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Abstract

Epstein-Barr virus (EBV) is an oncogenic virus that infects over 90% of the world’s adult population.
EBV can establish life-long latent infection in host due to the balance between EBV and host immune
system. EBV latency is associated with various malignancies such as nasopharyngeal carcinoma,
gastric carcinoma and Burkitt’s lymphoma. EBV is the first human virus that has the capability to
encode microRNAs (miRNAs). Remarkably, EBV-encoded miRNAs are abundantly expressed in
latently-infected cells and serve important function in viral infection and pathogenesis. Increasing
evidence indicates that EBV miRNAs target the host mMRNAs involved in cell proliferation, apoptosis
and transformation. EBV miRNAs also inhibit the expression of viral antigens, thereby enabling
infected cells to escape immune recognition. Intriguingly, EBV miRNAs directly suppress host
antiviral immunity by interfering with antigen presentation and immune cell activation. This review
will update the current knowledge about EBV miRNAs implicated in host immune responses. An
in-depth understanding of the functions of EBVY miRNAs in host antiviral immunity will shed light on
the EBV-host interactions and provide potential therapeutic targets for the treatment of
EBV-associated malignancies.
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Introduction

Epstein-Barr virus (EBV), a member of the
human herpesvirus family, was initially identified in
Burkitt’s lymphoma (BL) in 1964 [1, 2]. EBV infects
more than 90% of the human population [3]. EBV can
not be completely cleared once entry into the host
cells and ultimately establishes life-long latent
infection in host, indicating that EBV has developed
elaborate strategies to evade host immune surveill-
ance [4]. During latent infection, EBV genome exists as
a circular episome and replicates by recruiting the
cellular replication machinery [5]. Four latency types
(0, L 1I, I1I) are defined depending on the expression
pattern of EBV latent genes, and at the same time are
linked to a particular tumor type [6, 7]. In some cases,
primary EBV infection causes infectious mononucl-
eosis (IM) in adolescents [8]. Accumulating evidence
indicates that latent EBV infection is associated with a

variety of human malignancies such as Burkitt's
lymphoma (BL), Hodgkin’s Ilymphoma (HL),
nasopharyngeal carcinoma (NPC) and gastric
carcinoma (GC) [9, 10].

microRNAs (miRNAs) are a large class of small
non-coding RNAs with a length of 21-23 nucleotides
(nt) [11]. They are usually generated from either exons
or introns of both protein-coding and non-coding
transcripts that are processed by RNA polymerase 11
(Pol II) [12-14]. Exceptionally, a minority of miRNAs
are derived from RNA Pol III transcripts. For
example, murine gammaherpesvirus 68 (MHV-68)-
encoded miRNAs are located downstream of viral
tRNAs and transcribed by RNA Pol III [2]. miRNAs
are able to post-transcriptionally control gene
expression by binding to target mRNAs [15]. The
canonical pattern for miRNA target recognition
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involves conserved Watson-Crick paring to the 5
region of the miRNA [16]. It has been reported that
only 2-7 nucleotides (nt) within a miRNA (the seed
region) perfectly match a region on its target mRNA
[17]. However, some seed-match regions that contain
single mismatches, bulges, G:U wobbles, insertion or
deletion are functional sites [18]. Imperfect miRNA-
mRNA hybrids with bulges or G:U wobbles can also
cause mRNA degradation or translational suppress-
ion [19]. Surprisingly, the miRNA-mRNA interaction
often violates the seed rule. There is now substantial
evidence that the ‘non-seed” sequence of a miRNA is
required for the miRNA targeting of its target mRNA.
For instance, the non-seed sites of a white spot
syndrome virus (WSSV) miRNA (WSSV-miR-N32)
are essential for its binding to the target mRNAs [20].
A single miRNA can target multiple genes, which
constitutes complicated miRNA regulatory networks
[21]. miRNAs are proven to serve important functions
in a number of cellular processes, including cell
proliferation, metabolism and apoptosis [22, 23].

miRNAs have been found in various organisms
including algae, worms, plants, and mammals [24].
Intriguingly, viruses also encode miRNAs. In 2004,
Tuschl et al. [25] identified the first virus-encoded
miRNAs in EBV. To date, EBV has been found to
encode about 44 miRNAs that directly target cellular
or viral mRNAs [26]. These miRNAs are distributed
by three clusters: the BamH I fragment A rightward
transcript (BART)-cluster 1, BART-cluster 2 and the
BamH I fragment H rightward open reading frame 1
(BHRF1)-cluster [27]. EBV infection is commonly
asymptomatic and can persist in the host for life,
which is ascribed to the delicate balance between EBV
and host immune system [28]. Notably, EBV expresses
high levels of miRNAs during all phases of its life
cycle, implying that these miRNAs may be involved
in the interplay between EBV and host immune
system [29]. The function of EBV miRNAs has been
intensively investigated. Previous studies verified
that EBV miRNAs were implicated in viral infection
by directly targeting viral mRNAs [30, 31]. Moreover,
EBV miRNAs directly subvert the host defense system
by regulating immune-related genes [32, 33]. In this
review, we provide an overview of the biogenesis and
function of EBV miRNAs with emphasis on the
modulatory roles of EBV miRNAs in host immune
responses. An in-depth understanding of the
functions of EBV miRNAs in host antiviral immunity
will shed light on the complex EBV-host interactions
and provide potential therapeutic targets for the
treatment of EBV-associated malignancies.

Biosynthesis of EBV miRNAs

To date, the biosynthetic mechanism of cellular

miRNAs has been intensively studied. The biogenesis
of miRNAs mainly depends on several processing
steps. In general, the miRNA gene is first transcribed
to generate a long primary miRNA transcript
(pri-miRNA) by RNA Pol II [13]. Pri-mRNA is a
capped and polyadenylated transcript that incorpor-
ates one or more stem-loop structures. Pri-mRNA is
processed by the Drosha/DiGeorge syndrome
chromosomal region 8 (DGCRS8) complex into a
hairpin shaped precursor (pre-miRNA) of ~70 nt
within the nucleus [34]. Pre-miRNA is then exported
to the cytoplasm by exportin-5 and further cleaved by
the endonuclease Dicer to generate a double-stranded
miRNA (miRNA duplex) of ~22 nt [35]. One strand of
the miRNA duplex is incorporated into the
RNA-induced silencing complex (RISC) which
contains the endonuclease Argonaute 2 (Ago2) [36].
miRNA-guided RISC binds to its target mRNA and
inhibits target gene expression by facilitating mRNA
cleavage and translation repression [37].

It is intriguing whether EBV miRNAs are
generated in the way that is similar to cellular
miRNAs. Previously, Lo et al. [38] amplified viral
DNA fragments harboring the template for BART
miRNAs from EBV-positive NPC cells. The amplified
DNA fragments were cloned into the pCMV4 vectors.
These recombinant vectors almost express all BART
miRNAs despite the absence of intact virus. Similarly,
Marquitz et al. [39] generated recombinant pcDNA3
vectors covering the BART miRNA coding regions.
The recombinant pcDNA3 vectors were transfected
into EBV-negative GC cells. Consequently, the BART
miRNAs were expressed exogenously in the GC cells.
Moreover, Skalsky et al. [40, 41] constructed EBV
miRNA expression vectors by cloning ~200 nt regions
encompassing each EBV pre-miRNA into expression
vectors. The successful expression of these EBV
miRNAs was confirmed by indicator assays. These
studies demonstrate that the viral gene products are
not required for the biogenesis of EBV miRNAs.

EBV BART miRNAs are located within introns of
the latent BART transcripts that are expressed in all
types of EBV latency [42-44]. The BART miRNAs can
be detected in all forms of latency [25, 45] and display
similar expression patterns to that of BART transcripts
[43]. The BART miRNAs are thought to be originated
from introns prior to splicing of the BART primary
transcripts [46]. BART miRNA synthesis is correlated
with the accumulation of a spliced mRNA in which
exon 1 located within the BART primary transcript is
directly joined to exon 3. Blocking formation of this
spliced transcript may inhibit generation of mature
BART miRNAs. Inhibition of RNA Pol II activity
reduces the expression levels of EBV BART miRNAs
[47]. Remarkably, sequences essential for Pol III

http://www.ijbs.com



Int. J. Biol. Sci. 2018, Vol. 14

567

activity are not present in the promoter region of
BART miRNAs. Moreover, knockdown of Drosha or
Dicer also suppresses the expression of BART
miRNAs. It has been confirmed that both strands of a
miRNA duplex can form mature miRNAs [48-50].
Likewise, both strands of the BART miRNA original
hairpin can be processed into functional mature
miRNAs [47].

EBV miR-BHRF1-1 is located within the 5° UTR
region of the BHRF1 gene and overlaps the TATA box
of the EBV replication-activated BHRFI promoter,
while miR-BHRF1-2 and miR-BHRF1-3 are in the 3’
UTR region of the BHRFI gene [51]. The BHRF1
miRNAs are generally expressed in type III latency, in
which all the EBNAs are transcribed from Cp or Wp
[52, 53]. Xing et al. [54] found that the BHRF1 miRNAs
were generated by processing of an intron present
within the Cp or Wp-initiated long primary EBNA
transcript. However, during latency I, the only latency
associated gene expressed is EBNA1I, transcribed from
a separate promoter (Qp), and BHRF1 miRNAs are
detected at low levels. Because the Qp promoter
differs from the Cp and Wp promoters in being
located between the BHRF1 and EBNA1 open reading
frames (ORFs), viral pre-miRNAs initiating at Qp
could not be processed to generate the BHRF1
miRNAs [42]. Additionally, the BHRF1 miRNAs may
be produced by processing of the 5 and 3" UTRs
within latent BHRFI transcripts [43]. During EBV
replication, lytic BHRFI transcripts initiated from the
alternative lytic promoter BHRF1p generate only the
two downstream BHRF1 miRNAs, miR-BHRF1-2 and
-3 [55, 56]. More importantly, depletion of Drosha
represses the processing of the BHRF1 pre-miRNAs in
cells transfected with constructs encoding BHRF1
miRNAs [57].

Collectively, these studies confirm the crucial
role of Drosha and Dicer in the processing of EBV
miRNA precursors, demonstrating that EBV miRNA
processing is reliant on the host machinery. So far,
there is no proof that EBV encodes additional
miRNA-processing enzymes or RISC components,
hinting that EBV miRNAs may be transcribed and

generated in the same way as cellular miRNAs.

Expression of EBV miRNAs in
virus-positive tumor cells

EBV was the first virus in which viral miRNAs
were found [25]. It encodes 25 EBV miRNA
precursors and 44 mature miRNAs [58]. EBV miRNAs
are derived from two regions of the viral genome:
BHRF1 and BART (Figure 1). Pfeffer et al. [25] were
the first to find that EBV is capable of encoding
miRNAs. They identified five viral miRNAs,
miR-BHRF1-1 to -3 and miR-BART1 to 2, in
EBV-associated Burkitt’s lymphoma cells. These EBV
miRNAs are derived from five different dsRNA
precursors that are located in two distinct clusters
(BHRF1 and BART). One cluster is located around the
BHRF1 gene, which encodes miR-BHRF1-1 to -3.
Other EBV miRNAs are positioned in intronic regions
of the BART transcript. Subsequently, fourteen
additional ~viral miRNAs are identified in
EBV-positive effusion lymphoma cell lines, and all of
these miRNAs are derived from a miRNA cluster
located within introns of the BART gene [42]. A total
of 22 novel miRNAs are identified in EBV-positive
Burkitt’s lymphoma cells by using a combined
computational and microarray-based approach,
which significantly increases the number and
complexity of EBV miRNAs during latent infection
[59]. Zhu et al. [52] characterized miRNA expression
profiles of EBV-positive nasopharyngeal carcinoma
(NPC) tumor samples by using small RNA deep
sequencing. Consequently, they identified two new
and highly abundant EBV miRNAs, miR-BART21 and
miR-BART22. At the same time, Cosmopoulos et al.
[60] also identified miR-BART22 as a novel EBV
miRNA by comprehensively analyzing the expression
profile of EBV miRNAs in primary NPC tumors.
Ultimately, four novel mature BART miRNAs,
including miR-BART12-5p, miR-BART15-5p, miR-
BART16-3p and miR-BART22-5p, are discovered in
clinical NPC tissues [58].
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Figure 1. Schematic representation of the genomic locations of EBV-encoded miRNAs. The relative positions of EBV latent genes on the genome are indicated. EBV
encodes 25 pre-miRNAs located within two regions of the genome: BHRFI and BART. The regions of the BHRFI-cluster and BART-clusters are expanded to show

individual miRNAs.
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EBV miRNAs are differentially expressed in
EBV-positive tumor cells. In particular, expression of
EBV miRNAs differs depending on the type of viral
latency. BART miRNAs are present in EBV-associated
NPC while BHRF1 miRNAs are undetectable in NPC
biopsy samples [60]. Likewise, miR-BARTS3,
miR-BART5, miR-BART7 and miR-BART10 are
detectable in EBV-associated gastric carcinoma
(EBVaGC) cells [61]. These findings indicate that the
BART miRNAs are abundantly expressed in epithelial
tumor cells harboring the virus in type II latency
(NPC and GC). Deep sequencing was previously
applied to determine EBV miRNA expression in
EBV-positive NK/T-cell lymphomas [62]. Of note,
miR-BART7, miR-BART5, miR-BART11-5p, miR-
BART1-5p and miR-BART19-3p are highly expressed
in NK/T-cell lymphoma (latency type III). Nearly all
BART miRNAs are present in EBV-associated B-cell
lymphoma (latency type I) [63]. The viral BHRF1
miRNAs are found in cells undergoing type III EBV
latency, such as a range of EBV-infected B-cell tumors
and lymphoblastoid cell lines (LCLs) [32]. This
association with the specific latency stage (latency III)
mainly attributes to the fact that BHRF1 miRNAs are
derived from the Cp- and/or Wp-initiated EBNA
transcript that is expressed only in latency III [43].
Collectively, BART miRNAs are widely expressed in
all types of EBV-associated latency, while the
expression of BHRF1 miRNAs is restricted to a
specific latency type in tumor cells.

The BART and BHRF1 miRNAs are also
expressed during the viral lytic cycle in EBV-positive
tumor cells [42]. Several miRNAs, such as
miR-BART1-3p, miR-BART3-3p, miR-BART7, miR-
BART10-3p and miR-BHRF1-2, are upregulated
during lytic replication. It has been known that
miR-BHRF1-2 and miR-BHRF1-3 are positioned
within the 3 UTR of the early lytic transcript
encoding BHRF1 [54]. In addition, BART mRNA
expression is induced wupon lytic reactivation.
Therefore, the expression of viral miRNAs derived
from BHRF1 and BART regions is increased during
EBV lytic replication. A quantitative analysis of
EBV-encoded miRNA expression in lytically induced
EBV-positive Burkitt’s lymphoma cells further reveals
the expression patterns of viral miRNAs [43]. Due to
the onset of lytic BHRFI transcription, miR-BHRF1-2
and miR-BHRF1-3 are rapidly induced at 24 h post
lytic induction. The viral Wp and Cp promoters are
activated at 48 h. Compared with miR-BHRF1-2 and
miR-BHRF1-3, the upregulation of miR-BHRF1-1 is
delayed and is not observed until the onset of
Wp/Cp-initiated EBNA transcription at 48 h or later.
Although robust BART transcription is observed

during EBV replication, BART miRNA levels
maintain relatively steady. This study demonstrates
that changes in transcriptional levels of BHRFI and
BART do not necessarily correlate with alteration in
EBV miRNA abundance.

The mRNA targets of EBV miRNAs

Viral mRNA targets of EBVY miRNAs

EBV miRNAs can alter the expression of viral
genes to regulate EBV infection and pathogenesis.
miR-BART2 specially binds to the viral mRNA
encoding EBV DNA polymerase (also called BALF5)
and leads to degradation of the BALF5 mRNA [30].
miR-BART2 upregulation can inhibit the viral lytic
infection, while its expression level reduces during
EBV lytic cycle as BALF5 expression is increased [64].
Thus, miR-BART2 supports viral latency via
suppressing viral DNA replication by targeting
BALF5. miR-BART20-5p inhibits the expression of
EBV immediate-early genes Zta and Rta [31]. Zta and
Rta cooperatively induce the expression of EBV lytic
genes as well as viral replication [65-67]. These
findings indicate that EBV utilizes its own miRNAs to
maintain latent infection in host cells by inhibiting
viral lytic cycle.

EBV miRNAs can inhibit the expression of the
latency-associated membrane proteins LMP1 and
LMP2A. LMP1, one of the virus-encoded proteins, is
critical for cell proliferation and transformation [68].
LMP1 also regulates a variety of molecules involved
in immune responses by acting as an activator of
multiple cellular pathways such as phosphatidy-
linositol 3-kinase (PI3-K), mitogen-activated protein
kinase (MAPK), interferon regulatory factor 7 (IRF7),
nuclear factor-kB (NF-xB), Janus kinase (JAK)/signal
transducer and activator of transcription (STAT) and
activator protein (AP-1) signaling pathways [69, 70].
However, high levels of LMP1 leads to suppression of
cell proliferation and increased cellular sensitivity to
pro-apoptotic stresses [71, 72]. EBV miRNAs (miR-
BARTS5-5p and miR-BART19-5p) from BART-clusters
have been reported to suppress LMP1 expression,
thereby maintaining the balance between the
growth-promoting  effect of LMP1 and its
pro-apoptotic function [73, 74]. LMP2A is a highly
immunogenic antigen that is able to stimulate specific
T-cell responses [75]. In latently infected -cells,
miR-BART22 may serve as an antisense regulator of
LMP2A [76, 77]. Upregulation of miR-BART22 leads
to a decrease in the protein level of LMP2A but not
affecting its mRNA abundance, indicating that
miR-BART22 regulates LMP2A expression at the
post-transcriptional level. Additionally, EBV miRNAs
suppress the expression of other latent genes. The

http://www.ijbs.com



Int. J. Biol. Sci. 2018, Vol. 14

569

EBV nuclear antigen 2 (EBNAZ2) is important for type
III latency by elevating the expression level of EBV
latent genes, and it plays a significant role in
EBV-induced cellular transformation  [78-80].
miR-BART6-5p directly targets Dicer to regulate the
host miRNA production, and it also suppresses
EBNA2 expression, suggesting the modulatory role of
miR-BART6-5p in EBV latency and carcinogenesis
[81].

Cellular targets of EBV miRNAs

EBV miRNAs can downregulate cellular
transcripts. Wnt inhibitory factor 1 (WIF1) and
adenomatous polyposis coli (APC) are tumor
suppressors that play an important role in Wnt
signaling pathway [82]. miR-BART19-3p inhibits
WIF1 expression [83]. miR-BART7, miR-BART19-3p
and miR-BART17-5p decrease the expression level of
APC. miR-BHRF1-1 downregulates expression of
another tumor suppressor, p53 [84]. p53 expression is
increased during EBV latency and early lytic phase
while reduced during mid and late lytic phases [85,
86]. Thus, miR-BHRF1-1 may promote EBV lytic
infection by decreasing p53 expression. The basic
leucine zipper transcription factor 1 (BACH1), a
transcription repressor, is capable of controlling the
cell cycle and regulating oxidative stress response
[87]. miR-BART4 and miR-BHRF1-2 are found to
directly target BACH1 [40]. EBV miRNAs also target
other cellular transcripts such as the natural killer
(NK) ligand lectin-like transcript 1 (CLEC2D),
importin 7 (IPO7), mitochondrial import receptor
subunit TOM22 homolog (TOMM?22), F-box only
protein 9 (FBXO9), caprin family member 2
(CAPRIN2), the CAP-Gly domain-containing linker
protein 1 (CLIP1), mitochondrial GTPase GUF1,
lysine-specific histone demethylase 4B (KDM4B),
transcription regulator zinc finger protein 451
(ZNF451) and deubiquitinating enzyme OTUD1 [40,
73, 88-90]. In addition, Ye et al. [91] found that EBV
miR-BART1  regulates  the  expression  of
metabolism-related genes including phosphoserine
aminotransferase (PSAT1) and phosphoglycerate
dehydrogenase (PHGDH). PSAT1 and PHGDH have
been shown to promote proliferation of tumor cells
[92, 93]. Accordingly, EBV miRNAs may play
important roles in the development of EBV-associated
tumors.

Biological function of EBV miRNAs

EBV miRNAs suppress tumor cell apoptosis

EBV latently persists in tumor cells and
expresses a restricted number of latent proteins to
escape host immune surveillance [94]. Apoptosis
blocks EBV latent infection and prevents viral

immune evasion by inducing EBV-associated tumor
cell death [95]. However, EBV has devised cunning
strategies to counteract cell apoptosis and facilitate
tumor development. A number of studies have
showed that EBV miRNAs are implicated in the
initiation of EBV-associated malignancies by
regulating cell apoptosis. The BH3-interacting domain
death agonist (BID) serves as a caspase substrate that
engages the mitochondrial pathway to amplify the
apoptotic response [96]. miR-BART4-5p is able to
restrain cell apoptosis by downregulating BID.
MAP3K5, an apoptotic protein, is a crucial
early-response gene in p38/MAPK pathway [97].
miR-BART22 blocks MAPK pathway and remits cell
apoptosis by suppressing MAP3K5 expression [98].
miR-BART5, a highly expressed miRNA in
EBV-associated epithelial tumor cells, promotes the
survival of tumor cells by inhibiting p53-upregulated
modulator of apoptosis (PUMA) [99]. In addition to
PUMA, other pro-apoptotic BH3-only proteins, Bcl-2
interacting mediator of cell death (BIM) and
Bcl-2-associated death promoter (BAD), have been
shown to be targets of BART miRNAs [39, 100]. The
translocase of outer mitochondrial membrane 22
homolog (TOMM?22) is a mitochondrial receptor for
Bcl-2-associated X  protein (Bax) [88, 101].
miR-BART16 inhibits the pro-apoptotic function of
Bax by mediating TOMM?22 downregulation [102].
Caspase-3 is a known effector caspase that executes
apoptosis [103]. BHRF1 miRNAs have been shown to

prevent apoptosis in EBV-associated Burkitt's
lymphoma by downregulating caspase-3 [104].
Collectively, these findings indicate that EBV

miRNAs control the expression of apoptosis-related
genes to impair host immune defense against viral
infection.

EBV miRNA:s alter cell growth by targeting
tumor suppressor genes

Tumor suppressor genes play a central role in
preventing the initiation and progression of cancers
[105]. The expression of tumor suppressor genes can
be regulated by EBV-encoded miRNAs. In a previous
report, EBV miR-BART3 was found to bind to the 3’
UTR of tumor suppressor gene DICE1 (deleted in cancer
1) [106]. Upregulation of miR-BART3 results in
reduced expression of DICE1, thus offsetting its
growth-prohibitive function. miR-BART1 and miR-
BARTY7 are involved in the invasion and metastasis of
EBV-positive NPC via reverting the PI3K-Akt/EMT
pathway by targeting the cellular tumor suppressor
PTEN (phosphatase and tensin homolog) [107, 108].
miR-BHRF1-2 is a viral miRNA regulator of the tumor
suppressor PRDM1 (PR domain zinc finger protein 1)
[109]. Downregulation of PRDMI1 expression by
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miR-BHRF1-2 promotes the proliferation of EBV-
infected cells. Another tumor suppressor forkhead
box P1 (FOXP1) is targeted by EBV miR-BART11 [110,
111]. Therefore, miR-BART11 plays an important role
in the progression of EBV-positive epithelial cancers
by inhibiting tumor-suppressive effects of FOXP1. As
EBV miRNAs target cellular genes involved in tumor
suppression, they possess oncogenic functions in
EBV-associated tumors.

EBV miRNAs promote cell transformation

Increasing evidence has confirmed the
proliferation-promoting and cell-transforming capab-
ilities of EBV miRNAs. Nemo-like kinase (NLK) is a
negative regulator of Wnt signaling pathway that
inhibits cell proliferation and migration [112, 113].
miR-BART14, miR-BART19-3p, miR-BART18-5p and
miR-BART10 are able to activate the Wnt pathway by
downregulating NLK, thereby promoting cell
proliferation and epithelial malignancy [114].
Recently, E-cadherin has been found to be a target of
miR-BARTY [115]. Depleting miR-BART9 induces an
increased expression of E-cadherin and miR-200
family, suppressing proliferation and invasion of
EBVaGC cells. Since downregulation of both
E-cadherin and miR-200 family is a vital step in the
carcinogenesis of EBVaGC [116], miR-BART9Y plays a
promotive role in malignant transformation.

Seto et al. [117] previously introduced mutations
in viral precursor miRNA transcripts to prevent their
processing into mature miRNAs. Phenotypic analysis
of B cells infected with the mutant viruses indicated
that EBV-encoded BHRF1 miRNAs can induce
EBV-associated cellular transformation by strongly
facilitating  cell  proliferation and inhibiting
spontaneous apoptosis. Another research group also
reveals the important role of EBV miRNAs in cell
transformation by constructing an EBV mutant that
lacks BHRF1 miRNAs [118]. Likewise, they found that
knockdown of BHRF1 miRNAs contributes to
reduced immortalization efficiency, impeded S phase
progression and increased apoptosis in infected B
cells. miR-BHRF1-2 and miR-BHRF1-3 suppress the
expression of EBNA-LP to facilitate B cell
transformation by promoting the cleavage of
EBNA-LP mRNAs during pre-miR-BHRF1 excision
[119]. These studies demonstrate that EBV miRNAs
are key players in host cell transformation.

Contrarily, EBV miRNAs can inhibit the
development of EBV-positive tumors. For example,
miR-BART15-3p induces apoptosis in EBVaGC cells
by lowering the expression level of the apoptosis
inhibitor =~ BRUCE  (BIR  repeat containing
ubiquitin-conjugating enzyme) [120]. miR-BART6-3p
downregulates the expression of a long non-coding

RNA (IncRNA), LOC553103, and reverses the
epithelial-mesenchymal transition (EMT) process,
suppressing EBV-associated tumor cell migration and
invasion [121]. These studies provide novel insights
into the functional role of EBV miRNAs in
progression of EBV-associated malignancies.

EBV miRNAs control host immune responses

It can be seen that EBV miRNAs facilitate viral
infection and pathogenesis by directly targeting host
mRNAs involved in cell transformation, apoptosis
and tumorigenesis. However, the host immune
system plays a pivotal role in preventing viral
infection. To successfully establish lifelong infections
in host, EBV has to conquer the immune attack from
the host. EBV invokes its miRNAs to subvert and
elude host immune responses by interfering with
cytokine and chemokine signaling networks, and
blocking antigen presentation and T cell responses
(Figure 2).

EBV miRNAs modulate innate immune
responses

Importin 7 (IPO7), a receptor for the transport of
transcription factors into the nucleus, plays an
important role in innate immunity [122]. IPO7 is
confirmed to be targeted by EBV miR-BART3 [88].
The IFN-inducible T-cell attracting chemokine
CXCL-11, a ligand for the CXCR3 receptor, is
produced by various cells including fibroblasts,
endothelial cells and leukocytes upon stimulation
with IFNs [123]. IFN-induced CXCL-11 recruits and
activates NK cells [124]. Moreover, the interaction
between CXCR3 and CXCL-11 is important for the
selective homing of Thl effector cells [125].
miR-BHRF1-3 serves as a potential immune regulator
by suppressing CXCL-11 [32]. Retinoic acid inducible
gene I (RIG-]) is a pattern recognition receptor (PRR)
that triggers the host innate immune response by
specifically sensing viral infection [126]. The type I
IFN induced by RIG-I is a key component of the host
innate immune response and exerts antiviral and
immuno-regulatory functions [127, 128]. Previous
study showed that type I IFN plays an important role
in controlling EBV infection [129, 130]. miR-BART6-3p
can inhibit RIG-I-like receptor signaling and type I
IFN response by binding to the 3" UTR of RIG-I
mRNA [131]. The major histocompatibility complex
(MHC) class I chain-related molecule B (MICB) is able
to enhance NK cell-mediating killing of virus-infected
cells by interacting with its receptor natural killer
group 2D (NKG2D) [132]. miR-BART2-5p inhibits
MICB expression on the cell surface and thus protects
virus-infected cells from the immune attack by NK
cells [33]. cCAMP response element-binding protein
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(CREB)-binding protein (CREBBP) functions as a
transcriptional coactivator of type 1 IFN-induced
signaling pathway [133]. miR-BART16 directly targets
CREBBP, blocking the virus-induced type I IFN
signaling pathway [134]. miR-BART15 is capable of
limiting inflammation to promote EBV infection by
targeting nucleotide-binding oligomerization
domain-like receptor family pyrin domain-containing
3 (NLRP3) inflammasome [135].

EBV miRNAs block cytokine signaling
networks

Cell-mediated immunity in response to viral
infection is controlled by altered expression of
cytokines. EBV miRNAs may control host immune
responses through regulation of cytokine signaling
networks. IL-1 signaling serves as a key initiator of
inflammation and host innate immune responses
following viral infection [136, 137]. The recent study
indicates that miR-BHRF1-2-5p directly targets IL-1
receptor 1 (IL1R1) and blocks IL-1p-triggered NF-kB
activation [138]. IL-6 is an important mediator of acute
inflammatory responses and also exerts stimulatory
effects on B cells and T cells [139]. miR-BART6-3p can

CD8* T cell
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*CR

& MHC-I
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control the expression of IL-6 receptor [140].
Inhibition of miR-BART6-3p expression results in
upregulation of IL-6 receptor that leads to the
activation of NF-xB signaling. The proinflammatory
cytokine IL-12 enhances IFN-y production by CD8* T
cells and is crucial for the differentiation of naive
CD4* T cells to antiviral Thl cells [141, 142]. The
release of IL-12 is markedly suppressed by
miR-BART1, miR-BART2, miR-BART22 and
miR-BHRF1-2 [143]. EBV miRNA-mediated IL-12
downregulation leads to lowered T-cell activation,
facilitating the survival of EBV-infected cells [144].
Moreover, these viral miRNAs are derived from
different viral transcripts, indicating a tight control of
IL-12 in both latent and lytic phases of EBV life cycle.
IFN-y plays an important role in CD8* T cell
immunity via enhancing MHC class-I antigen
presentation pathway [145]. miR-BART20-5p and
miR-BARTS8 are shown to depress the IFN-y/STAT1
pathway in nasal NK-cell lymphoma [146]. This
finding suggests that EBV may exploit its own
miRNAs to favor viral replication and tumor growth
by inhibiting the I[FN-y signaling pathway.

NK cell
N
=
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Figure 2. EBV-encoded miRNAs regulate host immune responses. In latently infected cells, the viral DNA genome forms in a circular shape (episome). EBV miRNA
biogenesis is dependent on the host machinery. EBV miRNAs reduce the levels of viral antigens (LMP1 and LMP2A\) to favor viral persistence in host cells. LMPI acts
as a functional mimic of CD40 and can activate MHCs and costimulatory molecules. Thus, LMP1 downregulation by viral miRNAs may block antigen presentation.
More importantly, EBV invokes its miRNAs to subvert host immune responses by downregulating multiple cellular genes or pathways. 1) EBY miRNAs can efficiently
interfere with MHC class I-mediated antigen presentation by targeting the antigen transporter TAP2. 2) Viral miRNAs inhibit expression of the lysosomal enzymes
(IFI30, LGMN and CTSB), restraining the capability to present antigens to CD4+ T cells through MHC class-Il. 3) Viral miRNAs control the expression of inflammatory
cytokines (IL-6 and IL-12), thereby suppressing cytokine-mediated cellular immune responses. 4) EBY miRNAs also allow virus-infected cells to escape from NK- and
T-cell attack by directly targeting the NK-cell attracting ligand, MICB and the T-cell attracting chemokine, CXCL-11. TCR, T-cell receptor; MHC, major
histocompatibility complex; NKG2D, natural killer group 2D; MICB, MHC class | chain-related molecule B; CXCR3, C-X-C chemokine receptor type 3; CXCL-11,
C-X-C motif chemokine ligand 11; ER, endoplasmic reticulum.
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EBV miRNA:s interfere with antigen
processing and presentation

EBV miRNAs are found to modulate several
genes related to antigen processing and presentation.
Lysosomal enzymes are involved in MHC class 1I
epitope processing [147]. EBV miRNAs have been
reported to control the expression of lysosomal
enzymes [143]. For example, IFN-y-inducible lysos-
omal thiol reductase (IFI30), legumain (LGMN) and
cathepsin B (CTSB) are targeted by EBV miR-BART1,
miR-BART2 and miR-BHRF1-2, respectively.
Costimulatory molecules and MHCs are essential
components for efficient antigen presentation and can
be indirectly regulated by EBV miRNAs [148]. The
viral antigen LMP1 can activate the CD40 signaling
pathway, increasing expression of costimulatory
molecules and MHCs on cell surface [3, 143, 149].
Therefore, BART miRNA-mediated LMP1
downregulation may reduce expression of these
surface molecules, thereby dampening the antigen
presentation pathway [74]. EBV miRNAs also limit
cell surface levels of HLA class II molecules,
providing an alternative way to block MHC class II
antigen presentation. Lymphocyte antigen 75 (LY75)
delivers antigens from the surface of dendritic cells to
lysosomes or late endosomes [150]. As a result, LY75
is crucial for antigen presentation on MHC molecules
as well as stimulation of CD4* and CD8* T cells [151].
LY75 can be targeted by miR-BART1-5p [40].
Inhibition of LY75 expression by the viral miRNA
might render EBV-harboring tumor cells capable to
evade immune recognition by CD4* and CD8* T cells.
Additionally, miR-BHRF1-3 and miR-BART17
directly target the peptide transporter subunit TAP2
which is involved in EBV antigen presentation [144].

EBV miRNA:s inhibit antiviral CD4* and CD8*
T cell responses

The adaptive immune system plays an important
role in the clearance of virus infections [152]. EBV
miRNAs have been shown to control the expression of
cellular genes involved in T cell-mediated responses,
providing an alternative mechanism of EBV immune
evasion. Mucosa-associated lymphoid tissue lympho-
ma transport protein 1 (MALT1) plays a pivotal role
in inducing CD4* T cell responses [153]. EBV
miR-BHRF1-2-5p is capable of directly targeting
MALTT1 [154]. CLEC2D is expressed on the surface of
B cells upon activation of toll-like receptor (TLR) or
B-cell receptor (BCR) signaling pathways [155].
CLEC2D can activate NK- and T- cells by interacting
with CD161, thereby enhancing production of IFN-y
and CD8* T lymphocytes [156]. miR-BART1-3p and
miR-BART3-3p are confirmed to target the 3" UTR of
CLEC2D [40]. T-bet is a key regulator of Thl

development and function [157]. T-bet maintains the
effector function of CD8* T cells via multiple
mechanisms, such as modulation of CD8* T cell
proliferation ~and  IFN-y  production  [158].
miR-BART20-5p is able to inhibit T-bet translation
and suppress p53 in nasal NK/T-cell lymphoma [159].

EBV miRNAs regulate viral functions

EBV miRNAs regulate viral functions by
controlling the expression of viral genes. It has been
reported that EBV latent infection is strongly
associated with the development of virus-associated
malignancies [160]. During latent expression, EBV
expresses a limited number of antigens to favor its
survival and escape from the host immune system
[94]. EBV miRNAs help the virus to maintain latency
in infected cells. miR-BART2 displays complete
sequence complementarity to the mRNA encoding
viral DNA polymerase BALF5 [30]. miR-BART2 may
facilitate the persistence of EBV latency and promote
the development of EBV-associated tumors. Down-
regulation of Dicer by miR-BART6-5p results in the
decreased expression of the viral lytic transactivators
Zta and Rta [81]. Moreover, miR-BART6-5p limits the
expression of EBNA2 which serves an important
function in maintaining EBV latent infection [161].
These findings suggest that inhibition of Dicer and
EBNA2 expression by miR-BART6 controls the
latency-lytic switch of EBV and is essential for the
maintenance of EBV latency to escape immune
surveillance.

During latent infection, EBV miRNAs control the
expression of viral antigens to restrict the
immunogenicity of infected cells. LMP1 can activate
multiple cellular signaling pathways including
MAPK, NF-xB, and JAK/STAT signaling which
robustly elicit host immune responses [162-164].
miR-BART5-5p and miR-BART19-5p are able to
downregulate the expression of LMP1 [73, 74].
EBNAL is required for the maintenance, replication
and transcription of EBV episome [165]. More
importantly, EBNA1 is the only viral antigen that is
expressed in all types of EBV-harboring cells [166].
Although EBNAL is proven to be a target of effector T
cells, the epitopes of EBNA1 are rarely presented on
MHC class I molecules and can not be recognized by T
cells [167]. Previously, Albanese et al. [144] found that
EBV miRNAs directly targeted TAP2 and decreased
EBNAI1 expression. LMP2A is an immunogenic viral
antigen that can be recognized by cytotoxic T cells
(CTLs) [168]. Viral miR-BART22 is shown to limit the
expression of LMP2A [76]. These findings herein
reviewed collectively imply that EBV miRNAs may
facilitate viral escape from host immune surveillance
by downregulating viral latent antigens.
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EBV miRNAs can be used as diagnostic
and prognostic biomarkers for cancers

Early detection and accurate prognosis are two
key factors for the treatment of EBV-associated
tumors. Recently, the clinical value of EBV miRNAs
for diagnosis and prognosis of EBV-associated tumors
has been investigated. It has been reported that the
expression level of miR-BART1-5p is reflective of NPC
progression [169]. Detection of miR-BART1-5p is
effective for early diagnosis of NPC, even in cases that
are mis-diagnosed as negative based on clinical tests.
miR-BART10-3p can directly target BTRC gene that
encodes P-transducin repeat containing E3 ubiquitin
protein ligase (BTrCP) [170]. Upregulation of
miR-BART10-3p and decreased expression of BIRC
are associated with poor prognosis in NPC patients.
Moreover, miR-BART10-3p promotes the migration
and invasion of NPC cells by exerting its inhibitory
role in BTRC expression. These findings indicate that
miR-BART10-3p is a potential novel prognostic
biomarker and therapeutic target for EBV-associated
NPC. miR-BARTY7 is able to enhance the sensitivity of
NPC cells to radiation treatment by targeting
GFPT1/TGFf1 signaling pathway, which may
contribute to improved efficacy of NPC radiotherapy
[171]. miR-BART?7 detection may provide a potential
indicator for monitoring the progression of
EBV-associated NPC. miR-BART7 and miR-BART13
are found to be stably present in the plasma of NPC
patients [172]. Their expression levels are elevated in
NPC patients with disease progression. On the
contrary, miR-BART7 and miR-BART13 are
undetectable in NPC patients after radiotherapy.
Therefore, EBV miR-BART7 and miR-BART13 are
regarded as potential serological biomarkers for NPC
diagnosis and prognosis.

miR-BART20-5p is highly expressed in patients
with EBV-positive gastric carcinoma [173]. A
multivariate analysis indicates that miR-BART20-5p is
associated with worse recurrence-free survival of the
patients, which makes miR-BART20-5p a potential
biomarker and therapeutic target for EBV-associated
gastric carcinoma. Recently, a study reveals
miR-BART2-5p upregulation in sera of patients with
EBV-associated nasal natural killer/T-cell lymphoma
(NNKTL) [174]. The high circulating miR-BART2-5p
level is strongly linked with disease progression and
poor prognosis in patients with NNKTL. Thus,
miR-BART2-5p may serve as diagnostic and
prognostic biomarkers in patients with NNKTL.

Based on these clues, EBV miRNAs hold
particular promise to be utilized as diagnostic and
prognostic biomarkers for EBV-associated tumors. To
date, there are still no predictive biomarkers available

for EBV-associated tumors. Increasing knowledge
about the function of EBV miRNAs in immune
modulation will help to develop novel diagnostic and
therapeutic strategies for EBV-associated tumors.
Furthermore, deep investigations into the mechanism
underlying regulation of host immune responses by
EBV miRNAs would accelerate their clinical
application in diagnosis and treatment of
EBV-associated tumors.

Concluding remarks and future
perspectives

EBV miRNAs are expressed in all phases of viral
life cycle and are produced in the way similar to
cellular miRNAs. EBV has evolved to exploit its own
miRNAs to change the expression of a variety of
genes related to viral latency, tumor suppression, cell
proliferation, apoptosis and transformation. More
importantly, EBV miRNAs play powerful roles in
subverting host immune responses. However, more
targets of EBV-encoded miRNAs are warranted to be
identified to comprehensively uncover the interplay
between EBV and host immune system. Moreover, the
roles of EBV-encoded miRNAs in immune regulation
require to be studied in detail. In particular, the
immunological ~ mechanisms  underlying the
involvement of EBV-encoded miRNAs in viral
infection and pathogenesis need more systematic
survey. In-depth exploration of EBV miRNAs will be
of great importance for comprehensive elucidation of
the interaction between EBV and host immune system
and also provide novel insights into how EBV
succeeds as a viral pathogen. Furthermore,
EBV-encoded miRNAs are abundantly expressed in
EBV-associated tumors, and they are implicated in
tumor development by targeting viral or cellular
genes. Controlling the activities of EBV-encoded
miRNAs in EBV-positive tumors may represent a
promising approach to restoring host anti-tumor
immunity, which provides a novel therapeutic
strategy for the treatment of EBV-associated tumors.
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