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Abstract

The most significant recent advance in biomedical research has been the discovery of the~22-nt
long class of non-coding RNAs designated as microRNAs (miRNAs). These regulatory RNAs
provide a unique level of post-transcriptional gene regulation that modulates a range of
fundamental cellular processes. Several viruses, including especially herpesviruses, also encode
miRNAs and over 200 viral miRNAs have now been identified. Current evidence indicates that
viruses use these miRNAs to manipulate both cellular and viral gene expression. Furthermore,
viral infection can exert a profound impact on the cellular miRNA expression profile, and several
RNA viruses have been reported to interact directly with cellular miRNAs and/or to use these
miRNAs to augment their replication potential. Here we discuss our current knowledge of viral
miRNAs and virally-influenced cellular miRNAs, and their relationship to viral infection.
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INTRODUCTION

MicroRNAs (miRNAs) are ~19–24 nt non-coding RNAs that post-transcriptionally regulate
gene expression by binding to target messenger RNAs (mRNAs). First identified in
Caenorhabditis elegans, miRNAs are expressed by all metazoans and plants, as well as by
several DNA viruses, and function as regulators of cellular processes such as development,
differentiation, growth, homeostasis, stress responses, apoptosis and immune activation (6,
103). To date, >10,000 miRNAs have been annotated in 96 species, including over 700
human miRNAs (miRBase v14.0) (43). Remarkably, >45,000 miRNA target sites are
computationally predicted in the 3′ untranslated regions (3′UTRs) of human mRNAs,
indicating that miRNAs regulate >60% of all human protein-coding genes (35). Single
miRNAs can potentially target >300 different transcripts (6, 35), thus illustrating the impact
miRNAs can have on patterns of gene expression.

microRNA biogenesis

Canonical miRNA biogenesis (Fig. 1) initiates with the nuclear transcription of long primary
miRNAs (pri-miRNAs) by RNA polymerase II (Pol II) (reviewed in 27). Pri-miRNAs
contain a 5′ cap, are polyadenylated, and fold to produce one or more ~80-nt hairpin
structures, each consisting of a ~32 bp imperfect stem and large terminal loop. These stem-
loops are recognized by the RNase III enzyme Drosha, together with its co-factor DGCR8,
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which cleave ~22 bp down the stem to yield ~60 nt precursor miRNAs (pre-miRNA)
containing 2 nt 3′ overhangs (27, 110). Exportin 5 transports these pre-miRNAs to the
cytoplasm, where the terminal loops are removed by Dicer, a second RNase III enzyme,
acting in association with TRBP. This produces ~22 bp miRNA duplex intermediates
bearing 2 nt 3′ overhangs at each end (24, 50).

One strand of the miRNA duplex is incorporated into the RNA-induced silencing complex
(RISC) to function as a mature miRNA and guide RISC to target mRNAs, while the
passenger strand, termed miRNA*, is degraded. Strand selection depends on the degree of
base pairing at the duplex 5′ ends—the strand less stably base paired at its 5′ end is
preferentially incorporated into RISC (91). In humans, RISC minimally consists of the
mature miRNA and one of four different Argonaute proteins (Ago1-4). Only Ago2 exhibits
endonuclease activity and has the ability to cleave bound target mRNAs (57, 64).

microRNA-directed mRNA silencing

Mature miRNAs typically bind to complementary sequences found in the 3′ UTRs of target
mRNAs, and can repress translation and/or induce mRNA degradation. Important for this
targeting are 5′ nucleotides 2–7 of the mature miRNA, termed the “seed” (6). Compensatory
binding to the miRNA 3′ end has been demonstrated for some active target sites that show
imperfect seed binding (6). The fate of a targeted mRNA is dependent on the degree of
complementarity. Perfect complementarity, observed often in plants, generally results in
endonucleolytic cleavage of the mRNA. Imperfect complementarity, observed for most
mammalian and viral miRNA targets, results in translational repression, which can then lead
to mRNA destabilization (5, 80). RISC-bound mRNAs often localize to cytoplasmic
processing bodies (P bodies), which exclude the translational machinery and contain
proteins involved in mRNA remodeling, decapping, and deadenylation, as well as
exonucleases (8, 34). Additional P body components, such as GW182 and the RNA helicase
RCK/p54, have been reported to play critical roles in miRNA-mediated repression. P bodies
themselves, however, are not necessary for translational silencing by miRNAs (34).

VIRALLY-ENCODED MICRORNAS

miRNAs are potentially ideal tools for viruses to modulate gene expression. In contrast to
viral proteins, miRNAs are non-immunogenic, require less coding capacity, and can evolve
rapidly to target new transcripts. Point mutations in the miRNA seed region can alter target
specificity while mutations within the pre-miRNA might affect strand-loading into RISC.
Additionally, miRNAs not only have the capability of targeting mRNAs with high
specificity but can also regulate multiple transcripts to varying degrees. By taking advantage
of a conserved gene regulatory mechanism within the host cell, viral miRNAs can help
establish a cellular environment conducive to viral replication.

Given these unique attributes, it is not surprising that a number of DNA viruses encode
miRNAs. To date, >200 viral miRNAs have been identified, predominantly in herpesviruses,
but also in polyomaviruses, ascoviruses, and adenoviruses (Table 1). miRNAs have several
features that may have led these particular nuclear DNA viruses to evolve viral miRNAs.
First, these viruses have access to the nuclear Drosha and DGCR8 pri-miRNA processing
factors. In fact, viral miRNA biogenesis appears to be mediated solely by cellular factors as
no viral proteins involved in miRNA processing have been described so far. Second, these
dsDNA viruses exhibit bi-directional transcription, and the sequence specific regulation of
viral transcripts is therefore easily achieved by expressing antisense miRNAs. Finally, the
unique ability of DNA viruses, particularly herpesviruses, to establish long-term, latent
infections means that these viruses need to block protective host innate or adaptive immune
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responses over the long term while minimizing the expression of potentially antigenic viral
proteins.

Herpesviruses

Herpesviruses are large, enveloped dsDNA viruses that are classified into three subfamilies
(α, β, and γ) based on genome sequence and virus biology. α-herpesviruses, such as human
herpes simplex virus 1 (HSV-1), establish latent infections in neurons of the sensory ganglia
and, upon reactivation, cause lesions on adjacent mucosal surfaces. Human cytomegalovirus
(hCMV), a β-herpesvirus, is the leading cause of congenital birth defects and establishes
latency primarily in hematopoietic progenitor cells. Human γ-herpesviruses establish latent
infections primarily in B cells and are linked to several human malignancies. Epstein-Barr
virus (EBV), for example, is associated with Hodgkin’s and Burkitt’s lymphomas, and
nasopharyngeal carcinomas (NPC) while Kaposi’s sarcoma-associated herpesvirus (KSHV)
is the etiologic agent of primary effusion lymphoma (PEL) and Kaposi’s sarcoma (KS).

Expression of EBV and KSHV microRNAs—In 2004, Pfeffer and colleagues
identified the first virus-encoded miRNAs expressed in B cells latently infected with EBV
(73). A total of 25 EBV pre-miRNAs (Table 1) have since been reported in B cells and
NPCs (20, 44, 111). Three EBV BHRF1 pre-miRNAs reside adjacent to the bhrf1 gene, and
are derived from an intron generated through splicing of viral EBNA transcripts that are
exclusively expressed in latency III EBV-infected B cells (104) (Fig. 2). In contrast, the 22
BART pre-miRNAs reside within two clusters in introns found in the viral BART
transcripts. BART miRNAs are expressed primarily in latency II EBV-infected epithelial
cells, although they are detectable at low levels in infected B cells (20, 44, 111). Strikingly,
the majority of EBV miRNAs are deleted in the common B95-8 EBV laboratory isolate, yet
B95-8 still immortalizes primary B cells in culture (20, 44). This indicates that most of the
BART miRNAs are not required for EBV latency in B cells, although they may still play a
key role in infected epithelial cells.

The second human γ-herpesvirus, KSHV, encodes 12 pre-miRNAs which are clustered in
the latency-associated region and highly expressed in latently infected PEL cells. Ten pre-
miRNAs (miR-K1 through K9 and miR-K11) are clustered within a viral intron located
between ORF71 and kaposin; the remaining two miRNAs reside within the coding region
(miR-K10) or the 3′UTR (miR-K12) of the KSHV K12 gene (44, 72, 76) (Fig. 2). Pri-
miRNA expression is regulated by three RNA Pol II promoters, one latent and the other two
lytic (20, 106). Deletion of the ten intronic KSHV miRNAs does not inhibit lytic viral
replication (106). Conversely, induction of lytic KSHV replication does not enhance
expression of these intronic KSHV miRNAs, implying a primary function during latency
(20, 38, 72, 76). In contrast, miR-K10 and miR-K12 are both upregulated in response to
lytic induction; however, their biological role during any productive KSHV replication
remains undetermined (19, 44). Of note, pre- miR-K10 is partly modified by a cellular
adenosine deaminase acting on RNA (ADAR), which edits adenosine to inosine at nt 2 of
the miRNA seed. While this is predicted to change the mRNA target specificity of miR-K10
(37, 72, 94), the functional consequences of miR-K10 editing remain unclear.

MHV-68 and non-canonical microRNA processing—Murine herpesvirus-68
(MHV-68) shares a similar genome structure with KSHV, and provides a small animal
model to study γ-herpesvirus biology. MHV-68 encodes seven pri-miRNAs clustered within
a 6 kb region (72). Uniquely, all MHV-68 pri-miRNAs are transcribed by RNA Pol III from
internal tRNA promoters (12, 29, 72). The resultant ~130–200 nt long viral pri-miRNAs
each consist of a ~60 nt 5′ tRNA moiety connected to one or two ~70 nt 3′ stem-loops (Fig.
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1). These pri-miRNAs are cleaved by tRNAseZ, not by Drosha, to release the viral pre-
miRNAs which are then processed by Dicer into at least nine mature miRNAs (12, 29, 72).

Interestingly, several cellular miRNAs also deviate from the canonical biogenesis pathway
and are able to bypass the need for Drosha cleavage prior to nuclear export (Fig. 1) (4, 68,
75). For example, miRNAs arising from miRtrons, ~70-nt lariat-derived RNAs that mimic
pre-miRNA hairpins after debranching (10), have recently been described. Some snoRNA
and tRNA precursors can adopt alternative structures that also mimic pre-miRNAs and give
rise to functional miRNAs after Dicer processing (4, 33). Thus, while there are several
minor pathways available to generate pre-miRNAs independent of Drosha cleavage, there
are currently no known miRNAs that do not require Dicer processing.

Most Herpes Simplex Virus 1 and 2 microRNAs are latency-associated—HSV-1
and HSV-2 primarily establish latency in sensory neurons of the trigeminal or sacral ganglia,
respectively. During latency, viral gene expression is largely restricted to the non-coding
latency associated transcripts (LATs). Deep sequencing of miRNAs expressed in latently
HSV-1 infected mouse and human trigeminal ganglia revealed seven HSV-1 miRNAs, six of
which are encoded in LAT (95, 96) (Fig. 2). One additional HSV-1 miRNA, miR-H1, is
encoded 5′ of LAT and expressed in cells undergoing productive replication (26). Five
LAT-associated HSV-2 miRNAs were identified in cells expressing a HSV-2 LAT construct
and/or by deep sequencing of HSV-2 latently infected human sacral ganglia (88, 89, 97).
Marek’s disease virus (MDV) types 1 and 2, which are avian α-herpesviruses, also encode
miRNAs that are clustered in the viral LAT regions and expressed in latently infected cells
(17, 98, 107). Thus α-herpesvirus miRNAs are thought to play a major role in facilitating
stable latent infections.

Cytomegalovirus miRNAs are expressed during productive infection—In
contrast to α and γ herpesvirus miRNAs, hCMV miRNAs were initially isolated from
primary fibroblasts undergoing lytic replication (32, 40, 72). Furthermore, hCMV miRNAs
are scattered across the genome in small clusters containing three or fewer miRNAs (Fig. 2).
At least five are located within intergenic regions, while one is located within an intron (32,
40, 72). All 11 hCMV pre-miRNAs display expression kinetics of immediate early or early
genes, indicating a role during the lytic replication cycle (40). Due to the paucity of tractable
in vitro latency models for hCMV, it currently remains unclear whether any hCMV miRNAs
are expressed during latency.

Conservation of herpesvirus miRNAs—Unlike their cellular counterparts, most
herpesvirus miRNAs show little sequence similarity to other viral or cellular miRNAs. For
example, Rhesus monkey rhadinovirus (RRV), a relative of KSHV, encodes 15 pre-miRNAs
expressed from the latency-associated region (Umbach et al., unpublished observations, 79).
While the genomic location of the 15 RRV and 12 KSHV miRNAs adjacent to ORF71 is
conserved, there are no sequence similarities (79). Known γ-herpesvirus miRNA sequence
conservation is currently limited to the more closely related γ-herpesviruses EBV and
rhesus lymphocryptovirus (rLCV). 22 of the 25 EBV pre-miRNAs exhibit some degree of
conservation with rLCV; however, several of the miRNA seed regions differ, suggesting
evolutionary relatedness but divergent functions (20, 99). Similarly, HSV-1 and HSV-2
miRNAs are highly conserved in their genomic location but only partially conserved at the
sequence level. For example, HSV-1 and HSV-2 miR-H3 exhibit 85% sequence identity yet
lack seed conservation. In contrast, HSV-1 and HSV-2 miR-H2 do share an identical seed
(96, 97), suggesting these miRNAs might share common targets. However, MDV-1 and
MDV-2 miRNAs, which diverged ~26 million years ago, show no apparent sequence
conservation (17, 107). Despite sequence differences, the fact that the genomic locations of
most α and γ herpesvirus miRNAs are conserved (19, 20, 44, 76, 88, 89, 95–97) indicates
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that viral pre-miRNAs are subject to ongoing evolutionary selection. Furthermore, viral
miRNAs may share conserved functions even when they lack sequence homology, i.e. they
might target different sites on the same mRNA or even different components of the same
cellular pathway.

Intriguingly, a handful of herpesvirus miRNAs exhibit homology to cellular miRNAs.
KSHV miR-K11 and miR-155, for example, share identical seeds and, consequently,
regulate an overlapping set of cellular transcripts (39, 83). Dysregulated miR-155 expression
in vivo is linked to hematopoetic malignancies as well as alterations in lymphocyte
development and innate and adaptive immune responses (74, 90, 103). Interestingly, the
oncogenic MDV-1 also encodes a miR-155 ortholog (17). Furthermore, EBV induces the
expression of cellular miR-155 in latency III B cells (109). Reticuloendotheliosis virus strain
T (REV-T), an oncogenic chicken retrovirus, also induces miR-155 expression (13).
Accordingly, the enhanced expression of cellular miR-155 or viral miR-155 orthologs may
confer a selective advantage on these viruses. Given the role of miR-155 in many
malignancies (103), the exploitation of existing miR-155 regulated pathways by viruses may
contribute to viral oncogenesis.

Seed sequence homology to cellular miRNAs is observed for several other herpesvirus
miRNAs. EBV miR-BART5, rLCV miR-rL1-8, and MHV-68 miR-M1-7-5p share seed
homology with cellular miR-18a/b, a member of the miR-17-92 cluster which is often
amplified in B cell lymphomas (20, 72, 83). MHV-68 miR-M1-4 shares seed homology with
miR-151-5p, a discriminator of T cell lineages (72, 103). EBV-BART1-3p, rLCV miR-
rL1-6-5p, and MDV-2 miR-M21 share seed homology with miR-29abc, a conserved
miRNA with roles in apoptosis (20, 72, 98). Finally, HVT miR-H14-3p and chicken
miR-221 share 21 out of 23 nucleotides and similarities in the pre-miRNA flanking region,
indicating that this viral miRNA may have been captured from its host genome (98). The
miR-221/miR-222 seed is also shared by MDV-1 miR-M32 (17). Future deep sequencing
efforts to identify new viral and cellular miRNAs are likely to identify additional viral
orthologs of cellular miRNAs.

microRNAs encoded by other viruses

In addition to herpesviruses, some other dsDNA viruses also encode miRNAs. Adenoviruses
express two structured ~160 nt RNA Pol III transcripts (VAI and VAII) that are produced at
high levels (>10^8 copies/cell) during infection. While the VA RNAs function primarily as
inhibitors of the host innate immunity factor PKR, they also reduce miRNA biogenesis by
inhibiting Dicer. Nevertheless, both are processed at low efficiency by Dicer into RISC-
associated miRNAs (2, 3, 59, 105). To date, no target genes for these VA-derived miRNAs
have been identified, and it remains unclear whether they have a physiologically relevant
function.

Heliothis virescens ascovirus (HvAV), an insect dsDNA virus, encodes a miRNA which
targets the viral DNA polymerase mRNA at late stages of infection (49). As a consequence,
viral replication is down-regulated. Interestingly, Hz-miR-24, an insect cellular miRNA, is
induced during HvAv infection and has been reported to interact directly with viral mRNAs,
downregulating both the ascovirus RNA polymerase and β-subunit (48). Thus, insect DNA
viruses also appear to usurp the cellular miRNA machinery to regulate their life cycles.

Finally, simian virus 40 (SV40), a primate polyomavirus, encodes a single pre-miRNA,
miR-S1, which is expressed late in infection (86). Polyomaviruses infect a range of
vertebrate hosts and can induce tumorigenesis. Human polyomavirus infections are
generally asymptomatic but persist life-long and can be life-threatening in
immunosuppressed patients. Both the genomic location of miR-S1 and its temporal
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expression are conserved amongst polyomaviruses, including human BKV, JCV, and
Merkel cell virus (MCV), the primate virus SA12, and mouse polyomavirus (mPyV) (22, 81,
82, 87).

No Papillomavirus, Poxvirus, or RNA virus miRNAs are currently known

Several other viruses have been interrogated for viral miRNAs. Some of these viruses are
predicted to form RNA structures that are conceivable Drosha or Dicer substrates. The 59-nt
HIV-1 TAR RNA, for instance, forms a stem-loop structure similar to a pre-miRNA. Two
groups have reported in vitro Dicer processing of TAR (53, 70), although no HIV-1
miRNAs have been identified in infected cells using direct cloning methods (56, 72). To
date, no viral miRNAs have been identified in human papilloma virus (HPV), hepatitis C
virus (HCV), yellow fever virus or human T-cell leukemia virus I infected cells using
standard sequencing (18, 56, 72) or in HPV, coxpox virus, dengue virus or influenza virus
infected cells using deep sequencing techniques (Skalsky, Umbach, and Cullen, unpublished
results, 60), However, several of these viruses replicate exclusively in the cytoplasm and
may lack access to nuclear Drosha. Furthermore, excision of a miRNA from a nuclear RNA
virus, such as HIV-1, would mean the cleavage and, ultimately, destruction of the viral
genomic RNA. Presumably, this confers a strong selection against the evolution of miRNAs
in nuclear RNA viruses, although it remains possible that examples will be discovered in the
future.

FUNCTIONS OF VIRAL MICRORNAS

While defined roles for viral miRNAs are just beginning to emerge, it is clear that viral
miRNAs can target both viral and cellular transcripts. Viral miRNAs, like other viral factors,
are involved in cellular reprogramming in order to (i) regulate the latent-lytic switch, (ii)
support viral replication by promoting cell survival, proliferation, and/or differentiation, and
(iii) modulate immune responses. Modulation of the host cell environment is achieved by
multiple and partly redundant mechanisms as viral miRNAs and proteins work
synergistically to promote a cellular environment favorable to completion of the viral life
cycle.

A number of challenges exist in discerning viral miRNA targets. First, the potential
requirement of only an ~7-nt seed match in a 3′UTR immediately creates a large pool of
possible targets. Moreover, while many miRNA targets do feature full seed
complementarity, 3′ compensatory binding can also occur (6). Some functional target sites
also lack both perfect seed pairing and 3′ compensatory binding (6, 35). In addition to
3′UTRs, miRNAs can also target mRNA coding sequences (6, 95). Furthermore, different
viral miRNAs can bind to multiple target sites on a single transcript, as has been suggested
for the KSHV miRNAs (46, 77). Thus, the inhibitory effect of a single viral miRNA on a
single mRNA target site may not be easily discerned unless additional miRNAs and their
target sites in the same mRNA are also considered.

Viral targets of viral miRNAs

Identifying viral targets of viral miRNAs is more straightforward than identifying cellular
targets simply because viral genomes encode fewer candidate mRNAs. Additionally, several
viral miRNAs lie antisense to viral transcripts, which are obvious potential targets. The
SV40 miRNAs, for example, lie antisense to the viral T-antigen mRNAs and mediate their
cleavage late in infection (86). Disruption of miR-S1 activity not only increases T-antigen
levels but also enhances the susceptibility of infected cells to killing by T-antigen-specific
cytotoxic T cells in culture (86). While the sequences of polyomavirus miRNAs differ, the
pre-miRNA location and hence, antisense viral mRNA target is conserved in different
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family members (22, 81, 82), indicating that these miRNAs confer a selective advantage to
polyomaviruses through T-antigen downregulation. Furthermore, given their lack of
sequence homology, it is unlikely that polyomavirus miRNAs target the same cellular
mRNAs (82).

To examine the effect of polyomavirus miRNAs in vivo, Sullivan et al. (87) deleted the pre-
miRNA from mouse polyomavirus (mPyV). Surprisingly, this knockout virus replicated
indistinguishably from wild type in immunocompetent mice. Additionally, no differences in
immune responses were observed, leading the authors to hypothesize that the effects of viral
miRNA targeting might occur outside the limits of the experimental system, such as during
natural virus transmission.

EBV miR-BART2 lies antisense to the viral DNA polymerase (BALF5) (72). During
productive EBV replication, the BALF5 mRNA is cleaved (36) due to miR-BART2 activity
(7). Interestingly, miR-BART2 is expressed during latent infection; however, BALF5 is a
lytic gene. Induction of lytic replication reduces miR-BART2 levels and miR-BART2-
mediated cleavage (7). Hence, miR-BART2 may regulate the latent-lytic switch by
preventing premature BALF5 expression.

hCMV miR-UL112-1 lies antisense to UL114, the viral DNA glycosylase. Studies in the
Nelson lab suggest that UL114 RNA is resistant to miR-UL112-1 directed cleavage (42);
however, UL114 protein levels may be reduced with little apparent consequence to viral
replication (85). At least two other hCMV miRNAs, miR-UL148D and miR-US33, lie anti-
sense to viral transcripts, and might also target their complementary genes (US29 and
UL150) (40, 72).

HSV-1 and HSV-2 use viral miRNAs to downregulate two immediate early gene products,
ICP0 and ICP34.5 (88, 89, 95). HSV-1 and HSV-2 miR-H2 are both transcribed antisense to
ICP0 and downregulate ICP0 protein expression (89, 95, 97). ICP34.5 is situated antisense
to two HSV-1 and HSV-2 miRNAs, miR-H3 and miR-H4, and targeting of ICP34.5 has
been confirmed for HSV-2 miR-H3 (88). In addition to ICP0 and ICP34.5, ICP4 is targeted
by HSV-1 miR-H6. While not antisense to ICP4, HSV-1 miR-H6 exhibits extensive
sequence complementarity to a site within the ICP4 mRNA, and inhibits ICP4 protein
expression (95). Interestingly, a chicken α-herpesvirus, infectious laryngotracheitis virus
(ILTV) encodes two miRNAs that are situated anti-sense to ILTV ICP4, and may also
downregulate ICP4 expression (98). ICP0 and ICP4 are both immediate early viral
transactivators with key roles in the induction of lytic replication. The targeting of these
transcripts by viral miRNAs is thought to mediate entry into latency and render the latent
state more robust (93, 95). ICP34.5, on the other hand, is a viral pathogenicity factor which
inhibits PKR activity and contributes to neurovirulence (reviewed in 28). Consequently,
ICP34.5 repression via viral miRNAs may protect infected neurons from cytotoxicity (28,
88).

The targeting of viral transactivators is an emerging theme for viral miRNAs. hCMV miR-
UL112-1 targets the IE72/IE1 transactivator, which contains two miR-UL112-1 seed-match
sites in its 3′UTR (41, 65). Introducing a miR-UL112-1 mimic prior to hCMV infection
attenuates productive hCMV replication, indicating that delayed expression of miR-
UL112-1 is necessary for optimal viral replication (41, 42). Additionally, KSHV miR-K9*
targets RTA (ORF50), the key KSHV protein involved in the activation of lytic viral gene
expression, and targeting of RTA by miR-K9* has been proposed to prevent premature entry
into the lytic cycle (9).

Finally, EBV LMP1 is targeted by three EBV miRNAs, miR-BART1-5p, miR-BART16,
and miR-BART17-5p (58). The 3′ UTR of LMP1 is highly conserved in NPC virus isolates.
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LMP1 is a constitutively active viral mimic of the tumor necrosis factor receptor (TNFR)
family and induces cell proliferation during latency (58). However, when over-expressed,
LMP1 can inhibit growth and stimulate apoptosis. Thus, fine-tuning LMP1 expression levels
by EBV miRNAs may promote the proliferation of latently infected cells.

Cellular targets of viral microRNAs

Viral miRNAs are now known to target several cellular genes involved in cell proliferation
and survival, stress responses, and antiviral defense pathways. In the strictest sense, a virus
needs to keep a host cell alive long enough to complete its life cycle. This time period is
greatly extended for viruses which establish latent infections. Thus, prolonging cell survival
and evading immune recognition are at least two ways in which viral miRNAs can promote
virus replication.

To date, the most fully characterized cellular targets of viral miRNAs are those of the KSHV
miRNAs. Thrombospondin 1 (THBS1), identified through gene-expression profiling of cells
engineered to stably express 10 KSHV pre-miRNAs (77), is targeted by multiple KSHV
miRNAs. One function of THBS1 is to inhibit angiogenesis and cell growth by activating
TGFβ. THBS1 expression was reduced at both the mRNA and protein level in KSHV
miRNA-expressing cells, which may promote cell survival and proliferation. In line with
these findings, KS tumors exhibit reduced THBS1 activity (77).

Other regulators of cell survival and growth are also targeted by viral miRNAs. BCLAF1, a
protein involved in apoptosis, was identified as a target of KSHV miR-K5 in both B cells
and endothelial cells (112). Intriguingly, siRNA inhibition of BCLAF1 resulted in an
increase in lytic KSHV replication, suggesting that modulation of BCLAF1 by KSHV
miRNAs might promote the reversibility of latent infection (112). PUMA, a p53-regulated
pro-apoptotic Bcl2-family member triggered by stress, is targeted by EBV miR-BART5. In
EBV-infected NPCs, inhibition of miR-BART5 leads to an increase in PUMA-mediated
apoptosis (25). One function of miR-BART5, then, may be to rescue EBV infected epithelial
cells from apoptotic removal initiated by innate cellular defense mechanisms. Finally, MAF,
a bZIP transcription factor involved in terminal differentiation of many cell types, is
specifically targeted by KSHV miR-K11 and miR-K6 in endothelial cells. Viral miRNA-
mediated inhibition of MAF results in lymphatic endothelial cell transcriptional
reprogramming. As such, KSHV miRNAs can regulate the differentiation of infected
endothelial cells, which may contribute to oncogenesis (46).

KSHV miR-K11 is an ortholog of miR-155 (39, 83). One shared cellular target of these
miRNAs is BACH1, a transcriptional repressor involved in regulating oxidative stress (39,
83). BACH1 binds NF-E2 sites on DNA and coordinates with MAF proteins to repress
transcription of heme oxygenase 1 (HO-1); thus, miR-K11/miR-155 targeting of BACH1 is
predicted to enhance HO-1 activity. While the consequences of BACH1 targeting during
KSHV infection remain unclear, HO-1 upregulation can enhance the survival of endothelial
cells infected de novo with KSHV (63).

A few viral miRNAs directly target antiviral signaling molecules. EBV miR-BHRF1-3
downregulates CXC-chemokine ligand 11 (CXCL11), an IFN-inducible T- cell
chemoattractant (102). T cell immunity plays a major role in host defenses against EBV, as
EBV-infected B cells are efficiently targeted by cytotoxic T cells. Hence, suppressing
CXCL11 may aid infected cells in avoiding T-cell recognition.

Finally, the MICB (major histocompatibility complex class I-related chain B) 3′UTR is
selectively targeted at three non-overlapping sites by hCMV miR-UL112-1, KSHV miR-K7,
and EBV miR-BART2 (66, 84). MICB, which is upregulated in response to oncogenic stress
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and viral infection, is a ligand for NK cells and CD8+ T cells. Viral miRNA-mediated
MICB downregulation leads to a reduction in NK cell mediated killing of infected cells (66,
84). Interestingly, hCMV miR-UL112-1 also targets the viral IE72 transcript (41, 65),
making it the first viral miRNA known to target both viral and cellular mRNAs.
Additionally, MICB is the first gene to be targeted by multiple herpesvirus miRNAs with no
apparent sequence homology, and therefore exemplifies the possibility of convergent
evolution by herpesvirus miRNAs.

MICRORNAS INFLUENCED BY VIRAL INFECTION

Cellular miRNA expression is profoundly influenced by viral infection, which can be
attributed to both host antiviral defenses and viral factors altering the cellular environment.
For example, in addition to miR-155, EBV induces miR-146a expression in B cells (21).
Both miR-155 and miR-146a are also induced following bacterial lipopolysaccharide (LPS)
stimulation of monocytes. Interesting, miR-146a can target LPS-activated components,
TRAF6 and IRAK1, of the TLR signaling pathway, suggesting a negative feedback loop to
limit innate immune responses (reviewed in 103). During latency III, EBV LMP1 activates
the miR-146a promoter, leading to a miR-146a-induced reduction in the expression of
several interferon-responsive genes (21). LMP1 also induces miR-29b, which results in
miR-29b-mediated downregulation of T-cell leukemia gene 1 (TCL1), a protein with roles in
cell survival and proliferation (1). Notably, LMP1 is targeted by EBV-encoded miRNAs
(58). Thus, EBV may coordinate viral and cellular miRNAs in order to alter anti-viral
interferon signaling as well as extend the persistence of infected cells.

Oncogenic human papillomaviruses encode two viral proteins, E6 and E7, which inhibit the
p53 and Rb pathways, respectively. Consequently, cellular miRNAs controlled by these
pathways are directly influenced by these viral proteins. E6 downregulates the expression of
miR-34a, a p53 regulated miRNA, leading to an increase in cell growth (101). Additionally,
E6 reduces miR-218 and thereby increases laminin 5 β3 (LAMB3), a miR-218 target, in
HPV-16 infected cells, which may enhance cell migration and tumorigenicity (62).

Finally, hCMV infection downregulates miR-100 and miR-101, which are proposed to
regulate mTOR signaling components (100). The mTOR signaling pathway controls a range
of key cellular functions involved in metabolism, growth, and survival, and is manipulated
by many herpesviruses at some stage of their life cycle. Interestingly, several hCMV
proteins directly alter the activities of mTOR signaling molecules (reviewed in 14).
Therefore, the modulation of cellular miRNA expression may allow hCMV further control
over a key cell signaling pathway.

VIRAL SUPPRESSION OF CELLULAR MICRORNA EXPRESSION

Defining the boundary between cellular miRNAs actively induced or repressed by viral
factors and those miRNAs altered by host responses can be difficult. Indeed, in the absence
of phenotypic data, this difference is essentially semantic. For instance, two cellular
miRNAs, miR-17-5p and miR-20a, are suppressed by HIV-1 infection. These miRNAs
target PCAF, a cellular histone acetylase and proposed cofactor of the HIV-1 Tat
transactivator (92). Similar to hCMV suppression of miR-100 and miR-101, it is unclear
whether these miRNAs are actively inhibited by viral factors or whether their
downregulation is due to host responses.

One interesting question is whether viruses might directly target cellular miRNA biogenesis
to interfere with antiviral defenses. The adenovirus VA RNAs, for example, compete with
cellular pre-miRNAs for Exportin-5 in the nucleus and inhibit Dicer function in the
cytoplasm, thereby interfering with miRNA biogenesis (2, 59, 105). Viruses may further
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disrupt global cellular miRNA expression by overexpressing their own viral miRNAs. Both
KSHV and mCMV miRNAs dominate the miRNA profile during infection (31, 94).
Furthermore, viruses may express proteins or RNAs that selectively inhibit specific miRNA
function. One recent example is the rapid downregulation of miR-27a activity following
mCMV infection (15). Pri-miRNA processing and miR-27a* levels are unaffected,
indicating that the mature miRNA itself is being targeted by mCMV. Interestingly,
overexpression of miR-27a using miRNA mimics decreases viral titers, suggesting that
miR-27a and/or miR-27a-regulated genes inhibit some aspect(s) of the mCMV life cycle
(15). Hence, virus-induced suppression of specific cellular miRNAs can favor virus
replication. The question then arises, can cellular miRNAs inhibit virus replication as part of
the innate antiviral immune response?

ANTI-VIRAL IMMUNITY AND RNAI

The role of RNA interference (RNAi) in antiviral immunity is well established for plant and
invertebrate systems. RNA virus infection can stimulate production of viral dsRNA-derived
siRNAs to specifically target viral genomes and mRNAs for degradation (reviewed in 30,
93). Examination of small RNAs in mammalian cells infected with several RNA viruses,
however, has not revealed any viral-derived siRNAs (56, 72; R.L. Skalsky, J.L. Umbach,
and B.R. Cullen, unpublished). Thus, siRNA-directed silencing as a method of combating
viral infection appears not to occur in mammalian somatic cells (30, 93). Rather, the
equivalent of the innate RNAi antiviral responses in mammalian cells is the more
sophisticated protein-based interferon system, which is induced following the activation of
intracellular dsRNA sensors such as PKR, RIG-I, and MDA-5.

miRNA expression has been linked to type I interferon stimulation. Interferon β, for
example, is upregulated during HCV infection and rapidly induces miR-196, miR-296,
miR-351, miR-431, and miR-448, among others (71). These miRNAs can attenuate HCV
replication, and may directly target HCV genomes to downregulate viral accumulation (71).
However, the idea that an RNA virus such as HCV would retain cellular miRNA binding
sites presents a paradox. Why would HCV, a virus with a highly error prone RNA
polymerase and therefore, a high mutation rate, retain such sites unless the virus were under
selective pressure to do so? Mahajan et al. proposed that robust interferon activation by
HCV might result in the loss of infected cells (61). Thus, HCV may exploit IFN-stimulated
cellular miRNAs to downregulate its own replication to a level where persistent infection
can be achieved.

To add to this intriguing interplay between cellular miRNAs and RNA viruses, miR-122 has
been shown To Whom It May Concern:To Whom It May Concern: bind to two adjacent
sites in the 5′ non-coding region of HCV genomes to, surprisingly, positively regulate HCV
RNA accumulation (51, 52). As HCV is the leading cause of liver disease worldwide, the
importance of the miR-122 interaction with HCV has recently been evaluated in vivo.
Encouragingly, treatment of chronically HCV-infected chimpanzees with locked-nucleic
acid (LNA)-modified antisense oligonucleotides directed against miR-122 reduced HCV
levels, IFN activation, and importantly, liver pathology, demonstrating that miRNA
inhibition can be a promising new strategy for the treatment of virus-induced diseases (54).

MICRORNA TARGETING OF RNA VIRUSES

Is host miRNA targeting of viral RNAs truly a bona fide mechanism of innate antiviral
immunity? Given that the fate of miRNA-bound mRNAs is translational repression and/or
degradation, one would predict that RNA viruses would evolve to avoid miRNA-targeting
altogether. Yet, other examples of miRNA:RNA virus interactions have been reported. For
example, primate foamy virus type 1 (PFV-1) is restricted by miR-32 in 293T cells, while

Skalsky and Cullen Page 10

Annu Rev Microbiol. Author manuscript; available in PMC 2013 April 10.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



miR-24 and miR-93 have been reported to target vesicular stomatitis virus (VSV) RNAs in
mice (55, 69). However, until these findings have been validated in the context of their
natural target species and/or tissues, it is unclear whether they are physiologically relevant.

Similarly, several cellular miRNAs were reported to target HIV-1 RNAs in cultivated
resting CD4+ T cells to maintain HIV-1 latency (47). While the latent viral reservoir is
certainly relevant in HIV-1 individuals undergoing highly active anti-retroviral therapy
(HAART), HIV-1 latency is thought to occur inadvertently (45). Thus, in the absence of
HAART, under normal physiological conditions, there is no obvious reason why HIV-1
should retain these host miRNA target sites.

On the other hand, knockdown of Dicer results in hypersensitivity to VSV infection (69).
Additionally, knockdown of P body and miRNA biogenesis components increases HIV-1
virus production (23, 67, 92), indicating a role for miRNA pathways in viral replication.
Intriguingly, HIV-1 RNAs were recently shown to be targeted to P bodies through direct
interactions with miR-29a, which consequently limits virus accumulation (67).

However, miRNA-mediated entry into P bodies is not necessarily a dead-end for mRNAs
and can be reversible (34). CAT-1 mRNA, for example, can escape translational inhibition
by miR-122 during amino acid starvation as it is released from P bodies and recruited back
to polysomes (11). Recent studies indicate that P bodies may actually function as sites of
virus replication and/or assembly (reviewed in 8). In the case of both HCV and HIV-1, the
RNA genome serves as a template for viral protein translation and is also packaged into
virion particles, while, in the case of HCV, the same genome also functions as the template
for viral RNA replication. Thus, it is possible that these RNA viruses exploit cellular
miRNAs to target viral RNAs away from the translational machinery so that viral RNA
synthesis and/or assembly can occur.
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Key Terms and Acronyms

miRNA microRNA, a ~19–24 nt non-coding RNA

pre-miRNA precursor microRNA, the stem-loop structure from which a miRNA is
cleaved

RISC RNA-induced silencing complex, a cytoplasmic complex containing at
minimum a mature miRNA and Argonaute protein

P body Processing body

RNAi RNA interference

Herpesviruses large, nuclear, dsDNA viruses that establish long-term infections

Acronyms list

EBV Epstein-Barr Virus

KSHV Kaposi’s sarcoma-associated herpesvirus

HSV-1 and HSV-2 Herpes simplex virus 1 and 2
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LAT latency associated transcript

hCMV Human Cytomegalovirus

HCV Hepatitis C Virus

HIV-1 Human immunodeficiency virus 1

IFN interferon
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SUMMARY POINTS

1. Viral miRNAs downregulate selected viral and cellular mRNAs to establish a
host environment conducive to completion of the viral life cycle. Many of these
mRNAs encode factors involved in the latent-lytic switch (i.e., lytic viral
transactivators) or immune activation (i.e., viral antigens or cellular signaling
molecules)

2. Viruses can mimic cellular miRNAs or affect cellular miRNA expression to
control existing regulatory pathways

3. Cellular miRNAs can directly influence viral replication, and some miRNAs can
directly target mammalian RNA virus genomes.
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FUTURE ISSUES

1. What are the mRNA targets of viral miRNAs and how do these facilitate the
various stages of the viral life cycle, e.g., lytic versus latent?

2. Is targeting of RNA viruses, such as HCV or HIV-1, by cellular miRNAs a bona
fide mammalian antiviral immune response? Or have target sites for cellular
miRNAs been retained by viruses to benefit the viral life cycle in some manner?

3. Are viral transcripts expressed by vertebrate DNA viruses also targeted by
cellular miRNAs?

4. What is the contribution of viral and/or cellular miRNAs to viral pathogenesis?
Can these viral miRNA:host or host miRNA:virus interactions be strategically
targeted for anti-viral therapy?
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Figure 1. miRNA biogenesis pathways
Pre-miRNAs can be generated (i) by Drosha/DGCR8 cleavage of long pri-miRNAs, or
independent of Drosha/DGCR8, (ii) following debranching of lariat-structures known as
miRtrons, (iii) through alternative folding of tRNAs or snoRNAs, or (iv) by tRNAse Z
cleavage of pri-miRNAs containing tRNA-like structures linked to pre-miRNA stem-loops.
Once exported to the cytoplasm, pre-miRNAs are cleaved by Dicer to generate a miRNA
duplex, one strand of which is incorporated into RISC to target mRNAs.
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Figure 2. Locations of the viral pre-miRNAs encoded by human herpesviruses
Both α and γ herpesvirus pre-miRNAs primarily reside in latency-associated clusters
(HSV-1, HSV-2, EBV, and KSHV) while hCMV miRNAs are scattered throughout the
genome.
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Figure 3. Viral miRNA targets
Viral miRNAs target perfectly complementary viral mRNAs as well as imperfectly
complementary viral and/or cellular mRNAs. Viral miRNA targets can be further divided
into functional categories. Some targets have roles in lytic transactivation while others are
involved in cellular growth, stress, or immune activation.
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Table 1

Viral pre-miRNAs

Virus family Virus Host # pre-miRNAs Reference

α-herpesviruses HSV-1 Human 8 (26, 95, 96)

HSV-2 Human 6 (88, 89, 97)

MDV-1 Avian 14 (17, 108)

MDV-2 Avian 18 (98, 107)

HVT Avian 17 (98)

ILTV Avian 7 (98)

β-herpesviruses hCMV Human 11 (32, 40, 72)

mCMV Mouse 18 (16, 31)

γ-herpesviruses EBV Human 25 (20, 73, 111)

rLCV Primate 32 (20, 99)

KSHV Human 12 (19, 44, 72, 76)

RRV Primate 15 (79)

MHV-68 Mouse 9 (72)

Polyomaviruses multiple Human, Primate, Mouse 1 (22, 81, 82, 86, 87)

Adenoviruses hAV Human 2 (2, 3, 78, 105)

Ascoviruses HvAV Insect 1 (49)
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