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Abstract 
      Epstein-Barr virus (EBV) is a well-known human herpesvirus associated with virtually all 
nasopharyngeal carcinoma (NPC) and ~10% of gastric cancer (GC) worldwide. Increasing evidence 
shows that acquired genetic and epigenetic alterations lead to the initiation and progression of NPC and 
GC. However, even deep whole exome sequencing studies showed a relatively low frequency of gene 
mutations in NPC and EBV-associated GC (EBVaGC), suggesting a predominant role of epigenetic 
abnormities, especially promoter CpG methylation, in the pathogenesis of NPC and EBVaGC. High 
frequencies of promoter methylation of tumor suppressor genes (TSGs) have been frequently reported 
in NPC and EBVaGC, with several EBV-induced methylated TSGs identified. Further characterization 
of the epigenomes (genome-wide CpG methylation profile—methylome) of NPC and EBVaGC shows 
that these EBV-associated tumors display a unique high CpG methylation epigenotype with more 
extensive gene methylation accumulation, indicating that EBV acts as a direct epigenetic driver for these 
cancers. Mechanistically, oncogenic modulation of cellular CpG methylation machinery, such as DNA 
methyltransferases (DNMTs), by EBV-encoded viral proteins accounts for the EBV-induced high CpG 
methylation epigenotype in NPC and EBVaGC. Thus, uncovering the EBV-associated unique epigenotype 
of NPC and EBVaGC would provide new insight into the molecular pathogenesis of these unique EBV-
associated tumors and further help to develop pharmacologic strategies targeting cellular methylation 
machinery in these malignancies.  
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      Epstein-Barr virus (EBV) is a human herpesvirus with life-long 
asymptomatic infection in >95% of the world’s population. Importantly, 
it is involved in the pathogenesis of multiple malignancies of either 
epithelial or lymphoid origin, including nasopharyngeal carcinoma 
(NPC), gastric cancer (GC), Burkitt’s lymphoma, Hodgkin lymphoma, 
natural killer (NK)-cell/T-cell lymphoma, and certain B-cell and T-cell 
lymphomas[1-4]. NPC is nearly 100% associated with EBV infection, 
and it is a major and prevalent tumor in South China (including Hong 

Kong, Guangdong, Guangxi, and Hunan) and Southeast Asia, with 
a reported annual incidence of ~30 cases/100,000[5,6]. Although GC 
is also a major tumor worldwide, EBV-associated GC (EBVaGC) 
comprises only ~10% of all GC cases with random distribution 
worldwide, with ~90,000 new cases per year[7,8]. EBV infects B cells 
and epithelial cells mainly in a latent form with spontaneous lytic 
activation, whereas the viral infection in EBV-associated tumors 
including NPC and EBVaGC is exclusively latent with the expression 
of only a few latent genes[2].
      Cancer is a disease driven by accumulated genetic and 
epigenetic alterations[9,10]. In recent years, increasing evidence has 
shown that multiple epigenetic alterations, as a hallmark of cancers, 
also contribute critically to cancer initiation and progression with the 
same influence as genetic abnormalities[11]. Epigenetic regulation, 
including promoter CpG methylation, histone modifications, and 
chromatin remodeling, is the fundamental regulatory mechanism 
for gene expression modulation. Abnormal epigenetic regulation 
inactivates tumor suppressor genes (TSGs) and reactivates 
oncogenes, leading to aberrant gene expression and functions that 
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initiate or promote tumorigenesis[10]. Importantly, epigenetic changes 
such as promoter CpG methylation can occur in the early stage of 
tumor pathogenesis[12], indicating an initiator-like function during 
tumorigenesis[13]. This has become an exciting new direction for 
cancer research.
      EBV infection induces increased genome-wide gene methylation, 
resulting in the formation of a unique epigenotype with cellular high 
CpG methylation in tumor cells[14]. EBV-positive carcinomas have 
been shown to possess a unique epigenetic phenotype compared 
to EBV-negative ones, with significantly higher frequencies of TSG 
methylation[15-17]. EBV appears to act as a direct epigenetic driver 
for the pathogenesis of its associated tumors. This review aims to 
provide an overview of the high methylation phenotype induced by 
EBV in malignant epithelial cells and the aberrant TSG methylation 
caused by EBV infection through modulating the cellular CpG 
methylation machinery.

The Unique Epigenotype of EBV-
infected Carcinomas
      The common feature of EBV-associated NPC and EBVaGC 
is that both tumors originate from the monoclonal proliferation of 
EBV-infected epithelial cells, indicating that EBV is most likely an 
oncogenic driver for the pathogenesis of both tumors[5,18]. While 
only rare insertion events of EBV DNA into the host genome have 
been reported, recent deep whole-genome studies incorporating a 
whole exome sequencing approach also revealed infrequent genetic 
mutations in NPC and EBVaGC compared with other common 
cancers and their EBV-negative counterparts[19-21], suggesting 
a predominant role of EBV infection in driving the epigenetic 
deregulation of NPC and EBVaGC tumor cells. 
      A methylome study (CpG methylation profiling) of multiple GC 
samples using Illumina HumanMethylation27 BeadChip (analyzing 
27,000 CpG sites per genome) uncovered the methylome of this 
tumor, albeit at low resolution, and revealed a high methylation 
subtype in EBV-positive GCs[15]. Another genome and methylome 
study of GCs was conducted on 295 gastric adenocarcinoma and 
27 adjacent non-malignant tissue samples, using a combination 
of HumanMethylation27 (HM27) and HumanMethylation450 
(analyzing 485,000 CpG sites per genome) BeadChips[20]. Similarly, 
a high methylation/EBV-positive epigenotype was identified in 
all EBVaGC tissues examined. A third study that also used the 
HumanMethylation450 platform analyzed 98 GCs and 31 paired 
normal samples[19]. In this study, high frequencies of genome-
wide methylation were also observed in EBVaGC, consistent with 
the previous two reports. Through these genome-wide and other 
candidate gene-based studies, a series of frequently methylated 
genes have been identified in EBVaGC as well as EBV-negative 
GC but with much less frequent methylation of genes, such as runt-
related transcription factor 3 (RUNX3), p73, p16, death-associated 
protein kinase 1 (DAPK1 ), phosphatase and tensin homolog 
(PTEN), Ras association domain family member 1 (RASSF1A), and 
glutathione S-transferase pi 1 (GSTP1)[22-25]. 
      Unfortunately, the epigenome study of NPC lags significantly 

behind that of GC, although nearly all NPC cases are associated with 
latent EBV infection; hence, NPC is hypothesized to display a unique 
high methylation/EBV-positive epigenotype. We have analyzed the 
methylomes of NPC cell lines and tumor samples using methylated 
DNA immunoprecipitation coupled with promoter microarray 
hybridization (MeDIP-chip). We observed extensive, genome-wide 
methylation of cellular genes in NPC (Li et al., Epigenomics 2014, 
in press). Through epigenome and candidate gene-based studies, a 
series of functional TSGs frequently silenced by promoter methylation 
have been identified in NPC[16], including RAS protein activator like 
1 (RASAL1)[26], RASSF1[27], zinc finger, MYND-type containing 10 
(ZMYND10/BLU)[28], protocadherin 10 (PCDH10) [29], and zinc finger 
protein 382 (ZNF382)[30]. 
      We also profiled the methylomes of EBV-infected immortalized 
normal nasopharyngeal epithelial cells and discovered a series of 
methylated genes that are candidate target genes of EBV-induced 
epigenetic alterations involved in early NPC pathogenesis. More 
functional and mechanistic studies of these critical genes are 
currently ongoing (Li et al., unpublished). A very recent study using 
reduced representation bisulfite sequencing (RRBS) profiled the 
methylome changes of EBV-infected telomerase-immortalized oral 
keratinocytes, and the results identified a high methylation/EBV-
positive  epigenotype in the infected clones[31]. Thus, EBV does act as 
a direct epigenetic driver in normal and malignant epithelial cells.
 
Mechanisms of EBV-induced High
CpG Methylation Epigenotype
      EBV-infected cells are characterized by different patterns of latent 
gene expression. There are three different forms of EBV latency (I, II, 
and III), each with a distinct pattern of gene expression[32]. However, 
these different types of latency are controlled through the epigenetic 
regulation of various EBV promoters[33]. NPC with type II latency only 
expresses EBV-encoded small RNA (EBER), EBV-associated nuclear 
antigen 1 (EBNA1), BamHI-A rightward transcripts (BARTs), latent 
membrane protein 1 and 2 (LMP1, LMP2A, and LMP2B), and BamHI- 
A rightward open-reading frame-1 (BARF1)[34]. EBVaGC shares 
the same type I latency as Burkitt’s lymphoma, with the expression 
of EBER, EBNA1, BARTs , LMP2A, and BARF1 [35-37]. However, 
LMP1 is often not expressed or only expressed at a very low level 
in EBVaGC[38]. Functional studies show that these viral genes are 
involved in the oncogenic modulation of host gene expression 
including components of the cellular CpG methylation machinery[17]. 
EBV also expresses a large number of microRNAs (miRNAs)[39,40]; 
however, the exact biological functions of these complex miRNAs in 
the EBV life cycle or the pathogenesis of EBV-associated tumors is 
still essentially unknown.
      DNMTs are the key components of cellular CpG methylation 
machinery, including mainly DNMT1, DNMT3A, and DNMT3B, 
which are responsible for methylation maintenance and alteration in 
human cells. DNMT1 is a maintenance methyltransferase, whereas 
DNMT3A and DNMT3B are essential for de novo DNA methylation. In 
addition, a series of histone modifiers and chromatin remodelers can 
also modulate the activity of cellular CpG methylation machinery[41]. 
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Polycomb group (PcG) proteins, as epigenetic regulators of tran-
scription through the formation of polycomb repressive complexes 
containing BMI1 polycomb ring finger proto-oncogene (BMI1) or 
enhancer of zeste 2 polycomb repressive complex 2 subunit (EZH2), 
also modulate histone modification, chromatin structure, and CpG 
methylation levels[42,43]. 
      LMP1 and LMP2A are well-documented oncogenic EBV proteins 
that play critical roles in the tumor transformation of epithelial 
and lymphoid cells. LMP1 can activate multiple cellular signaling 
pathways, including nuclear factor of kappa light polypeptide gene 
enhancer in B cells (NF-κB), Janus kinase/signal transducers 
and activators of transcription 3 (JAK/STAT3), c-Jun N-terminal 
kinase and activator protein 1 (JNK/AP-1), and phosphatidylinositol 
3-kinase (PI3K)/AKT signaling. LMP1 protein, via its carboxy 
terminal activating region-2—the last three amino acids (CTAR2-
YYD) domain, can up-regulate the transcripts of DNMT1, DNMT3a, 
and DNMT3b through the activation of JNK signaling[44,45]. LMP1 
also promotes DNMTs to form transcriptional complexes with methyl 
CpG-binding protein 2 (MeCP2) and histone deacetylase 1 (HDAC1) 
on the E-cadherin promoter, whereas a JNK inhibitor prevents this 
complex formation[44,45]. Activated DNMT1 then methylates and 
represses cellular promoters such as E-cadherin and docking protein 
1 (DOK1) in LMP1-expressing cells[44-46]. DNMT enzyme activity is 
also elevated by 2-3 folds in LMP1-expressing epithelial cells[44].

      LMP2A also activates multiple cellular signaling pathways, 
including JAK/STAT3 and PI3K/AKT signaling, which further regulates 
DNMTs and other epigenetic modifiers during NPC and EBVaGC 
pathogenesis. LMP2A could up-regulate DNMT1, DNMT3b, and 
BMI1 expression at the transcriptional and protein levels[47,48]. LMP2A 
up-regulates DNMT1 expression by inducing STAT3 phosphorylation 
independent of interleukin-6 (IL-6) stimulation, which further 
causes PTEN methylation and silencing in EBVaGC[47]. A significant 
correlation between DNMT1 and STAT3 phosphorylation was 
revealed by immunochemistry in EBVaGC.
      EBNA1 as a viral nuclear protein is consistently expressed in 
all EBV-associated tumors. EBNA1 binds to the latent origin of EBV 
replication (OriP), which is essential for EBV genome replication and 
maintenance during its latency[49,50]. EBNA1 is a DNA-binding protein 
localized at cellular chromatin via its chromosome-binding domains[51]. 
Chromatin immunoprecipitation sequencing (ChIP-Seq) studies have 
uncovered the genome-wide binding profile of EBNA1 to its target 
genes including modulators of cellular methylation machinery such as 
histone deacetylase 3 (HDAC3), indicating that EBNA1 can directly 
interfere with the CpG methylation machinery[52,53].  
      Thus, EBV-encoded proteins can regulate multiple components 
of the cellular CpG methylation machinery, including DNMTs, histone 
modifiers, chromatin remodelers, and PcG complexes (Figure 1), 
and they can further regulate aberrant TSG methylation and silencing 

Figure  1 .  Mode l  o f  oncogen i c 
modulation of cellular CpG methylation 
machinery by Epstein-Barr virus (EBV) 
and EBV- induced high methylation 
epigenotype in malignant epithelial cells. 
EBV-encoded proteins regulate multiple 
components of the cellular methylation 
machinery through e i ther  ce l lu lar 
signaling pathways or transcription 
complexes, which finally leads to tumor 
suppressor gene (TSG) methylation 
and  s i l enc ing  and  cont r ibu tes  to 
nasopharyngea l  carc inoma (NPC) 
and EBV-associated gastric cancer 
(EBVaGC) pathogenesis. EBNA1, EBV-
associated nuclear antigen 1; LMP, latent 
membrane protein; JNK, c-Jun N-terminal 
kinase; STAT3, signal transducers and 
activators of transcription 3; PI3K/AKT, 
phosphatidylinositol 3-kinase (PI3K)/
AKT; DNMT, DNA methyltransferase; 
HDAC, histone deacetylase; PcG, poly-
comb group; ?, unknown mechanism.
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in EBV-infected tumor cells. It is possible that other EBV proteins 
and miRNAs have similar functions, which requires further in-depth 
investigation. NPC and EBVaGC are thus typical tumor models 
of an EBV-induced aberrant high-methylation epigenotype. This 
unique biological feature has specific therapeutic implications for 
the clinical treatment of these tumors, as multiple epigenetic agents, 
such as DNMT inhibitors and HDAC inhibitors, are currently being 
developed, with some already being approved by the U.S. Food & 
Drug Administration (FDA) in clinical trials[54,55]. It is thus predicted 
that further epigenetic therapy would greatly improve the modern 
treatment of these patients with EBV-positive tumor[56,57].
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