We also analyzed 178 EBV isolates of other EBV- associated 
diseases from Japan (77 patients with T/NK- type CAEBV, 23 pa-
tients with extranodal NK/T- cell lymphoma nasal type, 14 patients 
with EBV- positive diffuse large B- cell lymphoma, 15 patients with 
infectious mononucleosis, 32 patients with posttransplantation 
lymphoproliferative disorder, and seven patients with other EBV- 
associated malignancies) (European Genome- phenome Archive, ac-
cession no. EGAD00001004298), as well as 110 EBV genomes from 
NPC in Southern China/Hong Kong (randomly chosen from a total of 
217 publicly available data in the NCBI SRA database, accessed on 
November 20, 2020; Table S1).

2.2  |  Tissue samples

Genomic DNA was extracted from biopsy specimens embedded in 
paraffin or frozen tissues using the QIAamp DNA Mini kit (Qiagen) 
with some modifications as described previously.22 In brief, paraffin 
sections were incubated with 1 ml xylene at 55°C for 15 min. After 
centrifugation, the supernatant fluid was discarded. The pellet was 
washed twice with 1 ml of 1/1 xylene/100% ethanol and twice with 
100% ethanol. The pellets were incubated with 180 μl ATL buffer 
and 20 μl proteinase K at 55°C for 48 h with intermittent vortexing, 
after which the manufacturer's protocol was followed.

2.3  |  Resequencing analysis of the EBV genome

We used our custom SureSelect bait to capture Akata and other 
strains of EBV (Agilent Technologies) as described previously.21 
Briefly, we designed 17,237 tiling probes that covered the Akata 
genome (RefSeq accession no. KC207813.1) with 10× coverage and 
added them to the original EBV bait covering six other strains.6,23 
We performed target enrichment and library preparation according 
to the manufacturer's instructions. Sequencing was performed using 
a HiSeqX system (Illumina) with 2 × 150- bp end reads. We obtained 
a minimum of 5 million reads per sample.

Sequence reads were adapter trimmed using an in- house pro-
gram. The processed reads were aligned to the EBV reference 
genome (RefSeq accession no. NC_007605.1) using NovoAlign 
(NovoCraft, http://novoc raft.com) with default parameters and 
a ‘- r Random’ option. Variants were detected using VarScan2 and 
annotated using ANNOVAR (https://annov ar.openb ioinf ormat ics.

http://novocraft.com
https://annovar.openbioinformatics.org/
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org/). We considered variants with P- values < 0.001 (provided by 
VarScan2) and VAF > 0.8 to be present. Random simulations of 
nucleotide variations were performed using the Mersenne Twister 
pseudo- random number generator to generate simulated nucleotide 
alterations throughout the EBV genome.

To detect structural variations, soft- clipped bases were re-
aligned to the human (hg19) and the EBV (NC_007605.1) genomes 
using BLAT.24 Candidate structural variations with both sides of the 
breakpoints in the repeat region were filtered. Visualization was per-
formed using the Integrative Genomics Viewer.25

For clustering of EBV genomes, the number of nucleotide alter-
ations between two EBV samples was calculated using our in- house 
program. Hierarchical clustering and visualization were performed 
using the “hclust” command with the Manhattan distance calculation 
and the average linkage method in R (http://www.R- proje ct.org/).

EBV type 1/2 classification was based on hierarchical clustering, 
which matched the classification using SNVs in EBNA- 2, EBNA- 3A, 
EBNA- 3B, and EBNA- 3C. BALF2 subtype classification was simply 
based on the variant call. After these classifications, EBV genomes 
were classified as type 2 (regardless of the BALF2 subtype), the H- 
H- H subtype (in the type 1 EBV genomes), the H- H- L subtype (in 
the type 1 EBV genomes), and the other subtype (H- L- L and L- L- L 
subtypes in the type 1 EBV genomes).

2.4  |  Identification of EBV variants associated with 
Japanese NPC

We compared Japanese EBV genomes between NPC and other dis-
eases. The differences in the frequency of variants were assessed 
individually using Fisher's exact test. The P- value of 3 × 10−7 was 
considered as a reasonable cutoff after considering the multiple 
testing correction, as the P- value was still significant (adjusted p = 
0.05) after multiplying by the length of the viral genome (171,823 
nt).

2.5  |  DNA extraction from serum samples

The serum samples were stored at −80°C until further processing. 
DNA was extracted using the QIAamp DNA Mini kit (Qiagen) ac-
cording to the manufacturer's protocol. Serum samples (200 μl) were 
used for DNA extraction after the addition of 10 μg of poly(A) (Roche 
Diagnostics K. K.) as a carrier RNA. A volume of 50 μl of the final elu-
ate was used. Extracted DNA was stored at −20°C until further use.

2.6  |  Real- time quantitative EBV- DNA PCR

A 3000P Real- Time QPCR System (Agilent Technologies) was 
used to perform qPCR and fluorescence measurements. Duplicate 
PCR mixtures of each sample were amplified using an EBV 

primer probe set from the Japan Molecular Center of Excellence 
(Nippon Genetics) and an EagleTaq Master Mix with Rox (Roche 
Diagnostics K. K.).22,26 The PCR primers from the EBV primer 
probe set corresponded to the BALF5 gene encoding the viral DNA 
polymerase. The upstream and downstream primer sequences 
were 5′- CGGAAGCCCTCTGGACTTC- 3′ and 5′- CCCTGTTTAT 
CCGATGGAATG- 3′, respectively. The fluorogenic probe sequence 
was 5′- TGTACACGCACGAGAAATGCGCC- 3′. qPCR was performed 
as follows: denaturation at 95°C for 10 min, 50 cycles at 95°C for 
10 s and 62°C for 60 s, and finally, extension at 40°C for 30 s. To 
check whether DNA contamination had occurred, distilled water 
samples were also used as a negative control in every experiment.

2.7  |  Cell culture and plasmids

HK1, EBV- negative nasopharyngeal cancer cell line (kind gift 
from Dr. George Tsao, Hong Kong University) was maintained in 
RPMI1640 medium (Thermo Fisher Scientific) with 10% FBS and 
1% antibiotic– antimycotic (Thermo Fisher Scientific). HK1 cells 
were authenticated using short tandem repeats (BEX) and pas-
saged not more than 20 times. Cells were tested for the absence 
of mycoplasma contamination using the CycleavePCR Mycoplasma 
Detection Kit (TaKaRa Bio) before further experiments. The EBV 
BART3 miRNA expression vector in pLCE was a kind gift from Dr. 
Rebecca Skalsky (Oregon Health & Science University).27 The 
psiCHECK- 2 vector (Promega), a dual- luciferase plasmid, harbored 
the synthetic firefly luciferase (Fluc) gene and the synthetic Renilla 
luciferase (hRluc) gene. Each gene possessed its own promoter and 
poly(A)- addition sites.

To generate the luciferase reporter, the 3′- UTR of the LMP1 
fragment was digested from the pLSG- LMP1 3′- UTR between the 
XhoI– NotI restriction sites (a kind gift from Dr. Rebecca Skalsky, 
Oregon Health & Science University).27 The fragment was ligated 
in the multiple cloning regions of hRluc in psiCHECK- 2 (wild- type: 
WT). Moreover, two mutant vectors were constructed by replacing 
two or six bases of LMP1 (mutant 1: MT1; mutant 2: MT2) using 
site- directed mutagenesis (Fasmac, Atsugi, Japan).27 DNA sequenc-
ing was performed to confirm the nucleotide sequences of the con-
structed plasmids.

2.8  |  Luciferase 3′- UTR reporter assay

HK1 cells (1.5 × 105) were seeded into 24- well plates and trans-
fected with 80 ng psiCHECK- 2 reporter (LMP1 3′- UTR WT, MT1, or 
MT2) and 1000 ng EBV BART3 miRNA vector or pLCE control vector 
using Lipofectamine 2000 (Thermo Fisher Scientific). At 48 h post- 
transfection, cells were lysed in 1× passive lysis buffer (Promega), 
and luciferase expression assay was performed using the dual re-
porter luciferase assay system (Promega). All experiments were per-
formed in triplicate.

https://annovar.openbioinformatics.org/
http://www.R-project.org/
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2.9  |  Immunofluorescence assay

Indirect and anticomplement immunofluorescence assays were car-
ried out with Nippon Kayaku VCA slides and kits (Nippon Kayaku) 
for the detection of IgG and IgA antibodies to VCA according to the 
manufacturer's instructions. The serum samples were serially di-
luted (1:2), with final dilutions ranging from 1:10 to 1:10,240. The 
concentration of the antibodies was expressed as a titer, with the 
endpoint corresponding to the last dilution that clearly showed fluo-
rescence. If serum diluted 1:10 showed no fluorescence, that titer 
was expressed as 0.

2.10  |  Immunohistochemical analysis

The expression of BALF2 was immunohistochemically examined in 
NPC biopsy specimens at the first medical examination. Here, 3- μm 
sections were cut from paraffin blocks of a primary lesion. The par-
affin sections were deparaffinized, treated with 3% hydrogen per-
oxide, and incubated with a protein blocker (Agilent Technologies). 
Next, the sections were incubated at 4°C overnight with anti- BALF2 
antibody, as described previously.28 After washing with PBS, the 
sections were exposed to EnVision+secondary antibody (Agilent 
Technologies). Then, the sections were counterstained with hema-
toxylin. BALF2 expression was independently evaluated by two in-
vestigators (SK and HD) without information on the clinical data of 
the patients.

2.11  |  Statistical analysis

The clinical characteristics of the patients were analyzed using 
Fisher's exact test and the chi- squared test. The means of the two 
groups were compared using Student's t- test. Mann– Whitney test 
and Kruskal– Wallis test were used for comparison of the means of 
EBV- specific antibodies. All P- values reported are two- sided and P- 
values < 0.05 were considered significant.

All statistical analyses were performed using the SPSS statistics 
package version 19 (IBM) and EZR (Saitama Medical Center, Jichi 
Medical University, Japan), which is a graphical user interface for R 
(The R Foundation for Statistical Computing).29

3  |  RESULTS

3.1  |  Resequencing of EBV genomes obtained from 
Japanese NPC

We sequenced 47 EBV genomes isolated from Japanese NPC pa-
tients and compared them with those of other Japanese EBV 
(n = 178) and endemic NPC genomes (n = 110) (Figure 1A). The 
SNVs were similar between Japanese NPC EBV genomes and other 
Japanese EBV genomes with regard to effects on amino acids 

(Figure 1B) and nucleotide alteration patterns (Figure 1C), and syn-
onymous variants were more frequent than expected from random 
simulation (dN/dS = 0.34 for NPC and 0.38 for other diseases), sug-
gesting that most of the identified variants were the result of highly 
conservative evolution. Nucleotide alteration patterns were biased 
toward transitions (cytosine- to- thymine and adenine- to- guanine 
alterations).

In addition to SNVs, in total five SVs were identified in four 
(8%) of the 47 genomes (four deletions and a tandem duplication; 
Figure 1D, Figure S1, and Table S2). They varied in size (231– 24,787 
nt) and affected genomic components such as latent membrane pro-
tein (LMP)- 2A/2B, BART miRNA clusters 2, and several lytic cycle- 
associated genes; however, because of the small number of SVs 
and their variety, their significance is unclear. At the very least, the 
frequency of SVs was lower than that of hematologic malignancies 
(40%).21

Hierarchical clustering of the EBV genomes based on SNVs 
identified two separate clusters that contained the T1-  and T2- 
EBV genomes (Figure 1A). In Japan, T2- EBV genomes were found 
more frequently in NPC than in other diseases (8/47 versus 
12/178, p = 0.041; Figure 1E). Within the T1- EBV genomes, most 
EBV genomes obtained from endemic NPC patients formed a con-
solidated cluster. The T1- EBV genomes of Japanese NPC largely 
co- clustered with those of other diseases, suggesting that both 
Japanese EBV genomes had macroscopically similar SNVs; how-
ever, when focusing on the three SNVs associated with endemic 
NPC (BALF2 162215A>C, 162476T>C, and 163364C>T variants), 
10 EBV genomes of Japanese NPC origin carried the former two 
SNVs (the H- H- L genotype) (Figure 1E). The frequency of the H- 
H- L genotype was higher in Japanese NPCs than in other diseases 
in Japan (10/47 versus 17/178, P = 0.042). All EBV isolates car-
rying all three SNVs (H- H- H genotype) originated from endemic 
NPC patients.

Taken together, the EBV genomes in Japanese NPC were signifi-
cantly different from those in the endemic NPC, mainly regarding 
the frequency of the H- H- H genotype. In addition, Japanese EBV 
genomes were highly different between NPC and other diseases; 
the T2- EBV and H- H- L genotypes contributed to 38% of Japanese 
NPCs compared with 16% in other EBV- associated diseases in Japan 
(18/47 versus 29/178, p = 0.003). The association of the two types 
of EBV genomes with NPC suggested their specific role in the patho-
genesis of this disease.

3.2  |  Identification of viral SNVs associated with 
NPC in Japan

We compared the frequency of each SNV between Japanese NPCs 
and other diseases using a genome- wide approach (Figure 2A). As 
a result, differences with P- values <3.0 × 10−7 were found in seven 
SNVs within two genomic regions: 107013T>G (BBRF3 c.165T>G, 
p.L55L) and the other six SNVs in the 3′- untranslated region (UTR) of 
the latent membrane protein (LMP)- 1 (g.167378– 167470; Figure 2B, 
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Table S3). The 107013T>G variant was present mainly in the H- H- L 
EBV genomes of Japanese NPC, suggesting that this variant was 
acquired in Japan (Figures 2C and 1A). In contrast, the representa-
tive SNV in the 167378– 167470 region (167378G>T), as well as the 
other five SNVs, were present in both the T2- EBV and the H- H- L 
EBV genomes of Japanese NPC, suggesting that the SNVs originated 
from the T2- EBV. These SNVs were less frequent or absent in other 
diseases in Japan or endemic NPC, suggesting a specific association 
with Japanese non- endemic NPC (Figure 2D,E).

3.3  |  Functional analysis of SNVs in the LMP1 3′- 
UTR

LMP- 1 encodes the major viral membrane protein and is tran-
scriptionally downregulated by several viral microRNAs binding 

to its 3′- UTR region.30 Two of the six SNVs (167378G>T and 
167392G>C) affected one of the binding sites of ebv- mir- 
BART3- 5p (Figure 3A), suggesting the role of SNVs in transcrip-
tional regulation, while the other four SNVs were not on the 
designated binding sites.

To assess the effect of the six SNVs in the LMP- 1 3′- UTR, we 
generated three types of the LMP- 1 3′- UTR luciferase reporter vec-
tors (Figure 3B). The wild- type vector carried the original sequence 
of LMP- 1 3′- UTR sequence including the BART3- 5p binding site. 
The LMP1 3′- UTR MT1 vector contained 2 SNVs (167378G>T and 
167392G>C) that affected the binding site of ebv- mir- BART3- 5p. In 
addition, LMP1 3′- UTR MT2 had six mutated base pairs that were 
all identified as SNVs in the 3′- UTR of LMP1. We transfected these 
reporters with or without the miR- BART3 expression vector into the 
HK1 nasopharyngeal cancer cell line. As shown in Figure 3C, miR- 
BART3 inhibited LMP1 3′- UTR WT but not LMP1 3′- UTR MT1 and 

F I G U R E  1  Genomic findings of 
the EBV genome from NPC in Japan. 
(A) Hierarchical clustering of the EBV 
genomes that originated from NPC in 
Japan (blue), other diseases in Japan 
(light blue), or NPC in the endemic 
region (red). Principal components (PC) 
of the nucleotide variations, EBV type 
1/2 classification, and the BALF2 variants 
associated with the endemic NPC are 
also indicated. (B) The frequency of 
silent, missense, other coding (Others; 
nonsense and splice site variants), and 
noncoding SNVs in Japanese NPC and 
other diseases. (C) The frequency of 
each nucleotide alteration pattern or 
insertion/deletions (indels). For cytosine- 
to- thymine transitions, the frequency 
of alterations in the CpG and non- CpG 
contexts is also indicated. (D) Structural 
variations identified in Japanese NPC. 
Each horizontal line indicates an EBV 
genome, and black and green bars indicate 
deletions and a tandem duplication, 
respectively. Note that the viral genome 
is circular in host cells; the deletions 
affecting the left and right ends in 
NPC5 and NPC63 are continuous. The 
composition of the viral genome is also 
indicated. (E) The genotypes of EBV 
genome isolates. The viral genomes were 
classified either as type 2 (orange), type 
1 H- HH (brown), type 1 H- H- L (green), or 
other type 1 genomes (gray). *p < 0.01
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LMP1 3′- UTR MT2. This result indicated that miR- BART3 targeted 
the LMP1 3′- UTR via the binding site of ebv- mir- BART3- 5p, and that 
two SNVs inhibited the interaction to upregulate LMP- 1.

3.4  |  Association between EBV genotypes and 
clinical characteristics in Japanese NPC

As T2- EBV and H- H- L EBV were found frequently in Japanese NPC, 
we further characterized T2- EBV strains or the H- H- L subtype in 
terms of clinical presentation. As shown in Table 1, we found sig-
nificant associations between these strains and the T- stage in the 
T- N- M classification at the time of diagnosis. Although the number 
of patients with T2- EBV was limited (n = 8), this viral strain was 
strongly associated with locally advanced (T3 or T4) T- stage (four 
and four patients with T3 and T4, respectively, p = 0.01). T2- EBV is 
also associated with relatively higher age at diagnosis compared with 
other subtypes (T2- EBV: 63.8 ± 12.8 years; H- H- L subtype: 58.8 ± 

11.8 years; other subtypes: 55.0 ± 12.8 years), although the signifi-
cance was marginal (T2- EBV versus other subtypes, p = 0.09).

3.5  |  Association between EBV genotypes and 
serum EBV- DNA and antibody load in Japanese NPC

We measured serum EBV- DNA and EBV- VCA- IgG or EBV- VCA- IgA 
titers, which are predictors of disease progression in NPC,22 and in-
vestigated their association with EBV strains. Serum samples were 
available for eight patients with the T2- EBV strain, nine patients 
with the H- H- L subtype, and 27 patients with the other (H- L- L or 
L- L- L) subtypes. The viral DNA abundance in serum was significantly 
higher in NPC patients with T2- EBV (median 28,010 copies/ml; 
range 3550– 594,975 copies/ml; P = 0.007) or the H- H- L subtype 
(median 60,075 copies/ml; range 1295– 194,650 copies/ml; P = 0.01) 
than in NPC patients with the other subtypes (median 2610 copies/
ml; range 0– 80,300 copies/ml) (Figure 4A). In contrast, there was 

F I G U R E  2  Discovery of Japanese 
NPC- specific EBV variants. (A) Manhattan 
plot of P- values obtained by comparing 
Japanese NPC and other diseases. Each 
dot indicates an SNV and seven red dots 
indicate SNVs with P < 3.0 × 10−7. UTR; 
untranslated region. (B) The focused 
image of the Manhattan plot. A 4- kb 
region (NC_007605: 166,001– 170,000) 
is presented with the structure of genes 
in this region. Blue and green indicate 
latency-  and lytic cycle- associated genes, 
respectively. Six SNVs with P < 1.0 × 
10−7 were identified in the 3′- UTR of the 
latent membrane protein 1 (LMP- 1) gene. 
(C) Correlation between EBV genotypes 
and SNVs in Japanese NPC. Each column 
indicates a genome. (D, E) The frequency 
of the 107013T>G variant (D) and the 
167378G>T variant (E) in Japanese NPC, 
other diseases in Japan, and endemic 
NPC. *P < 0.01
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no significant difference in the VCA- IgG titer among NPC patients 
with T2- EBV (median 1:120; range 1:40– 1:2560), H- H- L subtype 
(median 1:160; range 1:40– 1:1280), and the other subtypes (median 
1:160; range 0– 1:640) (Figure 4B). Similarly, there was no significant 
difference between the VCA- IgA titers of NPC patients with T2- 
EBV (median 1:25; range 0– 1:160), the H- H- L subtype (median 0; 
range 0– 1:20), and the other subtypes (median 1:10; range 0– 1:80) 
(Figure 4C).

3.6  |  Induction of the viral lytic cycle in Japanese 
NPC tissues

Finally, because elevated viral DNA load and the T2- EBV, which 
is prone to the lytic cycle compared with the T1- EBV, suggest the 
involvement of the viral lytic cycle, we investigated the viral latent/
lytic status in tumor tissues. We immunohistochemically stained 
BALF2, as this protein is not expressed in the latent state and is 
upregulated during the lytic cycle. Biopsy specimens were avail-
able for eight NPC patients with T2- EBV strain, eight NPC patients 
with H- H- L subtype, and 29 NPC patients with other subtypes. The 
performance of the anti- BALF2 antibody was confirmed using IgG 
cross- linking of Akata (−) EBV- neoR cells over 48 h. As IgG cross- 
linking induces lytic cycle in this cell line, BALF2 expression was 
gradually reinforced in time- dependent manner and peaked at 24 h 
(Figure S2A). Similarly, the RNA expression level of BALF2 peaked 
at 24 h (Figure S2B). The Akata (−) EBV- neoR cells after treatment 
with IgG cross- linking for 24 h were used as a positive control 
(Figure 4D). Akata (−) EBV- neoR cells without IgG stimulation or 
normal adenoid tonsil were used as negative controls (Figure 4E,F). 
BALF2 expression in Akata (−) EBV- neoR cells localized in the nuclei 
and were observed as dark brown staining (Figure 4D). In contrast, 
BALF2 expression in NPC tissues localized in both cytoplasm and 
nuclei (Figure 4G,H, ×1000 enlarged image).

The expression score of BALF2 in NPC patients with the T2- EBV 
(11.75 ± 7.59%, p = 0.01) or the H- H- L subtype (10.75 ± 9.48%, p = 
0.05) was higher than that with the other subtypes (7.06 ± 5.34%) 
(Figure 4G– J).

4  |  DISCUSSION

In this study, we identified the frequent association of EBV in the 
T2- EBV and BALF2 H- H- L subtypes in Japanese NPC. These two 
genotypes were associated with more frequent lytic reactivation, 
as shown by higher viral DNA load and more frequent BALF2 ex-
pression, suggesting the involvement of this viral cycle in the patho-
genesis of NPC. As T2- EBV is shown to be more prone to lytic 
reactivation than T1- EBV,31 this viral subtype can drive NPC patho-
genesis through the lytic cycle. The H- H- L subtype is also associated 
with the lytic cycle and can also contribute to cancer development 
using the same viral program.

To date, T2- EBV is believed to be most frequently observed type 
in the African population.7 In this study, we found that T2- EBV was 
found frequently in Japanese NPC and had a low frequency in the 
Japanese cohort with other EBV- associated diseases or endemic 
NPC. A previous study reported that, among healthy donors and pa-
tients with tonsillitis in Japan, T1- EBV is highly dominant, while T2- 
EBV is quite rare.32 Therefore, T2- EBV may be specific for the EBV 
subtype with NPC in Japanese cohort. Although further study is 
mandatory to analyze a large cohort that includes Japanese healthy 
volunteers, we believe that T2- EBV has a frequent association with 
Japanese NPC.

F I G U R E  3  Functional analyses of the SNVs in the LMP1 3′- 
UTR region. (A) Schematic presentation of SNVs identified in the 
ebv- mir- BART3- 5p binding sites of LMP- 1. Two SNVs (167378G>T 
and 167392G>C) were indicated together with the sequences 
of the 3′- UTR of LMP- 1 (complement) and ebv- mir- BART3- 5p. 
(B) Schematic representation of dual- luciferase reporter plasmid 
psiCHECK- 2 vector containing the 3′- UTR of LMP1 inserted 
downstream of the Renilla luciferase gene. Three types of dual- 
luciferase reporter plasmids were constructed, one wild- type (LMP1 
3′- UTR WT) and two types of mutation reporters were designed. 
LMP1 3′- UTR MT1 had two replaced base pairs (167378G>T and 
167392G>C) as described in (A). LMP1 3′- UTR MT2 replaced all 
six replaced base pairs identified SNVs in Japanese NPC including 
LMP1 3′- UTR MT1. (C) Either 3′- UTR of LMP1 WT reporter or MT 
reporter was co- transfected into HK1 cells with or without EBV 
BART3 miRNA expression plasmid (black bar) or control vector 
(pLCE: gray bar). Lysates were assayed for luciferase activity at 
48 h after transfection. All firefly luciferase units are normalized to 
Renilla activity (relative light units, RLU) and are reported relative 
to empty vector. All values are represented as mean ± SD of three 
independent experiments. Statistical significance is indicated as 
P- value
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The lytic form of EBV contributes to tumor growth under var-
ious conditions. Several lines of evidence have suggested that a 
small number of tumor cells with the lytic form of viral protein 
level may promote tumor growth in NPC.33– 36 In addition, fre-
quent microdeletions of the BART miR clusters in the EBV genome 
in hematologic malignancies suggest the contribution of the lytic 
cycle in neoplasms.21 Conversely, B cells with an EBV lacking the 
essential transcription factor for the lytic cycle (BZLF1) grew more 
slowly than cells transformed with the wild- type virus in a mouse 
xenograft model.36 More recently, this lytically defective mutant 
was also impaired in its ability to form lymphoma in a humanized 
mouse model.

Serum/plasma EBV- DNA is an indicator of lytic infection, and 
virions are present in the circulation of NPC patients.37 The ma-
jority of EBV in NPC cells is reported to be in the latent phase38; 
however, their data also suggest the hypothesis that some EBV in 
NPC could enter lytic replication, leading to tumor progression. 
Furthermore, the expression of some lytic genes was frequently de-
tected in NPC.39 In this study, we have shown that NPC with both 
T2- EBV and H- H- L subtypes have higher serum EBV- DNA loads 
than the other subtypes. This finding suggests that T2- EBV and 

the H- H- L subtype frequently enter lytic replication, which leads 
to tumor progression.

Although the serum EBV- DNA level was elevated in patients 
with NPC and the T2- EBV and H- H- L subtypes, VCA antibodies 
were not elevated in patients with NPC with those subtypes. Our 
previous study showed that the sensitivity of VCA antibodies in a 
Japanese NPC cohort was lower than those in other reports from 
endemic areas of NPC 22. This could be due to geographic differ-
ences between endemic and non- endemic areas of NPC. This sug-
gests that EBV- DNA is a more reliable marker than VCA antibodies 
that enhance the progression of this malignancy. These cofactors 
may enhance the status of EBV- DNA load and VCA antibodies in 
patients with NPC and T2- EBV and H- H- L subtypes.

The ratio of the two BALF2 high- risk subtypes (H- H- H and H- H- 
L) was quite high (84.35% and 8.92%, respectively) in the endemic 
area of southern China.16 The prevalence of the two high- risk EBV 
subtypes was not associated with the risk of developing other EBV- 
related diseases and malignancies in their study. In contrast, we 
found that there were no EBV isolates in Japan carrying the H- H- H 
subtype, including other EBV- associated diseases, which can be 
explained by the geographical distribution of the H- H- H subtype. 

Variables
Type 2- EBV 
(n = 8)

Type 1- EBV BALF2 type 
H- H- L (n = 10)

Other types 
(n = 29) P- value

Age (years ± SD) 63.8 ± 12.8 58.8 ± 11.8 55.0 ± 12.8 0.09

Gender

Female 2 2 1 0.12

Male 6 8 28

WHO histologic type

II 8 6 23 0.11

III 0 4 6

T classification

T1 0 2 10 0.01*

T2 0 6 8

T3 4 0 5

T4 4 2 6

N classification

N0 1 1 3 0.31

N1 4 0 7

N2 2 7 16

N3 1 2 3

M classification

M0 8 9 28 0.55

M1 0 1 1

Stage

I 0 0 2 0.48

II 0 0 4

III 3 6 13

IV 5 4 10

*P < 0.05.

TA B L E  1  Relationship between 
EBV type/BALF2 haplotype and the 
clinicopathological features
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In addition, we found that the H- H- L subtype was found relatively 
frequently in Japanese NPCs. Although the mechanism by which 
BALF2 variants contribute to NPC pathogenesis remains unclear, 
our findings provide new biological insights into EBV- mediated NPC 
oncogenesis, which is different between endemic and non- endemic 
areas.

BALF2 is an EBV single- stranded DNA- binding protein, which 
is indispensable for the lytic phase of EBV- DNA replication.8,10,40 
Studies have shown that antibodies against EBV early lytic antigens, 
including BALF2, are highly enriched in the antibody signature for 
NPC risk prediction.41 In addition, BALF2 is also a frequent target of 

EBV- induced cytotoxic T- cell responses.40 Because of the essential 
role of BALF2 in EBV lytic DNA replication, these amino acid changes 
may influence the productive lytic cycle of EBV by altering the func-
tion of BALF2.

We found several SNVs in the 3′- UTR of LMP1, and two SNVs 
affected the binding site of ebv- mir- BART3- 5p. BART miRs were 
originally identified in NPC and later identified in other EBV- 
associated neoplasms.42 BART miR expression is generally low in 
B lymphocytes and high in epithelial tissues.43 EBV- miR- BART1- 5p, 
miR- BART16, and miR- BART17- 5p can target the LMP1 3′- UTR and 
regulate LMP1 expression.30 Another study showed that several 

F I G U R E  4  Comparison of clinical 
features of Japanese NPC categorized 
using EBV genome variations. (A– C) 
Comparison of serum cell- free EBV- 
DNA (A), VCA- IgG titers (B), VCA- IgA 
titers (C) in Japanese NPC among EBV 
genotypes. The bars and boxes indicate 
ranges and quantiles, respectively. (D– I) 
Immunohistochemical analysis of BALF2 
expression in NPC tissues. Brown staining 
indicates positivity for BALF2 expression. 
Original magnification, upper figure 
×100, lower figure ×400, respectively. 
For (G, H), magnified images with ×1000 
and enlargement ×1000 are shown. 
White arrows indicate the representative 
image of nuclear expression of BALF2. 
Representative images with (D) positive 
control, paraffin block embedded Akata 
(−) EBV- neoR cells 24h after treatment 
with IgG cross- linking, (E) negative 
control, paraffin block embedded Akata 
(−) EBV- neoR cells without stimulation, 
(F) negative control, normal adenoid 
tissues. (G– I) Representative images of 
NPC tissues with type 2- EBV (G), H- H- L 
subtype (H), and others (BALF2_H- L- L 
and L- L- L) (I). (J) Comparison of expression 
scores of BALF2 in Japanese NPC. The 
categories are classified into type 2- EBV 
(yellow), BALF2 subtype H- H- L (green), 
and others (BALF2_H- L- L and L- L- L) 
(gray) indicated on the X- axis. The Y- axis 
indicates the expression score of BALF2 
(%). Columns, mean; bars, SD
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BART miRs, including miR- BART3, target the LMP1 3′- UTR.27 Using 
luciferase reporter assays, we confirmed that miR- BART3 inhibited 
the LMP1 3′- UTR but not the LMP1 3′- UTR mutated in the bind-
ing site of miR- BART3. LMP1 is believed to be important for NPC 
development44,45 and BART miRs contribute to the modulation of 
LMP1 expression. Further analysis is necessary to investigate the 
exact mechanism by which BARTs enhance LMP1 expression.

Finally, our results suggest a link between EBV genotypes and 
NPC, and a possible role of the viral lytic cycle in NPC development. 
More molecular and functional investigations are warranted to fur-
ther clarify the association between EBV subtypes and variants, the 
lytic cycle, and NPC oncogenesis.
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