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Abstract

Oncogenic viruses reprogram host gene expression driving proliferation, ensuring survival, and 

evading the immune response. The recent appreciation of microRNAs (miRNAs) as small non-

coding RNAs that broadly regulate gene expression has provided new insight into this complex 

scheme of host control. This review highlights the role of viral and cellular miRNAs during the 

latent and lytic phases of the EBV life cycle.
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Introduction

MicroRNAs (miRNAs) are small, ~21–25 nucleotide, non-coding RNAs expressed by all 

multicellular eukaryotes that negatively regulate gene expression by targeting 

complementary sequences in messenger RNAs [1]. These regulatory RNAs have been 

demonstrated to play a key role in a variety of processes including development, cell cycle 

regulation, and immunity and their malfunction has been associated with several human 

pathologies including cancer [2]. MiRNAs perform their gene regulatory function as the 

guide RNA component of the RNA-induced silencing complex (RISC) complex, which 

binds perfect or partially complementary sequences predominantly found in the 3 ’UTR of 

target mRNAs, causing mRNA translation inhibition or mRNA degradation. As miRNAs 

require only limited complementarity for mRNA binding, they are able to modulate the 

expression of multiple genes. Conversely, different miRNAs can control a single mRNA, 

making miRNA regulatory networks particularly complex to investigate. The region that 

dictates the specificity of the miRNA:mRNA target interaction corresponds to nt 2–8 from 

the miRNA 5’ end and is referred to as the “seed” sequence. Seed sequences can be shared 

by several distinct miRNAs, which are termed members of the same seed family [3].

*Corresponding author: micah.luftig@duke.edu, Phone: 919-668-3091, FAX: 919-684-2790.
2Current address: Department of Microbiology-Immunology, Northwestern University, 310 E Superior St, Chicago, IL 60611

HHS Public Access
Author manuscript
Microbes Infect. Author manuscript; available in PMC 2016 June 16.

Published in final edited form as:
Microbes Infect. 2011 December ; 13(14-15): 1156–1167. doi:10.1016/j.micinf.2011.07.007.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MiRNAs are generally produced as RNA polymerase II-driven, capped, and poly-adenylated 

RNA precursors [1]. Stem-loop structures within these primary miRNAs (pri-miRNAs) are 

recognized by the enzyme Drosha and processed to yield ~65–70 nucleotide precursor 

miRNAs (pre-miRNAs), which are subsequently exported from the nucleus to the cytoplasm 

through an Exportin 5-dependent pathway. The pre-miRNA is then recognized by a complex 

containing the RNAse III enzyme Dicer, which liberates a duplex intermediate of ~22 base 

pairs. One strand of this duplex is then loaded into the RISC composed of Argonaute family 

proteins and accessories. The mature miRNA guides the RISC complex to target mRNAs 

through its seed sequence to enable suppression of target expression.

The identification and characterization of cellular as well as virally-encoded miRNAs have 

established their roles as broad and important regulators of the host/pathogen interface [4]. 

The major family of viruses that encode and modulate miRNAs is the Herpesviridae. These 

large double-stranded DNA viruses typically contain nearly one hundred protein coding 

genes and it is now evident that many miRNAs are also encoded in their genomes. In 

particular, the oncogenic γ-herpesviruses encode a large number of miRNAs and also 

modulate host miRNAs as a means of effecting cell transformation. An important human 

pathogen and model system for studying the role of miRNAs in viral oncogenesis is the γ-

herpesvirus Epstein-Barr virus (EBV).

EBV infects greater than 90% of adults worldwide [5]. Despite the high rate of prevalence, 

disease is rarely manifested in infected individuals due to a strong cytotoxic T cell response. 

In immune-compromised individuals, such as those infected with HIV or following 

transplant, EBV-associated malignancies are more common. Furthermore, EBV is causally 

implicated in African endemic Burkitt’s lymphoma (BL) and the epithelial cancer 

nasopharyngeal carcinoma (NPC). Acute infection during adolescence also leads to 

infectious mononucleosis due to the uncontrolled expansion of poly-reactive B cells.

EBV is a large, enveloped virus containing a ~184kbp double stranded DNA genome. In 
vivo, B lymphocytes and epithelial cells are common targets, while rare infection of NK and 

T cells has also been observed [5]. Infection of primary B cells in vitro leads to a latent 

infection in which only a subset of viral genes are expressed including the latent membrane 

proteins 1, 2A, and 2B and Epstein-Barr nuclear antigens (EBNAs) 1, 2, 3A, 3B, 3C, and LP 

as well as 25 viral pre-miRNAs. This expression program is called latency III and drives the 

indefinite proliferation of primary B cells (Table 1). In other settings in vivo including BL 

tumors, Hodgkin’s lymphoma (HL), and NPC, EBV displays a more restricted form of 

latency. Finally, in normal infected individuals, the virus exists in memory B cells in the 

peripheral blood where no genes are expressed except for EBNA1 during cell division [6, 7]. 

Studies of EBV-infected B cells and tumor-derived cell lines have informed much of our 

understanding of the mechanisms by which EBV drives tumorigenesis [5].

Infection of either B lymphocytes or epithelial cells with EBV poses several barriers to long-

term persistence in the host. Both the innate and adaptive immune response can prevent 

virus replication and the growth of virus-infected cells. Therefore, the virus ensures control 

of host physiology by regulating host cell gene expression. This occurs both through 

modulation of specific signaling pathways as well as by restricting its own gene expression. 
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For example, LMP1 mimics a constitutively active CD40 (B cell co-stimulatory TNFR 

family member) [8], while LMP2A mimics the B-cell receptor (BCR) and antagonizes 

endogenous BCR signaling [9]. Fundamentally, restriction of viral gene expression, for 

example in latency I, prevents CD8+ T cell recognition of immune-dominant epitopes in the 

EBNA3 proteins, and enables long-term persistence of latently-infected cells. Lastly, EBV 

latent infection also depends on tight control of the viral lytic transactivator protein Zta.

The primary effects of EBV on host cell physiology are mediated through changes in host 

gene expression. Given the importance of miRNAs in regulating gene expression, many 

studies have now implicated miRNAs in mechanisms through which EBV modulates the 

host. These reports will be highlighted in this review covering five major areas: i) the 

expression of EBV-encoded miRNAs, ii) mRNA targets and functional significance of EBV 

miRNAs, iii) the regulation of cellular miRNA expression during EBV infection, iv) the 

functional role of cellular miRNAs in EBV latency and lytic reactivation, and v) genome-

wide methods to identify mRNA targets of miRNAs in EBV-infected cells.

I. Expression of Epstein-Barr virus encoded miRNAs

A. EBV miRNA expression in infected cells and tumors

EBV was the first human virus shown to express miRNAs and to date is the virus that 

encodes more miRNAs than any other human virus, with twenty-five identified pre-

miRNAs. Pfeffer et al. were the first to show that EBV expresses miRNAs by cloning small 

RNAs from an EBV- infected Burkitt’s lymphoma cell line [10]. In this study, 5 viral 

miRNAs, located in two distinct clusters were identified. One cluster is located near the 

mRNA of the BHRF1 (BamHI fragment H rightward open reading frame 1) gene, coding 

miR-BHRF1-1 to 3, while the other is located in intronic regions of the BART (Bam HI 

fragment A rightward transcript) giving origin to miR-BART1 and 2. Since this initial 

report, other groups have identified additional EBV miRNAs, all of them located within the 

BART cluster. Cai and colleagues identified 14 novel viral miRNAs using traditional cloning 

and sequencing of small RNAs from latently EBV-infected BC-1 cells [11]. 

Contemporaneously, Grundhoff et al., used a computational approach followed by a 

microarray analysis to identify possible miRNAs encoded by EBV that were further 

validated by Northern blot [12]. This study identified 18 pre-miRNAs and 22 mature 

miRNAs. The more than four-fold increase in the number of novel miRNAs identified by 

these groups was largely due to the fact that they interrogated EBV-infected cells containing 

“wild-type” strains, rather than the B95-8 strain of EBV. This prototype laboratory strain 

carries a deletion of about 12 kb that includes part of the EBV BART locus, where almost all 

of the viral miRNAs are located. Two additional BART miRNAs, miR-BART21 and 22, 

were subsequently identified by Zhu, et al. in NPC samples using small RNA deep 

sequencing [13]. Finally, four additional mature BART miRNAs were identified in another 

recent miRNA deep sequencing study of NPC tumor samples thereby identifying and 

rigorously characterizing the mature sequences of all 44 possible BART miRNAs (i.e. 22 

miRNAs, both strands) in infected cells or tumor samples [14].

EBV miRNAs are differentially expressed in lymphoid and epithelial cells and under the 

different virus latency programs (Table 1). The BHRF1 miRNAs are expressed at high levels 
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in cells displaying type III EBV latency, including LCLs as well as in a range of EBV-

infected B-cell tumors [15]. The association with this specific latency program is due to the 

fact that these miRNAs are expressed from an EBNA transcript that is produced only in 

latency III starting from the viral Wp or Cp promoter. Consequently, they are not detected in 

other latency stages including latency I BL and latency II NPC cell lines [10, 11, 16], 

although they are expressed in Wp-restricted BL cell lines [17]. Two groups have further 

confirmed that BHRF1 miRNAs are not expressed in NPC by miRNA expression profiling 

and deep sequencing of NPC tumor biopsy samples [13, 18].

On the other hand, BART miRNAs are expressed mostly in epithelial cells undergoing type 

II EBV latency, including EBV-induced nasopharyngeal and gastric carcinomas [11, 18, 19] 

even though BART miRNAs are also expressed at reduced levels in lymphoid cell lines [11, 

17, 20]. Although the level of BART miRNAs detected in epithelial cells is higher compared 

to lymphoid cell lines, it has been reported by Edwards et al. and, more recently, by 

Amoroso et al. that BART miRNA expression is not characteristic of a specific cell type, as 

some epithelial and lymphoid cell lines show high expression, while others not [17, 20]. 

Furthermore, and more surprisingly, extensive variation in the levels of individual BART 

miRNAs up to 50-fold was observed between as well as within epithelial and B cell lines 

infected with EBV [17, 21]. Since these miRNAs are processed from the same primary 

transcript, it was unexpected that their mature levels would vary so greatly. Amoroso, et al. 
found no differences in stability between the BART miRNAs and therefore suggested a role 

for alternative processing of these miRNAs from the primary BART transcript [17].

B. EBV miRNA expression during lytic reactivation

Both BART and BHRF1 miRNAs are expressed during lytic reactivation as demonstrated 

initially by Cai et al. [22]. This study found that the expression of some EBV miRNAs 

increased during lytic replication in LCL, BL, and PEL cell lines. Up-regulation was in part 

due to their location. In fact, miR-BHRF1-2 and -3 are located in the 3’UTR of the early 

lytic protein BHRF1 and also BART mRNA expression has been demonstrated to increase 

during lytic infection [23] so it is not surprising that BHRF1- and BART-derived miRNA 

levels also increase during the lytic cycle.

In the recent study by Amoroso, et al., a rigorous quantitative analysis of BART and BHRF1 

miRNA levels in lytically induced Akata cells further clarified these initial findings [17]. 

The BHRF1-2 and 1-3 miRNAs increased as early as 24 hour post lytic induction, as the 

lytic BHRF1 promoter and mRNA were induced. However, BHRF1-1 was not induced until 

48h or later as the viral Wp and Cp promoters became active. Furthermore, expression of 

BHRF1-1 dependended on viral DNA replication, as did Wp- and Cp-transcription, while 

lytic BHRF1 expression did not. Interestingly, despite robust primary BART transcription 

(>40-fold increase during lytic induction), relatively modest induction of BART miRNAs 

was observed during lytic reactivation. These data are consistent with the steady-state 

variation in BART miRNA levels further suggesting that miRNA processing during latency 

as well lytic reactivation plays a role in the accumulation of BART miRNAs.
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C. EBV miRNAs are released in exosomes from EBV-positive cells

Recently, miRNAs have been found in a unique set of microvesicles called exosomes 

deriving from reverse budding of the limiting membrane of multivesicular endosomes 

(MVEs). Several studies have indicated that miRNAs are probably loaded onto exosomes by 

RISC, which has been shown to be associated with MVEs [24]. As exosomes are able to 

transfer from cell to cell and to be secreted by several different cell types in culture and 

human sera, Pegtel et al. hypothesized that EBV miRNAs could be transferred through 

exosomes thereby regulating mRNAs in neighboring cells [25]. Indeed, this group detected 

viral miRNAs in purified CD63-positive exosomes from the supernatant of EBV-infected 

cells. Interestingly, in co-culturing experiments, this group demonstrated that EBV miRNAs 

could be transferred to non-EBV infected cells where they repressed target mRNAs.

They first provided evidence that exosomes contain EBV miRNAs and can transfer from 

LCLs to monocyte-derived dendritic cells (MoDC). Indeed, the co-culturing of labeled, 

purified LCL exosomes and MoDC caused an increased fluorescence in MoDCs, indicating 

that LCLs are able to release exosomes that are then internalized in adjacent DCs. After 

demonstrating that viral miRNAs are actually present in MoDCs, Pegtel et al. also showed 

that these miRNAs are functional in the recipient cells. In fact, EBV miRNAs were 

specifically able to reduce luciferase levels of target 3’UTR constructs expressed in the 

uninfected cells. Interestingly, BART miRNAs were not only detected in exosomes from 

EBV infected B cells, but also in circulating, uninfected non-B cells, indicating the transfer 

of EBV miRNAs from infected to uninfected cells in vivo. Since the EBV genome was not 

present in recipient cells and these cells do not have primary transcripts encoding viral 

miRNAs, this group postulated that EBV miRNAs are functionally transferred in vivo in 

order to mediate intercellular communication during infection.

Two additional groups have recently reported on the release of EBV miRNAs from NPC 

cells [26, 27]. In these studies BART miRNAs were detected in CD63-positive exosomes 

purified from the supernatant of the EBV-positive C666-1 NPC cell line and cultures of the 

EBV-positive C15 and C17 NPC xenografts. Furthermore, BART miRNAs could be detected 

in the plasma of mice harboring the C15 NPC xenografts [26]. Critically, BART miRNAs 

could also be detected in the plasma of NPC patients [26]. These data are consistent with 

those of Pegtel and suggest that viral miRNAs may serve as both a bio-marker for EBV-

associated cancers, and also implicate these molecules in intracellular communication that 

may be important for the pathogenesis of EBV-positive tumors.

D. Conservation of EBV miRNAs and cellular miRNA relatedness

Herpesviruses share conserved genes encoding structural proteins and enzymes important 

for the production of new virion particles. These genes share collinear homology across 

viruses and species and are highly conserved at the sequence level. However, despite modest 

genomic colinearity, viral miRNAs are rather poorly conserved across herpesviruses [28]. In 

fact, within the γ-herpesvirus subfamily, EBV and KSHV miRNAs share little sequence 

homology. The most related viral miRNAs are found within the genus of 

lymphocryptoviruses where EBV and the rhesus lymphocryptovirus (rLCV) share 

approximately 22 of 25 viral miRNAs by evolutionary comparison with only 7 miRNAs 
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sharing seed sequence conservation [11, 28]. Therefore, viral miRNA seed sequences are not 

highly conserved, though conservation of mRNA targets often are (see below) and may 

prove to be a source of convergent evolution in viral pathogenesis.

Another intriguing aspect of EBV miRNA sequences that may provide insight into 

pathogenesis stems from the observation that the most abundantly expressed BART miRNAs 

share identical 6-mer seed sequences with cellular miRNAs [14]. Given the 642 unique 6-

mer seed sequences for cellular miRNAs, approximately 15% of BART miRNAs would be 

expected to share seeds with cellular miRNAs. In contrast, nearly 30% of EBV BART 

miRNA seed sequences are identical to cellular miRNA seed sequences [14]. In fact, the 

most abundantly expressed BART miRNAs were significantly more likely to share a cellular 

seed than less abundantly expressed BART miRNAs. Therefore, Chen, et al. propose that 

viral miRNAs act as mimics or competitors of cellular miRNAs in EBV-infected cells [14]. 

This hypothesis was supported by the correlation in expression between several high 

abundance EBV BART miRNAs and their cellular seed-sharing orthologues (for example, 

miR-18/BART 5-5p and miR-29/BART 1-3p) in normal tissue versus NPC tumors [14].

II. The mRNA targets and functional significance of EBV miRNAs

A. Viral mRNA targets of EBV miRNAs

Our knowledge of EBV miRNA function has been steadily increasing since their discovery 

(Fig. 1). Pfeffer et al. reported that the miR-BART2 transcript is antisense to the viral DNA 

polymerase BALF5 and its sequence is exactly complementary to the BALF5 3’UTR. This 

observation led to the hypothesis that this viral miRNA could lead to degradation of the 

BALF5 mRNA during EBV infection [9]. This hypothesis was later confirmed by Barth et 
al. who demonstrated that miR-BART2 enhances BALF5 mRNA cleavage, down-regulates 

the BALF5 3’UTR in luciferase assays, and suppresses BALF5 protein expression [29]. 

While miR-BART2 over-expression only modestly suppressed lytic replication, its 

expression levels decrease on lytic reactivation as BALF5 mRNA and protein levels 

increase. These data suggest a possible functional interaction between miR-BART2 and 

BALF5 in regulating viral lytic reactivation.

In addition to BALF5, two additional viral proteins are reported targets of EBV miRNAs: 

LMP1 and LMP2A. Lo, et al. found that several miRNAs from the BART cluster can target 

the 3’UTR of LMP1, thereby inhibiting LMP1 protein expression by translation repression 

in EBV infected epithelial cell lines [30]. However, two of these miRNAs (BART16-3p and 

-17-5p) were originally mis-annotated and matches to their seed sequences do not actually 

appear in the LMP1 3’UTR. Additionally, the BART1-5p interaction with the LMP1 mRNA 

cannot be confirmed, at least in LCLs (B. Cullen and R. Skalsky, personal communication). 

Nevertheless, miRNA expression from the BART cluster decreased LMP1 protein levels, 

and consequently, decreased NFκB activity. Although LMP1 induces transformation, high 

levels of LMP1 expression can inhibit proliferation and increase sensitivity to pro-apoptotic 

stresses [31, 32]. Indeed, BART miRNA-mediated LMP1 suppression reduced the sensitivity 

of epithelial cells to cisplatin and consequently, mitigated the apoptotic response [30].
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Another latent protein to be regulated by miRNAs is LMP2A. Lung, et al. reported that miR-

BART22 is the only EBV miRNA able to target LMP2A in 3’UTR luciferase assays despite 

its 3’UTR containing binding sites for other BART miRNAs [33]. Furthermore, over-

expression of miR-BART22 caused a reduction of LMP2A protein expression without 

affecting mRNA levels, indicating that LMP2A is a direct target of this miRNA and its 

regulation occurs at the level of translation. Since LMP2A is highly immunogenic, it was 

proposed that miR-BART22 limits its levels in order to escape the host immune response.

B. Cellular targets of EBV miRNAs

Xia et al. reported that miR-BHRF1-3, which is highly expressed in type III latency cell 

lines and primary EBV-associated AIDS-related diffuse large B cell lymphoma (DLBCL), 

targets the interferon-inducible T cell attracting chemokine, CXCL-11/I-TAC [15]. This 

chemokine is a potent T cell chemoattractant known to activate the chemokine receptor 

CXCR3 and it is plausible that by down-regulating CXCL-11/I-TAC, miR-BHRF1-3 could 

inhibit activation of the host interferon response upon EBV infection (Fig. 1).

Choy et al. showed that miR-BART5 regulates p53 up-regulated modulator of apoptosis 

(PUMA) [34]. Over-expression of miR-BART5 in epithelial cells suppressed the 3’UTR of 

PUMA as well as endogenous PUMA protein and mRNA levels. Consistently, miR-BART5 

depletion led to up-regulation of endogenous PUMA protein. Importantly, loss of miR-

BART5-mediated suppression of PUMA in NPC cell line enhanced susceptibility to 

apoptotic stimuli. Given these findings in vitro, it was also interesting to note that an inverse 

correlation exists between PUMA expression and miR-BART5 levels in NPC tumors. This 

study was the first to indicate that an EBV miRNA might be important in promoting tumor 

cell survival.

Nachmani et al., made the interesting observation that multiple herpesvirus miRNAs 

converge on a similar mRNA target, MICB, a natural killer (NK) cell ligand [35]. EBV 

BART3-5p, human cytomegalovirus (HCMV) UL112-1, and KSHV miR-K7 target MICB 

thereby preventing efficient recognition of virally infected cells by NK cells. Furthermore, 

each viral miRNA targets MICB through a unique seed sequence implying convergent 

evolution by herpesviruses used to solve a common functional problem in viral immune 

evasion.

C. Functional role of EBV miRNAs

Two recent studies have defined the role of the EBV miRNAs in B cell immortalization. [36, 

37]. Seto et al. generated several mutant EBV recombinants modulating expression of the 

two clusters of viral miRNAs. They constructed mutants in the B95-8 strain that either: i) 

lacked all BHRF1 miRNAs, ii) lacked all viral miRNAs (BHRF1 and BARTs), or iii) 

expressed all possible EBV miRNAs (add back of BARTs deleted from B95-8). While all 

mutant were able to transform primary B cells into LCLs, those lacking all miRNAs or only 

deleted for the BHRF1 miRNAs were compromised in their ability to induce B cell 

proliferation and suppress spontaneous apoptosis [36]. This phenotype persisted in LCLs 

generated from these mutants, which less efficiently entered S phase and retained higher 

levels of spontaneous apoptosis than control or revertant virus-infected cells. Similar 
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findings were observed by Feederle, et al. [37], who specifically knocked out the BHRF1 

miRNA locus. These authors observed a compromise in B cell immortalization efficiency, S 

phase progression, and increased apoptosis in infected cells. Neither group observed an 

effect on lytic reactivation in any of the miRNA-deficient recombinants. Therefore, the EBV 

miRNAs play a role in promoting the latency promoted cell cycle and protect B cells from 

spontaneous apoptosis.

III. EBV regulation of cellular miRNA expression

A. Expression changes of host miRNAs in EBV-positive tumors

EBV is associated with several human lymphoid- and epithelial-cell cancers including 

African endemic BL, HL, post-transplant lymphoproliferative disease (PTLD), diffuse large 

B cell lymphoma (DLBCL), and NPC. The role of miRNAs in these tumors is unclear, 

however recent studies suggest a contribution of EBV to the miRNA expression profile of 

primary tumors.

Navarro et al., demonstrated that EBV could influence miRNA expression in classic 

Hodgkin lymphoma (cHL) [38]. Analysis of 30 cHL tumors, 3 cHL cell lines, and 5 reactive 

lymph nodes (RLNs) defined a 25 miRNA signature that distinguished cHL from RLNs and 

36 miRNAs were differentially expressed between cHL of the nodular sclerosing versus 

mixed cellularity types. Importantly, the comparison between EBV positive and EBV 

negative cHL identified 10 differentially expressed miRNAs: miR-128a, -128b, -129, and 

miR-205 were down-regulated by EBV, while miR-28, -130b, -132, -140, and miR-330 were 

up-regulated. The importance of these differences in HL and regulation by EBV latency 

gene products remains to be validated.

Another group investigated changes in miRNA expression in EBV-positive and EBV-

negative BL cases [39]. They analyzed the levels of 4 miRNAs that have been associated 

with B cell differentiation regulation: miR-125a, -125b, -127, and 9*. miR-127 was the only 

miRNA whose expression was altered by the presence of EBV in BL tumors. Indeed, 

miR-127 up-regulation in EBV-positive BL cell lines was responsible for down-regulation of 

BLIMP-1 leading to persistence of BCL-6 expression, thereby blocking germinal center exit 

and consequently the B cell differentiation process.

B. Host miRNA profiling of EBV latently infected B cells

In order to identify cellular miRNAs regulated during EBV infection, several groups have 

performed miRNA profiling experiments of EBV latently infected cell lines. The first such 

study was performed by Mrazek, et al. using a subtractive hybridization approach [40]. A 

comparison of small non-coding RNAs expressed in the EBV-negative Burkitt’s lymphoma 

cell line BL41 versus an EBV-transformed lymphoblastoid cell line (LCL) identified a core 

set of differentially expressed miRNAs. Latency III gene expression in LCLs was associated 

with increased levels of miR-155, miR-146a, miR-21, miR-34a, miR-29b, miR-23a, and 

miR-27a and decreased levels of miR-20b, miR-15a, and miR-15b. Accumulating evidence 

at the time suggested that the latency III-induced miRNAs were growth-promoting 

oncomiRs, i.e. miRNAs whose expression is positively associated with tumorigenesis, while 
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those that were latency III-repressed were growth suppressive miRNAs. These changes were 

confirmed and extended by other groups using miRNA microarray approaches.

Cameron et al. compared the miRNA expression differences between transformed B cell 

lines expressing either EBV latency III or latency I transcriptional programs relative to EBV-

negative cell lines [41]. EBV latency III altered the expression of 41 cellular miRNAs where 

the most up-regulated miRNAs were miR-155 and miR-146a in latency III. However, the 

expression levels of miR-21, miR-28, miR-34, miR-146b and members of the miR23 family 

were also elevated in latency III cell lines.

Godshalk et al. also reported a study of global EBV-regulated changes in miRNA expression 

[42]. However, these investigators studied the changes in expression following primary B 

cell infection with EBV compared to anti-Ig and CD40 ligand (i.e., mimicry of antigen 

receptor and T-cell help, respectively) mediated B cell activation and used qRT-PCR to 

measure mature miRNA levels rather than microarray. In contrast to the data from Cameron, 

et al., this group observed a dramatic down-regulation of almost all detectable miRNAs in 

EBV infected cells relative to primary resting B cells. They observed the suppression of 

several miRNAs previously described as tumor suppressors, including some let-7 family 

members, miR-1 and miR-196b. Surprisingly, excluding miR-155 that was modestly up-

regulated, other miRNAs considered onco-miRs were down-regulated after EBV infection in 

their system, including miR-17-5p, miR-20 and miR-21. However, they argued that this 

effect was not maintained over time and, indeed, expression of a subset of miRNAs 

including miR-17 and miR-20 increased at later times after infection. It is possible that the 

discrepancy in findings between this and other studies is due to the QPCR-based format for 

expression detection or possibly the heterogeneity of the infected cells at the time of 

analysis.

C. EBV latency protein regulation of host miRNA expression

While several studies have identified EBV latency III-regulated changes in cellular miRNA 

expression, only the potent signaling molecule LMP1 has thus far been directly implicated in 

these changes (Fig. 1). Motsch at al. observed that the expression of miR-146a increases in 

Burkitt’s lymphoma (BL) cell lines after EBV infection and in EBV latency III BL cell lines 

compared to latency I BL cell lines, which do not or poorly express LMP1 [43]. 

Furthermore, LMP1 ectopic expression in B cells stimulated the expression of miR-146a. 

This evidence together with the observation of the presence of two NFκB response elements 

in the miR-146a promoter led them to hypothesize that LMP-1 could regulate miR-146a 

through the NFκB pathway. Indeed, through luciferase reporter assays they demonstrated 

that the miR-146a promoter responds to LMP1 both in EBV-negative B lymphoma cell lines 

and that this activation was NFκB-mediated.

Cameron et al. also identified miR-146a as robustly LMP1 induced following a miRNA 

expression profiling experiment performed on EBV negative BL cell line transduced with a 

LMP1-expressing retrovirus [44]. They found that miR-146a was one of 35 miRNAs up-

regulated in presence of LMP1, both at the level of primary and mature transcripts. Other 

significantly induced miRNAs in LMP1-expressing cells included miR-222, -99a, -342, 

-221, -125b, -100, -330, and -629 while miR-15a, 663, -150, -638, 199a* were LMP1-
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repressed. Since miR-146a was the most strongly regulated miRNA by LMP1, they followed 

up with promoter analysis and confirmed the observation by Motsch, et al. that LMP1 

activated the miR-146a promoter through NFκB elements. Further, they identified a role for 

Oct-1 in basal regulation of the miR-146a promoter.

Along with miR-146a, a number of groups found that the primary miR-155 transcript, BIC, 

and mature miR-155 were both strongly up-regulated in LCLs or latency III-expressing BL 

cells compared to uninfected B cells or latency I-expressing BL cells [45–48]. This 

induction was not due to epigenetic differences between these cell lines but specifically 

depended on EBV latency III gene expression [49]. In fact, several groups demonstrated that 

LMP1 directly increased BIC/miR155 levels [47, 48, 50]. Lu et al. also observed that the 

BIC RNA is modestly up-regulated by EBNA2, but to a lesser extent than LMP1. However, 

LMP1-mediated BIC induction was specific for B cells, in fact LMP1 expression in 

epithelial cells failed to activate BIC transcription [47].

Analysis of BIC promoter activity in latency III-expressing cell lines indicated that an AP-1 

site located 40 bp upstream of the transcriptional start site was critical and an upstream 

NFκB element was important for BIC expression [49]. Previous reports indicated that BIC 

was upregulated through AP-1 activity downstream of the B cell receptor [51]. However, 

LMP1 was still able to activate the BIC promoter in the absence of this site in luciferase 

assays. This result suggests the existence of additional regulatory mechanisms controlling 

the BIC promoter in EBV-infected cells. However, the p38 MAPK and/or NFκB pathways 

are likely functionally important as pharmacological inhibition of these two pathways 

reduced BIC promoter activity [48, 49]. Thus, while LMP1 certainly plays a key role in BIC/

miR155 regulation, it may not be the only EBV latency gene involved in its induction.

Recently, Anastasiadou et al. analyzed miRNA expression changes induced by LMP1 

expression in the DLBCL cell line U2932 [52]. Their goal was to identify miRNAs regulated 

by LMP1 that suppress expression of the T-cell leukemia gene (TCL-1), an oncogene over-

expressed in T-cell leukemia and previously known to be suppressed by LMP1. They 

identified several miRNAs regulated by LMP1 and confirmed that miR-146a was the most 

robustly induced as previously reported [43, 44]. However, among the LMP1 induced 

miRNAs was the miR-29 family. Previous studies implicated miR-29b in reducing TCL1 

expression [53]. Anastasiadou et al. subsequently demonstrated that LMP1 down-regulates 

TCL1 expression by inducing miR-29b levels through its two key cytoplasmic signaling 

domains. Furthermore, they showed that LMP1 induces miR-29b expression by increasing 

the level of its primary transcript.

IV. The role of cellular miRNAs during EBV latency and lytic reactivation

A. miR-155 is a key regulator of EBV-transformed cells growth and survival

MiR-155 is strongly up-regulated during latent EBV infection of B cells [45–48], is the most 

abundant miRNA expressed in LCLs [54], and is highly expressed in B cell lymphomas 

[55]. These data, coupled with the fact that two other oncogenic herpesviruses (Kaposi’s 

Sarcoma-Associated Herpesvirus and Marek’s Disease Virus) both encode an orthologue of 

miR-155 [56–59], strongly suggested that this miRNA plays a key role in EBV-associated 
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tumorigenesis. Consequently, several groups have focused on the identification of miR-155 

targets towards elucidating its function in the setting of EBV infection.

Yin et al. analyzed the mRNA expression profile of EBV latency I-expressing Akata cells, 

which normally lack miR-155 expression, upon reintroduction of this miRNA at levels 

normally found in LCLs [49]. They found 84 increased mRNAs upon miR-155 expression 

and 78 repressed mRNAs. Of the suppressed mRNAs, 17 contained miR-155 seed sequences 

in their 3’UTRs and 8 of these mRNAs were functionally validated as direct miR-155 targets 

by 3’UTR-luciferase assays. Interestingly, all of them (BACH1, ZIC3, ZNF652, ARID2, 

SMAD5, HIVEP2, CEBPB, and DET) are transcription factors, indicating that EBV-induced 

expression of miR-155 likely supports EBV signaling by regulating transcriptional 

regulatory mechanisms. One of these targets in particular, the transcriptional repressor 

BACH1, is a well-known miR-155 target that is also suppressed by the KSHV miR-155 

orthologue, miR-K12-11, and has been demonstrated to inhibit AP1-mediated transcriptional 

activity. Consequently, the reduction of the inhibitory BACH1 activity could make AP1 sites 

more accessible to EBV regulatory elements, such as downstream signaling from LMP1, a 

known AP1 inducer, ultimately supporting viral and host gene expression.

Recent evidence from Linnstaedt, et al. demonstrates the importance of miR-155 in LCL 

proliferation and survival. This group used miRNA “sponge” technology [60] to specifically 

suppress the activity of miR-155 in freshly derived LCLs and the AIDS-DLBCL line IBL-1 

[61]. In each case, miR-155 depletion completely abolished growth of the EBV-transformed 

cell line. This loss of proliferative capacity was accompanied by the suppression of S phase 

progression and massive induction of apoptosis [54] (Fig. 1).

In contrast to Linnstaedt et al., Lu et al. reported that the inhibition of miR-155 activity 

using a specific inhibitor of this miRNA in LCL does not affect cell cycle profile, cellular 

proliferation or apoptosis induction [47]. Instead, they argued that miR-155 stabilizes EBV 

latency through the down-regulation of NFκB and interferon signaling in order to modulate 

the cellular antiviral immune response. IKKε, an IκB kinase that has been demonstrated to 

phosphorylate activators of both pathways, is described as a key miR-155 target mediating 

this putative phenotype. Furthermore, they showed that this miRNA is involved in EBV 

genome maintenance in latently infected cells as miR-155 inhibition causes a reduction of 

EBV copy number possibly due to a decrease in EBNA-1 levels. The discrepancy between 

the findings of these two groups with regard to cell growth and survival may be due to the 

technology used for suppressing miRNA function. Lu et al. used transient suppression with 

inhibitory RNA oligonucleotides, which may not have been sufficient to observe the potent 

growth phenotype observed upon stable suppression that was achieved by Linnstaedt et al. 
using a miR-155 “sponge”.

B. The miR-200 family as master regulators of the EBV latent/lytic switch

Although much of the published miRNA literature in the EBV field currently focuses on 

cellular miRNAs in EBV-infected B cells, no less important is an understanding of how this 

herpesvirus modulates miRNA expression in epithelial cells where it can drive the 

development of nasopharyngeal and gastric carcinomas. Of particular interest is the miR-200 

miRNA family that has been recently recognized to function as a putative tumor suppressor 
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due to its involvement in the suppression of epithelial to mesenchymal transition (EMT) 

during tumor progression and metastasis [62]. The miR-200 seed family contains five 

members located on two clusters: miR-200a, miR-200b and miR-429 situated on 

chromosome 1 and miR-200c and miR-141 on chromosome 12. Members of the same 

cluster are transcribed from the same primary transcript and share very similar seed 

sequences that differ by only one nucleotide. Both subgroups of this family have been shown 

to be important for maintaining the epithelial phenotype by targeting ZEB1 and ZEB2, two 

E-cadherin repressors and EMT activators which trigger cellular mobility and promote 

metastasis [63–66].

Interestingly, some components of this family are down regulated after EBV infection and 

their expression is reduced in several human cancers including EBV associated gastric 

carcinoma [67]. Indeed, Shinozaki et al. recently reported that miR-200a and miR-200b 

expression levels were decreased in EBV-associated gastric carcinoma as well as in EBV 

infected gastric carcinoma cell lines [67]. Furthermore, they demonstrated that this down 

regulation was mainly caused by the transcriptional repression of the primary miRNA, 

partially mediated by EBV latent genes BARF0, EBNA1, and LMP2A through unknown 

mechanisms. This down regulation resulted in the reduction of E-cadherin due to the 

presence of higher ZEB1 and ZEB2 expression, which ultimately led to the loss of cell 

adhesion and dramatic changes in epithelial morphology, promoting abnormal cell migration 

and invasion.

As both ZEB1 and ZEB2 have been shown to play a key role in the regulation of the EBV 

latent-lytic switch by repressing transcription from the EBV immediate-early BZLF1 gene 

promoter [68, 69], two groups recently investigated the role of the miR-200 family in the 

process of lytic reactivation [70, 71] (Fig. 1). Ellis-Connel et al. found that expression of 

miR-200b and miR-429 both in EBV infected epithelial and B cells was able to induce lytic 

replication by targeting ZEB1 and ZEB2 and blocking their repressing activity on the 

BZLF1 promoter Zp. Consistently, the down regulation of these miRNAs or the over 

expression of ZEB1 or ZEB2 led to a decrease in lytic reactivation. Likewise, Lin et al. 
arrived at the same conclusion. They showed that miR-429 expression in EBV infected 

fibroblasts and B cells shifted the latent/lytic equilibrium toward the lytic phase through 

repression of ZEB1.

C. miR-155 regulation of BMP signaling suppresses EBV lytic reactivation

Analysis of the 3’ UTRs containing miR-155 seed sequence led to the identification of 

several proteins belonging to the BMP signaling pathway as possible targets. BMPs (Bone 

morphogenetic proteins) are growth factors belonging to the transforming growth factor-beta 

(TGF-β) family that have been demonstrated to play a key role in a variety of developmental 

processes. BMPs signal through serine/threonine kinase receptors and transduce signals 

through Smad and non-Smad signaling pathways eventually modulating gene transcription. 

miR-155 was demonstrated to inhibit BMP signaling in EBV latency I cells transduced with 

miR155 expressing retrovirus by targeting two SMAD proteins (SMAD1 and SMAD 5), 

several transcriptional cofactors including RUNX2 and HIVEP2, as well as downstream 

BMP targets including MYO10 [72] (Fig. 1). After demonstrating that BMP signaling 
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activation, similar to TGF-β, is able to reactivate EBV-infected B cells, Yin et al. showed 

evidence that miR-155 inhibits BMP-mediated lytic reactivation. These data suggest that one 

function of miR-155 could be to keep EBV infected cells in latency to ensure their survival 

by blocking the anti-tumor function of BMP signaling.

V. Genome-wide methods to identify mRNA targets of viral and cellular 

miRNAs in EBV-infected cells

A. mRNA expression profiling of miRNA expressing cells

One approach to identify putative miRNA targets and pathways affected by a given miRNA 

is to compare mRNA expression levels in cells expressing a given miRNA versus control 

cells not expressing that specific miRNA. In the case of miR-146a, which is highly EBV-

induced, Cameron et al. performed a microarray-based gene expression comparison of wild-

type Akata cells, which do not express miR-146a, and Akata in which miR-146a expression 

was induced by transduction with a retroviral vector expressing the primary miR-146a 

transcript. Interestingly, they found that miR-146a down-regulates several interferon 

stimulated genes (ISGs), though many of these changes were independent of direct 

miR-146a targeting [44]. A possible explanation for this down-regulation could be that EBV 

modulates the interferon-mediated response in order to preserve virus-infected cells and 

reduce the inflammatory response in vivo.

Other groups have also used microarray-based detection of mRNA changes looking for 

miRNA targets [56]. However, the shortcomings of this approach are the lack of miRNA 

seed specificity in many of the mRNA changes, as observed for the ISGs above, and the lack 

of robust quantitation of changes in either mRNA abundance or isoform change. Therefore, 

recently additional methods have been developed that account for these caveats and generate 

higher confidence mRNA target lists.

B. mRNA-seq of miRNA expressing cells

One such approach that addresses the shortcomings of the above method is deep sequencing 

of mRNAs (mRNA-Seq) in the context of specific miRNA expression or depletion. 

Specifically, mRNA-Seq addresses the problems of differential mRNA isoform usage and 

quantitation of mRNA abundance of putative miRNA targets. Recently, Xu, et al. performed 

mRNA-Seq in miR-155 expressing Mutu I cells, which normally do not express miR-155 

[73]. This approach relies on deep sequencing of mRNAs followed by a computationally 

intensive mapping of these reads back to the expressed mRNAs from the human genome. 

The large number of sequence reads provides a broader dynamic range than oligonucleotide 

hybridization on microarrays. Furthermore, sequencing reads are derived from across the 

entire mRNA transcript which provides high resolution detail on mRNA isoform differences, 

an important attribute when characterizing the effects of miRNAs on the heterogeneous pool 

of mRNA species.

The experiments performed in miR-155 expressing Mutu I cells identified over 150 mRNAs 

with 7-mer or greater seed matching in their 3’UTRs. 76% of the 171 miR-155 3’UTRs 

identified by deep sequencing were quantitatively as sensitive to miR-155 in luciferase 
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assays. Interestingly, several of the mR-155 targets from sequencing that did not conform in 

luciferase indicator assays were, in fact, expressed as shorter isoforms that did not contain 

the miR-155 seed match. These data are reminiscent of the recent findings by the Bartel and 

Burge laboratories describing a correlation between cell proliferation, miRNA expression, 

and shortening of 3’ UTRs containing miRNA seed matches [74, 75]. Therefore, this 

technology will be powerful to identify mRNA isoform changes induced by miRNA 

expression or depletion.

C. Immunoprecipitation of Argonaute-containing RISC complexes followed by mRNA 
abundance analysis on microarrays (Ago RIP-Chip)

An alternative approach to correlating miRNA expression with mRNA abundance focuses 

on identifying the mRNAs associated with miRNA-guided RISC complexes. Recently, 

Dolken, et al. used RIP-Chip to identify putative transcripts targeted by viral and cellular 

miRNAs in EBV latently infected B cells [76]. For this purpose, they used the EBV-negative 

Burkitt’s lymphoma cell line, BL41, and its infected counterpart, BL41/B95-8, which 

expresses a subset of viral miRNAs, as well as Jijoye, a cell line expressing all the viral 

miRNAs. They found 44 cellular miRNAs expressed and identified 2337 significantly 

enriched transcripts with predicted miRNA binding sites present mainly in coding region 

and 3’UTR. Among the identified transcripts there are some that have been already 

described to be targeted by specific miRNAs, as BACH1, FOS, IKBKE, RFK, RPS6KA3 

and SPl1 for miR-155 [56, 77]. However, not all the already described targets are in the list 

of the putative transcripts obtained by RIP-Chip, as in the case of miR-21 and miR-146 

targets. Furthermore, they observed 44 putative EBV miRNA targets with binding sites 

predominantly in 3’UTRs. Among the identified EBV miRNA targets, two genes were 

validated that are involved in cellular transport, IPO7 and TOMM22. These genes contain 

predicted binding sites for miR-BART16 and miR-BART3, respectively. The inhibition of 

these two proteins has been associated with prevention of apoptosis and reduction of 

cytokine production. Consequently, Dolken, et al. argued that EBV miRNAs are a tool for 

regulating trafficking and protein localization in order to block apoptosis and innate 

immunity. Moreover, their approach for identifying miRNA binding sites in RISC-associated 

mRNAs was an improvement over the less-specific mRNA abundance analysis described 

above.

D. Photo-activatable ribonucleoside cross-linking immunoprecipitatoin (PAR-CLIP) of 
Argonaute-containing RISC complexes followed by deep sequencing of associated RNAs

Despite its ability to identify mRNAs bound to RISC, RIP-Chip analysis has several 

disadvantages. These include being limited to the characterization of kinetically stable 

interactions and the inability to identify the specific miRNA binding site in each mRNA. A 

new approach, called PAR-CLIP (photoactivatable ribonucleoside-enhanced crosslinking 

and immunoprecipitation) for the identification at high resolution and transcriptome-wide of 

binding sites of cellular RNA binding proteins (RBP) and microRNA-containing 

ribonucleoprotein complexes was recently described [78]. PAR-CLIP is performed by first 

incorporating photo-reactive ribonucleoside analogs into nascent RNA transcripts followed 

by UV exposure at 365 nm, which induces efficient crosslinking of photoreactive 

nucleoside-labeled cellular RNAs to interacting RBPs. The isolated RNA is then converted 
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into a cDNA library and deep sequenced [78]. This technique also has the advantage of 

enabling the identification of the precise location of the RBP recognition element making 

possible to distingue the crosslinked sequences from the background. Considering the many 

strengths of the PAR-CLIP technique, future studies aimed at identifying miRNA targets in 

EBV-infected cells with this approach will be quite informative. In fact, Linnstaedt et al. 
recently reported to have used this system to identify nearly 200 transcripts directly bound 

by miR-155 in LCLs [54].

Concluding remarks

Viral and cellular miRNAs are now recognized as important contributors to the pathogenesis 

of EBV in different cell types. EBV infection manipulates the expression of cellular 

miRNAs and drives expression of a large set of viral miRNAs. Targeting of these small non-

coding RNAs to host and viral mRNAs have a profound effect on gene expression in the host 

cell by modulating the efficiency of immortalization in B cells, the switch between latency 

and lytic infection of B and epithelial cells, and possibly even targeting of transcripts in non-

infected cells in vivo. The story has only just begun and the field is now poised for discovery 

with robust tools to analyze not only the contribution of miRNAs during infection, but also 

the mechanisms used by these miRNAs to achieve this through identifying specific target 

recognition sites. The rapid development of technologies to interrogate miRNAs over the 

coming years will only speed our understanding of this essential aspect of EBV biology.
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Figure 1. Summary of cellular (top) and EBV (bottom) miRNA functions and targets in EBV 
latency and reactivation
The names above inhibitory arrows are targets of the given miRNA (e.g. miR-BHRF1-3 and 

CXCL-11). Question marks indicate unknown mechanisms of action or speculative activities 

(such as the EBV miRNAs suppressing apoptosis during lytic reactivation). These 

interactions are largely derived from work in B cells, although they may be true in epithelial 

cells as well (e.g. miR-200 family and ZEB interaction, miR-BART5 and PUMA interaction, 

and miR-155 and BMP interaction).
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Table 1

EBV latency gene expression programs

Latency I Latency II Wp-Restricted Latency III

Viral Protein
Expression

EBNA1 EBNA1, LMP1,
LMP2A, 2B

EBNA1, LP, 3A,
3B, 3C
LMP1, 2A, 2B,
BHRF1

EBNA1, 2, 3A, 3B, 3C, LP
LMP1, 2A, 2B

EBERs Yes Yes Yes Yes

miRNAs BART
miRNAs
(modest)

BART miRNAs
(high)

BHRF1 miRNAs
(modest)
BART miRNAs
(modest)

BHRF1 miRNAs (high)
BART miRNAs (modest)

Diseases/
Cell States

Burkitt’s
lymphoma

Nasopharyngeal
carcinoma,
Hodgkin’s
lymphoma

Burkitt’s
lymphoma

Post-Transplant
Lymphoproliferative Disease, HIV
lymphomas, Diffuse large B cell
lymphomas,
Lymphoblastoid cell lines
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