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Implication of viral microRNAs in the genesis and diagnosis
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Abstract. The Epstein-Barr virus (EBV) is tightly associated
with a variety of human tumors, including Burkitt lymphoma
and acquired immune deficiency syndrome-related lymphoma
of B-cell origin, as well as nasopharyngeal carcinoma and
gastric cancer of epithelial origin. The virus latently infects
the host cells and expresses proteins and non-coding RNAs to
achieve malignancy. MicroRNAs (miRNAs or miRs) are small
RNAs consisting of 19-25 nucleotides, which directly bind to
the 3'-untranslated region of mRNAs to promote degradation
and inhibit translation of mRNAs. EBV-encoded miRs are
generated from two regions of the viral genome, within the
apoptosis regulator BHRF1 gene locus and near the BamHI
A region in a latency type-dependent manner. In addition,
EBV-encoded miRs epigenetically regulate the expression
of molecules that are effectors of the cell cycle progres-
sion, migration, apoptosis and innate immunity, serving a
vital role in supporting viral replication and occurrence of
EBV-associated tumors. The feasibility of using such miRs as
biomarkers for the diagnosis and prognosis of EBV-associated
tumors is currently under investigation.
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1. Introduction

The Epstein-Barr virus (EBV) is a ubiquitous lymphotropic
herpesvirus within the human gamma herpesvirus group.
This virus infects >95% of individuals in a population
during childhood and early adolescence in an asymptomatic
process. In adolescent individuals, it may cause infectious
mononucleosis, which manifests as a fever, pharyngitis and
lymphadenopathy (1,2).

EBYV establishes its infection mainly in two types of cells,
lymphocytes and epithelial cells, and this infection persists
in the host, establishing latency. EBV infection is associ-
ated with the occurrence of numerous diseases, including:
Nasopharyngeal carcinoma (NPC) and EBV-associated gastric
cancer (EBVaGC) of epithelial origin; Burkitt lymphoma (BL),
acquired immune deficiency syndrome-related lymphoma
(ARL) and post-transplantation lymphoproliferative disorder
(PTLD) of B-cell origin; natural killer (NK)/T-cell lymphoma
of T-cell origin; lymphoid tumors; and Hodgkin's disease.
The viruses that replicate in cells with genetic lesions may
contribute to oncogenesis. Previous data suggested that EBV
infection is responsible for the clonal expansion of premalig-
nant nasopharyngeal epithelial cells (3).

In EBV-associated lymphomas, the virus adopts different
types of latent infection, ranging from type I-restricted expres-
sion patterns of the viral genome to a wider spectrum of type 11
and type III, under which the full spectrum of viral genomic
products is expressed. Lymphomas with latency type I EBV
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infection, which is exemplified by BL, certain ARLs and
PTLD, carry cytogenetic or genetic mutations leading to onco-
gene activation or inactivation of tumor suppressor genes (4).
In diffuse large B-cell lymphoma (DLBCL), B-cell lymphoma
6 (BCL-6) is frequently translocated, while other genetic
alterations are also present, including cMyc and BCL-2 trans-
locations, as well as p53, N-RAS and tumor necrosis factor
(TNF)-o-induced protein 3 mutations (4). All cases of BL
possess chromosomal translocation resulting in Myc immu-
noglobulin gene juxtaposition, promoting the transformation
potential of the Myc oncogene.

In lymphomas with latency type III EBV infection,
transforming viral proteins are expressed. Activation of
the Notch-1 signaling pathway by EBV-determined nuclear
antigen 2 (EBNA-2) is responsible for the transformation of
this type of lymphoma (5). The membrane integral proteins,
latent membrane protein 1 (LMP1), LMP2A and LMP2B,
possess transforming potential. Among these, LMP1 is the
viral homolog of mammalian cluster of differentiation 40,
which is present as an active TNF receptor. LMP1 aggregates
on the cell surface, and integrates signals of growth and
proliferation by activating the nuclear factor (NF)-xB and
c-Jun amino-terminal kinase signaling pathways when the
plasmic carboxyl-terminal tail of LMP1 associates co-factors
such as TNF receptor-associated factors (TRAFs) and TNF
receptor type l-associated DEATH domain protein (6). By
contrast, LMP2A, which is also expressed in human tumors
with latency II and III EBV infections, is homologous to the
mammalian B-cell receptor. It also contributes to NF-xB
signaling by controlling TRAF2 expression, which in turn is
important for LMP1 signaling (7).

MicroRNAs (miRNAs or miRs) are a group of newly
emerging non-coding small RNAs that bind to the 3'-untrans-
lated region (3'-UTR) of mRNAs of specific genes and
inhibit the translation of proteins. A study examining the
EBV-infected GC cell line AGS revealed that miRs encoded
by EBV bind to the 3'-UTRs of transcripts of max-interacting
protein 1, activating transcription factor 5 (ATF-5) and
ATF-6 (8). By abrogating the inhibition of Myc, EBV encoded
BART miRs contribute to the activation of proto-oncogene
Myc. As members of the unfolded protein group, ATF-5,
ATF-6 and X-box-binding protein 1, induced by BART miRs,
subsequently inhibit the expression of the EBV-encoded lytic
protein transactivator protein BZLF1 to maintain the latency
of the EBV infection in host cells. The decreased expression of
ATF-5 and ATF-6 facilitates entry into the viral lytic cycle (8).
These findings suggested that, in addition to coding for protein
products, EBV also generates non-coding RNAs to contribute
in host-virus interaction to mediate malignant transformation.

miRs consist of 19-25 nucleotides (nt) in length and are
generated from mRNA catalyzed by type I DNA polymerases,
which initially forms primary RNA and then matures into
miRNA. It is known that miRs possess the ability to form a
stem-loop, imperfectly complementary, hairpin structure with
a 33-base pair (bp) stem and a terminal loop on mRNAs (9).

Drosha, a type III RNAse enzyme, initially forms a micro-
processor complex; next, together with helicases, it recognizes
and cleaves the folded miRs located 11 bp away from the junc-
tion between the single- and double-stranded RNA at the base
of the hairpin stem (10,11). A pre-miRNA that is 60-100 nt
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long is then generated and retains the hairpin of its precursor.
Furthermore, in the cytoplasm, the RNA-induced signaling
complex containing Dicer (an RNAse type III enzyme)
cleaves off the terminal loop from the pre-miRNA to generate
a mature double-stranded miR (10,11).

In addition to targeting the 3'-UTRs of mRNAs of specific
genes, the binding sites of miRs in other regions on mRNA
strands have been described (9). miRs accelerate the degrada-
tion of mMRNAs, as well as to inhibit the translation of mRNAs.
It has also been reported that the expression of miRs affects
multiple biological processes in the human body, as well as
viral parasitism and replication.

The present review aims to summarize the latest advances
in the study of EBV encoded miRs in regards with their
biogenesis, cell type dependent expression profile, activities
in regulating host immunity, apoptosis, cell cycle and tumor
progression, to explore their possible application in diagnosis
and prognosis of EBV associated human tumors.

2. Cell type-dependent
EBV-encoded miRs

expression spectrum of

miRs are a group of non-coding small RNAs that do not
encode any protein products. In EBV-infected cells, the viral
genome encodes multiple proteins and miRs to maintain the
malignant phenotype.

Five viral miRNAs were first identified in 2004 in
EBV-infected cells [13]; over the last 10 years, additional EBV
miRNAs were identified by sequencing studies [15-17]. At
least 44 mature miRNAs arise from the 25 EBV precursor
miRNAs (pre-miRNAs): Three miRNAs flank the BHRF1
ORF encoding a viral Bcl2 homolog, including miR-BHRF1-1,
miR-BHRF1-2, miR-BHRF1-3, and two large clusters of
miRNAs arise from introns within the BART region. The
three BHRF1 miRs are expressed in EBV latency I1I infec-
tions (12-14). miR-BHRF1-1 is located at the 5' end of the
BHRFI1 lytic mRNA transcription start site and overlaps the
TATA box of the EBV replication-activated BHRF1 promoter,
whereas miR-BHRF1-2 and miR-BHRF1-3 are located in the
3'-UTR of the BHRF1 (13).

Among 25 miRs encoded by the EBV genome, three miRs
arise in the BHRF 1 locus, and the remaining 22 miR-BARTSs
are located in three clusters (15,16). The BART miRs are
divided into two subclusters: Subcluster 1, which includes
miR-BARTI, 3-6 and 15-17, and subcluster 2 that consists of
miR-BART7-14 and 18-21 (17). As indicated in Fig. 1, subtypes
of the BART cluster 2 members, including miR-BART18-3p,
7-5p, 10-3p, 10-5p, 11-3p, 13-5p and 14-5p, were expressed in
latency type III infections (18,19). In addition, miR-BART2-5p
and miR-BART?2-3p have been reported to be the downstream
members of these two subclusters (20). The EBV-encoded
BART miRs are expressed in virtually all EBV infection-asso-
ciated human tumors, ranging from BL (latency I), NK/T-cell
lymphoma (latency I) and EBV aGC (latency I), to Hodgkin
disease (latency II), NPC (latency II), and EBV-associated B
lymphoma and PTLD (latency I1I).

Expression of EBV-encoded miRs in B-cell lymphomas.
Despite the full transformation potential in B lymphocytes,
the prototype EBV strain B95-8 contains a deletion in the
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Figure 1. Location of EBV-encoded BART miRs on the viral genome. The miRs are grouped into clusters 1 and 2; the profile and molecular target of individual
miRs have been reported. Promoters and genes (pennant and box, respectively) in EBV-positive nasopharyngeal carcinoma tumors (latency II) are shown.
Half of the miR-BARTS in cluster 1 and all of the miR-BARTS in cluster 2 are deleted in the B95-8 strain [adapted from the studies by Lo et al (19) and
Fernandes et al (55)]. EBV, Epstein-Barr virus; miR, microRNA; BART, BamHI A region transcripts.

BART region, which encodes part of the BART clusters of
miRs (20). When B cells were immortalized to form the LCL
by infecting them with the B95-8 strain of EBV, the miRs from
the affected region were not expressed (21). BHRF1 miRNAs
are only found in cells that harbor the virus in type III latency,
such as PTLD arising during immunosuppression (22), but not
for instance in GC or NPC (17,23-25).

Expression profile of EBV-encoded miRs in NK/T cells.
An analysis of the EBV antigenic expression profile of
EBV-positive NK/T-cell lymphomas arising in the nasal cavity
of immunocompetent patients revealed that EBV adopts type I
latency, as LMP1 or EBNA?2 are not expressed (26). In addi-
tion, miRs derived from the BHRF1 cluster were not found in
the tumor cells. In NPC, the EBV miRs accounted for 5-19%
of the total miRs, whereas the viral miRNAs in NK/T-cell
lymphoma represented only 2.3% of the total miRs. The five
most expressed EBV-miRs, BART7, 5, 11-5p, 1-5p and 19-3p,
accounted for ~50% of the viral-encoded miRs and ~1% of
the total miRs (15,26). Similar to the expression profile of
EBV-encoded miRs in NPC tumor biopsies, all the analyzed
BART miRs were detected in peripheral T-cell lymphoma
samples (26,27).

Expression profile of EBV-encoded miRs in gastric cancer.
Non-invasive gastric carcinoma tissues are associated with
latent infections of EBV (28). In EBVaGC, the tumor cells
exhibitEBV latency I infections and express the EBV-encoded
small RNA EBNAI1. In certain human GC cells, LMP2A
could also be detected, whereas LMP1 is often absent (29).
As type I latency cells, EBVaGC cells express different
BART miRs. A comprehensive profiling of EBV-miRNAs
was analyzed in patients with gastric cancer (17). The preva-
lence of EBVa GC was 5.0% (52 out of 1039) in our series.
The most abundant EBV-miRNAs of EBVa GC were Bart4,
followed by Bartll, Bart2, Bart6, Bart9, and Bartl8, in the
decreasing order. Of them, Bart9 exhibited the same seed
sequence as to hsa miR-200a and miR-141. Expression of
E-cadherin of EBV-positive SNU-719 was increased after
BART9 knockdown. In infected cells, the viral BART
miRs were expressed at high levels, and a small fraction of

cellular miRs exhibited consistently decreased expression
with specific downregulation of tumor suppressor miRs.
Furthermore, the AGS-EBV cell lines was reported to have
an expression pattern similar to that of the NPC cells and
other EBV-associated epithelial malignancies in which the
BART miRs are highly expressed and the BHRF1 miRs are
barely detectable (17).

Expression profile of EBV-encoded miRs in NPC. Two
methods have been commonly used to determine the abun-
dance of BART miRs in NPC tissues and cell lines. One of
these methods is stem-loop polymerase chain reaction (PCR)
for performing quantitative (Q)PCR with very small RNA
templates, in which miRs serve as such templates. Profiling
the expression levels of BART miRs from the EBV-harboring
NPC cell line C666-1 and NPC biopsies was performed using
this method (14,24,25,30). Furthermore, relative abundance
of different BART miRs can also be determined by direct
sequencing of miR species into small RNA libraries. Several
BART miRs were detected in terms of relative abundance in
C666-1 cells, including miR-BART]15, 10 and 19-3p. The rela-
tive abundance of the miRs varies considerably when detected
with these two different methods, namely qPCR and direct
sequencing (14,25,31,32).

In a previous study, the profiling of 39 of the 40 known
mature EBV miRs was assayed with a multiplex reverse
transcription-PCR (33). With this approach, a comprehensive
profile of EBV miRs in primary NPC tumors, including esti-
mates of miRNA copy number per tumor cell, was obtained.
It was reported that BART-derived miRs are present in
a wide range of copy numbers from <10® per cell in both
primary tumors and the widely used NPC-derived C666-1
cell line (33).

miR-BART7 is an miRNA that is encoded by cluster 2
in the EBV genome and is highly expressed in undifferenti-
ated NPC-derived cells infected with EBV (11,18). Mature
EBV-miR-BART7 (MIMAT0003416) is a single-stranded
molecule containing 22 nt (5'-caucauaguccaguguccaggg-3').
Further investigation confirmed that EBV-miR-BART7 is also
highly expressed in NPC biopsies, suggesting that it may have
an oncogenic role (33).
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3. EBV-encoded miRs target cellular genes to regulate the
biological activities of the host

Asdiscussed earlier, EBV-encoded miRs are expressed in a cell
type-dependent manner. The BHRF1 3'-UTR in the BHRF1
cluster with miRs 1-1, 1-2, 1-3 and the third immediately 5' to
the BHRF1 lytic mRNA transcription start site (34) are mainly
expressed by the EBV strain harbored in latency type I11 cells,
including EBV-transformed cells in vitro, PTLD and B-cell
lymphomas in complication with PTLD. BART miRs are
expressed in latency types I and II, adopted by EBV-positive
cell lines including BL and NPC, respectively (24).

In a previous study, a virus mutant D123 that lacks all
three members of cluster BHRF1 miRs was constructed (35).
The B-cell transforming capacity of the D123 EBV mutant
was decreased by >20-fold relative to the wild-type or mutant
viruses. However, the B cells harboring EBV deletion with
BHRFI1 miRs displayed higher latent gene expression levels
and latent protein production when compared with their
wild-type counterparts. The growth of B cells infected with
the deletion-mutant virus was markedly decreased, and the
percentage of cells entering the S phase of the cell cycle was
two-fold reduced. Therefore, BHRF1 miRs accelerate B-cell
expansion at lower latent gene expression levels. The data of
this previous study suggested that expressed miRs expand the
viral reservoir and reduce the viral antigenic load, hence facili-
tating the persistence of EBV in the host (36). EBV-encoded
miRs also contribute to carcinogenesis by apoptosis inhibition
and immune evasion.

EBV has been reported to be tightly associated with
NPC (36-38). The virus adopts the latency II characteristic of
restricted viral genomic expression profiles due to the immune
competence of the hosts. The expression of viral proteins has
been demonstrated to be downregulated, whereas EBV-encoded
miRs in the BART cluster were highly expressed (14,19).
EBV-miR-BARTS5-3p was reported to be upregulated and to
promote the growth of NPC and gastric cancer cells. BARTS-3p
directly binds to the 3'-UTR of mRNA of the p53 coding
gene, and downregulates cyclin dependent kinase inhibitor 1A
(CDKNI1A), BAX and FAS expression, which has been reported
to lead to acceleration of the cell cycle progression and inhibi-
tion of cell apoptosis. It has also been observed that BARTS-3p
facilitated the degradation of p53 (37,39). The findings suggest a
mechanism underlying the strategies utilized by EBV to main-
tain latent infection and promote the development of carcinomas
associated with EBV infection (36).

The targets of EBV-encoded multiple cancer-related
proteins have been described. These target molecules include
BCL-2-interacting mediator of cell death (Bim) (40), p53
upregulated modulator of apoptosis (PUMA) (41), determina-
tion of interleukin-4 commitment 1(DICE1) (42), the tumor
suppressor phosphatase and tensin homolog (PTEN) (43,44)
and E-cadherin (45). BART miRs also target a number of genes
associated with host immune regulation, including importin
7 (43,46), Dicer (44,47) and major histocompatibility complex
class I-related chain B (48), as well as EBV encoded trans-
forming proteins, LMP1 and LMP2 (49,50), as listed in Table 1.

Impact of EBV-encoded miRs on the anti-EBV immune
response. Viruses have evolved numerous strategies to evade
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host immune responses to support viral replication (51). It has
been reported that growth of cells infected with mutant EBV
with miR deletions is markedly slowed down (36). Evidence
has suggested that EBV-encoded miRs promote the prolifera-
tion and survival of infected B cells and tumor cells, modulate
immune evasion and reduce immune recognition against
EBV (52-56).

It was demonstrated that the pre-miR-BHRF1-2 and 1-3
stem-loops are present in the 3'-UTR of transcripts encoding
EBNA-leader protein (EBNA-LP; also known as EBNAS), an
EBYV antigen expressed early in viral infections (57). Excision
of pre-miR-BHRFI1-2 and 1-3 by Drosha to generate mature
miRs destabilizes these mRNAs and reduces the expression of
the encoded protein. Experiments using mutant EBV strains
with inactivated pre-miR-BHRF1-2 and 1-3 revealed the
upregulated expression of EBNA-LP, and EBNA-LP-regulated
miRs and proteins, including LMP1 (49). The data suggested
that the expression of BHRF1 miRs serves a role in immune
evasion by reducing the levels of viral proteins that evoke
immune response (56).

miRs have been known to modulate innate and adaptive
immunity through transcriptionally regulating multiple genes.
miRs encoded by EBV and other human herpesviruses are less
immunogenic due to their small size; these miRs regulate the
expression of both viral and host proteins (52,55), and work
efficiently to evade the anti-viral immune defense. It has been
reported that herpes virus-encoded miRs affect host immunity
by targeting the expression of ligands of NK cell receptors (48),
chemokines (58) and inflammasome components (59,60), and
components of innate immune signaling pathways (61-64).

In EBV-transformed B cells and GC cells, miR-BART16
directly targets and downregulates CREB-binding protein,
which is a key transcriptional coactivator in interferon (IFN)
signaling (65). It also abrogates the production of IFN respon-
sive genes in response to IFN-a stimulation and inhibits the
antiproliferative effect of IFN-a in latently infected BL cells.
By obstructing the type I IFN-induced antiviral response,
miR-BART16 facilitates the establishment of a latent EBV
infection and promotes viral replication (65).

Signaling of interleukin-1 (IL-1) serves an important role
in inflammation and early activation of the antiviral innate
immune response. EBV-encoded miRs have been identified to
target the 3'-UTR of IL-1 receptor 1 mRNA, as confirmed by
3'-UTR luciferase reporter assays (66). This viral miR activity
disrupts IL-1 autocrine and paracrine signaling loops and
provides a survival advantage by dampening excessive inflam-
mation that is detrimental to the infected cell.

Impact of EBV-encoded miRs on host cell apoptosis. As a form
of programmed cell death, apoptosis is a host mechanism to
eliminate unwanted cells in order to maintain homeostasis. It
also functions to combat viral infection by triggering the death
of virus-infected cells. Apoptosis is initiated and executed in
complicated cascades (67); the apoptotic pathways in which
mitochondria and caspases (CASPs) serve central roles are
modulated by different factors, notably pro- and anti-apoptotic
members of the BCL-2 family (68).

It has been reported that viruses have evolved different
strategies to allow viral genomic products to inhibit apoptosis to
counteract antiviral immunity (69). The viral genome-encoded
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Table I. Molecular targets of EBV-encoded miRs and their functions.

EBV miR species Molecular targets Function of target molecules (Refs.)

miR-BARTS5 PUMA Pro-apoptotic effector of p53 41

miR-BART3-5p DICE1 TSG in NPC (42)

miR-BART9 E-cadherin Promotes invasion and metastatic properties (45)
of NPC cells

miR-BART17-5p, miR-BART17-1-5p LMP1 Oncogenic potential (19.49)

and miR-BART17-16

miR-BART?22 LMP2 Involvement in cellular transformation (19,50)

EBYV, Epstein-Barr virus; miR, microRNA; BART, BamHI A region transcripts; NPC, nasopharyngeal carcinoma; BIM, BCL-2-interacting
mediator of cell death; PUMA, p53 upregulated modulator of apoptosis; DICE1, determination of interleukin 4 commitment 1; LMP, latent

membrane proteins; TSG, tumor suppressor gene.

products include proteins and miRs to modulate host apop-
tosis. Whether BART miRs, which are frequently expressed
in EBV-associated carcinomas, are required in the transfor-
mation of human epithelial cells remains unclear due to the
lack of an experimental model for investigation. However,
the data from the gastric carcinoma-derived cell line AGS
support this speculation. Upon ectopic expression of BART
miRs, the anchorage-independent growth of AGS cells, which
are negative for the EBV genome but readily infected with
EBV, was significantly enhanced and apoptosis was inhib-
ited (37,70,71). During the process, pro-apoptotic genes are
downregulated by individual BART miRs (38,39,53,72,73).
A previous study reported that five of the 22 miR-BART
pre-miRs were anti-apoptotic, as well as the seven identified
pro-apoptotic cellular mRNA targets (six of which were novel)
that significantly contributed to the observed anti-apoptotic
phenotype (72).

An additional pro-apoptotic member of the BCL-2 family,
the BH3-interacting domain death agonist protein (also
known as BID), has been demonstrated to be downregulated
in EBVaGC tissue samples and gastric carcinoma cell lines
infected with EBV, resulting in inhibition of apoptosis (69).
The expression of BAD, another BCL-2 family pro-apoptotic
protein, has also been reported to be significantly lower in
EBV-infected AGS-EBV cells when compared with that
in EBV-negative AGS cells. In addition, five BART miRs
that showed seed matching with the 3'-UTR of the BAD
mRNA were identified. Of these identified miRs, only
miR-BART20-5p reduced BAD expression when individually
transfected into AGS cells. The EBV-encoded miRs were
also demonstrated to reduce apoptosis and enhance cell
growth (70,71). miR-BART20-5p has been reported to increase
chemoresistance to 5-fluorouracil and docetaxel (53,73).

Actotal of 12 EBV miRs were found to have one or more seed
binding sites in the 3'-UTR of the caspase 3 (CASP3) mRNA,
while nine induced significant repression of a full-length
CASP3 reporter. Furthermore, three EBV miRs, including
BART?22, repressed the endogenous CASP3 protein (74). With
regards to the crucial role of CASP3 in executing apoptosis,
the data supports the notion that EBV-encoded miRs exert
apoptosis inhibition to facilitate viral replication. It has also
been reported that EBV-miR-BART15-3p sensitized GC cells

to an anticancer drug, fluorouracil, through downregulation of
Tax1-binding protein 1 (75).

EBV-encoded miRs target the cell cycle regulation.
EBV-encoded miRs regulate diverse biological processes,
including B-cell activation, cell proliferation, apoptosis
and cell cycle entry through targeting multiple intracel-
lular signaling pathways. Upregulated expression of PR
domain zinc finger protein 1 (PRDMI1), a master regulator
of B-cell terminal differentiation and a tumor suppressor
gene in aggressive lymphomas (such as in DLBCL), induced
apoptosis and cell cycle arrest in the LCL. It has also been
reported that PRDMI1 is regulated by miR-BHRF1-2, which
repressed the reporter activity by specific interactions with
the seed region within the PRDM1 3'-UTR (76). The study
also suggested that inhibition of miR-BHRF1-2 negatively
regulated the cell cycle and decreases the expression of Small
Cajal body-specific RNA 20, a small nucleolar RNA that is
also downregulated by PRDM1 overexpression. The interac-
tion between miR-BHRF1-2 and PRDM1 may thus be one
of the mechanisms by which miR-BHRF1-2 promotes EBV
lymphomagenesis (76).

When viral mutants with deletions of BHRF1 miRs
infected target cells, the proliferation support of infected B
cells was evidently lost early after infection. The cells with
EBV lacking the BHRF1 miRs progressed through the cell
cycle less efficiently and died due to apoptosis more frequently
than cells infected with the parental EBV. According to
phenotypic characterizations, EBV-encoded BHRF1 miRs
supported B-cell activation mediated by EBV, but were not
involved in maintaining viral latency (74,76)

The role of EBV-encoded miRs on the transformation of
B cells and growth of LCLs was examined using a mutant
BHRF1 miR cluster. Deficient BHRF1 miRs still increased
the number of B-cell-derived lymphoblastoid cell lines (LCLs)
in the S phase, and this finding prompted a screening of the
expression of cell cycle regulators. Reduced expression of
the negative cell cycle regulator CDKN1B/p27 was identified
after 30 days in culture, while CDKN1B/p27 expression was
eliminated after 2 weeks of infection (75,77). The reduced
expression of p27 suggests that the effects of PTEN over-
expression were counteracted in the infected cells. Indeed,
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PTEN blocks the repressive effects of Akt on p27 and thus
increases p27 expression (76,78).

EBV miRs promote tumor progression. Certain EBV-encoded
miRs are present in high levels in EBV-positive NPC tissues,
as well as in the plasma of the patients. This raises the possi-
bility that, similar to the viral proteins expressed, these miRs
may contribute to the genesis and/or progression of NPC,
and serve as an indicator for diagnosis and prognosis. Data
have also suggested that EBV-encoded miRs promoted tumor
metastasis (79).

The cellular tumor suppressor PTEN was reported to
be directly targeted by EBV-miR-BART1 (43). The PTEN
expression level has been shown to be reduced, while down-
stream PTEN-regulated signaling pathways are activated,
including the PI3K-Akt, focal activating kinase-p130 and
SHC-transforming protein 1-MAPK/ERK1/2 signaling path-
ways, and epithelial-mesenchymal transition is induced; hence,
the migration, invasion and metastasis of the tumor cells is
increased. Exogenous PTEN reversed all phenotypes gener-
ated by BART1, highlighting the role of PTEN in suppressing
EBV-miR-BART-driven metastasis in NPC (43,77). These
data provided an insight into the EBV-mediated metastasis
regulation and proposed novel clinical intervention strategies
of NPC.

More than 20 BART miRs are detectable at abundant
levels in EBV-positive NPC. Their expression profiles were
studied in EBV latently infected Mutu I and Mutu III cell
lines, EBV-positive NPC cells and noncancerous nasopharynx
cells (24,30). The results revealed that the miRs BART3, 7
and 13 were highly expressed and regularly secreted into the
extracellular environment. High extracellular levels of these
two EBV-BART-miRs were also identified in the plasma of
patients with NPC, whereas the expression was absent in
the plasma of non-NPC and healthy individual controls (79).
However, the implication of miR-BART7 and 13 in the occur-
rence of NPC remains to be further elucidated.

miR-BART?7 exists at significantly higher levels in
patients with NPC when compared with those in healthy indi-
viduals, and this miR was detectable in all the patient plasma
samples examined, independent of the EBV DNA level (78).
Furthermore, in vitro expression of miR-BART7 enhanced the
proliferation, migration and invasion of NPC cells, while NPC
cells expressing miR-BART7 were found to be more resistant
to cisplatin (35).

4. EBV-encoded miRs as biomarkers for the diagnosis and
prognosis of EBV-associated tumors

EBV is associated with various types of non-Hodgkin's
lymphoma, ranging from BL to opportunistic lymphomas,
ARL and tumors that occur in immunologically compromised
patients (80). Detection of genomic products of EBV and their
antibodies in the peripheral blood is important for the diag-
nosis of these diseases. In hairy cell lymphoma, the effects of
elevated organochlorines and antibodies against EBV proteins
were determined (81). Titers of antibodies to the EBV early
antigens and EBNAs were correlated to concentrations of
organochlorines in order to evaluate the impact of these factors
in the pathogenesis of hairy cell lymphoma (81).
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The expression and their contribution of EBV miRs to the
disease progression of chronic lymphocytic leukemia were
further assessed in a previous study (80). It was reported
that the expression level of EBV BHRFI1-1, which is located
immediately upstream and downstream of the BHRF1 open
reading frame, and is frequently expressed in EBV latency
III infections, was high in patients with chronic lymphocytic
leukemia and was predictive of shorter overall survival. This
predictive power was retained even when common prognostic
factors were included in the multivariate analysis. The ability
of BHRFI1-1 expression levels to define the outcome in a vali-
dation group of patients was also confirmed (80).

miRs synthesized by different internal organs are released
into the extracellular microenvironment in different forms,
including exosomes, apoptotic bodies and microvesicles. They
are tissue specific and detectable in the blood (82-84), and are
stable in the serum or plasma with reproducible and consistent
levels in different individuals of the same species (83,84). Due
to their persistence in circulation and their stable nature during
diseases, miRs can serve as novel noninvasive diagnostic and
prognostic biomarkers for diseases, including cancer (84,85).
The miR expression profile was examined in a variety of
cancer types, and the expression signature of miRs can be
used to distinguish cancer cells from normal cells (86) or one
cancer type from another (85,87-89), as well as to predict the
response to a particular anticancer therapeutic agent (90) or
the clinical outcome of patients (91-94).

miRs signatures are reported to be implicated in the
prognosis of EBV-associated human tumors. For instance,
NPC is very sensitive to radiation, and the majority of patients
responded well to radiotherapy (95). Despite the efficacy of
radiotherapy against this tumor, the problem of recurrence in
cervical lymph nodes and distal metastasis is still encountered
subsequent to treatment (96). Clinically, NPC has a high inci-
dence of lymph node metastasis and occurs in a majority of the
patients prior to their first visit to the clinic (97,98). The demand
to improve the efficacy of anti-NPC therapy has prompted
the identification of genes that are implicated in lymph node
involvement, which is an indicative of disease progression and
therapeutic failure (99-101). Thus, the investigation of the role
of miRs in NPC may provide a mechanistic explanation of
lymph node metastasis, as well as more a sensitive indicator
for the prognosis of NPC.

The discovery of molecular biomarkers that can be incor-
porated into the cancer staging system could improve the
accuracy of prognostic prediction. Ideal biomarkers should be
easily accessible and noninvasive; therefore, circulating nucleic
acids are of great interest. Upregulation of EBV-encoded miRs
(including BART1-3p, 2-5p, 5, 6-5p, 6-3p, 7, 8, 9, 14, 17-5p,
18-5p and 19-3p) was revealed in NPC biopsies using high
throughput screening. It was observed that tumor and serum
miR copy numbers from the patients and controls were corre-
lated. The data further suggested that viral miRs are generally
more upregulated than miRs of human origin and that their
presence in the serum of patients with NPC was positively
correlated with the copy numbers of the same miRs in tumor
cells (23). Furthermore, cellular target genes were predicted by
gene expression analysis using bioinformatics tools, revealing
that the tumor suppressor PTEN and Wnt signaling pathways
involved in NPC were targeted. High levels of the EBV-miRs
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BART2-5p, 6-5p and 17-5p were revealed in the serum of
patients with NPC, but not in that of healthy individuals. Their
levels in NPC tumors were significantly correlated with the
levels in serum samples, which may allow them to be used as
diagnostic or prognostic markers (95).

Several EBV-encoded miRs, including BARTI, 9, 16, 17
and 22, have been found to be expressed in NPC biopsies,
while they were reported to have both cellular and viral
targets, influencing in turn multiple host properties, such as
growth, proliferation, survival and evasion of host immu-
nity (32,102,103). The biological function of serum-associated
BART miRs remains unclear, although available evidence
has suggested that its epigenetic regulation may target the
host immune response (65,66). Their expression and func-
tional downregulation in circulating blood could enhance to
attack virus-infected NPC cells by host immunity However,
the downregulation of miRs expression in circulation and
their function has been proved to enhance the attack of EBV
infected NPC cells mediated by the host immunity (16). The
BART miRs are possibly released into the blood from NPC
cells in exosomes, apoptotic bodies or microvesicles.

The potential use of miR-BART3, 7 and 13 as NPC
biomarkers has been evaluated, as they are highly expressed
and regularly secreted into the extracellular environment
of NPC cells (79). This study reported that the levels of
miR-BART7 and miR-BART13, but not miR-BART3, were
distinctly present in patients with NPC, with elevated levels
being particularly apparent among patients in advanced stages
of the disease. These data suggested that the EBV-encoded
miR-BART7 and miR-BART13 may serve as novel sero-
logical biomarkers for the diagnosis of NPC and prediction of
the efficacy of treatment.

The oncogenic potential of EBV-miR-BART7 has been
suggested due to its high expression in NPC cells, as well
as NPC biopsies (16,21,30,33,34). It has been reported that
in vitro expression of miR-BART7 enhanced the proliferation,
migration and invasion of NPC cells, and enabled their high
resistance to cisplatin (35). High-throughput gene expression
analysis further suggested that EBV-miR-BART7 affects
multiple cancer-related pathways (33,79). A comparison
was conducted between the circulating BART7 and EBV
DNA (34). These data supported the usefulness of this viral
miR as a biomarker of undifferentiated NPC, which is associ-
ated with EBV infection.

5. Conclusions

As epigenetic regulators of gene expression, miRs target
numerous genes, accelerating their degradation to maintain
EBV replication and persistence through inhibiting apop-
tosis and suppressing the host immune response. The effects
significantly contribute to the achievement of malignancy
of EBV-infected cells. Currently, it is accepted that EBV
infection serves an important role in the early stages of NPC
occurrence, and that it is implicated in the expansion of
premalignant, dysplastic epithelial cell clones. In addition,
LMP1 is regarded as a transforming protein that contributes
to disease progression. Emerging evidence also supported
the role of EBV-encoded miRs in the genesis of NPC. BART
miRs are expressed in abundance in EBV-positive NPC,
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which may be due to their small size enabling them to escape
innate immune defense. Finally, BART miRs are specific for
EBV-infected NPC cells, and may therefore serve as good
candidates for therapeutic targets of NPC. It is anticipated that
anovel miR-based therapeutic strategy will be designed, either
alone or in combination with pre-existing regimens, to treat
EBV-infected malignancies.
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