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Abstract

MicroRNAs (miRNAs) are short RNAs of about 22 nucleotides in length that post-transcriptionally
regulate gene expression by binding to 3’ untranslated regions of mMRNAs, thereby inducing
translational silencing. Recently, more than 140 miRNAs have been identified in herpesviral
genomes. Deciphering their role in viral biology requires the identification of target genes, a
challenging task, since miRNASs require only limited complementarity. The subject of this review
will be the herpesvirus miRNAs and their respective target genes that have been experimentally
determined thus far. These miRNASs regulate fundamental cellular processes including immunity,
angiogenesis, apoptosis, and key steps in the herpesvirus life cycle, latency and the switch from latent
to lytic replication.

MicroRNAs regulate fundamental cellular processes in all metazoans

The first discovered microRNA (miRNA), lin-4 of Caenorhabditis elegans, was found because
of its role in a developmental timing defect. Functional analysis of the lin-4 gene revealed that
it does not encode a protein, but instead two short transcripts of 60 and 24 nucleotides in length.
It was demonstrated that the lin-4 RNA was inducing post-translational silencing of lin-14, a
developmental control gene whose protein product is involved in temporally regulating cell
lineage patterning in C. elegans. Further work showed that the mechanism of this post-
translational regulation was mediated through complementary binding of the lin-4 miRNA to
sequences within the 3'UTR (untranslated region) of lin-14 [1-3]. This novel RNA-based
inhibition was thought to be specific to C. elegans until the discovery of the let-7 miRNA,
which was found to be conserved in many metazoans, including humans and flies [4-6]. To
date, more than 900 human miRNAs have been identified (see
http://microrna.sanger.ac.uk/sequences/) [7]. MicroRNAs have been isolated from every
metazoan and plant species examined thus far, and around 30% of all metazoan miRNAs are
conserved between species (for review see [8]).

In general, miRNAs are derived from hairpins within transcripts (usually synthesized by RNA
polymerase 11, or polll) by two RNA endonuclease cleavage reactions before they are
incorporated into the RNA-induced silencing complex (RISC; see Figure 1) [9]. The major
function of mMiRNAs appears to be regulation of gene expression through translational
inhibition and MRNA degradation (for review see [10]). In rare cases, miRNAs can also act as
positive regulators when bound together with other 3" UTR binding complexes [11].
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The herpesvirus family

The herpesvirus family (Herpesviridae) includes large enveloped viruses containing 120 to
240 kbp double stranded DNA.. Based on their host and tissue specificities, together with their
replication characteristics, the family is divided into three subfamilies: Alphaherpesvirinae,
Betaherpesvirinae and Gammaherpesvirinae. Evolutionarily, herpesviruses are old viruses
with all three subfamilies present in mammals, birds, fish, and reptiles. To date, eight human
herpesviruses are known: three alpha-, three beta-, and two gammaherpesviruses.

A hallmark of herpesvirus biology is their ability to establish and maintain latent infections in
which the viral genome circularizes and persists as an episome with very limited viral gene
expression occurring. Herpesviruses establish infections that persist for the life of the host;
therefore, an intricate balance exists between host immune surveillance and viral immune
evasion [12]. In general, latent infection has no immediate negative consequences for the
infected cell. However, latency in cells of lymphoid, epithelial, and endothelial origin can be
associated with tumorigenesis for two human gammaherpesviruses: Epstein-Barr virus (EBV)
and Kaposi’s sarcoma-associated herpesvirus (KSHV). EBV and KSHV are the causative
agents of several malignancies including Burkitt’s lymphomas (BL), non-Hodgkin’s disease,
and nasopharyngeal carcinoma (NPC) for EBV, and Kaposi’s sarcoma (KS), primary effusion
lymphoma (PEL), and multicentric Castleman’s disease (MCD) for KSHV. In contrast, human
alpha- and betaherpesviruses are not associated with cancer but instead their pathogenesis is
due to lytic replication (a viral lifecycle characterized by uncontrolled viral replication) and
subsequent immune responses that result in tissue destruction. An example of this is the
encephalitis caused by herpes simplex virus 1 (HSV-1).

A typical herpesvirus genome encodes between 85 and 100 open reading frames, which are
classified as either latent genes (expressed during latency) or lytic genes (expressed during
productive infection). Temporally, genes are further subdivided into three types: (i) immediate
early (IE) genes that regulate viral reactivation from latency, (ii) early genes, most of which
encode proteins required for viral DNA replication, and (iii) late genes that code for structural
proteins required for viral morphogenesis [12]. To aid lifelong persistence, it has been
estimated that 25% of all herpesvirus genes modulate and/or abrogate host cellular responses
to viral infection (for review see [13]). However, the recent discovery of herpesvirus-encoded
miRNAs suggests that this percentage might be significantly higher.

Herpesviruses express multiple miRNAs during latency and lytic replication

In 2004 Tuschl and colleagues reported the molecular cloning of five EBV miRNAs from
Burkitt’s lymphoma (BL) cells, a finding that started a new field in virology [14]. Since then,
more than 140 herpesvirus miRNAs have been identified (Table 1,Figure 2). Initially, three
EBV miRNAs were found located within the BHRF gene, and two within the BART gene
(BHRF and BART stand for ‘BamHI fragment H rightward open reading frame 1'and ‘BamHiI-
A region rightward transcript’). Bioinformatic approaches, in combination with the use of tiled
arrays and molecular cloning, revealed 17 additional miRNA genes in the BART region of
EBV:; these genes are located within a 12 kbp region that was absent in the EBV strain studied
in the original report [15,16]. Recently, two additional BART miRNA genes were identified
in EBV-positive NPC tissue samples, bringing the total number of miRNA genes to 25 [17].
BART and BHRF miRNAs are differentially expressed in lymphoid and epithelial cells and
furthermore under different programs of viral latency. BART miRNAs are expressed more
abundantly in epithelial cells than in B cells, whereas BHRF miRNAs have only been detected
during type 111 latency (when all known latency-associated genes are expressed). Induction of
lytic replication in latently-infected BL cell lines leads to induction of a subset of EBV miRNAs
not expressed during latency [15,18-20]. EBV miRNAs are also expressed early after de novo
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infection of primary B cells, which might suggest roles in the establishment of latency [21]. In
the EBV-related lymphocryptovirus (LCV) of the rhesus macaque, 16 miRNAs were identified,
eight of which show sequence homology to EBV miRNAs, suggesting conservation of
miRNAS in this subfamily [15].

After the identification of EBV miRNAs, four independent groups cloned KSHV miRNAs
from PEL-derived cell lines. In total, 12 genes were identified, all of them within the major
latency-associated region of the genome, giving rise to at least 17 mature miRNAs. Ten of the
12 genes formed a single cluster [16,22-24], whereas the remaining two were located within
the K12 open reading frame [16]. Expression of the primary transcripts (pri-miRNAS) is
controlled by three promoters, one latent and two lytic. In PEL cells all miRNAs are highly
expressed during latency, and (with the exception of miR-K10a and miR-K10b) induction of
lytic replication has only moderate effects on viral miRNA expression [25,26].

The genome of rhesus rhadinovirus (RRV), a gammaherpesvirus related to KSHV, encodes
seven miRNAs [27]. Like in KSHV, these miRNAs are encoded within the latency-associated
region of the genome; however, their sequences are not homologous to those of KSHV.

Murine gammaherpesvirus type 68 (MHV68) encodes nine miRNAs that are embedded within
tRNA-like genes at the 5 end of the genome; these genes have been suggested to be transcribed
by RNA polymerase I11 (pollll) [28].

The presence of miRNA genes in betaherpesviruses is, so far, restricted to cytomegaloviruses
(CMV). Nine miRNA genes, were initially found in human cytomegalovirus (HCMV)
scattered throughout the viral genome and are expressed from multiple promoters [28]. This
number was later expanded to 11, when two additional HCMV miRNAs were identified both
by cloning and bioinformatic prediction of hairpins conserved between HCMV and
chimpanzee CMV [29,30]. HCMV miRNAs are readily detectable by Northern blot after de
novo infection of epithelial, endothelial, and neuronal cells, even in the presence of
cycloheximide, indicating that HCMV miRNAs are expressed as immediate-early gene
transcripts [29]. The genome of murine cytomegalovirus (MCMV) encodes 18 miRNA genes.
Quantitative analysis of viral miRNA expression after MCMYV infection revealed that at early
time points post infection the majority of expressed miRNAs were of viral origin [31]. CMV
latency in vivo affects multiple tissues, including bone marrow; unfortunately, due to the lack
of latent tissue culture models, mMiRNA expression during CMV latency has not been
investigated.

Among alphaherpesviruses, miRNAs have been identified in herpes simplex viruses 1 and 2
(HSV-1 and -2), and Marek’s disease viruses 1 and 2 (MDV-1 and -2) [32-39]. Interestingly,
like in KSHV, alphaherpesvirus miRNA genes are located within a region expressed during
latency. HSV latency is characterized by the expression of the latency associated transcript
(LAT), a non-coding transcript that is antisense to two lytic genes: ICPO, a transcriptional
regulator, and ICP34.5, a neurovirulence factor (see [40] for a review on LAT). Recently, four
miRNAs (miR-H2 to miR-H5) were cloned from a variety of sources including: (i) HEK 293
cells (a cell line derived from human embryonic kidney) ectopically expressing LAT, (ii)
productively infected Vero cells (a cell line derived from African green monkey kidney), and
(iii) latently infected trigeminal ganglia in mice [32]. One additional miRNA gene (miR-H6)
was located upstream of LAT in HSV-1, and 11 miRNAs were predicted to be encoded
elsewhere in the viral genome but to date have not been cloned [32,33]. Most recently, Umbach
and colleagues confirmed the expression of miR-H2 to miR-H6 in human trigeminal ganglia,
and also identified two novel miRNAs (miR-H7 and miR-H8) also located within LAT [41].
The genome of HSV-2 encodes three miRNAs within LAT that are positionally conserved, as
compared to its close relative, HSV-1 [34,35].
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Burnside and colleagues used 454 deep sequencing to identify 13 miRNAs expressed from the
genome of MDV-1. These miRNASs were mapped to the inverted repeat short and long regions
(IRgand IR|) of the MDV-1 genome. Eight of these miRNA genes are located within the meq
oncogene region, whereas the others map to the LAT region [36,37]. In the closely related
MDV-2 virus, conventional cloning techniques identified 17 miRNAs which, like those of
MDV-1, were mapped to the IRs and IR_ genomic regions [38,39].

To date, with the exception of varicella zoster virus (VZV) [41], all herpesviruses
examined,express miRNAs (Table 1, Figure 2). However, the use of mass parallel sequencing
to analyze small RNA libraries from virus-infected cells might uncover new, less abundantly
expressed, miRNAs.

Herpesviral miRNAs closely resemble their host cellular counterparts

With respect to gene organization, viral miRNA genes recapitulate their cellular counterparts.
They are organized either as single genes (e.g. in CMV) or in clusters (e.g. in
alphaherpesviruses and gammaherpesviruses), the latter allowing for co-regulated expression
(Figure 2). To date there is no evidence that herpesviral proteins are involved in viral mMiRNA
maturation, which is strictly dependent on Drosha/DGCR8 and Dicer processing (Figure 1).
Viral miRNA and host miRNA sequences can be located within introns or exons of protein
encoding genes. The relative genomic location of the pre-miRNA and surrounding splice-
donor/acceptor sites might lead to competition between miRNA maturation and mRNA
splicing, like it occurs for cellular genes. For example, the EBV BART miRNAs, which are
located within introns of a multiple spliced transcript, are processed prior to splicing, thereby
suppressing the usage of surrounding exons. It is not clear whether a single BART transcript
can gives rise to an intron-encoded miRNA and a fully processed mRNA [19].

One hallmark of cellular miRNAs is that ~30% are highly conserved across species. For
instance, eight of 29 EBV miRNAs showed sequence similarity to those of its close relative
LCV [15]. In contrast, no homology was noted between KSHV and RRV miRNAs [27]. In
this case, one possible explanation is that, in rhesus macaques and chimpanzees two different
rhadinoviruses exist (RRV1 and RRV2), while to date only one human rhadinovirus strain has
been identified (KSHV).

If miRNA function is important for viral biology then the corresponding sequences will likely
co-evolve with their respective host target sequences [42]. Hence, answering the question
whether viral miRNAs are conserved will be greatly aided by understanding their targets and
function. Thus far, sequence analysis of both EBV and KSHV miRNA gene loci from a large
number of cell lines and primary isolates revealed very few polymorphisms, which suggest in
vivo selection for intact miRNA genes; albeit indirect, this constitutes a genetic argument for
biological function [43].

What genes are regulated by herpesvirus miRNAs?

Understanding the functions of viral miRNAs requires the determination of target genes, which
can be viral and/or cellular. While the initial reports identifying viral miRNAs predicted many
gene targets [14,22,23], the number of experimentally determined targets is still modest. The
currently validated targets were identified by combining bioinformatics and experimental
approaches (see Box 1 for a summary of the most commonly used techniques).

Regulation of alphaherpesvirus latency by LAT-encoded miRNAs

During latency, HSV-1 appears to expresss only non-coding RNA transcripts. The most
abundant of these transcripts is the 8.3 kbp LAT, which after splicing gives rise to a 2 kbp
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stable intron. Many genetic studies have been aimed at determining LAT’s function and its
role in latency. Mutations of different LAT regions within recombinant viruses affect the ability
of the virus to establish latency and to reactivate, and in addition sensitizes latently infected
cells to apoptosis inducers (recently reviewed in [40]). However, the mechanisms governing
these LAT phenotypes are still not fully understood.

Recently, four miRNAs were identified in HSV-1 LAT and three in HSV-2 LAT [32,34,35].
Most of these miRNA sequences overlap with lytic genes in an antisense fashion. For instance,
in HSV-1, miR-H2 is antisense relative to ICP0, whereas both miR-H3 and miR-H4 are
antisense relative to ICP34.5. Based on this antisense positioning, it was predicted that LAT-
encoded miRNAs might target these genes, but only miR-H2 has been shown experimentally
to repress ICPO protein production [32]. Targeting of ICP0 in HSV-2 was also experimentally
confirmed for miR-I11, which is antisense relative to ICPO [35]. The genomes of both HSV-1
and HSV-2 also encode two miRNAs whose sequences are antisense relative to the lytic gene
ICP34.5. The ability of these antisense miRNASs to target and repress ICP34.5 expression was
experimentally validated for the HSV-2 miRNAs, miR-I and miR-I1 [34,35]. These data
suggest that miR-H2, miR-H3 and miR-H4 (of HSV-1), and miR-1, miR-1I and miR-I1I (of
HSV-2) contribute to the maintenance of latency by shutting off translation of ICPO and
ICP34.5. Whether these miRNAs also target cellular genes in a seed-sequence specific fashion
is currently not known. The fact that the relative locations, but not the sequences, of LAT
miRNAs are conserved between HSV-1 and HSV-2 suggests antisense positioning as the main
mechanism for HSV miRNA targeting. However, it is not currently known if these miRNAs
also target cellular genes in the same manner.

Umbach and collaborators also identified a fifth HSV-1 miRNA, miR-H6, expressed from a
separate novel transcript upstream of LAT [32]. Bioinformatic analysis revealed a miR-H6
seed-sequence within the 3'UTR of ICP4 that was experimentally confirmed to mediate ICP4
protein downregulation. ICP4, located downstream of LAT, is the major viral transactivator
required for productive infection and reactivation [32,40]. There appears to be no miR-H6
counterpart in HSV-2, but MDV-2 encodes a ICP4 antisense miRNA [35]. Recently, it was
shown that ICP4 negatively regulates LAT expression in HSV-2, leading to the suppression
of LAT encoded miRNAs. This suggests that transcription factors and miRNAs encoded in
the LAT region of alphaherpesviruses are inversely regulated and thereby function as a
molecular switch [35]. Further indication for the importance of these miRNAS in latency
control is the fact that LAT miRNAs are expressed at several hundreds of thousands copies
per cell in latently infected trigeminal ganglia, whereas only hundreds of copies per cell are
detected during productive infection of Vero cells [32].

In summary, the presence of similar miRNAs in the LAT regions of all alphaherpesviruses
examined strongly suggests that a main function for the LAT region is to express miRNAs,
which contribute to the establishment and maintenance of latency by targeting ICPO, ICP34.5,
and ICP4 via siRNA- and miRNA-mediated inhibition. There are, however, still open
questions. This model would postulate a mechanism for reactivation that relies on the inhibition
of LAT-encoded miRNA expression and/or activity. Therefore, only careful genetic studies
which analyze the contribution of each LAT miRNA in vivo will ultimately determine whether
LAT harbors additional activities.

One HCMV miRNA regulates both cellular and viral target genes

A total of 11 miRNAs are encoded at different locations within the HCMV genome [28-30].
Bioinformatic analyses have predicted potential host and viral gene targets but, currently,
experimental validation is limited to targets for only one miRNA, miR-UL112-1 [44-46].
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Target prediction revealed a miR-UL112-1 seed match in the 3'UTR of a host gene coding for
major histocompatibility complex class I-related chain B (MICB), a cellular ligand essential
for NK cell killing of virally infected cells [46]. Luciferase reporters and Western blot analysis
in transfected cells clearly showed that MICB protein levels are regulated by miR-UL112-1.
Furthermore, Stern-Ginnossar and colleagues generated a miR-UL112-1 knock-out virus
which resulted in increased expression of MICB in infected cells and lead to increased
susceptibility to NK cell killing, providing direct evidence that miR-UL112-1 plays an
important role in immune evasion. Interestingly, MICB surface expression is also targeted by
the viral protein UL16 which induced endocytosis and subsequently degradation of MICB
[47,48]. This study is the first example in which a miRNA knock-out recombinant virus was
used to study viral miRNA function during infection [46].

In addition to host gene targeting, miR-UL112-1 has also been reported to regulate viral genes
encoded in the major immediate early (MIE) region of HCMV [44,45]. Two of these potential
targets, UL112/113 and IE72 (also termed IE1) encode proteins that promote viral DNA
replication, while the third UL120/121 has a currently unknown function [49]. The ability of
miR-UL112-1 to directly target this set of MIE genes was experimentally validated using
luciferase constructs [44,45]. To demonstrate that miR-UL112-1 could regulate 1E72
expression during viral infection, a synthetically produced miR-UL112-1 mimic was
transfected into cells prior to infection with HCMV. This resulted in a reduction in IE72 protein
expression but also caused the reduction of additional MIE gene products, suggesting that miR-
UL112-1 mediated regulation was not solely IE72 specific. Furthermore, DNA replication
seemed to be inhibited in response to transfection of miR-UL112-1 mimics [44]. Murphy and
colleagues used a novel algorithm and predicted that miRNAs of alpha-, beta-, and
gammabherpesviruses would target their respective IE transactivators and moreover also
predicted IE72 of HCMV to be targeted by miR-UL112-1. In addition to reporter assays,
experiments using recombinant viruses lacking either miR-UL112-1 or the target site in IE72
demonstrated miR-UL112-1-dependent regulation of IE72 protein levels during viral infection
[45]. However, in contrast to the previous study [44], mutant viruses showed no differences in
replication compared to the wild type strain, suggesting that miRNA regulation of the IE region
seems to play arole in viral latency and reactivation [45]; unfortunately, these processes cannot
be easily studied for HCMV in tissue culture models. It is noticeable that miR-UL112-1
provides the first example in which a single miRNA targets both cellular and viral gene
expression contributing to immune evasion and potentially reactivation from latency.

EBV miRNAs target cellular genes and appear to regulate viral genes during latent and lytic

replication

The EBV genome includes 25 miRNA genes giving rise to a total of 39 mature miRNAs, all
being expressed from two primary transcripts, BART and BHRF1. One of the miRNAs, miR-
BART?2, is located in an antisense position relative to the 3'UTR of the early lytic gene BALF5,
which encodes the viral DNA polymerase [14]. This was an important finding because it
represents the first example of a viral antisense miRNA. Because the sequence of miR-BART?2
is completely complementary to the sequence of BALF5 mRNA, it was predicted that miR-
BART might cleave BALF5 mRNA using a siRNA-like mechanism. Indeed, BALF5 cDNA
clones containing unusual 3’ ends that matched the predicted miR-BART?2 cleavage site had
previously been described, but the mechanism governing this 3’ end processing was unknown
[50]. Barth and colleagues confirmed that miR-BART?2 is required for the cleavage of BALF5
in EBV infected cells, and this process is reduced after lytic induction [51]. Whether miR-
BART?2 regulation of BALFS5 plays a role in maintaining latency or whether the viral
polymerase is temporally regulated during lytic replication by this mechanism is currently
unknown.
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Bioinformatic prediction of potential targets for BART miRNAs revealed that the 3'UTR of
the transcript encoding viral latent membrane protein 1 (LMP1) contains partial sequence
similarity to a number of BART miRNAs [52]. LMP1 is a viral oncoprotein which is required
for EBV-dependent immortalization of human primary B cells. LMP1 protein synthesis was
experimentally shown to be modulated by three different BART cluster 1 miRNAs, (miR-
BART16, miR-BART17-5p, and miR-BART1-5p). In part, LMP1-dependent transformation
involves activation of the nuclear factor-kappa B (NF-«xB) pathway, which promotes cellular
proliferation and survival [53]. Using NF-«B reporters, it was demonstrated that BART
mediated repression of LMP1 affects NF-«B activity. In addition, miR-BART regulation of
LMP1 also significantly decreased cell sensitivity to apoptosis. Because over-expression of
LMP1 leads to increased sensitivity to apoptosis and reduced NF-«B activity, it appears that
BART miRNAs contribute to cellular survival during EBV latency by tightly regulating LMP1
expression levels [52].

To date, only two cellular genes have been found to be targeted by EBV BART miRNAs: those
coding for p53 up-regulated modulator of apoptosis (PUMA) and CXCL-11, an IFN-inducible
T-cell attracting chemokine. Bioinformatic analysis predicted the PUMA gene to be targeted
by miR-BARTS5, and this was confirmed by 3'UTR reporter assays, and antagomir inhibition
experiments [54]. PUMA is a pro-apoptotic protein whose expression is [54] transcriptionally
upregulated by the tumor suppressor p53 [55,56]. Choy and colleagues found that PUMA
expression is low in about 60% of primary NPC tissue samples studied, in contrast to p53 which
is upregulated in EBV-associated NPCs. Furthermore, inhibition of miR-BART5 with
antagomirs in an EBV-positive NPC cell line (which expresses low amounts of PUMA)
induced apoptosis, demonstrating for the first time inhibition of apoptosis through viral mMiRNA
targeting of cellular pro-apoptotic proteins [54].

Analysis of several EBV-associated primary tumors revealed a high miR-BART expression,
whereas BHRF miRNAs were only detected in AIDS diffuse large B cell lymphomas (AIDS-
DLBCL) during type Il latency, a gene expression program in which all latent genes are
expressed [20,57]. Based on work by Pfeffer and colleagues, who predicted a binding site for
miR-BHRF1-3 within the 3'UTR of CXCL-11 [14], Xia and collaborators subsequently
showed that miR-BHRF1-3 expression is inversely correlated with CXCL-11 expression
during type 11 latency [57]. Targeting was experimentally confirmed via antagomir-based
inhibition of miR-BHRF1-3. Inhibition of CXCL-11, a secreted T-cell attractant, could
potentially protect EBV-infected tumor cells from immune surveillance. This study [57] and
a recent miRNA profiling study on primary NPC biopsies [18] underlines the importance of
analyzing miRNA expression in primary tissues rather than in established cell lines, since it
appears that many EBV-infected cell lines express significantly reduced levels of BART
miRNAs [21].

Identification of KSHVY miRNA targets by gene expression profiling

The KSHV genome contains a total of 12 miRNA genes, all located in the KSHV latency
associated region (KLAR). Targets for these miRNAs have largely been determined by
unbiased gene expression profiling studies rather than bioinformatic prediction [58-61]. The
first published cellular target of KSHV miRNAs was the host gene coding for thrombospondin
1 (THBS1), a tumor suppressor and anti-angiogenic factor, reported to be down-regulated in
KS lesions [59]. Samols and colleagues generated HK 293 cells expressing 10 KSHV miRNAs
and found 65 genes that showed decreased mRNA levels compared to vector controls. The 3’
UTRs of altered genes had a higher frequency of seed-sequence matches, including that of
THBS1, which contained 34 potential binding sites for multiple KSHV miRNAs. By using 3’
UTR luciferase reporter assays and Western blot analysis, direct targeting and repression of
THBS1 expression for several KSHV miRNAs (miR-K12-1, miR-K12-3-3p, miR-K12-6-3p
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and miR-K12-11) was demonstrated. THBS1 is the first cellular gene targeted by multiple viral
miRNAs. Because THBS1 activates latent TGFB, Samols and colleagues used TGFj
responsive reporter assays to demonstrate that KSHV miRNA repression of THBS1 translates
into decreased TGFQ activity. Given that angiogenesis is a hallmark of KS, the finding that
KSHV miRNAs target a strong inhibitor of angiogenesis, suggest that KSHV miRNAs
contribute to pathogenesis [59].

Recently, the Ganem group reported a highly comprehensive tandem-array approach to identify
miRNA targets, utilizing gene expression profiling in endothelial cells after de novo infection,
and in B cells that ectopically expressed individual, or various sets of, mMiRNAs. For a gene to
be recognized as a potential target, its expression had to be reduced in the ectopic miRNA
expressing cells and increased in latently-infected PEL cells transfected with the corresponding
antagomir [61]. For each KSHV miRNA, about 10 to 30 cellular genes passed these criteria.
Analysis of miR-K5 revealed 11 gene targets, including bcl-2-associated factor (BCLAF1),
which was studied in more detail. BCLAF1 functions as a transcriptional repressor and when
over-expressed can mediate apoptosis [62]. In addition to miR-KS5, both miR-K12-9 and miR-
K12-10b were also found to target and regulate the expression of BCLAF1 [61]. Ziegelbauer
and colleagues demonstrated that transfection of miR-K5, miR-K12-9 or miR-K12-10b into
human umbilical vein endothelial cells (HUVEC) were able to inhibit etoposide-induced
caspase activation, thereby suggesting that miRNA repression of BCLAF1 inhibits apoptosis
[61]. Interestingly, increased etoposide-induced apoptosis was observed when HUVEC cells
were plated at a lower density and then transfected with the same KSHV miRNAs, indicating
that BCLAF1 has anti-apoptotic activity during certain growth conditions. Although
suggesting an anti-apoptotic function for BCLAF1 was counterintuitive at first, the researchers
went on to find that BCLAF1 expression in latently infected PEL cells inhibits lytic viral
replication. In addition, inhibiting KSHV miRNA targeting of BCLAF1 with antagomirs
resulted in decreased lytic reactivation in KSHV-infected endothelial cells (SLK). Together,
these data suggest that targeting BCLAF1 sensitizes latently-infected cells to signals that
induce reactivation from latency [61]. Hence, miR-K5 provides the first example by which
targeting of a host cellular gene contributes to latency control (Figure 3).

Data from our lab and the Cullen group revealed that one KSHV miRNA, miR-K12-11, shares
100% seed sequence homology with a human miRNA, miR-155 [58,60]. Because the seed
sequence is the most important parameter in mRNA target recognition (Box 1) [63], it was
predicted that both miRNAs might target an overlapping set of host genes. Gene expression
profiling in both HK 293 cells and BJAB cells (an EBV negative Burkitt’s lymphoma cell line)
stably expressing either miR-155 or miR-K12-11 identified a common set of genes that were
downregulated in the presence of either miRNA. Further computational analysis found that
one gene, BACH1, contained four target sites within its 3'UTR [58,60]. Targeting and
inhibition of BACH1 by both miRNAs was validated by 3’ UTR reporter assays, mutagenesis
and Western blot analysis. Importantly, PEL-derived cell lines that express high levels of miR-
K12-11, but not miR-155, expressed very low BACH1 levels. BACHL is a transcriptional
repressor that has been shown to repress expression of heme-oxygenase 1 (HMOX1), a protein
that enhances cell survival and proliferation [64]. Because KSHV has been reported to directly
increase HMOX1 levels during endothelial cell infection, these studies suggest that viral
miRNAs could contribute to HMOXZ1 upregulation by inhibiting expression of its
transcriptional repressor BACHL1 [60,65]. Interestingly, based on its overexpression pattern in
a number of B cell lymphomas, miR-155 has been characterized as an oncomir, i.e. a miRNA
with tumorigenic activity [66]. Also, it has been shown that miR-155 mediated regulation is
essential for B-cell function and differentiation into plasma cells [67]. Because KSHV infected
PEL cells are tumorigenic B-cells that do not express miR-155 and appear to be blocked from
fully differentiating into plasma cells, it has been proposed that the mimicking of miR-155
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regulatory pathways by viral miR-K12-11 could be a contributing component to KSHV
transformation in this lymphoma [58,60].

Further experimentation is needed to identify the cellular miR-K12-11 targets whose
dysregulation during B cell development might directly contribute to KSHV pathogenesis.

Concluding remarks and future directions

Thus far, it appears that there are several unifying themes of miRNA regulation utilized by
herpesviruses including latent/lytic control, immune evasion, and cell survival and
proliferation (Figure 3). One unique feature of viral miRNA regulation, to our best knowledge
not described for metazoan cells, is the expression of antisense transcripts that serve as pre-
miRNAs to block IE gene expression in alphaherpesviruses. Although it has yet to be
demonstrated, a number of genes within HCMV (UL70, US29, and UL150), EBV and LCV
(LF2 and LF3, both of which might function in reactivation) could potentially be regulated by
this antisense mechanism. The importance of miRNAs targeting antiviral responses is further
supported by the observation that not only CMV, but also KSHV and EBV miRNAs target the
cellular ligand MICB [68]. Furthermore, MICB is targeted by the UL16 protein of HCMV
[47,48] and by the MIR1 and MIR2 proteins of KSHV [13] and it will be interesting to see
whether a similar dichotomy of regulation exists in other herpesviruses. Gammaherpesvirus
miRNA-dependent regulation of cell survival and proliferation certainly points to a role in de-
regulating cell growth. A key question to be answered is whether viral miRNAs directly
contribute to EBV and KSHV-associated malignancies. Thus far the strongest candidate for
such a role in KSHYV is the discovery of miR-K12-11, which mimics the oncomir miR-155.
Interestingly, MDV-1, an avian tumorigenic virus, also encodes a miR-155 mimic [69,70], and
EBV strongly up-regulates miR-155 in BLs [71,72]. As is the case with other viral latency-
associated genes, future studies will depend on the availability of robust genetic systems and
appropriate in vitro and in vivo models (Box 2).

Box 1. Identifying miRNA targets by bioinformatic and experimental
approaches

Unlike siRNAs, which bind to their targets with 100% complementarity, a single miRNA
can bind multiple targets with differing degrees of complementarity. The “seed-sequence”,
nucleotides 2 to 8 of a miRNA, is a major predictor for targeting. Furthermore, additional
base pairing, location within the 3'UTR and AU-richness surrounding the seed sequence
contribute to targeting efficiency [63]. Based on these criteria, several open access software
programs have been developed for prediction of potential miRNA targets: Pic-Tar (see
http://pictar.mdc-berlin.de/), Target-Scan (http://www.targetscan.org/), miRanda
(http://www.microrna.org/). While the latest revised algorithms are valuable tools, it is
important to note that miRNA targeting is dependent on a number of factors that include
the expression levels of miRNA and target genes. For example, a certain gene might have
HSV miRNA binding sites but because it is only expressed in cells non-susceptible to virus
infection it is not relevant as viral miRNA target. Also, a potential viral miRNA target might
be highly expressed in lymphocytes but the corresponding viral miRNA is expressed at low
levels. Hence, bioinformatic prediction does not replace the need to experimentally
determine targets in the context of the appropriate biological systems.

All miRNA targets described in this review have been experimentally confirmed. Based on
the realization that miRNA-dependent inhibition of translation often entails transcript
degradation, many laboratories have successfully utilized genome-wide transcriptome
analysis under conditions where miRNAs are either ectopically expressed or are inhibited
by sequence-specific inhibitors called antagomirs. It is desirable to analyze miRNA targets
under conditions where miRNA maturation takes place (i.e using polll expression vectors
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or retroviral vectors), since transfection of miRNA mimics might increase off-target effects.
Genes showing changed expression levels are routinely confirmed for targeting by cloning
their respective 3'UTRs down-stream of a reporter gene and subsequently by introducing
seed-sequence mutations, which should abrogate miRNA-dependent inhibition. Finally, if
antibodies specific for the target protein are available, the strongest experimental evidence
for miRNA regulation is to demonstrate decreased target protein expression by Western
blot analysis. Very recently, high throughput proteomics analysis has been used to examine
the entire proteome in response to miRNA expression [74,75]; however such approaches
have not yet been reported for any viral miRNAs. To prove biological function, some
virologists have created recombinant viruses with altered miRNA expression repertoires,
as in the studies of HCMV miR-UL112-1 [46] as discussed in the main text of this article.
The combination of recombinant viruses and appropriate animal models, where available,
will likely produce further insights into the role of viral miRNAs in viral persistence and
latency in vivo.

Box 2. Future research topics and challenges
e Experimental identification and validation of targets for all herpesviral miRNAs
e Mutation of miRNA genes within context of viral genome
e Analysis of cell type-specific miRNA regulation (i.e. EBV lymphoid vs. epithelial)
¢ Functional studies on gammaherpesvirus miRNAs in the context of transformation

¢ Invivo studies using appropriate animal models, where available (i.e. RRV and

MHV-68)
Glossary

Antagomir a 2'0-methylated RNA oligonucleotide that is complementary to a specific
miRNA. It is used to inhibit miRNA function.

miRNA mimic a synthetic miRNA, delivered by transfection.

Oncomir a miRNA with transforming activity and/or upregulated in human cancer
(e.g. miR-155 or miR-16).

SiIRNA a small interfering RNA that binds with complete sequence

complementarity to mMRNAs and induce RISC-dependent degradation.
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Figure 1.

Biogenesis of miRNAs. Genes encoding miRNAs are generally transcribed from polll
promoters. The majority of miRNAs are encoded in introns, but a small percentage are encoded
in exons of protein coding genes. MicroRNA genes can occur either as (i) clusters of multiple
hairpins or as (ii) a single hairpin structure. The hairpins in primary transcripts (pri-miRNAS)
are recognized by Drosha/DGCRS, a RNase 111 type endonuclease that cleaves off the 5’ and
3’ ends, leaving a two-nucleotide 3’ overhang. The 60-80 nt hairpin, termed pre-miRNA, is
rapidly exported from the nucleus to the cytoplasm via the Exportin5/RAN-GTPase pathway.
The pre-miRNA is now recognized by a cytoplasmic RNase 111 type endonuclease, Dicer,
which is also known to cleave dsRNA to create siRNA. Dicer cleaves off the bulged end of
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the hairpin now forming a short dsSRNA with each end having a two nucleotide 3' overhang.
The final step in miRNA biogenesis is the incorporation of one strand of the short RNA duplex
into the RNA Induced Silencing Complex (RISC) to form a mature miRNA. Both strands can
be incorporated into RISC and as a consequence many miRNA genes encode two mature
miRNAs. Once the mature miRNA is incorporated into RISC, it targets the 3' UTR of mRNAs
that contain complementary sequences. It has been observed that positions 2-8 of the miRNA
are most important for targeting of MRNAs; this site is referred to as the miRNA seed sequence
(for review see [8,9]).
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Location of miRNA genes within herpesvirus genomes. Genomes are represented for
alphaherpesviruses (HSV-1, HSV-2, MDV-1, MDV-2), a betaherpesvirus (HCMV), and
gammaherpesviruses (EBV, LCV, RRV, KSHV, MHV-68). MDV-1 and MDV-2 were drawn
as one complete genome with the respective miRNA encoding regions depicted in more detail.
Genomes are not drawn to scale. Figure was compiled from data published in Refs. [14,16,
22-24,27 32 34 35 37,38]. Abbreviations: Us, unique short; U, unique long; LAT, latency

associated transcript.
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Figure 3.

Themes of herpesvirus miRNA regulation. Both viral and host cellular genes are targeted.
(a) One main theme is the tight control of latency by inhibition of immediate early or early
genes as shown for ICPO, ICP4, ICP34.5, and IE72. Additionally, EBV LMP1 expression is
fine tuned by viral miRNAs to enhance cell survival during latency. Targeting of BCLAFL, a
cellular gene, contributes to latent/lytic replication by sensitizing cells to reactivation. (b)
Targeting of antiviral responses (MICB and CXCL11). (c) Modulation of cellular proliferation
and survival. Target genes have anti-angiogenic (THBS1), or pro-apoptotic activity
(BCLAF-1,PUMA, and Bach-1). (d) Impairing host cellular miRNA function. Seed sequence-
independent modes of viral miRNA function have also been suggested. One alternative model
is based on de novo infection experiments with MCMV, which demonstrated that early after
infection viral miRNA synthesis completely overtakes host cellular miRNA production [73].
As a consequence host miRNA function might be impaired leading to a global de-repression
of the cell transcriptome. This could be due to hijacking of either Drosha/DGCR8 processing
or RISC loading.
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Number of miRNA genes in different herpesviruses. Note that many miRNA genes can give rise to two miRNAS

Virus Numn}'g?:" A‘g
HSV-1 7
HSV-2 3
MDV-1 14
MDV-2 17
HCMV 11
MCMV 18
EBV 25
LCV 16
RRV 7
KSHV 12
MHV-68 9
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Table 2
Viral and cellular targets of herpesviral miRNAS
Herpesvirus miRNA Target Function Reference
Viral targets
HSV-1 miR-H2-3p ICPO Immediate Early [32]
transactivator
miR-H3 ICP34.5 Neuro-virulence [32]
miR-H4 factor [32]
miR-H6 ICP4 [32]
Immediate Early
transactivator
HSV-2 miR-1 ICP34.5 Neuro-virulence [34,35]
miR-I1 ICP34.5 factor [34-35]
miR-111 ICPO Neuro-virulence [34,35]
HCMV miR-UL112-1 IE72 factor [46]
Immediate Early
transactivator
Immediate Early
transactivator
EBV miR-BART2 BALF5 DNA polymerase [14]
miR-BART1-5p LMP1 Viral oncogene [52]
miR-BART16 [52]
g’lle—BARTl?— [52]
Cellular Targets
MDV-1 mdv1-miR- PU.1 Hematopoietic [70]
HCMV M4@ MICB transcription [46]
KSHV miR-UL112-1 BACH1 factor [58,60]
miR-K12-112 THBS1 NK cell ligand [59]
miR Cluster BCLAF1 Transcriptional [61]
miR-K12-5 suppressor
Angiogenesis
inhibitor
Pro-apoptotic
factor
EBV miR-BART5 PUMA Pro-apoptotic [54]
factor
miR-BHRF1-3 CXCL11 Chemokine, T-cell [57]

attractant

aShown to have seed sequence homology with human miR-155
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