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Abstract
Mammalian alphaherpesviruses are major causes of human and veterinary disease. During
productive infection, these viruses exhibit complex and robust patterns of gene expression. These
viruses also form latent infections in neurons of sensory ganglia in which productive cycle gene
expression is highly repressed. Both modes of infection provide advantageous opportunities for
regulation by microRNAs. Thus far, published data regarding microRNAs are available for six
mammalian alphaherpesviruses. No microRNAs have yet been detected from varicella zoster
virus. The five other viruses -- herpes simplex viruses-1 and -2, herpes B virus, bovine
herpesvirus-1, and pseudorabies virus -- representing both genera of mammalian
alphaherpesviruses have been shown to express microRNAs. In this article, we discuss these
microRNAs in terms of where they are encoded in the viral genome relative to other viral
transcripts; whether they are expressed during productive or latent infection; their potential
targets; what little is known about their actual targets and functions during viral infection; and
what little is known about the interactions of these viruses with the host microRNA machinery.

1. Introduction: Mammalian Alphaherpesviruses
Mammalian alphaherpesviruses, which include important human and veterinary pathogens,
fall within the order Herpesvirales (herpesviruses). Membership in this order is based,
largely, on the morphology of the virion, which includes a core containing a linear double-
stranded DNA, which is surrounded by an icosahedral capsid. The capsid is surrounded by
the tegument, which is an amorphous proteinaceous material, and that in turn is surrounded
by a lipid bilayer envelope [1, 2]. The order embraces highly divergent viruses that infect
various hosts ranging from bivalves to humans. Members of the order are subclassified into
three families: the Herpesviridae (herpesviruses of mammals, birds and reptiles), the
Alloherpesviridae (fish and amphibian viruses) and the Malacoherpesviridae (bivalve
viruses) [2]. Viruses in the family Herpesviridae share many biological properties including
the ability to form latent infections, but have been divided into three subfamilies,
Alphaherpesvirinae, Betaherpesvirinae and Gammaherpesvirinae, based on host range,
replication properties, transmission routes and sites of latent infection. The members of the
subfamily Alphaherpesvirinae (alphaherpesviruses) have broad host ranges (although most
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alphaherpesviruses have a single natural host, they can infect multiple species in artificial
settings such as laboratories, zoos, and farms), and relatively short replication cycles. This
subfamily includes two distinct genera that infect mammals --Simplexvirus, whose
prototypes are Herpes simplex virus 1 (HSV-1) and 2 (HSV-2), and Varicellovirus, whose
prototype is Varicella-zoster virus (VZV). More than 30 mammalian alphaherpesviruses
have been identified. (There are also two genera of alphaherpesviruses that infect birds --
Mardivirus and Iltovirus; miRNAs encoded by these avian herpesviruses will be covered in
another article in this volume.) All mammalian alphaherpesvirus genomes are highly related,
with very similar sets of genes, although there are certain genes in given viruses that are not
shared, and viruses in both genera share the property of forming latent infections in neurons
[1, 3]. However, while infections by simplexviruses usually involve infection at the
peripheral mucosa followed by rather limited dissemination though neurons that innervate
the site of infection, infections by varicelloviruses often proceed via other routes (e.g. the
respiratory tract) and involve widespread dissemination (e.g. via viremia) to many tissues [1,
4, 5].

2. Advantageous Features of miRNAs for Mammalian Alphaherpesviruses
MicroRNAs (miRNA) are ~22 nucleotide (nt) small RNA molecules that regulate gene
expression of plants, animals and viruses [6, 7]. Briefly, canonical miRNAs arise from
longer RNA polymerase II transcripts, called pri-miRNAs, that contain one or more
characteristic hairpin structures [8]. The hairpin can be recognized by the nuclear
microprocessor complex, which includes the RNaseIII enzyme Drosha and its co-factor
DGCR8. Drosha cleaves the hairpin within its stem and relatively proximal to the terminal
loop, to release a ~60 nt hairpin, called a pre-miRNA [9, 10]. The pre-miRNAs are
transported from the nucleus by Exportin 5/RAN-GTP to the cytoplasm where they are
cleaved by another RNAseIII enzyme, Dicer in association with TRBP to generate ~22-nt
miRNA duplexes that are usually not perfectly complementary and carry 2-nt 3’ overhangs
at both ends [11-13]. The miRNA duplexes associate with Argonaute (Ago) proteins and
GW182 to form a functional RNA-induced silencing complex (RISC), which leads to
separation of strands of the duplex [14, 15]. One strand, designated as the mature miRNA, is
retained and serves as a guide to target complementary mRNAs. The other strand (called the
star, or passenger strand) usually, but not always, is subsequently degraded. Indeed, certain
herpesvirus pre-miRNAs are processed into two strands of similar abundance. Pairing of
miRNA nucleotides 2-8 (seed sequence) with target sequences is thought to be crucial for
target specificity; however, a lack of perfect seed complementarity can be compensated by
downstream complementarity [16]. In animal genes, the majority of miRNA target sites lie
within 3’ untranslated regions (UTRs) of mRNAs, but some sites have been found within
5’UTRs and coding sequences [17, 18]. Binding of RISC to targeted mRNAs interferes with
their translation and stability, and results in reduced protein levels [19-21].

In principle, miRNAs have advantages over proteins for regulation of gene expression by
viruses, particularly mammalian alphaherpesviruses that form latent infections. MiRNAs
require relatively little coding capacity and are prone to accelerated evolution, since even
single nucleotide changes can dramatically alter miRNA specificity [16, 22, 23]. MiRNAs
are also non-immunogenic, which might be particularly important for viruses that can
establish life-long latent infections, minimizing exposure to immune-surveillance. In
addition, miRNAs can modulate, to varying degrees, the expression of as many as hundreds
of different target genes. This could be useful to establish conditions optimally permissive
for viral replication, for establishment of latency, or to allow rapid responses to changes in
the environment, such as those that trigger reactivation from latency.
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3. Discovery of Mammalian Alphaherpesvirus miRNAs
The first hints that mammalian alphaherpesviruses express miRNAs came from the Tuschl
laboratory in 2005 [24]. They applied computational analyses of hairpin structures that
might represent pre-miRNAs to predict that HSV-1 and HSV-2 encode seven and six
miRNAs, respectively. However, they did not validate these predictions experimentally.
Interestingly, these authors also predicted that VZV does not encode any miRNAs. In 2006,
Cui et al., using a different computational approach, predicted 13 HSV-1 pre-miRNAs, of
which only one overlapped with the predictions from the Tuschl lab [25]. These authors
experimentally identified the first HSV-1 miRNA, miR-H1. This miRNA was detected in
productively infected cells in culture. Subsequently in 2008, Umbach et al. detected five
additional virally encoded miRNAs in ganglia from mice latently infected with HSV-1, and
Tang et al. detected three related miRNAs in ganglia from guinea pigs latently infected with
HSV-2 [26-28]. More recently, advances in massively parallel sequencing technologies have
allowed high-throughput miRNA analyses with unprecedented sensitivity. However, to date,
of the more than 30 known mammalian alphaherpesviruses, there are published data on
analyses of miRNAs from only six -- HSV-1 and -2, VZV, herpes B virus, Bovine
herpesvirus 1 (BoHV-1) and Pseudorabies virus (PRV, Suid herpesvirus 1) [26-35]. So far,
all of these viruses except VZV have been found to express at least several miRNAs. Thus,
it is highly likely that many more mammalian herpesvirus miRNAs will be identified.

4. The Prototype Simplexvirus, HSV-1, and HSV-2
The prototype simplexvirus, HSV-1 and its very close relative, HSV-2, are ubiquitous
human pathogens, widely recognized as the causative agents of cold sores and genital
herpes, respectively [1]. Although infections with HSV are usually self-limiting, they can
result in severe morbidity and life-threatening diseases, particularly in individuals with
undeveloped (e.g. newborns) or compromised (e.g. transplant patients) immunity. HSV-1 is
the leading infectious cause of blindness, and the most common cause of sporadic
encephalitis in the U.S., which fortunately occurs rarely [1]. HSV-2 has also been
recognized as an important co-factor for sexually transmitted diseases, including acquired
immunodeficiency syndrome (AIDS) [36].

Within the virion, the HSV genome is a linear molecule of ~150 kbp (Fig. 1). The genome
consists of two unique segments, unique long (UL) and unique short (US), each bounded by
inverted repeat segments (RL and RS, respectively). (There are also repeat segments at the
tips of the genome and between the internal copies of RL and RS, but for simplicity, they
will be ignored here.)

The primary site of infection for HSV is the mucosal epithelium (e.g. the lip, cornea, or
vagina), where the virus initiates its productive cycle. As other mammalian
alphaherpesviruses have productive cycles highly similar to that of HSV, the HSV cycle will
be described in some detail here with emphasis on aspects relevant to viral miRNAs. The
cycle begins when the virus attaches to specific cell-surface receptors, which leads to fusion
of the viral envelope with cell membranes, and release of tegument and the DNA-containing
capsid into the cell. The capsid is then transported to a nuclear pore, where it releases viral
DNA into the nucleus. Viral DNA circularizes in the nucleus. HSV expresses its genes in a
regulated cascade in which expression of immediate early (IE) genes is followed by the
expression of early (E) and then late (L) genes. At the same time, HSV induces extensive
nuclear remodeling that provides a framework for efficient virus replication [1]. The
expression of IE genes does not require prior viral protein synthesis; however it is strongly
simulated by at least one tegument protein, the transcriptional activator VP16 [37-39]. IE
proteins promote the expression of subsequent viral gene products, and, at least some have a
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role in suppressing anti-viral defense mechanisms. One IE protein is infected cell protein
(ICP) 4, which interacts with the host transcriptional machinery to upregulate transcription
of E and L genes, and binds to the promoters of IE genes to downregulate their expression
[40-45]. A second IE protein is ICP0, which acts as promiscuous transcriptional
transactivator in transfection experiments [46-50]. ICP0 is a ubiquitin ligase; it promotes the
dispersal of cellular nuclear domain 10 (ND-10) structures and degradation of their
components (incoming viral genomes initiate transcription and replication near ND-10);
interacts with the CoREST/REST HDAC complex to prevent silencing of HSV DNA; and
interferes with interferon signaling [51-60].

The E proteins include viral enzymes involved in viral DNA replication such as a DNA
polymerase and a thymidine kinase. Viral DNA synthesis requires both specific viral
proteins and specific origin (ori) sequences. Following replication of viral DNA, expression
of the L genes becomes maximal. There are two kinds of L genes, true L, which are
expressed very poorly (e.g. <1%) in the absence of viral DNA synthesis, and leaky L, which
are expressed weakly prior to DNA synthesis and exhibit relatively modest reductions in
expression when viral DNA synthesis is inhibited. The L genes encode proteins required for
the packaging of newly synthesized viral genomes in the nucleus, and egress of infectious
virus from the cell [1].

Productive HSV infection is rapid and devastating to the infected cell. Although there are
many host mechanisms to combat virus infections, HSV has evolved numerous, sometimes
redundant, strategies to circumvent such mechanisms [1]. For example, the leaky L protein
ICP34.5 prevents translational arrest mediated by the interferon-induced protein kinase R
(PKR) by recruiting protein phosphatase 1 (PP1) to dephosphorylate eIF2α, a PKR substrate
[61, 62]. ICP34.5 also targets Toll-like receptor signaling component TANK-binding kinase
and blocks maturation of dendritic cells[63, 64]; it binds Beclin 1 protein and thus inhibits
autophagy [65, 66]; and it interferes with MHC II expression [67]. The true L protein US11,
which is an RNA binding protein, also can act to prevent PKR-mediated translational arrest,
in this case by inhibition of PKR, and, if ectopically expressed as an IE protein, can
compensate for the loss of ICP34.5 [68-72].

Following productive infection of the mucosal epithelium, HSV can enter sensory neurons
that innervate the sites of primary infection and travel through axons to cell bodies in
sensory ganglia where virus can initiate an acute productive infection. Eventually, the acute
infection clears, yet a fraction of sensory neurons are latently infected for the life of the host
(latency). During latency, no infectious virus is detected, but following various stimuli such
as stress, virus can reactivate and cause recurrent disease [1]. During latency, productive
cycle gene expression is repressed, and the only abundant transcripts arise from the latency-
associated transcript (LAT) locus [73]. There are multiple LATs, including an unstable 8.3
kb primary transcript, an unstable spliced 6.3 kb transcript, and two stable introns of 2 kb
and 1.5 kb [74, 75]. Despite the fact that LATs have been intensely studied for more than 25
years, the exact roles of LATs remain only vaguely defined. However, depending on the
virus strain, animal model, and investigating laboratory, there is evidence for LATs having a
role in repression of productive-cycle gene expression and inhibition of apoptosis, and for
roles in establishment of latency, maintenance of latency, and/or reactivation from latency
(e.g. [76-81]).

5. Herpes simplex virus 1 and 2 miRNAs
5.1. Genome Location and Expression

This review will provide the most detail about HSV miRNAs, because we have more
information about them than those from other mammalian alphaherpesviruses, and because
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they provide comparisons for the miRNAs from the other viruses. To date, sixteen and
eighteen miRNAs expressed by HSV-1 and HSV-2, respectively, have been identified (Fig.
1; Table 1). HSV-1 encodes miRNAs named miR-H1 – H8 and miR-H11 – H18, whereas
HSV-2 encodes miR-H2 - H7, miR-H9 - H13 and miR-H19 - H25. This nomenclature was
based on the order of the discoveries, homologies between HSV-1 and HSV-2 miRNAs, and
recommendations from miRBase, the miRNA database [82]. Some HSV-1 and -2 encoded
miRNAs have names that reflect their positional and, to varying extents, sequence
homology, but do not necessarily imply their functional homology; e.g., HSV-1 and -2
miRNA-H6, which do not share seed sequence homology. It is important to note that HSV-2
miRNA-H2, -H3 and -H4 were originally identified and named as miR-III, -I and –II,
respectively, by Tang et al. [27, 28].

Although many HSV miRNAs have been identified, relatively little is known regarding their
kinetics and levels of expression during various stages of infection in vitro and in vivo. For
several miRNAs, Northern blot and quantitative stem-loop real-time reverse transcription-
PCR (qRT-PCR) analyses have been performed. The latter is the most quantitative, but still
suffers from limitations. In particular, the stem-loop assay has a high specificity for a precise
miRNA sequence and miRNAs often have heterogeneous 5' and 3' ends, which can affect
how accurately a particular stem-loop assay will assess the abundance of the miRNA.
Additionally, at least in productively infected cells, the levels of mature miRNAs are
substantially lower than the levels of their corresponding pre-miRNAs and possibly their
pri-miRNAs (see 5.3 below). These longer species can be detected by the stem-loop
procedure, albeit less efficiently ([83]; M.F. Kramer and D.M. Coen, unpublished results).
Some investigators have used total RNA rather than RNA <40 nt for their qRT-PCR assays,
even in assays of productively infected cells, so those results should be interpreted with
caution. For most of the miRNAs, the only information is the number of sequence reads,
which can be misleading as methods for library preparation and deep sequencing are biased
toward certain miRNAs [84]. Similarly, little is known about the pri-miRNAs from which
many of the miRNAs are derived. In general, these pri-miRNAs might be difficult to detect
as they are cleaved into pieces during generation of pre-miRNAs and those pieces are
usually rapidly degraded. In some cases, previously described transcripts spanning the
miRNA locus can help predict potential pri-miRNAs, and also provide some clues regarding
expression kinetics.

Most HSV-1 and -2 miRNAs are encoded proximal to or within the LAT locus, i.e. within
the repeat sequences RL and RS flanking the UL and US components of the genome,
respectively. Thus, the coding sequences of these miRNAs are present in two copies per
genome (Fig. 1). HSV miR-H2, H3, H4, H5, H7, and HSV-1 miR-H8, and HSV-2 miR-
H9 and -H24 map within sequences encoding the 8.3 kb primary LAT. Indeed, miR-H2 - -
H5 can be expressed following transfection from a plasmid encoding the 8.3 kb LAT under
the control of a strong promoter [26-28], and the expression of these miRNAs in latently
infected ganglia is greatly reduced by LAT promoter mutations [27, 85]. These observations
are consistent with the observation that the 8.3kb LAT is very difficult to detect, both in
vitro and in vivo [86], which may be due to its processing into miRNAs. They are also
consistent with these miRNAs having been detected predominantly in latently infected
tissues (human, mouse, or guinea pig sensory ganglia) (Table 1). Interestingly, however, in
productively infected cells in culture, these miRNAs might arise from additional
transcription units [27, 28, 85].

HSV-1 miR-H1 is encoded ~300 bp upstream of the LAT transcription start site, and it is
transcribed in the same direction as LAT. miR-H1 is abundantly expressed as a late gene
during productive infection [25, 30, 31]. It has also been detected at low levels in human
ganglia by stem-loop RT-PCR and in latently infected mouse ganglia as sequence reads [30,
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31]. Thus, it cannot be ruled out that miR-H1 is expressed as part of the latent transcription
program. However, it is expressed less abundantly than a number of other miRNAs that are
found in latently infected ganglia, and less abundantly during latency than during productive
infection [30, 85]. Accordingly, it is possible that this miRNA is expressed less consistently
during latency at low levels like various other productive cycle transcripts [76, 87-91]. The
pri-miRNA for miR-H1 is not known, but there are a few reports of transcripts that might
give rise to this miRNA. One possible candidate is a 1.8kb polyadenylated, low abundance
transcript expressed with late kinetics [92, 93], and another is a 0.7 kb relatively abundant
polyadenylated transcript that has been reported to encode a protein termed UOL (upstream
of LAT) [94, 95]. However, the 0.7kb transcript has been shown to be specific for strain 17
and McKrae, and absent in strain KOS, a strain that expresses miR-H1 (as does strain 17).

Also encoded upstream of the LAT transcription start, but transcribed in the opposite
direction are encoded miR-H6 and HSV-1 miR-H15 [26, 30, 31, 96]. miR-H6 is expressed
relatively abundantly in productive infection, but is also reproducibly found relatively
abundantly in latently infected neurons [26, 30, 31, 96]. Thus, miR-H6 arises from a pri-
miRNA other than any previously known LAT that is expressed in latency. Perng et al. had
described a transcript named AL-RNA that is expressed antisense to the 5’ end of the
primary LAT, and has been reported to encode a protein [97]. However, the reported 3' end
of this transcript precludes its containing miR-H6. A possible candidate is a 1.8 kb
polyadenylated transcript named TAL (transcript antisense to LAT) detected in latently
infected mouse and rabbit neurons (David Bloom, personal communication). This transcript
starts within the 5’ exon of the primary LAT, and spans the LAT promoter and miR-H6
locus, suggesting that a promoter other than the LAT promoter is active during latency.
Consistent with this hypothesis, Tang et al. reported that expression of HSV-2 miR-H6 is
greatly reduced in productively infected cells in culture and in ganglia acutely or latently
infected with a virus containing a 624-bp deletion spanning the LAT promoter and a part of
exon 1 [96]. Alternatively, the LAT promoter might mediate bi-directional transcription, like
many eukaryotic promoters (reviewed in [98]). Consistent with this possibility, a 200 bp
deletion that removes the LAT promoter and only a few bases of exon 1 strongly reduces
expression of HSV-1 miR-H6 in latently infected mouse ganglia [85]. (A larger LAT
deletion does not affect HSV-1 miR-H6 expression in productively infected cells or acutely
infected ganglia.) However, the 200 bp deletion might decrease miR-H6 expression by
affecting expression of TAL.

HSV-1 miR-H15 is encoded ~800 bp downstream from –H6, and might be derived from the
same precursor. However, so far, it has been detected only in productively infected cells.

As mentioned above, certain miRNAs are contained within known HSV transcripts. Three
HSV-1 miRNAs, -H14, -H16 and -H17, could be derived from mRNAs for viral proteins
ICP0, UL33 (a L protein), and ICP4 respectively. MiR-H14 and -16 have been detected in
productive infection only, whereas –H17 has been found in both stages of virus infection
[30]. Detection of miR-H17 in latency, in a relatively small number of sequence reads, is
consistent with the sporadic detection of ICP4 transcripts at low abundance in latent
infections; however, that this miRNA is an authentic latent miRNA cannot be excluded [30,
89]. Two HSV-2 miRNAs, -H19 and –H20, encoded within RL, could derive from the
5’UTR of ICP34.5 mRNA and the first intron of ICP0 primary transcripts, respectively.
HSV-2 miR-H21 and –H23 are embedded in coding sequence of the mRNAs for UL23
(thymidine kinase) and UL42 (processivity subunit of DNA polymerase), respectively, and
perhaps are derived from these mRNAs. Two other miRNAs encoded within UL, -H10 and
–H22, could be processed from the L UL15 and UL33 to -35 read-through transcripts,
respectively. HSV-2 miR-H19 – -H23 have been detected only in productively infected
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cells. HSV-2 miR-H10 has been detected in latently infected human ganglia, but,
interestingly, not mouse ganglia, and only as sequence reads [30, 32].

A group of conserved miRNAs, miR-H11, -H12 and H13, which are expressed during
productive infection, are encoded within ori sequences in UL (oriL; miR-H11) and in RS
(oriS; miR-H12 and -H13) [30]. These miRNAs are notable for several reasons. First, oriL is
a long palindromic sequence. A hairpin structure corresponding to HSV-1 oriL would not
have any internal bulges (regions with non-complementary bases) while the corresponding
HSV-2 hairpin would have only a single nucleotide mismatch, despite Drosha being thought
to only recognize pri-miRNAs with bulges [6, 99, 100]. Perhaps Drosha can recognize these
hairpins; alternatively, miR-H11 may arise from alternative rather than canonical miRNA
biogenesis. Second, the sequences encoding miR-H11 are entirely embedded within the oriL
palindrome; i.e. there are two copies of these sequences. The transcriptional direction of the
pri-miRNA has not been determined, thus it is possible that both copies of miR-H11 are
expressed. In contrast to – H11, miR-H12 and –H13 are derived from the opposite strands of
oriS. Like oriL, oriS is palindromic, but the palindrome is shorter. The coding sequences for
-H12 and -H13 extend outside of the palindromic region, which distinguishes the two
miRNAs from each other. HSV-1 has one and HSV-2 two copies of oriS in each RS, which
adds further to the complexity of these miRNAs. A few transcripts that span oriL or oriS
have been reported previously [101-103], but these have not yet been investigated in the
context of miRNAs. HSV-1 miR-H18, which has been found in a small number of sequence
reads from latently infected ganglia, is encoded upstream of miR-H13 [30]. These two
miRNAs could share the same precursor, although exclusive detection of –H13 in
productive and –H18 in latent infection might suggest otherwise. Similarly, HSV-2 miR-
H25 is encoded downstream and close to -H13, and might arise from the same transcript
[30]. Detection of miR-H25 only in productive infection, analogous to –H13, is consistent
with that hypothesis. Interestingly, another virus, BoHV-1, has been also found to encode
one miRNA proximal to and another within its oriS palindrome (see 8.1 below) [33].

5.2. Roles of HSV miRNAs
At this writing, there is relatively little known about the targets of HSV miRNAs (Table 1),
and even less about how miRNA-target interactions impact productive and latent infections.
In other systems, miRNA target identification has combined computational predictions with
experimental analysis, sometimes in a high throughput format, of the effects of miRNAs on
the levels of transcripts and proteins and the presence of mRNAs in complexes containing
Argonaute when the miRNA is overexpressed. Target prediction algorithms usually rely on
the miRNA-target mRNA complementarity (putting highest weight on the seed pairing),
features of the surrounding sequence, and evolutionary conservation of the binding site [17,
104-107]. Although evolutionary conservation is a very useful parameter for identifying
miRNA targets in metazoans, it might be irrelevant or even contraindicated for identification
of targets of viral miRNAs, since most herpesviruses are highly species specific and their
miRNAs are poorly conserved, even between closely related viruses [108]. Furthermore,
because miRNAs are relatively short and an even shorter sequence engages in base-pairing
with target mRNAs, and because virus miRNAs can regulate host and/or viral targets, the
large number of possible targets of viral miRNAs is challenging to verify experimentally.
Additionally, mammalian herpesvirus transcripts are not always well defined, especially at
late times of infection when deregulation of transcription, splicing, and polyadenylation
occurs, which further confounds target prediction. Thus far, most work on targets of HSV
miRNAs has focused on viral miRNAs. Regardless, it is early days, and it is highly likely
that computational and experimental approaches to the identification of both viral and
cellular targets will bear fruit soon.
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5.2.1 HSV miRNAs that are complementary to or within viral mRNAs—
Regardless of these challenges, several HSV miRNAs are encoded antisense to and are thus
fully complementary to known viral transcripts, which are likely targets of these miRNAs.
HSV miR-H2, H7, HSV-1 miR-H8 and HSV-2 miR-H9 are all complementary to ICP0
transcripts (Fig. 1). MiR-H2 (discussed further below) and HSV-2 miR-H9 are
complementary to the coding sequence of ICP0 mRNA, and for these miRNAs, an obvious
hypothesis is that they reduce ICP0 expression. It is less straightforward for miR-H7 and
HSV-1 miR-H8, which are encoded antisense to an ICP0 intron, as miRNAs function
predominantly in the cytoplasm [16, 109]. Unspliced ICP0 transcripts have been detected in
latently infected ganglia [87]. Thus, it is possible that miR-H7 and HSV-1 miR-H8 could
destabilize and prevent translation of such transcripts. Alternatively these miRNAs might
function in the nucleus, which is not without precedent ([110-112]. Similarly, HSV miR-H3
and -H4 (discussed further below) and HSV-2 miR-H24 are complementary to ICP34.5
mRNA; HSV-1 miR-H22 is complementary to UL32 mRNA, which encodes an essential L
protein involved in cleavage/packaging of nascent DNA into virions; and HSV-2 miR-H22
is complementary to UL36 mRNA, which encodes an essential L tegument protein with
multiple functions.

Interestingly, HSV expresses several complementary pairs of miRNAs (Fig. 1), which are
transcribed from palindrome-like sequences [26, 30]. These are HSV-1 miR-H1 and -H6,
HSV-1 miR-H2 and -H14, HSV-2 miR-H4 and -H19, and HSV-2 miR-H7 and -H20.
Although this phenomenon has been observed for Drosophila, human, and other virus
miRNAs [113, 114], the biological significance of such pairs remains largely unknown. It
has been suggested that miRNA:miRNA duplexes might have a regulatory role [115] where
each miRNA in the pair would have a role in repression of the transcripts encoding the
complementary miRNA, or where each miRNA might block the functions of its
complementary miRNA.

As has been found with other viruses [116] and discussed above in 5.1, some HSV miRNAs
are encoded within mRNAs encoding proteins (Figure 1), and it is possible that processing
of these miRNAs would destabilize those mRNAs and reduce their abundance and the
abundance of the proteins they encode. Alternatively, the pri-miRNAs for these miRNAs
might be distinct from the protein coding mRNAs.

5.2.2 Experimental evidence for targets of HSV miRNAs—To date, there is
experimental evidence for roles of only a few HSV miRNAs. Most of the published data
derive from studies in which miRNA mimics or plasmids expressing miRNAs or short
hairpin (sh) RNAs that mimic miRNAs are co-transfected into cells with plasmids encoding
candidate target mRNAs, and the levels of the mRNAs and/or their protein targets are
assayed. For several HSV miRNAs, the candidate target mRNAs are completely
complementary to the miRNAs, and would thus be expected to act like short interfering (si)
RNAs.

As discussed above, miR-H2 is complementary to ICP0 mRNA (see Fig. 1). In transfection
studies, HSV-2 miR-H2 (also called miR-III) was reported to reduce levels of both ICP0
mRNA and ICP0 protein, as expected for an siRNA-like mechanism, and this reduction was
relieved by co-transfection of an oligonucleotide complementary to miR-H2, but not by an
oligonucleotide complementary to miR-H3 [28]. In contrast, it has been reported that HSV-1
miR-H2 interferes only with the expression of ICP0 protein and does not affect the levels of
ICP0 mRNA [26]. In this case, a mutant form of miR-H2 did not reduce ICP0 expression,
unless the ICP0 gene was mutated to be complementary to the mutant miR-H2. Further
investigation of the differences in the two reports, which have interesting mechanistic
implications, is warranted.
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Regardless, it is not yet clear whether miR-H2 downregulates ICP0 expression in HSV
infected cells. In productively infected cells, ICP0 is expressed with IE kinetics, and its
expression slightly decreases at later times, which correlates with when expression of miR-
H2 peaks [28, 31, 85]. However, ICP0 mRNA and ICP0 protein are both expressed highly
abundantly during productive infection, making it less likely that miR-H2, which is
relatively non-abundant in productive infection, could have a role in regulation of ICP0 in
that setting. On the other hand, in latently infected ganglia, miR-H2 is relatively abundantly
expressed and, in that setting, it seems more likely to downregulate the expression of ICP0,
which is expressed very weakly during latency [87, 117]. Given the roles of ICP0 in
promoting viral gene expression and combating host defenses, miR-H2 seems to be an
excellent candidate to tilt the productive-latent balance in sensory neurons towards latency.
Indeed, this scenario could help explain how the LAT locus represses productive cycle gene
expression in latently infected ganglia [76]. It is also possible that miR-H2 exerts effects
during establishment of latency, when the LAT locus also represses productive cycle gene
expression [78], or during reactivation from latency. However, this scenario needs to be
tested by, for example, the analysis of mutants in which miR-H2 expression is ablated
without affecting ICP0 coding integrity.

HSV miR-H3 and miR-H4 are complementary to the coding and 5’UTR sequence of
ICP34.5 mRNA, respectively [26, 27]. Tang at al. showed that HSV-2 miR-H3 and –H4
(also called miR-I and miR-II, respectively) can each down-regulate ICP34.5 protein in co-
transfection experiments, and these reductions were relieved by co-transfection of
oligonucleotides complementary to each miRNA [27, 28]. Similar results have been
obtained with HSV-1 miR-H3 and -H4 with mutant forms of miRNAs and target providing
evidence for selectivity (I Jurak, Mayuri, D.M. Coen unpublished). As is the case for miR-
H2 (see above), it remains unclear whether these miRNAs downregulate ICP34.5 expression
in productively infected cells. Both miRNAs are found abundantly expressed in HSV
latently infected sensory ganglia [26-28, 30, 32]. Thus, it is possible that these miRNAs
target ICP34.5 during the establishment, maintenance, and/or reactivation phases of latency,
and thus it is possible that suppressing ICP34.5 expression plays a role in one or more
phases of latency. However, compared with the effects expected from suppressing an IE
regulatory protein such as ICP0, it is less clear how suppressing ICP34.5 would tilt the
latency-productive infection balance. One would not expect expression of an L protein like
ICP34.5 to be a crucial early step for an miRNA to counter during establishment or
reactivation. However, as a leaky L protein, ICP34.5 is expressed relatively early. Moreover,
the kinetics of ICP34.5 expression during reactivation are not understood. Perhaps, during
acute infection in neurons, miR-H3 and H4 control expression of ICP34.5 to limit virus
replication and spread, so that a higher fraction of infected cells would go on to enter
latency. Moreover, expression of ICP34.5 in latently infected cells might result in inhibition
of antiviral signaling triggered by the adaptive or innate immune system, or by the virus
itself, and thus elicit virus reactivation. Viruses deficient for ICP34.5 are highly attenuated
for replication and pathogenesis following intracranial inoculation, and severely attenuated
for replication in neurons (as well as other cell types), and they reactivate poorly from
latency, which would be consistent with the above mechanisms [118-120]. Virus mutants
that fail to express functional miR-H3 and/or –H4 while retaining expression of functional
ICP34.5 are necessary tools to address the roles of these miRNAs in HSV infection.

HSV miR-H6 is expressed relatively abundantly during productive infection and during
latency [26, 30, 96]. HSV-1 miR-H6 has extended seed sequence complementarity to the
mRNA for the IE protein ICP4 [26]. An HSV-1 miR-H6 mimic, but not a miR-H2 mimic,
repressed ICP4 protein expression in a co-transfection experiment, and this repression
depended on the sequence of the predicted target site in the ICP4 mRNA. Given the
importance of ICP4 for viral gene expression and replication during productive infection, the
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repressive activity of HSV-1 miR-H6 could be expected to be important for establishment
and maintenance of latency. Also, given that LAT mutations reduce HSV-1 miR-H6
expression [85], this could help explain the repressive effect of the LAT locus on productive
cycle gene expression during acute and latent infections of ganglia [76, 78]. No mutant in
which HSV-1 miR-H6 has been specifically affected has yet been studied, so this hypothesis
remains unproven.

HSV-2 does not express a positional homolog of HSV-1 miR-H1. Instead, it expresses both
strands of a positional homolog of miR-H6, but with rather different proportions of the 5'
(5p) strand versus the 3' (3p) strand of the miR-H6 duplex when compared to HSV-1.
During productive or latent infections with HSV-1, the 3p strand is more abundant [26, 30],
whereas in HSV-2, the 5p strand is more abundant [26]. It is possible that small differences
in the otherwise well conserved pre-miR-H6 hairpin alter its thermodynamics, which leads
to preferential retention of the opposite strands of the duplex [121, 122]. Regardless, the
result is that the seed sequence of HSV-2 miR-H6 (on its more abundant 5p strand) does not
share sequence homology with the seed sequence of HSV-1 miR-H6 (on its more abundant
3p strand), but rather is identical to the seed sequence of HSV-1 miR-H1. It thus probably
regulates the same genes as HSV-1 miR-H1. The targets of HSV-1 miR-H1 and HSV-2
miR-H6 (5p) remain to be determined.

Despite its lack of seed conservation with HSV-1 miR-H6, HSV-2 miR-H6 (3p) does have
complementarity with HSV-2 ICP4 mRNA in segments that do not correspond to the HSV-1
miR-H6 target sequence on that mRNA [30]. It is not unusual for such star strand miRNAs
to be incorporated into RISC and exert regulatory function [123] . However, despite the
complementarity of HSV-2 ICP4 mRNA with the HSV-2 miR-H6 3p, Tang et al. were
unable to detect repression of ICP4 expressed from the virus in cells that were transfected
with HSV-2 miR-H6 expressing plasmid prior to infection, nor in co-transfection
experiments [96]. These authors also studied an HSV-2 mutant with greatly reduced (~100-
fold in both cell culture and latently infected ganglia) miR-H6 expression due to insertion of
a polyadenylation signal upstream of miR-H6 coding sequences [96]. This mutant replicated
similarly to wild type virus in cultured cells, and did not exhibit any differences in several
parameters of latent infections of mice and guinea pigs that were examined. However, the
mutation did result in attenuation of neurological symptoms such as paralysis during the
acute phase of infection of guinea pigs. Whether the attenuation phenotype is due to the
effects of the polyadenylation signal on miR-H6 expression remains unclear. Regardless, it
seems clear that HSV-2 can establish latency and reactivate from it even when miR-H6
expression is drastically reduced. Thus, the target(s) and role(s) of HSV-2 miR-H6 remain to
be established.

Although there remains much work to do to analyze the roles of individual miRNAs and
their targets during HSV infection, mutations that ablate LAT expression -- and thus the
expression of multiple miRNAs -- have been examined. Such mutations do exert effects on
viral gene expression and chromatin structure, as well as biological phenotypes such as
reactivation from latency (e.g. [76-81]). Thus, it is possible that one or more miRNAs are
important for these phenotypes. Nevertheless, at least in animal models, all LAT mutants
examined to date can establish and maintain latency. Thus, either these viral miRNAs are
not crucial for latency in these models or the loss of certain miRNAs is compensated by the
loss of others; e.g., one miRNA might be important for maintaining latency while another
might be important for promoting reactivation.

5.3. Interactions of HSV with Host miRNAs and miRNA Machinery
Based on work with other viruses, including certain herpesviruses [124-139], four related
questions arise: 1) Can certain host miRNAs mediate antiviral defense against HSV? 2) Can
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the virus benefit from expression of other host miRNAs? 3) Does the virus suppress or
enhance the host miRNA machinery? 4) Does the virus suppress or enhance the expression
or action of particular miRNAs. At present we have only limited information that addresses
these questions. Using hybridization of an miRNA array followed by dot blot hybridization,
Hill et al. found a ~4-fold increase in signal corresponding to miR-146a, coupled to a
decrease in one of its targets, complement factor H, in HSV-1 infected human primary
neuronal cells [140]. These authors suggested a role for induction of miR-146a in evasion of
HSV-1 from the complement system; i.e., that the virus benefits from expression of a host
miRNA. Wu et al. [141] found that RNA interference (RNAi) was less efficient in cells
productively infected with HSV-1 and co-transfected with plasmid expressing GFP and
shRNAs targeting GFP, than in mock infected cells. These results support the possibility that
HSV-1 might suppress the miRNA machinery. Additional evidence that might support this
notion is that HSV-1 pre-miRNAs accumulate at high levels relative to mature miRNAs [25,
28, 30, 85]. One possible explanation for this phenomenon is that virus encodes a
suppressor, protein or RNA, to inhibit miRNA biogenesis or function. Other explanations
would be that the pre-miRNAs are poor substrates for Exportin 5/RAN-GTP or Dicer, that
the miRNAs are unstable, or that rapid accumulation of viral hairpin-structured transcripts
(pri-, pre-miRNAs, and non-miRNA transcripts) and miRNAs saturate the miRNA
machinery. Wu et al. also found that depletion of Argonaute 2 from the cells led to modest
burst of virus replication [141]. This might suggest that HSV-1 suppression of the miRNA
machinery could benefit the virus, which would be consistent with one or more host
miRNAs mediating antiviral defense against HSV (among other possibilities). If true, then
HSV might both encode miRNAs and induce host miRNAs that are beneficial to its
replication, while simultaneously inhibiting miRNA biogenesis and function. To address this
paradox, Wu et al. suggest that a dynamic equilibrium of these processes is required for
optimal replication [141]. Clearly, more investigation is required to address these issues in
both productive and latent infection.

In summary, although we know more about the miRNAs of HSV than we do about those of
other mammalian alphaherpesviruses, we have still just scratched the surface.

6. Herpes B Virus
Herpes B virus (Macacine herpesvirus 1, BV) is a simplexvirus that is enzootic to macaque
monkeys. In its natural host BV causes a self-limiting disease similar to HSV disease in
humans [142]. BV is highly prevalent in most macaque colonies, including those colonies
used for biomedical research. Unique among herpesviruses, BV can zoonotically infect
humans to cause a serious disease; typically causing encephalitis that is 80% fatal if
untreated [1]. Even with timely antiviral therapy, 20% of those infected die [143]. As a
result, working with BV requires Biosafety Level 4 containment. The ability of BV to access
the human nervous system, and even establish a latent infection in humans [144, 145],
suggests that there may be similarities between the molecular mechanisms used by BV and
HSV to interact with the nervous system. The BV genome has been completely sequenced
[146]. BV is closely related to HSV and homologous proteins have up to 87% amino acid
identity. The overall genome architecture of BV is very similar to that of HSV (Fig. 1),
although there are some important differences between the genomes. There are a few genes
that are present in HSV, but absent in BV: UL20.5, UL43.5, and UL27.5, and, especially
germane here, ICP34.5, which is discussed above. BV does encode a US11 homolog that
may compensate for the lack of ICP34.5. BV has one predicted gene that is missing in HSV
(UL53A; see below), but there have been no reports demonstrating that a protein is
generated from this gene. BV has been reported to have six origins of replication, as it has
duplicates of oriS and oriL at each locus. The portions of the BV genome that exhibit the
greatest differences with those in HSV are the repeat regions, which is particularly
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interesting given that most HSV-encoded miRNAs are generated from the repeats.
Specifically, BV RL diverges from HSV RL around the flanks of the ICP0 open reading
frame, and RS is approximately 1.5 kb longer in BV than in HSV.

6.1. Herpes B Virus miRNAs
Using a combination of computational prediction and experimental validation using
Northern blot analysis of short RNAs from infected cells and from cells transfected with
plasmids encoding artificial pri-miRNAs, three BV-encoded microRNAs have been reported
[29]. None of these miRNAs has homology to any known miRNAs. Two of the BV
miRNAs are encoded within the UL region of the genome and one within RL. The two
miRNAs encoded by the UL region have interesting potential antisense targets. Hbv-miR-
B2RC is fully complementary to a sequence that is ~100 nt upstream of the initiating AUG
of the UL30 gene, which encodes the catalytic subunit of the DNA polymerase. Therefore,
this miRNA may regulate the expression of BV UL30 in a manner similar to how Epstein
Barr virus (EBV) encoded miR-BART2 regulates the EBV DNA polymerase [147]. Hbv-
miR-B4 is fully complementary to the putative open reading frame encoded by UL53A,
which is a two-exon gene that was identified by statistical analysis of the BV genomic
sequence [146]. This is especially interesting as this locus contains one of the few
substantial differences between the BV and HSV genomes, and these regions are good
candidates to be important for the differences between BV and HSV pathogenesis.
Similarly, hbv-miR-B20 is also generated from a region that exhibits a substantial difference
between BV and HSV. This miRNA is antisense to a region that based on its position would
encode the ICP34.5 protein in HSV, which has been implicated in neurovirulence [119].
Perhaps paradoxically, BV lacks a homolog of ICP34.5 despite exhibiting greater
neurovirulence in humans [146]. There are thought to be BV-encoded transcripts antisense
to hbv-miR-B20 [29], although more work is required to determine their function and if they
are targets of hbv-miR-B20.

Interestingly, the BV miRNAs discovered thus far do not seem to be less abundant than their
pre-miRNAs [29], which differs from most of the miRNAs detectable in HSV-infected cells
(see 5.3 above).

From studies of HSV it is clear that computational prediction followed by Northern blot
hybridization is inadequate to determine the complete complement of virus-encoded
miRNAs [25-28, 30-32]. Thus, more sensitive methods are likely required to determine the
complete catalog of BV-encoded miRNAs. These studies should include analyses of
infected cells in culture, and neuronal tissues from naturally infected macaques.

7. The Prototype Varicellovirus, Varicella-zoster virus
The prototype varicellovirus is varicella-zoster virus (VZV). VZV is a human pathogen that
causes chickenpox (varicella) and shingles (herpes zoster). VZV is highly contagious, and
typically infects respiratory mucosa and then quickly spreads to lymphocytes, causing
viremia. Subsequently, virus is transported to the skin where it induces the well-recognized
rash of chickenpox. These aspects of infection differ greatly from those of HSV and the
other simplexviruses. Following these stages of infection, VZV then establishes latency in
sensory ganglia, much like the simplexviruses. VZV can reactivate from latency to cause
shingles, an illness that is very common in the elderly whose immunity to VZV has waned.
While HSV exhibits a broad host/cell-type range in experimental settings but limited tissue
tropism during natural infections of humans, VZV has a highly restricted host/cell-type
range in experimental settings, but a wide range of tissue tropisms during natural infections,
including for T lymphocytes [4].
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Despite the close relationship of VZV to HSV, there are various molecular differences [5],
some of which likely account for the biological differences described above. Germane to
miRNAs, the genome arrangement of VZV is similar to that of HSV, however the RL
repeats flanking UL are very short (i.e. ~88 bp) compared to those of HSV (~9.2 kb; Fig. 1).
Many genes are highly conserved between VZV and HSV, but each virus has a set of genes
not present in the other. LAT, ICP34.5, UL45, UL56, US2, US4, US5, US6, US11 and
US12 are unique to HSV, whereas ORF1, ORF2, ORF13, ORF32 and ORF57 are unique to
VZV. Also, VZV does not have an oriL, but, like HSV, has two copies of oriS, one in each
repeat flanking the US region[4, 5]. In addition, VZV has a low G+C content, ~46%,
compared to that of HSV, which is ~68%.

During VZV latent infection, as with HSV, productive cycle gene expression is restricted.
However VZV does not possess a homolog of the LAT locus, and latent virus expresses at
least five proteins (ORF4, ORF21, ORF29, ORF62 and ORF63) relatively abundantly.
Interestingly, during latency, these proteins localize to the cytoplasm, whereas during
reactivation and productive infection, they are recruited to the nucleus [4, 148].
Additionally, whereas HSV is relatively insensitive to interferons and efficiently counteract
their action by several mechanisms, including inhibition of eIF2α phosphorylation by US11
and ICP34.5 (as described above in 4), VZV is very sensitive to interferons, which may
relate to the absence of homologs of ICP34.5 and US11.

7.1. Does VZV express miRNAs?
Sequencing of trigeminal ganglia from three patients who were latently infected with VZV
did not reveal any miRNAs encoded by this virus, although VZV DNA was readily
detectable in the same samples, and HSV miRNAs were detected in ganglia from two of the
three individuals [31]. These data tend to suggest that VZV does not express any miRNAs
during latency. Consistent with this possibility, it was reported as unpublished data that
sequencing of trigeminal ganglia from rhesus macaques latently infected with the closely
related simian varicella virus (SVV, or Cercopithecine herpesvirus 9) also did not yield any
miRNAs encoded by this virus [31]. As mentioned above, VZV lacks the LAT locus, which
encodes most HSV miRNAs expressed during latency, but expresses several proteins during
latency. Perhaps those proteins serve the regulatory functions that miRNAs otherwise would
perform. Interestingly, both VZV and SVV have a very low G+C content, 46% and 40%
respectively, which might, in general, influence secondary structures of transcripts, i.e.
fewer and less stable pri-miRNA hairpins would be predicted [149].

Nevertheless, it should be noted that there was less VZV DNA than HSV DNA in the human
ganglia tested for VZV miRNAs, yet certain HSV miRNAs were detected in only a few
sequence reads. Thus, it is possible that VZV does express miRNAs during latency, but that
they were below the level of detection in the assay. Moreover, there have been no reports, to
our knowledge, addressing whether VZV expresses any miRNAs during productive
infection. Indeed, the varicelloviruses bovine herpesvirus-1 (BoHV-1) and Pseudorabies
virus (PRV) express miRNAs during productive infection (see below) [33-35]. Thus,
whether VZV expresses miRNAs remains an open question.

8. Bovine Herpesvirus 1
BoHV-1 is a varicellovirus that causes economically important diseases in cattle. BoHV-1 is
best known for causing a respiratory disease known as infectious rhinotracheitis. BoHV-1
can also cause conjunctivitis, pneumonia, genital disease and abortions, and it is thought to
cost the United States cattle industry over $500 million per year [150-152]. BoHV-1
establishes a latent infection in trigeminal ganglia, and latency is characterized by restricted
gene expression [153]; the only RNA species expressed abundantly during latency are
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known as the latency-related RNA (LR-RNA) or latency associated transcripts (LAT). Its
genome structure is very similar to that of VZV. The LR-RNAs arise from UL sequences
(Fig. 1)

8.1. BoHV-1 miRNAs
There have been two reports regarding BoHV-1 miRNAs [33, 34]. Glazov et al. used deep
sequencing of RNA isolated from productively infected cells and validation by qRT-PCR
and Northern blot hybridization to detect 11 mature miRNAs and one miRNA star strand.
Four of the BoHV-1-encoded miRNAs map to the UL region of the genome and one maps to
the unique short (US) region [33]; to date, this is the only report of a miRNA being encoded
by the US of a mammalian alphaherpesvirus. All of the miRNAs encoded in the unique
regions were either fully complementary to viral transcripts (UL16 and UL30) or derived
from known transcripts (UL19 and UL21). Of these, the antisense relationship of BoHV-1
mir-B1 to UL30, which encodes the catalytic subunit of the viral DNA polymerase, is
similar to that seen in BV (see 6.1 above). As hypothesized for BV [29], this may suggest
viral miRNA-dependent regulation of DNA polymerase expression, as reported for EBV
[147]. Bhv1-miR-B6-1 and B7 are, respectively, and encoded antisense to and within intron
3 of the BoHV-1 ICP0 gene, whose product is called bICP0. They are also complementary
to each other. This arrangement is akin to the arrangement of HSV-2 miR-H7 and H20 (Fig.
1). Interestingly, BoHV-1 miR-B5 is encoded within transcripts encoding bICP0, and is
antisense to the 3' end of BoHV-1 LR-RNA). Whether BoHV-1 miRNAs downregulate the
expression of any of these gene products, remains to be seen. BoHV-1 mir-B9 is located
within oriS of BoHV-1, while BoHV-1 miR-B8 is very close by; this arrangement is similar
to those in HSV-1 and HSV-2 (Fig. 1). Further work will be required to determine the
function of these miRNAs, but their locations suggest functions that are conserved with
HSV-1 and HSV-2.

In addition, Glazov et al. [33] investigated the evolutionary conservation of the BoHV-1
miRNAs throughout the Varicellovirus genus, searching for highly similar sequences in the
genomes of bovine herpesvirus 5 (BoHV-5), equid herpesvirus 1, equid herpesvirus 4, PRV,
and VZV. Of the five viruses tested, BoHV-5, which is most closely related to BoHV-1,
contained sequences with sufficient identity to the BoHV-1 miRNAs for the authors to
report homology. In the BoHV-5 genome, nine loci showed high conservation in sequence
(73 to 97% identity) and genomic location with BoHV-1 miR-B1 – B9, leading to the
prediction that BoHV-5 encodes orthologs of these miRNAs (Table 1). Interestingly, no
homolog of the BoHV-1 miRNA encoded within US, miR-B10, was reported. Experimental
validation that these miRNAs are expressed from BoHV-5 is pending.

In their Northern blot analyses, Glazov et al. [33] found that several miRNAs were
substantially less abundant than their corresponding pre-miRNAs, similar to what is
observed with HSV. However, they also found some miRNAs that were substantially more
abundant than their corresponding pre-miRNAs. Thus, there does not seem to be any global
suppression of miRNA biogenesis in BoHV-1 infected cells.

Jaber et al. [34] transfected a short region of the viral genome from the LR locus, and found
that a number of small non-coding RNAs (as the authors were careful to describe them)
were expressed. At least one of these small non-coding RNAs repressed bICP0 expression
and, modestly, BoHV-1 production in co-transfection assays. These small non-coding RNAs
were larger than miRNAs, but the authors predicted that miRNAs could be derived from
them, which they named 1 and 2 (Fig. 1). The predicted miRNAs (delivered as siRNAs) also
repressed bICP0 expression and, modestly, BoHV-1 production in co-transfection assays. It
is not clear how these predicted miRNAs function. Although they do have some
complementarity with ICP0 mRNA, they lack seed complementarity, and no mutant forms
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of the miRNAs or the target were tested to assess the mechanism of repression. Of note,
Northern blot hybridization, using a relatively large fragment that could express the small
non-coding RNAs as probe, detected ~miRNA size species in latently infected ganglia
whose abundance decreased upon a reactivation stimulus. It will be interesting to learn
whether deep sequencing analyses of ganglia latently infected with BoHV-1 detect an
authentic miRNA from this region of the genome.

9. Pseudorabies Virus
First described in 1902 by Aujeszky [154], pseudorabies (Aujeszky's disease, mad itch,
infectious bulbar paralysis) is an economically important disease of domestic swine,
although it has been documented in many other domestic and wildlife species [155]. The
causative agent is the varicellovirus, pseudorabies virus (PRV, Suid herpesvirus 1). The
virus typically infects via the oro-nasal route and is responsible for a variety of symptoms
including abortion and meningoencephalitis. Lethality is related to the strain of the virus and
the age of the pig; piglets are more susceptible to a fatal infection than older animals [155].
PRV establishes a latent infection in trigeminal ganglia, and latency is characterized by
restricted gene expression; the only RNA species abundantly expressed during latency is the
large latency transcript (LLT), which arises from UL (Fig. 1; [156]). The PRV genome has
no RL (Fig. 1).

9.1. PRV miRNAs
Using deep sequencing of RNA harvested from PRV-infected pig dendritic cells, five PRV-
encoded miRNAs have been reported [35]. Although the miRNAs were detected from
productively infected cells, they all mapped to the LLT region of the genome. This would be
consistent with expression of these miRNAs during latency, but that has yet to be
determined. None of the miRNAs is fully complementary to known viral mRNAs. These
miRNAs do not appear to have homologous sequences in VZV, SVV, or BoHV-1 (A.G.,
unpublished). Using a combination of algorithms, several PRV genes were predicted to be
targets of the miRNAs. Interestingly, the predicted targets included the viral genes encoding
EP0 and IE180. These two proteins are homologous to HSV ICP0 and ICP4, respectively,
which can be repressed by HSV-1 miR-H2 and H6, respectively. Although further work is
necessary to confirm action on these PRV genes, these data strengthen the hypothesis that
certain miRNAs encoded by different mammalian alphaherpesvirus may share common
targets.

10. Concluding Comments
A major conclusion from this review of mammalian alphaherpesvirus miRNAs is that we
know very little about them. The miRNAs encoded by most of these viruses remain to be
discovered. The targets for most of the miRNAs that have been discovered remain to be
identified. The miRNA-target interactions that have been identified in transfection studies
remain to be tested for importance during virus infection. We also know little about how
these viruses interact with host miRNAs and the miRNA machinery.

Despite these major limitations, several themes emerge. First, in at least four of the
mammalian alphaherpesviruses (HSV-1, HSV-2, BV, PRV, and possibly BoHV-1), certain
miRNAs are encoded within transcription units active during latency and seem likely to play
interesting roles in latent infection. Second, despite the well-deserved focus on latency,
many miRNAs are expressed during productive infection and seem likely to play interesting
roles there. Third, in at least three of the viruses, miRNAs are encoded within origins of
replication. Fourth, among the viruses, a substantial number of miRNAs are encoded
antisense to and are thus fully complementary to and likely to target viral mRNAs. In more
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than one virus, these mRNAs encode ICP0 or the DNA polymerase catalytic subunit. Fifth,
in several cases, miRNAs are encoded antisense to each other. These common themes
suggest that further comparative analyses of mammalian alphaherpesvirus miRNAs may be
helpful in the discovery of the roles of these miRNAs during infection.
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Highlights

> We review the published literature on mammalian alphaherpesviruses and microRNAs.

> So far, five of these viruses are known to express microRNAs.

> The most is known about herpes simplex virus microRNAs.

> Some microRNAs are expressed abundantly during latent infections of sensory
neurons.

> Transfection studies suggest some microRNAs might promote latency.

> Overall, we know little about microRNA targets and roles in virus infection.
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Fig. 1. Genomic organization and location of sequences encoding miRNAs of mammalian
alphaherpesviruses
Schematic of the HSV-1, HSV-2, BV, BoHV-1, PRV and VZV genomes,. The genera
(Simplexvirus, Varicellovirus) to which these viruses belong, and the length of each genome
and its G+C content are indicated to the left. The locations of sequences encoding miRNAs
and viral transcripts (not to scale) proximal to or spanning the miRNA loci are presented
[29, 30, 32, 33, 35]). UL and US denote the unique sequences of long (L) and short (S)
components of the genome, which are shown as solid lines. Repeat sequences flanking UL
(TRL and IRL) and US (IRS or IR, and TRS or TR) are shown as darkly and lightly shaded
brown boxes, respectively. One copy of the internal repeat sequences and, for the
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varicelloviruses whose RL's are very short, the adjacent part of the UL region, is expanded
below the schematic for each viral genome. Relative locations and orientations of transcripts
in the miRNA regions are denoted by solid arrows, with angled lines denoting portions
removed by splicing. Protein coding genes and non-coding RNA transcripts are shown with
empty and black-shaded arrows, respectively. A homolog of HSV ICP34.5 is absent in BV,
but its homologous position is shown with dotted-lines. OriL and oriS denote viral origins of
DNA replication and are shown as small black rectangles (the number of rectangles
corresponds to the number of oriL or oriS copies). Locations of miRNA precursors in the
viral genomes are shown as hairpins. MiRNA precursors shown below the line are
transcribed from left to right, while those above the line are transcribed from right to left.
The direction of transcription for the precursor of HSV miR-H11 arising from the oriL
palindrome has not been determined and is therefore shown both below and above the line.
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