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egulation of small RNAs by other
non-coding RNAs is a ubiquitous
feature of gene regulatory systems that
can be exploited by viruses. Examples of
this have been described in 3 different
herpesviruses, where viral non-coding
RNAs bind to highly abundant cellular
(miRNAs), mediating their degradation:
miR-27 is targeted by both murine cytomegalovirus and herpesvirus saimiri,
while the miR-17 family is targeted by
human cytomegalovirus. We review what
is known about RNA-mediated regulation of miRNA stability and propose 3
potential roles that viral non-coding
RNAs might assume to initiate the
destruction of a miRNA, acting as
“recruiters,” “localizers” or “exposers.”
Whereas the miRNAs (miR-17 and miR27) appear to be ancient and pre-date the
common ancestor of all mammalian herpesviruses, comparative analyses of herpesvirus genomes indicate that the 3
known viral regulators of miRNA each
evolved independently, and much more
recently. Noting that the anti-viral activity of miRNAs might be countered by a
variety of mechanisms, we propose that
(i) there has been continual turnover of
these mechanisms during herpesvirus
evolution, and (ii) there may be many
other, as yet undescribed, anti-miRNA
activities encoded by other herpesviruses
and indeed by viruses from other
families.

Introduction
Viruses use diverse mechanisms to
manipulate cellular gene expression
toward conditions that are conducive to
replication or persistence and this is
RNA Biology

known to include, in some viral families,
the use of viral-encoded microRNAs
(miRNAs) or viral-encoded miRNA
inhibitors.1 miRNAs are a class of small
non-coding RNA that post-transcriptionally regulate gene expression. They derive
from stem loop structures generally contained within Pol II transcripts, which are
recognized and processed by RNase III
enzymes in the nucleus (Drosha) and the
cytoplasm (Dicer), yielding a short double-stranded RNA duplex, on average
22 nt long. The duplex RNA is transferred to an Argonaute (Ago) protein in
the RNA-induced silencing complex
(RISC) and one strand, the functional
miRNA, is selectively maintained whereas
the other “passenger” strand dissociates
and is degraded (reviewed in2). The
mature miRNA then guides RISC to specific mRNAs through base pair recognition, resulting in inhibited translation
and/or accelerated de-adenylation of the
mRNA.3 Specificity is largely dictated by
perfect complementarity between the target and nucleotides 2–8 of the miRNA,
termed the “seed site.”4 An individual
miRNA can therefore interact with hundreds of different mRNA targets and
indeed the majority of human proteincoding genes contain miRNA-binding
sites retained under selective pressure.5
Some viral transcripts also contain functional binding sites for host or virusderived miRNAs. Therefore four different
classes of miRNA-target interaction can
impact the outcome of an infection: hosthost, host-virus, virus-host or virus-virus.
There is extensive diversity in the functions of interactions in each class, depending on the miRNA, the target, the cell
type, and the stage in the viral life cycle –
reviewed and referenced in depth
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elsewhere.6-8 Here our aim is to consider
the mechanism and potential breadth of
one specific mode of host miRNA-virus
interaction, where targeting works in the
opposite direction and the viral RNA
causes the degradation of the cellular
miRNA to which it binds.
Widespread RNA-mediated
regulation of small RNAs
Regulation of miRNAs by other RNAs
was first seen and coined “target mimicry”
in plants, where a non-coding RNA
induced during phosphate starvation
binds to miR-399 and relieves the repression of its target, a phosphate storage regulator.9 A similar phenomenon occurs in
bacteria where mRNAs and non-coding
RNAs induced in response to environmental cues bind to, and inhibit, small
RNAs that regulate sugar metabolism.10,11
Seitz postulated that competition between
miRNA targets likely occurs naturally in
cells and might explain why some targets
do not appear important in physiological
assays: they have evolved miRNA-binding
sites so that they can regulate the miRNA,
rather than to be regulated by the
miRNA.12 This concept was developed as
the “cellular endogenous RNA” (ceRNA)
hypothesis to coincide with additional
studies confirming that mRNAs, pseudogenes and various non-coding RNAs
including circular RNAs can serve roles as
competitive inhibitors of a miRNA,
reviewed further in13. Further studies suggest competition may only occur in a very
narrow range of miRNA and target concentrations, limiting the extent to which
this may be relevant under physiological
conditions14,15. Nonetheless this phenomena can be exploited to artificially inhibit
miRNAs in animal cells: transgenes with
multiple miRNA binding sites (termed
“miRNA sponges”) were developed several
years ago to sequester miRNAs from binding to their normal targets.9,16
Targeted host microRNA degradation
by herpesviruses
Three evolutionarily distinct cases of
miRNA degradation by non-coding
RNAs in herpesviruses have been
described. In 2010, we reported that miR27 is rapidly down-regulated in mouse
cells
infected
with
murine
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cytomegalovirus (MCMV), resulting in
>90% reduction by 24 hours post-infection.17 This observation was intriguing
because the half-lives of most miRNAs are
reported to be in the range of days18. We
and others subsequently identified an
MCMV transcript that directly associates
with mature miR-27 and mediates its degradation.19,20 The miR-27 binding site is
within the 30 UTR of the m169 gene and
mutation of this binding site results in
virus attenuation following in vivo infection.20 Also in 2010, a distantly related
herpesvirus from squirrel monkeys, Herpesvirus saimiri (HVS), was shown to produce a small non-coding RNA, termed
HSUR-1, which binds to the same cellular
miRNA, and also mediates its degradation;21 this is thought to be involved in
activation and potentially transformation
of T-cells. Intriguingly, HSUR-1 and the
m169 30 UTR share no sequence similarity, except in the short miR-27 binding
site. More recently, human cytomegalovirus (HCMV) has been shown to produce
a non-coding RNA that binds to members
of a different miRNA family, miR-17,
causing their degradation. Five of the
miR-17 family members (with conserved
seed sites and near identical 30 end sequences) are all downregulated during infection: miR-17, miR-20a, miR-20b, miR93 and miR-106b. The downregulation of
these miRNAs was found to accelerate
virus production during lytic infection.22
HCMV and MCMV are both members
of the b subfamily of herpesviruses, but
their anti-miRNA activities share no obvious common ancestry since their sequences are quite different and the adjacent
genes share no similarity. In none of these
cases has the actual degradation mechanism yet been characterized, but it seems
likely that herpesviruses tap into, and
exploit, a host miRNA turnover pathway.
Destructive regulators of miRNAs:
recruiters, localizers or exposers?
Relatively little is known about
miRNA turnover in mammalian systems,
including the identity of exonucleases
required, as reviewed elsewhere.23-25 Here
we focus on the potential role of RNAs in
mediating turnover and propose that there
are 2 classes of regulator: those that induce
degradation of the miRNA and those that
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do not. Most known targets of miRNAs
are considered to be non-destructive but
could out-compete other targets depending on concentration, number of binding
sites and affinity, according to studies of
ceRNAs.26–28 On the other hand, it is not
clear what factors make some RNAs
destructive. From a theoretical standpoint,
there are several modes by which RNAs
could mediate degradation of a miRNA:
1) they could specifically recruit proteins
to the RNA that are required for turnover,
including exonucleases; 2) they could
mediate localization of the miRNA to sites
associated with turnover or export; or 3)
they could induce a conformational
change in the miRNA-RISC complex that
exposes the miRNA, making it susceptible
to modification and degradation by proteins. These modes of regulation are not
mutually exclusive, however it is envisioned that specific RNA motifs outside
the miRNA binding site would define a
“recruiter” or “localizer.” The concept of a
recruiter seems logical given the presence
of motifs in mRNAs that are associated
with mRNA stability and HSUR-1 is
degraded by an AU-rich element (ARE)dependent pathway.29 However, to date,
there are no reports pinning these motifs
to miRNA degradation. Little is known
about the localization of miRNA turnover, however components of RISC have
been shown to be associated with multivesicular bodies (MVB), which have been
linked to gene silencing and RISC turnover.30,31 Could miRNA localization at
membranes be required for turnover and
could this be regulated by the RNA to
which a miRNA binds? This concept is
intriguing based on the precedent that
some RNAs can mediate sub-cellular
localization, for example localizing to the
endoplasmic reticulum independently of
translation.32 However there is no evidence to date that RNA-mediated changes
in miRNA localization are involved in
turnover. An alternative hypothesis is that
RNAs regulate the movement of miRNAs
outside of cells, for example in vesicles.
However a recent publication suggests the
opposite may be true as raising the level of
the targets of a miRNA can relocate them
from the MVB/biogenesis pathway to P
bodies.33 There is no strong evidence that
any motifs outside the binding site exist in
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the miRNA regulators in herpesviruses.
Lee et al. (2013) suggested that, in
HCMV, in addition to the miRNA binding site an additional 20 nt sequence may
be important for turnover. However this
region is not conserved in related viruses
(see below) and the evidence that it is
required for turnover is limited. Motifs
outside of the miRNA binding site have
not been found to be involved in turnover
of miR-27 by HSUR-1 or m169. Furthermore comparison of these RNAs reveals
little in common: HSUR-1 is a small
nuclear RNA (snRNA) of 143 nt whereas
m169 is a »1.7 kb spliced mRNA transcript that localizes predominantly to the
cytoplasm.19
Tailing and trimming of miRNAs:
inside or outside of RISC?
The concept of RNA “exposers” is the
only supported mode of RNA-based
miRNA regulation at present. This model
was first described by Ameres et al. who
reported the tailing and trimming of miRNAs when incubated with complementary
targets in flies and human cell lines.34 Specifically, they observed the addition of
non-templated nucleotides to the 30 end
of miRNAs in the presence of targets with
complementarity at the 30 end and demonstrated that this tailing correlated with
trimming of the miRNA and a reduction
in its abundance.34 Consistent with this
Baccarini et al. showed a target-induced
decrease in miR-223 abundance in
HEK293 cells that was based on accelerated decay of the miRNA and correlated
with an increased proportion of non-templated uridines and adenosines at the 30
end.35 One model to fit these studies is
that pairing to the 30 end of a miRNA
makes it susceptible to tailing, which is
required for, and precedes, degradation.
Along these lines Marcinowski et al.
reported that during MCMV infection
miR-27 had an increase in 30 end modifications as well as an increase in shorter
(trimmed) sequences and that the tailed
forms were more prevalent in total RNA
compared to RNA isolated from Ago2
immuno-precipitation.20 This model
would be consistent with structural studies
showing that pairing of a target to the
30 end of a DNA guide within bacterial
Ago causes exposure of the guide strand36
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and pairing of a target at the 30 end of a
miRNA increases its off rate from mammalian Ago2.37 However Flores et al.
recently examined miRNA content inside
and outside of RISC in mammalian cell
lines and found that RISC-associated
miRNAs were slightly more likely to have
30 end modifications.38 Indeed without
understanding the degradation mechanism(s) the relationship between tailing,
RISC occupancy and turnover is still
unclear. It is rather striking that recent
reports suggests a very large proportion of
miRNAs within a cell are not in fact associated with any Ago protein.39,40 Despite
extensive research in this area we still
understand little regarding the organization of miRNAs within a cell and the
turnover pathways involved in their
regulation.
Evolution of viral regulators
of miRNAs
Even in the absence of mechanistic
data, the presence of miRNA regulators in
viral genomes suggests that individual
miRNAs play important roles during
infection. Furthermore the studies cited
above suggest the anti-miRNA activities
of the herpesvirus transcripts confer an
advantage on these viruses. However their
distribution is puzzling. miR-27 is
thought to have originated prior to the
last common ancestor of the vertebrates,41
more than half a billion years ago. In contrast, both m169 and HSUR-1 have
evolved quite recently. While the m169
gene is present, and the miR-27 binding
site is conserved, among all known strains
of MCMV, this locus is not found in 2
divergent forms of rat cytomegalovirus
(RCMV), the closest known relatives of
MCMV. Many mammalian herpesviruses
show phylogenetic relationships mirroring
those of their hosts, suggesting that their
ancestors infected and co-diverged with
the ancestors of their hosts.42,43 Thus, the
miR-27 binding site in MCMV appears
to have arisen since the common ancestor
of mouse and rat, about 12 Myr ago.44
HSUR-1 in HVS may be a little older. A
homologous site within the same type of
RNA element (HAUR-1) is found in a
closely related rhadinovirus from spider
monkeys, Herpesvirus ateles (HVA),45
but not in other rhadinoviruses infecting
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Old World monkeys and apes. Squirrel
monkeys and spider monkeys are both
New world monkeys, and are thought to
have shared a common ancestor around
20 Myr ago.46 Thus, the approximate
points when these 2 miR-27 degrading
activities arose in the ancestry of MCVM
and HVS can be mapped onto the herpesvirus phylogeny (Fig. 1). It is clear that
ancestral herpesviruses, infecting mammals and their ancestors, may have been
exposed to miR-27 for hundreds of millions of years, but the 2 known miR-27
antagonists have only developed much
more recently; and, of course, in the b
and gamma subfamilies of herpesviruses
this has been achieved by 2 completely different routes.
This raises a number of questions.
First, has miR-27 always played an antiviral role? In the case of HVS infection of
T cells, Guo et al. identified and validated
miR-27 targets that are involved in T cell
receptor (TCR) signaling,45 a pathway
which is activated in HVS-transformed
human T cells.47 While this particular
pathway is unlikely to be relevant to
MCMV, which does not infect T cells, it
was also shown that miR-27 suppressed
mitogen-activated protein kinase (MAPK)
signaling and effector cytokines (IFN-g,
IL-10) that are part of the cellular
response to many viruses including
MCMV. Thus, while it seems unlikely
that miR-27 evolved specifically as a host
defense mechanism, it is possible that suppressing miR-27 could be advantageous to
a broad range of viruses, including the
ancient ancestors of today’s herpesviruses.
A second question, then, is why are
miR-27 antagonists not more widespread
among herpesviruses? An alternative strategy for coping with miR-27 activity has
been suggested. Guo et al. (2014) noted
that some gamma-herpesviruses have
acquired copies of cellular genes that are
targets of miR-27. For example, ovine herpesvirus 2 (OvHV-2) has genes encoding
the cellular miR-27 targets interleukin-10
(IL10), ATF3 and SEMA7A, and these
are located within the same region
upstream of ORF3 where HSUR-1 and
HAUR-1 lie in the New World monkey
rhadinovirus genomes. Guo et al. (2014)
found that the v-IL10 gene is not present
in alcelaphine herpesvirus 1 (AlHV-1), a
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Figure 1. Phylogenetic relationships among representative mammalian herpesviruses, showing the
branches on which 3 distinct miRNA regulators appear to have evolved (circles), and 4 occasions
where IL10 genes have been acquired (triangles). Ancestral branches leading to the a, b and
gamma subfamilies of herpesviruses are indicated. Virus acronyms are explained, and sequence
sources are given, in Supplementary Table 1.

close relative of OvHV-2, but this appears
to reflect recent gene loss, since there is a
copy in the AlHV-2 genome, and a fragment of the v-IL10 gene appears in the
more distantly related bovine herpesvirus
6 (BoHV-6).48 In fact, many different b
and gamma herpesviruses have IL10
homologues, resulting from at least 4
independent gene acquisitions of host
genes (Fig. 1). The immunosuppressive
properties of IL-10 are known to be beneficial to herpesviruses in a range of contexts49 and it is assumed (though this has
not been tested) that cellular IL-10 is
increased as a result of degradation of
miR-27 by the RNA regulators. While
numerous herpesviruses have either an
IL10 gene or an miR-27 antagonist, none
are known to have both (Fig. 1). The large
number of independent, evolutionarily
recent events leading to the acquisition of
either an miR-27 antagonist or an IL10
gene (Fig. 1) might reflect a continual
process of turnover in the mechanisms by
which herpesviruses manipulate their
hosts. That is, there may have been a large
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number of more ancient events, generating anti-miRNA activities for which the
evidence has now been lost. The loss of
the v-IL10 gene in AlHV-1 is perhaps one
example of such a process of turnover and
demonstrates that this class of viral gene
can indeed fall out of existence.
MiR-27 is not the only miRNA targeted by a virus. As described above, a
clinical strain of HCMV was shown to
degrade members of the miR-17 family
through a non-coding RNA within the
region between the UL144 and UL145
genes, described as a “miRNA decay element” (miRDE). Homologues of UL144
and UL145 are found in chimpanzee
CMV as well as cytomegaloviruses infecting Old World monkeys. Although the
UL144-UL145 intergenic region is
extremely divergent among these viruses,
the sites complementary to both the 50
seed and 30 end of the miR-17 family are
perfectly conserved (Fig. 2). The absence
of a UL144 homolog, and lack of any
obvious miR-17 binding site, in related
New World monkey viruses pinpoints
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the origin of this miRDE (Fig. 1).
Assuming co-divergence of primate cytomegaloviruses with their hosts, this element appears to have originated
subsequent to the divergence of New and
Old World monkeys, but prior to the
common ancestor of apes and Old World
monkeys, perhaps 25–30 Mya.44 However, miR-17 is thought to be as old as
miR-27, predating the diversification of
the vertebrates.41 Since different miRNAs
can target the same genes and pathways it
is possible there is functional overlap
between these anti-miR activities in
MCMV and HCMV, but this has not
been investigated. Given the diversity of
miRNA functions inside cells, it is also
possible that the anti-miR-17 activity
serves a different purpose. Indeed we
have probably only scratched the surface
in finding miRNA regulators in herpesviruses. Furthermore these could be missed
in some studies as the anti-miR-17 activities in HCMV are not present in some
lab-adapted strains.
Outlook: beyond herpesvirsues
The miRNA regulators are another
example of the versatile mechanisms herpesviruses can use to manipulate their
hosts. Do we expect to see more of these
viral non-coding RNAs in other herpesviruses, or other viral families? How costly
is this mechanism to viruses in relation to
the benefit? Clearly the need for miRNA
regulators will depend on the diverse
requirements of each DNA (or RNA)
virus to achieve acute, chronic or latent
infection within the host. From what is
known regarding m169 and HSUR-1 we
expect a miRNA regulator must be highly
expressed, presumably at least as abundant
as the miRNA it is targeting. Indeed the
m169 mRNA is the most abundant transcript in lytic infection.50 We expect that
the miRNA regulator does not need to be
very big (HSUR-1 is <150 nt) but we do
not yet know if the regulator is degraded
in parallel with the miRNA.
It seems likely that miRNA regulators
would exist in other virus families, particularly where it is known that individual
miRNAs impair viral replication or persistance. Although the miRNA regulators
have only been found in herpesviruses to
date, there is a precedent for RNA viruses
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Additionally non-canonical functions of
miRNAs have been reported that might
require rapid miRNA regulation, including direct stimulation of toll like recepand
sequence-dependent
tors60
sequestration of RNA binding proteins.61
A recent paper suggests that miRNAs,
when not bound to Argonaute proteins,
can interact with the HIV-1 Gag protein
and disrupt viral particle production,
blocking budding at the plasma membrane.62 As our knowledge of the function
of miRNAs continues to expand it is
worth keeping an open mind to the wide
range of possibilities for how and why
viruses can interact with, and seek to
inhibit, individual members of this class
of small RNA.
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Figure 2. miRNA binding sites in herpesviruses. Sites within viral RNAs that are complementary to
miRNAs are shown in red; black lines (or dots for G-U) show sites where potential binding is conserved. Conserved sequences in the miR-17 family members are denoted with a black line. Virus
acronyms are explained, and sequence sources are given, in Supplementary Table 1.

to evolve bonafide miRNA binding sites
in their genomes.51,52 For example, hepatitis C virus (HCV) directly binds to host
miR-122 to stabilize the viral genome,
stimulate viral translation within the liver
and prevent the induction of innate
immune responses.51,53-55. A recent report
suggests this interaction may also inhibit
the natural targets of miR-122 in the cell,
though this is not expected to involve
miRNA degradation.56. The majority of
RNA viruses cause acute infections and it
has been hypothesized that miRNAs lack
the ability to regulate the host transcriptome in the time frame of most infections57 since miRNA-mediated reductions
in protein expression are contingent on
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protein turnover. Nevertheless, a recent
study demonstrates that eastern equine
encephalitis virus utilizes a host myeloid
specific miRNA binding site in its genome
to limit replication and thus innate
immune induction in myeloid cells.52 It
does not seem far-fetched that miRNA
binding sites could also be used for
miRNA inhibition and we continue to
learn about the kinetics of miRNA regulation and function. Specific miRNAs are
rapidly regulated in response to growth
factor stimulation, altering targets that are
immediate early genes and eliciting rapid
physiological changes in the cell.58 They
are also dynamically regulated during the
cell cycle59 and in neurons, reviewed in24.
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