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Abstract 

EBV is a key risk factor for many malignancy diseases such as nasopharyngeal carcinoma (NPC) and 
Burkitt lymphoma (BL). EBV integration has been reported, but its scale and impact to cancer 
development is remains unclear. C666-1 (NPC cell line) and Raji (BL cell line) are commonly 
studied EBV-positive cancer cells. A rare few EBV integration sites in Raji were found in previous 
research by traditional methods. To deeply survey EBV integration, we sequenced C666-1 and Raji 
whole genomes by the next generation sequencing (NGS) technology and a total of 909 break-
points were detected in the two cell lines. Moreover, we observed that the number of integration 
sites was positive correlated with the total amount of chromosome structural variations (SVs) and 
copy number structural variations (CNVs), and most breakpoints located inside or nearby genome 
structural variations regions. It suggested that host genome instability provided an opportunity for 
EBV integration on one hand and the integration aggravated host genome instability on the other 
hand. Then, we respectively assembled the C666-1 and Raji EBV strains which would be useful 
resources for EBV-relative studies. Thus, we report the most comprehensive characterization of 
EBV integration in NPC cell and BL cell, and EBV shows the wide range and random integration to 
increase the tumorigenesis. The NGS provides an incomparable level of resolution on EBV inte-
gration and a convenient approach to obtain viral strain compared to any research technology 
before. 

Key words: Epstein-Barr Virus (EBV), Whole genome sequencing, Raji, C666-1, Nasopharyngeal carcinoma 
(NPC), Burkitt lymphoma (BL) 

Introduction 
Epstein-Barr Virus (EBV) is a major etiologic 

agent for malignant diseases of epithelial and lym-
phoid cell origin [1-3]. Despite clear evidence sup-
porting the correlation of EBV and many malignant 
tumors [4, 5], the underlying nature of EBV-host in-
teraction remains elusive. The mode and influence of 
EBV integration is still not clear due to the lack of an 
impartial method to detect and survey genome-wide 
EBV integration sites, although EBV integration into 

host genome has been reported [6-11]. Recently, the 
advancement of sequencing technology [12-17] offers 
an opportunity to study the global extent and func-
tional impact of EBV integration into the cancer ge-
nome. C666-1 [18] and Raji [19] are typical EBV posi-
tive cell lines. They are classic models to research vi-
ral-host interaction and used worldwide [20-28]. A 
rare few EBV integrations sites in Raji were reported 
in previous research by traditional methods such as 
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genome library construction [8] and fluorescence in 
situ hybridization (FISH) [9]. Here we sequenced the 
C666-1 and Raji cell line genomes by deep (>60 cov-
erage) whole genome sequencing to survey the entire 
viral integration distributions on virus and the host 
genome. Meanwhile, whole genome sequencing of 
C666-1 and Raji offered a chance to assemble their 
EBV genome strains, which should be useful re-
sources for EBV-relative studies. To that end, se-
quencing the EBV-positive cancer cell genome pro-
vides a great solution to reveal the EBV integration 
distribution, the functional impact of viral integration 
on the host genome and the EBV genome characteris-
tics. 

Materials and Methods 
Cell culture and sample preparation 

C666-1 and Raji were grown in RPMI 1640 (Hy-
Clone, Logan, UT, USA) plus 10% fetal bovine serum 
(GIBCO, Grand Island, NY, USA) with 0.5% penicillin 
and streptomycin (GIBCO , Grand Island, NY, USA). 
Cells were grown at 37℃ in a humidified, 5% CO2 
incubator. The genomic DNA of C666-1 and Raji cells 
was extracted and purified using Qiagen Gentra Pure-
gene reagents according to the manufacturer’s instruc-
tions. 

Whole genome sequencing and analysis 
The libraries of C666-1 and Raji DNA were pre-

pared following the Illumina Truseq DNA sample 
preparation protocol and subjected to sequence with 
90-base paired-end using an Illumina HiSeq instru-
ment. Average fragment size used for sequencing was 
about 480 bp. Each library was subjected to 2 lanes, 
resulting in at least 60-fold haploid coverage for each 
sample. SOAPsnp [29] was used to detect single nu-
cleotide polymorphisms (SNPs); SAMtools [30] was 
used to detect the InDels (small Insertion/Deletion); 
CREST [31] was used to detect structure variations 
(SVs, including Insertions, Deletions, Inversions and 
Translocations of chromosome bands or arms). Copy 
number variations (CNVs) were detected by an 
in-house program with an algorithm similar to soft-
ware Segseq [32] of broad institute. EBV integrations 
were also detected by an in-house program. After the 
variations were detected, ANNOVAR [33] was used 
to do annotation and classification. 

Analysis of EBV integration sites 
First, we combine the human reference genome 

(hg19) and the wild type EBV reference genome 
(EBV-WT, GenBank accession number NC007605) [34] 
together to build a hybrid reference genome. 
Paired-end reads with fragment length of about 500bp 
were aligned to the hybrid reference genome with 

Burrows-Wheeler aligner (BWA) [35]. All mapped 
reads were subjected to a filtering process to remove 
possible PCR duplicates. Reads cover fuse boundaries 
of the human genome and the EBV genome are called 
split reads, which are partially mapped to the human 
genome (hg19) or the EBV genome (EBV-WT) in the 
original alignment result. Split reads are used to 
identify EBV integration positions. Extract split reads 
from the original alignment result and assemble the 
split reads into contigs. Match rate cutoff is set to 0.95. 
Split reads cover the same fuse boundary will be as-
sembled into the same contig. Then realign the 
clipped part of the contigs to the hybrid reference 
genome. If the partially mapped part and the clipped 
part of a junction read respectively and uniquely 
mapped to the human reference genome (hg19) and 
the EBV genome (EBV-WT), the integration position is 
reported. After that, filter the integrations which 
length of sequence near the breakpoint are smaller 
than 30. The integrations need at least one split read to 
support them. Finally, pooled split reads come from 
the same integration position to get all integration 
events and its supporting split read numbers. 

De novo assembly of EBV genomes 
All sequencing reads were first aligned to the 

EBV-WT genome by BWA software [35], and the 
paired-end reads which at least one end mapped to 
the EBV-WT genome were collect to do the de novo 
assembly. We used SOAPdenovo [36] software which 
merged the overlapping reads based on de Bruijn 
graph algorithm to generate contigs. The paired-end 
information was then used to link contigs into scaf-
folds; subsequently, assembled scaffolds were aligned 
to the EBV-WT genome and the gaps were filled with 
corresponding reference sequence which was mostly 
located in the repeat region that make the sequence 
difficult to assemble.  

The assembled full-length sequence of EBV 
strain derived from C666-1 was submitted to the 
GenBank database and assigned accession number 
AB828190. The sequence of Raji EBV strain was also 
submitted and assigned accession number AB828191. 

Detection of SNVs 
The C666-1 and Raji reads were aligned to the 

reference (EBV-WT) by BWA software [35]. Single 
nucleotide variations (SNVs) were detect by the 
SAMtools [30] software and applying the following 
criteria to filtering the raw variations result: (1) the 
minimal depth cover the variation site is not less than 
4; (2) the minimal variation quality score is not less 
than 20; (3) the distance between two nearby varia-
tions is not less than 5; (4) the reads support the mu-
tated allele is not less than 4. 
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Comparative and phylogenetic analyses 
The MAFFT [37] software was used to align the 

EBV genomes of C666-1 (AB828190) and Raji 
(AB828191) with other 18 strains reported previously: 
EBV-WT (NC007605) [34], B95-8 (V01555) [34], AG876 
(DQ279927) [38], Akata (KC207813) [39], Mutu 
(KC207814) [39], K4123-Mi (KC440851) [40], K4413-Mi 
(KC440852) [40], GD1 (AY961628) [41], GD2 
(HQ020558) [42], HKNPC1(JQ009376) [43], and 
HKNPC2 ~ HKNPC9 (KF992564 ~ KF992571) [44]. 
Molecular Evolutionary Genetics Analysis (MEGA) 
[45] software, version 5.2 was used to perform the 
Phylogenetic analyses by Neighbor-joining (NJ) algo-
rithm, based on multiple sequence alignments of the 
eight viral genomes and encoded genes. Protein se-
quences were aligned with Megalign (DNAStar, La-
sergene, version 7.1). 

Results 
Detection of EBV integration 

In this study, we processed whole-genome deep 
sequencing (> 60 coverage) on C666-1 and Raji cells to 
identifying of EBV insertion events and investigating 
impact of insertion on host genome. First, we aligned 
all short reads from whole-genome sequencing to the 
human (hg19) and EBV reference genome sequence 
(NC007605) (Figure 1). The total raw data of viral se-
quence in C666-1 is 117,172,040 bp and 114,444,102 bp 
in Raji. This approach yielded very high coverage 
depth (759 × in C666-1 and 1,312 × in Raji). Aligned to 
the reference human sequence, the total raw data of 
C666-1 is 182,230,285,487bp, and Raji is 
183,866,611,697 bp, and average coverage depth of 
human genome in C666-1 and Raji are 62.90 × and 
63.46 ×, respectively (Table 1). Based on the total 
number of viral and human sequencing data, we es-
timate that, on average, C666-1 contains 12 
(759.39/62.9) copies of the viral genome per diploid 
human genome and Raji contains 20 (1312.05/63.46) 
copies, approximately. We identified EBV integration 
sites by searching for human-EBV chimeric reads, in 
which one end mapped to the human genome and the 
other mapped to the EBV genome. Chimeric reads 
supporting the same EBV integration event were then 
clustered, yielding 909 unique EBV insertion sites in 
the two cell line (350 in C666-1 and 559 in Raji). (Fig-
ure 2A & 2B), 26 of which are supported by at least 2 
chimeric reads (9 in C666-1 and 17 in Raji, Additional 
File 1: Table S1). Compared to the > 60× sequencing 
coverage of human genome, integration event sup-
ported by relative less chimeric reads (maximum 33 
reads) reveal heterogeneous, random viral integration 
events in both C666-1 and Raji cells. 

 

 
Figure 1. The workflow for analysis Epstein-Barr virus (EBV) integration and 
assembly of EBV genomes in C666-1 and Raji cells. 

 

Table 1. Summary of sequencing data of C666-1 and Raji. 

Categories C666-1 Raji 
Raw reads 2,328,493,430 2,298,076,610 
Raw bases (bp) 209,564,408,700 206,826,894,900 
Clean reads 2,200,200,436 2,175,753,790 
Clean bases (bp) 198,018,039,240 195,817,841,100 
Rate of clean reads /raw reads 94.49% 94.68% 
Total raw data mapped to human (bp) 182,230,285,487 183,866,611,697 
Total raw data mapped to EBV (bp) 117,172,040 114,444,102 
Effective sequencing depth in human (×) 62.90 63.46 
Coverage in human (%) 99.43 99.47 
Effective sequencing depth in EBV (×) 759.39 1312.05 
Coverage in EBV (%) 82.63 79.93 

 
 

EBV integrating sites were co-localized with 
chromosome instability sites 

By whole genome sequencing, we found large 
number of SNPs, InDels, CNVs and SVs both in 
C666-1 (2,289,321 SNPs, 1,038,097 InDels, 1,510 CNVs 
and 5,820 SVs) and Raji (2,463,155 SNPs, 542,732 In-
Dels, 426 CNVs and 6,996 SVs) cells (Figure 2A & 2B) 
compared to the reference human genome (hg19). The 
integration of virus DNA into the host chromosome 
could cause chromosome instability has been reported 
[46]. Here, we observed the number of viral integra-
tion sites was positive correlated with the total 
amount of the chromosome SVs and CNVs both in 
Raji (P = 2.124E-11) and C666-1 (P = 5.696E-07). 
Meanwhile, in C666-1, we found that 30 EBV break-
points (8%) were located inside SV and CNV regions, 
270 (77%) were located within 1 Mb of SV and CNV 
regions. Also in Raji, there are 43 breakpoints (7%) 
were located inside SV and CNV regions, 458 (81%) 
were located within 1 Mb of somatic SV and CNV 
regions (Figure 2 & Figure 3).  
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Figure 2. Summary of somatic genomic alterations in C666-1 and Raji cells. Various types of somatic alterations in C666-1(A) and Raji (B) genomes using circus plots. Tracks 
from outer to inner represent the following: (1) chromosome karyotype diagram; (2) SNP heatmap; (3) InDel heatmap; (4) virus integration sites (integrations within SV or CNV 
regions were represented in red, integrations near SV or CNV regions were represented in yellow, others were represented in green); (5) CNV diagram (red, outer of baseline: 
gain; inner of baseline: loss); (6) SV insertion (yellow); (7) SV deletion(blue); (8) SV invertion; (9) SV intra-chromosomal translocation (represent in blue) and inter-chromosomal 
translocation (represent in black). 
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Figure 3. Correlation analysis of EBV integration and chromosome instability in C666-1 and Raji cells. A. The number of EBV integration sites versus the number of SVs and 
CNVs on C666-1 chromosomes. B. The number of EBV integration sites versus the number of SVs and CNVs on Raji chromosomes. C. Summary of distance between EBV 
integration sites and SVs and CNVs sites in C666-1 and Raji. 

 
The highest frequency integration site (with 33 

reads supported) in Raji was located in a CNV region 
(Additional File 2: Table S2). Based on the statistic 
analysis above, we concluded that most breakpoints 
located inside or nearby genome structural variation 
regions, which supporting that genome instability 
and chromosome structural variation was probably 
induced by EBV integration.  

In EBV genome, we also surveyed the integra-
tion sites, which were proved to be randomly distrib-
uted in viral genome and almost covered the whole 
EBV genome both in C666-1 and Raji (Figure 4A & 
4B). 

EBV sequence and phylogenetic analyses 
The C666-1 EBV draft genome is 171,021bp and 

Raji is 166,107bp. Multiple sequence alignments were 
carried out for the genome sequences of the newly 
assembled C666-1, Raji and other six EBV subtypes, 
including EBV-WT, AG876, B95-8, GD1, GD2 and 
HKNPC1 (Figure 5A & 5B). The sequence similarities 
between C666-1 and the other six EBV subtypes were 
99.93% (GD1), 99.14% (EBV-WT), 99.14% (B95-8), 
99.88% (GD2), 99.62% (HKNPC1) and 98.38% 
(AG876). The sequence similarities between Raji and 
the other six EBV subtypes were 99.17% (GD1), 
99.33% (EBV-WT), 99.33% (B95-8), 99.00% (GD2), 
98.77% (HKNPC1), and 98.51% (AG876). The result 
showed that Raji EBV genome was more similar to the 

subtypes derived from the lymphocyte (EBV-WT, 
B95-8) and C666-1 viral strain was more similar to the 
subtypes derived from the NPC (GD1, GD2, 
HKNPC1).  

According to all published EBV genome and 
NPC-EBV genome reference sequence, the evolution-
ary trees of the EBV whole genome and its protein 
encoding genes, LMP1, EBNA-1 and BZLF1 were 
constructed. Raji could obviously separate from other 
EBV subtypes when the LMP1, EBNA-1, and BZLF1 
gene were used to classify (Figure 6). The various 
subtypes of EBV showed a certain correlation with its 
location distribution. All the EBV subtypes from Asia 
could gather at a branch, including HKNPC1 to 9, 
GD1 and GD2, C666-1, and Japanese strain (Akata), 
which could separate from the EBV subtypes of 
non-Asian area, such as AG876, B95-8, Mutu, 
K4123-Mi, K4413-Mi, and K4123-Mi. Furthermore, by 
analyzing amino acid sequences, we found that LMP1 
had two regions of insertions/deletions within 
CTAR2 and CTAR3 domains which presumably in-
fluenced LMP1’s signaling functions (Figure 7). By 
comparison with the EBV-WT reference genome, a 
total of 891 SNVs (238 were nonsynonymous) were 
detected in the C666-1 EBV genome and 654 SNVs 
(224 were nonsynonymous) in Raji viral strain (Addi-
tional File 3: Table S3). 
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Figure 4. EBV integration sites and breakpoints in the EBV genomes of C666-1 and Raji cells. The circus plots representing the EBV genomes from C666-1 (A) and Raji (B) cells. 
Tracks from outer to inner represent the following: (1) foward ORFs (blue); (2) repeat regions (black); (3) reward ORFs (purple); (4) number of integration sites per Kilobases 
of EBV genomes (up to 10 sites, orange); (5) integration sites (green), some of integration sites were identified two or more times in C666-1 or Raji genome. 
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Figure 5. Sequencing depths and SNVs of EBV genome in C666-1 and Raji. Tracks from outer to inner represent the following: (1) foward ORFs(blue); (2) repeat regions(black); 
(3) reward ORFs (purple); (4) sequencing depths (up to 1800 reads, orange); single nucleotide variations (green) compared to B95-8 strain (5), reference sequence (NC_007605, 
6), HKNPC1 strain (7), GD2 strain (8), AG876 strain (9) and GD1 strain (10). A. C666-1; B. Raji 
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Figure 6. Phylogenetic analyses on whole EBV genomes and protein-encoding genes EBNA-1, LMP1, and BZLF1. A. Phylogenetic tree base on whole genome of 20 EBV strains, 
poorly aligned and highly divergent sequences were masked by Gblocks. Phylogenetic trees based on protein sequence alignment of EBNA1 (B), LMP1 (C), and BZLF1 (D) were 
generated. Phylogenetic analysis was performed using MEGA software (version 5), by Neighbor-joining (NJ) algorithm. Divergence scale, in numbers of substitution per site, is 
shown under each tree. 

 

 
Figure 7. LMP1 protein sequences variation in different EBV strains. LMP1 protein sequences Alignment were generated using Megalign (DNAstar). Variant positions are marked 
in yellow. Functional domains of the gene are indicated above the consensus sequence. 
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Discussion 
EBV plays a very important role in many kinds 

of cancer [47-54]. Our work provides the first syn-
thetically analysis of genome variation in C666-1 and 
Raji, including EBV insertions, EBV genome altera-
tions, and large human genomic structural variations. 
The traditional research methods such as genome 
library construction and FISH can be used to identify 
the presence of EBV integration, but rare integrations 
can be identified and only integrations near the tar-
geted human or EBV sequences can be detected. In 
previous research of EBV integration on Raji, it de-
tected a rare few breakpoints by library construction 
[8]. In addition, it was reported a number of probable 
regions by FISH [9], but not located exactly. The NGS 
technology provides an impartial and high-efficiency 
method for detecting viral integration, surveying their 
frequencies, analyzing EBV strain, and offering an 
opportunity to study the comprehensive impact of 
EBV integration on human genome. 

We discovered 909 unique EBV insertion sites in 
the two cell lines by our detecting method. To reduce 
the possibility of false positive EBV integration iden-
tification, we chose two controls: one was negative 
genomic DNA (without EBV integration); the other 
was a mixture of free EBV DNA and human genomic 
DNA. We did not find any EBV integration events in 
either of the controls. Besides, we consider that the 
false negative viral integration rate would be de-
creased by increasing the sequencing depth. In Jiang’s 
study [55], the number of HBV breakpoints which 
they detected added from 43 to 142 by improving the 
sequencing depth from 83× to 234×, and most of the 
newly detected sites were low frequency (supported 
by only one read). 

The EBV genome size is much larger and more 
complicated than the other DNA viruses such as hu-
man papilloma virus (HPV) and hepatitis B virus 
(HBV), and its breakpoints almost covered the whole 
viral genome both in C666-1 and Raji (Figure 4 and 
Figure 5). This indicates EBV is more suitable for 
whole genome sequencing to identify integration 
sites. Based on the result that C666-1 contained about 
12 EBV genome copies per diploid human genome 
and was detected 350 sites, and simultaneously Raji 
included nearly 20 EBV genome copies per diploid 
human genome and was detected 559 sites, it is rea-
sonable to speculate that the more copies of EBV ge-
nome exist per diploid human genome, the more 
likely viral integrations occur. 

Most of the integration sites were low frequency 
(supporting reads < = 2) and part of them could be 
detected by PCR. Our validation result was similar to 
Jiang’s study of HBV integration [55]. Using whole 

genome sequencing, they found a lot of HBV low 
frequency integration sites and only validated 3 cases 
out of 24 sites (supporting reads = 2) by PCR. Hence, 
we could logically presume that EBV randomly inte-
grates into human genome in most cases. Moreover, 
for detecting these low frequency sites, NGS is more 
sensitive than PCR. However, why most of integra-
tion sites are low frequency? There might be many 
potential reasons: Firstly, we observed the number of 
the chromosome viral integration sites was positive 
correlated with the total amount of the SVs and 
CNVs, and most breakpoints located inside or nearby 
genome structural variation regions, which is con-
sistent with hit-and-run mechanism proposed by Jox 
[7]. He assumed the integration might constitute a 
chromosomal region prone to break events akin to the 
phenomenon of fragile sites, leading to the loss of 
viral DNA as well as chromosomal DNA. Therefore, 
the EBV integration sequences could easily be lost due 
to the genome instability. Secondly, the integration 
might cause fatal cell damage so that the EBV inte-
gration sequence could not be preserved during cell 
culture. Thirdly, the EBV integration sequences are 
probably eliminated by host defending and repairing 
mechanism. Fourthly, comparing to the reference 
genome (hg19, NC007605), the host and virus genome 
in the two cell lines have great sequence variations, so 
we might lose some potential integration sites by our 
detecting methods aligning to the reference genome. 

By the whole genome sequencing, we obtain 
117,172,040 bp raw data of EBV sequence in C666-1, 
and 114,444,102 bp in Raji. The sequencing depth of 
the EBV strain in C666-1 was nearly 760×, and in Raji 
was 1312×. We assembled about 171 kb EBV whole 
genome sequence in C666-1 and 166 kb in Raji by de 
novo assembly. Compared with EBV-WT 
(NC_007605), 891 SNVs were found in C666-1 and 654 
SNVs in Raji. Then, we constructed phylogenetic trees 
(Figure 6) of 20 EBV subtypes (C666-1, Raji, EBV-WT, 
B95-8, AG876, Akata, Mutu, K4123-Mi, K4413-Mi, 
GD1, GD2, HKNPC1 ~ HKNPC9) and the result 
showed that subtypes derived from the same disease 
were closely clustered, which indicated the 
high-accuracy of NGS and the correlation between 
subtypes and diseases. Compared with traditional 
EBV sequencing methods, NGS technology showed 
immense advantage in EBV genome sequencing, viral 
genome variations analysis, viral genome comparison 
and phylogenetic analyses to other subtypes. Before 
NGS technique has been developed, it was very dif-
ficult to obtain EBV genomic sequence. We knew little 
about the association between viral subtypes and 
EBV-relative diseases due to the limitations of tradi-
tional sequencing methods. Our study also supports 
the idea that a genome-wide survey of EBV integra-
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tion variation is feasible for correlation analysis of 
EBV subtypes and viral integration capability. 

In summary, our study indicated that EBV 
showed random integration model to induce host 
genome instability and caused tumorigenesis in 
C666-1 and Raji. Using NGS, we acquired C666-1 and 
Raji host genome sequences and their EBV genome 
sequences, which would be widely used for 
EBV-relative researches. NGS improves our under-
standing on the essence of EBV-host interaction. In 
addition, our work could serve as a model for studies 
of other diseases with viral integration. In future 
study, a construction of cell line model before and 
after viral integration is helpful to observe transcrip-
tional impact of integration. At present, most NGS 
platform can only sequence reads whose length is less 
than 400bp. With the advent of advanced sequencing 
technologies, such as single cell genome sequencing 
[56, 57] and the third generation sequencing technol-
ogy which is able to sequence longer reads [58], we 
can reveal the mechanism of virus integration more 
deeply. 
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