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RNA viruses and the host
microRNA machinery

Benjamin R. tenOever

be designed to deliver sRNAs.

In all three domains of life, small RNAs (sSRNAs; defined
here as RNAs that are less than 60 nucleotides (nt) in
length) function both in cellular defence against foreign
nucleic acid and in the post-transcriptional regulation
of endogenous transcripts. Through sequence-specific
interactions, SRNAs can engage target transcripts,
including mRNAs and pathogen-derived genomic
RNAs, and influence the integrity and/or functionality of
these targets. In recent years, there has been a significant
expansion in our knowledge of the many functions of
sRNAs, and it is now clear that sSRNA-controlled genetic
silencing systems are universal in biology, although their
physiological uses can be unique.

The molecular biology of SRNAs demonstrates sub-
stantial species specificity, but in general SRNAs either
suppress the expression of foreign genetic material or
fine-tune their own expression through a process gen-
erally termed RNAi'. For instance, clustered regularly
interspaced short palindromic repeat RNAs (crRNAs) are
a defence system used by bacteria to restrict infection
by phages; PIWl-interacting RNAs (piRNAs) are used by
multicellular organisms as a germline defence against
transposable elements and foreign genetic material>*
and virus-derived interfering RNAs (VviRNAs) constitute the
antiviral innate immune system in nematodes, arthro-
pods and plants®” (TABLE 1). By contrast, microRNAs
(miRNAs), a class of SRNA that is conserved in eukaryotes,
are similar to viRNAs in size but are thought to guide

Abstract | Gene silencing by small RNAs (sSRNAs) occurs in all three domains of life. In
recent years, our appreciation of the diverse functions of sSRNAs has increased, and we
have identified roles for these RNAs in cellular differentiation, fitness and pathogen
defence. Interestingly, although plants, nematodes and arthropods use sSRNAs to combat
viralinfections, chordates have replaced this defence strategy with one based exclusively
on proteins. This limits chordate use of sSRNAs to the silencing of genome-encoded
transcripts and has resulted in viruses that do not perturb sRNA-related cellular processes.
This evolutionary phenomenon provides an opportunity to exploit the pre-existing
chordate sSRNA pathways in order to generate a range of virus-based biological tools.
Here, | discuss the relationship between sRNAs and RNA viruses, detail how microRNA
expression can be harnessed to control RNA viruses and describe how RNA viruses can

and reinforce cellular identity by post-transcriptional
silencing of endogenous mRNA (BOX 1) rather than
provide a cellular defence against foreign nucleic acid®.
miRNAs represent a unique class of sSRNA and one that
demonstrates significant evolutionary conservation; the
genes encoding these sSRNAs make up more than 2% of
the genes in nematodes, arthropods and chordates and
are predicted to influence more than 60% of a given host
transcriptome®.

The biogenesis pathways of sSRNAs do contain some
common processing steps but are both complex and
species specific, and a detailed discussion is beyond the
scope of this Review"'*'2. In general, viRNAs are the
product of a Dicer family protein, an RNase III endo-
nuclease that processes double-stranded RNA (dsRNA)
substrates from various origins, including viral repli-
cation intermediates and imperfect RNA hairpins that
form in the viral genome? (FIC. 1). Endonuclease sub-
strates can derive directly from the viral genome or can
be generated by a host RNA-dependent RNA polymerase
(RdRp) following recognition of viral single-stranded
nucleic acid". When generated, viRNAs are loaded into
a multisubunit RNA-induced silencing complex (RISC),
where they mediate sequence-specific cleavage of the
viral RNA within the cell. Furthermore, viRNAs can act
in trans. In plants and nematodes, viRNA generation can
be amplified by an RdRp, enabling systemic delivery —
an activity that has been found, in some cases, to protect
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Table 1 | Examples of small RNAs

Silences phages

Silences foreign nucleic acid and transposable elements

Silences viral RNAs

Infuences host protein levels by acting on host mRNAs

Modelled to function as a viRNA

Designed to be a Dicer substrate that produces a functional

sRNA Structure Expression Function
crRNA f i Bacteria and archaea
piRNA m Germline cells of animals
ViIRNA Arthropods, nematodes and plants
miRNA Cmmmmmm Eukaryotes
siRNA Artificial
shRNA m Artificial
siRNA
amiRNA Artificial

Comm I

Modelled to be a substrate for the microprocessor and produce a
functional siRNA

amiRNA, artificial miRNA; crRNA, clustered regularly interspaced palindromic repeat RNA; miRNA, microRNA; piRNA, PIWI-interacting RNA; shRNA, short hairpin
RNA; siRNA, smallinterfering RNA; viRNA, virus-derived interfering RNA. *Red sequences are guide sequences that bind target RNA; blue sequences are passenger
strand sequences, which are generally degraded; green sequences are the guide and passenger strands that can be processed from an amiRNA precursor.

Virus-derived interfering
RNAs

(VIRNAS). RNAs that are

~21 nucleotides in length,
processed from a viral genomic
source by the host and used to
silence viral replication.

MicroRNAs

(miRNAs). Host-derived small
RNAs that are generated by
endonucleases to fine-tune
mRNA and protein levels.

RNA-dependent RNA
polymerase

A polymerase that generates
nascent RNA from an RNA
template. This polymerase

is commonly used by RNA
viruses for genome replication
and is also used in plants and
nematodes for the amplification
of virus-derived interfering
RNAs.

RNA-induced silencing
complex

(RISC). A complex of
RNA-binding proteins and

an Argonaute protein that,
together, are responsible for
small-RNA-mediated silencing
of target RNAs.

Pathogen-associated
molecular patterns
Structures that are common
among a group of pathogens
and are constrained from rapid
evolutionary change. These
structures are used in cellular
recognition of the pathogen.

offspring from subsequent infection'*'®. Interestingly,
the use and systemic spread of viRNAs has also been
observed in arthropods, albeit in an RdRp-independent
manner; however, the mechanism remains incompletely
understood"”.

In contrast to viRNAs, miRNAs are derived from
RNA polymerase II-generated transcripts that are
encoded either as independent transcriptional units or
in the introns of pre-mRNAs'2°. miRNA production
begins with cleavage of the primary miRNA transcript
(pri-miRNA) by the nuclear microprocessor complex,
which is composed of the RNase III protein Drosha
and its dsRNA-binding protein DGCR8!!. Cleavage of
the pri-miRNA results in a 60-70 nt hairpin termed the
pre-miRNA; this pre-miRNA contains a 2nt 3’ over-
hang that is required for export into the cytoplasm by
exportin 5 (REFS 21,22). Cytoplasmic pre-miRNAs are
recognized and processed by Dicer in a manner similar
to viRNAs*-%. As with viRNAs, Dicer cleavage results in
an RNA duplex in which one strand, referred to as the
guide strand, is ultimately retained in the RISC**. This
RISC-loaded guide strand is responsible for binding to
target mRNAs in a sequence-dependent manner.

One noteworthy distinction between miRNA- and
viRNA-mediated RISC function is the interaction of
RISC with, and subsequent impact on, target RNAs.
Whereas a viRNA-loaded RISC binds with perfect
complementarity, effectively eliminating target expres-
sion, an miRNA-loaded RISC generally binds RNA
with only partial complementarity and fine-tunes tar-
get expression, conferring less than twofold changes
in protein expression®*. The sequence elements that
render an mRNA susceptible to the mild suppression of
an miRNA are generally referred to as miRNA response
elements; these elements are typically found in the ORF
or 3' UTR of the mRNA and have perfect complemen-
tarity with bases 2-8 of the miRNA guide strand, com-
monly referred to as the seed region of the miRNA*?7,
By contrast, base pairing outside the seed region often
occurs with only partial complementarity, a defining

feature of the miRNA-target interaction, although a
growing number of ‘non-canonical’ target sites are also
now being described'***.

Despite the similarity between the viRNA and
miRNA systems, their cellular utilization is vastly dis-
parate. Even in species with the capacity to generate
both types of sSRNA, viRNAs stand alone as the cellular
antiviral infantry. The inability of miRNAs to function
in antiviral defence is due to the fact that their sequences
are fixed in the host genome and therefore their capacity
to bind foreign nucleic acid is limited and easily evaded.
However, the lack of viRNAs in chordates, coupled with
the fact that miRNAs are not used in antiviral defence,
has generated a unique opportunity for biotechno-
logical exploitation. In this Review, I describe how the
general lack of interplay between cellular miRNAs and
RNA viruses permits the engineering of vectors that can
deliver their own sRNAs or are controlled by the sSRNAs
present in the host.

Viruses and the cellular role of miRNAs

In chordates, the cellular response to viral infection
begins with the recognition of viral nucleic acids. The
recognition of such pathogen-associated molecular patterns
(PAMPs) stimulates a signal transduction event that
results in the transcriptional induction of type I inter-
ferons (IFNs) (FIG. 1). Type I IFNs are a family of cytokines
that act in an autocrine and paracrine manner to induce
the expression of more than 250 IFN-stimulated genes
(ISGs), which function to slow the viral infection and
allow time for the establishment of the adaptive immune
response. ISGs slow viral infections by halting transcrip-
tion, translation, cell division and the secretory pathway,
and/or by inducing cell death before the virus has the
opportunity to amplify.

Given their capacity to generate sSRNAs, it was initially
assumed that chordates were also likely to generate an
RNA-mediated defence against viral infection, and that
this might enhance the type I TFN response®. This was
envisioned to occur in one of two ways. First, miRNAs
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Box 1 | microRNAs as genetic restriction factors

The function of a cell type-specific microRNA (miRNA) is easy to envision. A particular
cell lineage or tissue requires a unique profile of transcription factors and/or regulatory
proteins to dictate and sustain its cellular identity. Although target identification for
host miRNAs has proved difficult, bona fide silencing of mRNAs is often suggested by
the fact that their expression is inversely correlated to that of their cognate miRNA™ 043,
These observations, in conjunction with miRNA inhibition or overexpression assays,
have supported the hypothesis that miRNAs can determine and/or maintain cellular
identities by silencing expression of specific transcripts?. Interestingly, although this
role for miRNAs is evident when their expression is limited to a particular cell lineage,
the role of ubiquitous miRNAs has been suggested to be more global, relating to the
fine-tuning of fundamental cell processes such as cell division, cell death, metabolism
and overall cellular fitness®!#%. Although the data supporting the role of ubiquitous
miRNAs as factors that provide a ‘robustness’ to cells are provocative, it is also possible
that these miRNAs serve an additional role similar to that of PIWI-interacting RNAs
(piRNAs). piRNAs have recently been proposed to function in discerning between self
and non-self DNAZ3, What if ubiquitous miRNAs served the same purpose? For example,
what if a ubiquitous miRNA, which was expressed in every cell type and in every branch
of the tree of life, did not actually have a physiological target? Perhaps the function of
such an miRNA, of which there are several examples, is simply to restrict the use of a
specific sequence of seven contiguous nucleotides. In this way, just as bacteria use
restriction enzymes to prevent certain palindromic sequences from being used by
phages, perhaps ubiquitous miRNAs limit certain combinations of nucleotides as a
first-line defence against persistent foreign nucleic acid. If this were true, the viruses
that cause disease would in fact be poor examples with which to demonstrate such an
miRNA activity, as viral replication would demand that these sequences not be present
in the pathogen. Certainly, the engineering of viral genomes to contain sequences
that are complementary to a ubiquitous host miRNA has proved that this would be

a successful host strategy. Future studies aimed at growing viruses in cells lacking
miRNAs, to determine whether the viral genomes drift into this ‘forbidden genetic
space’, might be an interesting means of addressing this hypothesis and, if successful,
might demonstrate that miRNAs have an antiviral function after all.

could serve a direct antiviral function, in which case
the miRNA would be responsible for silencing a viral
transcript through sequence-specific binding. Second,
miRNAs could function indirectly, modulating the host
transcriptome to generate a less permissive environment
for replication. However, despite the evolutionary con-
tinuity that these models would provide, there is little
evidence to suggest that either has an important role in
the physiological response to viral infection*'. Although
an RNA-mediated defence against viruses would seem
likely, given its use in other phyla, there are three con-
straints that apply to miRNAs that might explain why
this is not the case in the phylum Chordata.

Copy number. The first substantial constraint that
would preclude most miRNAs from constituting part
of the cellular defence against viruses is copy number.
A conservative estimate for the minimum copy num-
ber required for an miRNA to have an impact on a host
transcript is ~100 copies per cell****. When one considers
miRNAs acting directly on the virus, this estimate
probably changes by an order of magnitude owing to
the sheer number of viral mRNAs and/or genomes
that would require silencing in an infected cell. This is
compounded by the fact that, in any given cell type, the
most abundant 20-30 miRNAs represent more than
90% of all the miRNAs in that cell, as shown by deep
sequencing efforts, meaning that few miRNAs would be
expressed at the concentrations required to be effective
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viral silencers**~*®. Furthermore, additional studies have
revealed that infection by an RNA virus does not pro-
foundly change the sSRNA landscape of the host cell or
lead to the induction of any host miRNAs that accumulate
to more than 100 copies per cell**?”. However, as many
studies rely on PCR-based quantification of miRNAs,
data concerning miRNA induction are often given as
a fold change rather than as copies per cell. As a result,
physiologically irrelevant miRNAs are often implicated
in the response to a viral infection because of misleading
fold inductions; for example, a 1,000-fold induction
means little if an miRNA increases from one copy per
100 cells to ten copies per cell. This problem is further
complicated by the fact that non-physiological levels of
an miRNA mimetic, or a corresponding antagonist, are
often used to validate these findings, a technique which
has been proved to nonspecifically affect the host tran-
scriptome and sRNA landscape of the cell****°, Such
studies have clouded the issue of miRNAs and their role
in the cellular response to viral infection, and have led to
a number of reports that are inconsistent or contradic-
tory, or have implicated miRNAs for which the expres-
sion is too low to be of consequence in the relevant cell
types studied®*. Although it might be difficult to accept
the conclusion that host miRNAs do not contribute to the
cellular response to viral infection, clearly those studying
the interplay between viruses and miRNAs must be more
aware of copy number before any future hypotheses
are put forward.

Silencing capacity. With the exception of latent viruses,
miRNAs lack the ability to silence viral transcripts
directly or to modulate the transcriptome of an infected
cell in the time frame of a given infection. Under ideal
conditions, an miRNA suppresses a target protein by less
than twofold owing to the fact that the sequence of a
genome-encoded miRNA is fixed and binding is never
fully complementary®-*. The lack of contiguous base
pairing between miRNA and mRNA prevents cleavage by
an miRNA-loaded RISC; thus, complete suppression
by an miRNA demands a near 1:1 ratio of miRNA to
mRNA, and as this ratio is normally not achieved, this
accounts for the low level of repression. By contrast,
viRNAs demonstrate complete complementarity, as
they are generated using the viral genome as a tem-
plate. Perfect complementarity permits cleavage by a
viRNA-loaded RISC, and therefore results in removal
of the target RNA. Furthermore, target cleavage releases
the viRNA, allowing viRNA-loaded RISC to act in an enzy-
matic manner, so that a single viRNA can theoretically
eliminate every target mRNA in the cell**. Therefore,
it follows that the only means by which miRNAs
could be used to directly inhibit viral infection would be
in a situation in which the complementarity spanned the
length of the sSRNA. This would demand that the viral
genome itself be used as a template for the miRNA, as is
the case for viRNAs.

This idea — that perhaps chordates were capable of
generating virus-derived SRNAs — was comprehensively
addressed in two landmark papers that profiled sSRNAs
from virus-infected cells and found no evidence of such
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Figure 1| The cellular response to viral infection. The response to viral infection differs dramatically when comparing
chordates with nematodes, arthropods or plants. Following entry and replication, viruses commonly accumulate a number
of RNA intermediates that include double-stranded RNA (dsRNA), single-stranded RNA (ssRNA) containing a 5’ triphosphate
(3pRNA), or ssRNA with unusual sequence characteristics that mark it as foreign to the cell. In chordates, recognition of
these pathogen-associated molecular patterns (PAMPs) occurs through pattern recognition receptors (PRRs) in the
cytoplasm of the cell or through Toll-like receptors (TLRs) in endosomes. Receptor engagement results in the assembly of
many adaptor protein complexes and culminates in the activation of a large kinase complex composed of four distinct
inhibitor of nuclear factor-kB (NF-xB) kinase kinase (IKK kinase) family members. These kinases coordinate the activation
of a number of transcription factors, including IFN regulatory factors (IRFs) and NF-kB; these factors then initiate the
transcriptional induction of type l interferons (IFNs). Type | IFNs are a family of cytokines that can function in both an
autocrine and paracrine manner to induce a collection of IFN-stimulated genes (ISGs), which create a cellular
environment that is not amenable to further viral replication. In contrast to chordates, virus-derived RNA PAMPs in
nematodes, arthropods and plants are used directly to generate virus-derived interfering RNAs (viRNAs), which can be
loaded into an RNA-induced silencing complex (RISC) to mediate silencing and cleavage of viral RNA. Generation of
ViRNAs is mediated by an RNase lll endonuclease — either a Dicer (DCR) or Dicer-like (DCL) family member — along with
species-specific cofactors. In addition to primary viRNA production, nematodes and plants encode RNA-dependent RNA
polymerase (RdRp), which mediates the amplification of viRNAs.

activity®>*. These findings were further validated by an
independent study that looked for evidence of an sSRNA-
mediated defence in the mammalian response to infec-
tion with hepatitis C virus (HCV), poliovirus, dengue
virus (DENYV), vesicular stomatitis virus (VSV) and
West Nile virus (WNV); this study also concluded that
although sRNAs could be isolated at ‘vanishingly rare’
concentrations, they were Dicer independent and did not
demonstrate silencing capacity®. It would seem, then,
that any bona fide evidence of chordate SRNAs targeting
viruses directly would be examples of viral piracy. This
could include viral utilization of a host miRNA to main-
tain the balance of its own transcripts or, as is the case
for HCV, to stabilize the genome and mask the 5" end
from digestion by host nucleases®°".

Kinetics. The last constraint that would suggest miRNAs
do not contribute to the cellular response to viral infec-
tion is timing. Although it is feasible that infected cells

upregulate miRNAs to fine-tune their own transcrip-
tome in an effort to slow viral replication, this seems
unlikely given the lack of evidence from deep sequencing
efforts. Furthermore, when one accounts for protein
half-life, de novo synthesis of miRNAs would be effec-
tive at silencing only a limited number of host and/or
viral targets. With the exception of chronic viral infec-
tions, the life cycle of most viruses is less than 12 hours.
Following cellular detection of the virus, the pri-miRNA
would require transcriptional induction, processing and
subsequent RISC loading before it could silence a viral or
host mRNA. Although this might all happen in the first
4-6 hours of infection, the average protein half-life in
chordates under times of stress is greater than 10 hours®.
Therefore, the only viable targets for which virus-
induced miRNAs would be effective would be those
transcripts that are being newly transcribed or encode
proteins with unusually short half-lives. One notable
exception to this would be cytokine-mediated induction
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Box 2 | Protein- versus RNA-based antiviral defences

One stark contrast between the cellular response to viruses in chordates and that in
other eukaryotes is the use of a protein-based defence versus one that predominantly
hinges on the production of virus-derived small RNAs (sSRNAs) known as virus-derived
interfering RNAs (viRNAs). Although the capacity to generate sequence-specific
antiviral SRNAs has proved evolutionarily successful, chordates seemingly traded this
system in with the introduction of type | interferons (IFNs), a family of cytokines that are
transcriptionally activated following the detection of viral infection. Type | IFNs, which
act in both an autocrine and paracrine manner, induce a signal transduction event that
results in the upregulation of hundreds of antiviral genes which, together, generate a
cellular environment that is incompatible with general viral replication. Although type |
IFN signalling is tremendously effective at inhibiting both viral replication and spread,
why this defence system seems to be mutually exclusive with an RNA-based defence
strategy remains a mystery. Given the wide distribution of the RNAi machinery across
eukaryotic phyla, it seems reasonable to speculate that chordates had a functional
RNAi pathway in their evolutionary past'*‘. However, the clear absence of such a
pathway in present-day chordates suggests that the two systems were incompatible
with each other. In support of this notion, it is interesting that small interfering RNAs
and short hairpin RNAs (two types of SRNA) have both been implicated in the induction
of type | IFNs. The very basis of virus detection in the chordate antiviral response
depends on the formation of double-stranded RNA and/or an exposed 5’ triphosphate
— markers that are commonly associated with the generation of viRNAs!10111:145,

For example, 5’ triphosphate motifs occur as a result of primer-independent
RNA-dependent RNA polymerase (RdRp) activity, and the dsRNAs that are formed

by RdRp serve as Dicer substrates. It would be interesting to determine whether a
functional RdRp could be established in a mammalian system to ascertain whether
RdRp activity also results in the induction of type | IFNs.

of miRNAs. In this case, a virus-induced cytokine could
induce the transcriptional induction of an miRNA to
modulate the transcriptomes of distant uninfected cells
in the hours following infection. In fact, such events have
been described, but it remains to be determined how
extensively this type of regulation is used and whether its
contribution to antiviral responses compares to the con-
tribution made by the host antiviral cytokine signalling
network®*,

Exceptions to the rule. Despite the above arguments
against miRNAs serving an antiviral function in
chordates, DNA viruses might prove to be the excep-
tion to the rule. Herpesviruses not only produce their own
miRNAs, they also antagonize specific miRNAs of the
host® %, These observations suggest that, in the context
of the herpesvirus life cycle, a small subset of miRNAs
is deleterious to the virus. Perhaps even more surpris-
ing is the recent discovery that poxvirus infection leads
to the degradation of all host miRNAs®. Although the
herpesvirus exception might reflect the chronic nature
of herpesvirus infection, why poxviruses are threat-
ened by host miRNAs remains unclear. One possible
explanation is that this is an evolutionary artefact of
antagonizing viRNAs in an RNAi-enabled species, which
resulted in the requirement for an sRNA-free environ-
ment. However, one cannot exclude the possibility
that poxviruses, with their lengthy 3" UTRs, are nega-
tively affected by host miRNAs and therefore evolved a
strategy to evade them. A similar phenomenon is also
apparent during adenovirus infection, in which a 160 nt
non-coding RNA (called VA1) has been found to inter-
fere with miRNA export and RISC loading””". Clearly,
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future studies examining the interplay between miRNAs
and these DNA-based viruses will be required to fully
elucidate the nature of this apparent host-pathogen
struggle.

One means of ascertaining the importance of a
particular pathway in mediating an antiviral response
is by determining how much material the virus com-
mits to circumventing it. For example, there are numer-
ous examples of plant and insect viruses that donate
a substantial proportion of their genome to prevent-
ing the biogenesis, loading and/or silencing activity of
viRNASs™. In this context, it is interesting to note that a
number of reports have also suggested that the dsRNA-
binding proteins of influenza A virus (IAV), vaccinia
virus and Ebola virus antagonize miRNA-mediated
silencing, providing support for the notion that SRNA-
mediated antiviral defences might indeed exist in chor-
dates”7°. Although these findings are provocative, it is
difficult to gauge their biological relevance, given that
a number of reports have since been published which
demonstrate that many of these viruses can be success-
fully designed to be susceptible to host miRNAs”"".
A contributing factor to this apparent contradiction
comes from the fact that dsRNA is both a necessary
step in miRNA formation and a PAMP. This means that
although these viruses have evolved a way of masking
PAMP detection, when these dsRNA-binding proteins
are overexpressed at very high levels there can be a
detectable impact on miRNAs. The true nature of these
antagonistic proteins is perhaps best exemplified by the
fact that viruses lacking them are attenuated by orders of
magnitude in wild-type cells but can replicate to normal
levels in type I IFN-deficient cells, regardless of miRNA
expression’®. Taken together, the evidence suggests
that the cellular response to viruses has little overlap
when comparing chordates with arthropods, plants and
nematodes (FIC. 1).

Harnessing miRNAs to influence viral tropism

The reliance on protein-based antiviral defences in
chordates (BOX 2) is interesting from a host-pathogen
interaction standpoint, but it also provides an intriguing
opportunity to exploit the fact that chordates encode
sRNAs which are left intact in the context of viral infec-
tion. This lack of interplay provides an opportunity to
engineer viruses that interact with the miRNA path-
way, in an effort to generate a range of biological tools.
For example, although miRNAs might not normally
function in an antiviral capacity, should one engineer
perfectly complementary target sites into a virus, an
miRNA will essentially be transformed into a viRNA
(FIC. 2). Although copy number is still an issue, if one
exploits an abundant miRNA, this strategy can be used
to completely inhibit viral replication in cells express-
ing that miRNA”. Furthermore, because miRNAs, like
mRNAs, can be expressed in a cell- or even species-
specific manner, one can design viruses to behave dif-
ferently depending on the site of replication, effectively
dictating viral tropism. One of the first examples of
exploiting an miRNA in this way incorporated target
sequences for miR-142 into a lentivirus vector®’. As
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Figure 2 | Engineering viruses with tailored tissue tropism. The presence of small
RNAs (sRNAs) in chordates, in the form of microRNAs (miRNAs), gives researchers the
ability to influence the tissue tropism of viruses. This can be accomplished by grafting
one or more perfectly complementary miRNA target sites into a virus of interest. The
resulting engineered virus will be attenuated, but only in the presence of its cognate
miRNA. RNA polymerase Il induces the transcription of a primary miRNA transcript
(pri-miRNA) in a cell-specific manner (step 1). The pri-miRNA is processed by the
microprocessor complex (composed of Drosha and DGCRS) to yield a precursor miRNA
(pre-miRNA), which is exported to the cytoplasm (steps 2,3). The pre-miRNA is then
further cleaved by Dicer and loaded into the RNA-induced silencing complex (RISC)
(step 4). Should the virus encode targets for this cell-specific miRNA, entry into this cell
would rapidly result in silencing of the viral genes and significant attenuation of the viral
infection (step 5). By contrast, when the same virus enters a cell in which this pri-miRNA is
not transcriptionally induced, the virus can replicate to endogenous levels and
demonstrates no attenuation.

miR-142 is a haematopoietic cell-specific miRNA, this
design restricted expression of the lentivirus transgene
in this particular cell lineage. A similar approach incor-
porated miRNA target sites into a retroviral vector as a
reporter for miRNA activity®'.

The concept of exploiting host miRNAs to control
viral replication was quickly adopted by the scientific
community and has since been applied to other lenti-
viruses by exploiting tissue-specific miRNAs to pre-
vent translation of the viral genetic cassette in neurons
and developing thymocytes®*®. miRNA-mediated tar-
geting of viruses also expanded beyond gene therapy

vectors and was found to be a powerful means of gener-
ating safe and effective live-attenuated vaccines. The first
demonstration of this approach relied on the addition of
target sites for the ubiquitously expressed miRNA let-7a
or the neuron-specific miR-124 into two variable posi-
tions flanking the poliovirus capsid ORF”. The result-
ing viruses demonstrated replication levels that were
inversely proportional to their cognate miRNA levels™.
Furthermore, these miRNA-controlled viruses showed
no evidence of pathogenesis, but their limited replication
made them ideal vaccine candidates”™. This same tech-
nology was also successfully applied to flaviviruses®*.
In addition, this concept was subsequently adapted for
the generation of a live-attenuated IAV vaccine, but in
this example, miRNA targeting was used to both atten-
uate the virus and address a manufacturing issue”. By
exploiting a ubiquitous miRNA that was absent in the
allantoic membrane of chicken eggs, a vaccine was pro-
duced that, although broadly attenuated in mammals,
grew to wild-type levels in fertilized eggs. Last, in addi-
tion to gene therapy and vaccine design, harnessing of
miRNAs to control viral replication has gained signifi-
cant traction with researchers working with oncolytic
viruses, as a means of improving safety by limiting viral
tropism®-%,

One additional application of using miRNAs to con-
trol viral tropism is as a biological tool to determine the
contribution or necessity of a certain cell type during
viral infection. For example, DENV can replicate in
a wide range of cell types, and its ability to establish a
systemic infection could be explained by replication in
endothelial cells, by piggy-backing on circulating cells
or by direct infection of and amplification in haemato-
poietic cells. To address this question, a DENV strain was
engineered to encode four haematopoietic cell-specific
miR-142-targeting sites in the 3’ UTR of the virus.
Although the addition of this non-coding RNA had little
impact on the virus in the absence of miR-142, it com-
pletely blocked spread of the infection in vivo, suggesting
that replication in haematopoietic cells is required for
viral dissemination®. A similar targeting approach was
also used to block IAV replication in antigen-presenting
cells (APCs)’. In this example, the aim of the study was to
determine the source of viral antigens that contribute
to the adaptive immune response. Again exploiting the
haematopoietic cell-specific nature of miR-142, IAV was
designed in such a way that replication was unaffected in
the lung epithelium but abolished in APCs. On the basis
of the results of this study, we now know that during IAV
infection, APCs engulf non-haematopoietic cells and/or
cell debris and thus obtain enough viral components to
generate a successful adaptive immune response’.

Escape from engineered miRNA targeting. Given the
success in using miRNAs to control the properties of
a virus, there is hope that this work will translate into
improved therapeutic vectors for gene therapy, onco-
lytics and/or vaccine designs of the future. However,
one common concern for this technology remains the
possibility of escape mutants. Although this is less of
an issue in gene therapy, for which the viral vector is
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Box 3 | Small RNA complementarity and its relationship to silencing potential

The specificity and potency of the gene silencing conferred by small RNAs (sSRNAs) makes the use of these RNAs an
attractive option for gene targeting and potential therapeutics. Although a crucial feature of RNA:i silencing has been the
presumed sequence specificity of the small interfering RNA (siRNA), the degree of homology that is required between a
particular siRNA and its target for optimal silencing remains somewhat unclear. Thus far, the sequence specificity of RNAi
has been predominantly studied by creating mutant siRNAs, although there have been some studies on short hairpin RNAs

Small interfering RNA
(sSiRNA). RNA that is capable
of RNA-induced silencing
complex (RISC)-mediated
mRNA silencing and binds
its target with perfect
complementarity.

(shRNAs) and microRNAs (miRNAs). The best characterized features determining SRNA-mediated target recognition
include the 5’ seed sequence in combination with secondary structure and the context of the sequences neighbouring
the target®*3"*%. These studies, as well as a number of others which have focused on ‘off-target’ effects of siRNAs, have
convincingly demonstrated that the dynamics of silencing potential are incompletely understood. For example, off-target
effects of siRNAs are generally thought to be the consequence of the guide strand acting in a manner analogous to an
miRNA seed region (that is, targeting sequences with complementarity to only the 5’ end of the siRNA)***’  but
mismatched base pairing outside this motif has been independently found to also sustain silencing potential'*.
Furthermore, siRNAs, as well as miRNAs with extensive complementarity, that do not bind the target with the 5" or
3" end of the sSRNA have been found to effectively silence transcripts®®. Taken together, it would seem that the only
consistent finding regarding significant silencing potential is that the siRNA (or artificial miRNA) and the target have
11-12 contiguous complementary base pairs. To further complicate the issue, siRNAs (and artificial miRNAs) that
demonstrate perfect complementarity can fail to silence a specific mRNA target. Although this can be the result of
mRNA folding preventing access to the cognate target site, it would also seem that there is a preference for particular
bases in silencing mediated by artificial miRNAs or shRNAs. This was perhaps best illustrated in a recent study that
generated shRNAs to target every possible position on nine mammalian transcripts'®. This effort demonstrated that
effective shRNAs are rare and that effective targets are distributed evenly throughout a given transcript. Processing
and/or silencing was also shown to be associated with the shRNA having A or U residues in positions 1, 2, 10, 13 and 14,
whereas positions 20 and 21 have a modest bias for G or C residues, features that have not been noted with siRNA-mediated
targeting. More recently, evidence has also emerged which suggests that bulges created by the miRNA-mRNA
association also have a significant role in repression®. Without a doubt, as the details of SRNA silencing emerge, so
too will our ability to selectively silence a particular transcript.

not replication competent, live-attenuated viral vaccine
vectors and oncolytic viruses would certainly have the
potential to escape selective pressure. Fortunately, given
that the targets are always multimerized and designed to
be perfectly complementary to a particular miRNA, viral
escape seems to be less of an issue than one would have
predicted. For example, in the aforementioned study that
exploited the ubiquitous miRNA let-7a to target poliovi-
rus, the selective pressure was so great that no viral escape
mutants could be isolated”. Interestingly, in contrast
to this ubiquitous targeting, when the neuron-specific
miRNA miR-124 was exploited, thus allowing poliovirus
to replicate in some cell types, single-nucleotide mis-
matches were observed in the target sequences of some
viral offspring, but these viruses still demonstrated
substantial silencing — probably as a result of the com-
plementarity remaining. These findings were recapitu-
lated when miRNA targeting was applied to IAV,
coxsackievirus and VSV77#%7. However, in the case of
DENY, escape of miRNA-mediated silencing did occur
but was the result of a complete excision of the target area
rather than through single-nucleotide mutations®. Taken
together, these data suggest that providing one incorpo-
rates miRNA targets to minimize the possibility of exci-
sion (for example, incorporating multiple targets into the
genome at different locations), stable sSRNA-mediated
silencing of a virus can be achieved.

Off-target effects of miRNA exploitation. Controlling the
tropism or replication potential of a virus by harnessing
host miRNA expression also has the capacity to influ-
ence the transcriptome of the host cell indirectly. This
can occur through competitive hybridization to the host

miRNA, making the miRNA unavailable to carry out its
endogenous silencing role”. Target-mediated saturation
of sSRNAs has been clearly demonstrated, and the exist-
ence of perfect targets has even been associated with
tailing and degradation of host miRNAs®". In fact, the
capacity of viral vectors to ‘soak up’ the host miRNAs can
be used to discern the endogenous role of miRNAs
through loss-of-function assays in vivo®. Furthermore,
the recent description of competing endogenous RNAs
would suggest that the introduction of even small
amounts of miRNA targets could have profound effects
on the levels of host transcripts”. Although this phe-
nomenon might prohibit the use of this technology with
persistent viral vectors (such as lentiviruses and adeno-
associated viruses (AAVs)), its use with acute RNA-
based viruses or vectors should be less problematic;
nonetheless, future studies directly addressing this
possible complication will be needed.

In all, the capacity to control RNA viruses through
the exploitation of miRNAs has the potential to trans-
form vector-based therapeutics. Some concerns and
possible complications still need to be addressed before
these vectors can become a clinical reality, but the tech-
nology itself is something that requires further explora-
tion and expansion. Taken together, the research carried
out thus far in this field suggests that miRNA-mediated
targeting, when executed correctly and in the proper
context, is a viable strategy to improve vector design
and/or vaccine development.

Virus-mediated delivery of miRNAs
The discovery that viRNA-like mimetics, in the form of
small interfering RNAs (siRNAs), function in mammalian
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Figure 3| Virus-mediated delivery of small RNAs. Viruses, regardless of their site of
replication or genomic composition, can be engineered to produce robust levels of small
RNAs (sRNAs). Arguably, the most effective means of delivering sRNAs is through the
production of an artificial microRNA (amiRNA). a | A schematic of the neuronal microRNA
(miRNA) miR-124. The primary mir-124 transcript (pri-mir-124) generates the guide sSRNA
shown in red, which binds to endogenous host transcripts, such as the polypyrimidine
tract-binding protein 2 mRNA (PTBP2), with only partial complementarity, resulting in a
modest repression of protein levels as a result of translational repression followed by
RNA destabilization**®. b | Schematic of an amiRNA. Designed to have the same 5" and

3’ flanking sequences as the hairpin pre-miRNA for miR-124, as well as to maintain the
overall loop sequence and structure of the hairpin, this amiRNA has an altered sequence
composition in the stem. As a result, processing of this pre-amiRNA generates an sSRNA
with the desired sequence (blue) to engage a specific target with perfect complementarity.
Given this flexibility, pri-amiRNAs can be incorporated into a viral vector and used to
deliver the sRNA to a cell type of interest. ¢ | A pri-amiRNA that is produced by the
engineered virus is processed using the SRNA machinery of the host cell: the pri-amiRNA is
cleaved by a cytoplasmic or nuclear microprocessor complex, generating a pre-miRNA
that s further cut by Dicer and then loaded into the RNA-induced silencing complex
(RISC) to target mRNA in a sequence-specific manner.

cells ushered in a new era of therapeutic potential®.
The ability to silence a transcript in a sequence-specific
manner was rapidly adopted as a tool to study protein
function and became an attractive platform for future
therapeutics (BOX 3). However, despite the promise
of RNAI, in vivo delivery of siRNAs to target cells has
remained a substantial barrier that has prevented the
field from meeting its high expectations. Vector-free
delivery of siRNAs is fraught with intrinsic issues,
including poor solubility of siRNAs, their poor stability,
and their inability to cross membranes and enter the
cytoplasm®.

Short hairpin RNA

(shRNA). An ~ 60 nucleotide
stem—loop RNA that can serve
as a substrate for Dicer.

Avrtificial miRNAs

Small RNAs that maintain
the secondary structure and
sequence of a specific
microRNA but encode changes
in the stem of the hairpin,
resulting in a distinct small
RNA.

An attractive solution to these issues is the use of
viruses, or virus-like vectors, to deliver siRNAs in vivo
(FIG. 3). Viruses have evolved over countless generations
to become experts at cell entry and the subsequent pro-
duction of foreign RNA, including miRNAs>****%, Viral
vectors not only provide a solution to siRNA solubility,
stability and entry, but also, in many cases, do not even
perturb the natural sSRNA landscape of the cell, unlike
the direct administration of siRNAs*. Furthermore, unlike
direct administration of duplex RNA, viral vectors can
deliver siRNAs with a pri-miRNA-like or pre-miRNA-
like structure. A pre-miRNA-like structure means that
the siRNA is a Dicer substrate and does not require the
microprocessor. This short hairpin RNA (shRNA) can
demonstrate complete complementarity across the stem
of the hairpin or can mimic a pre-miRNA and contain a
number of mismatched bulges. Alternatively, delivery of
a pri-miRNA generates a microprocessor substrate and
is generally believed to be the least toxic delivery route
because this method provides the most basic substrate
to the SRNA machinery, thus ensuring that a surplus of
duplex sRNAs does not accumulate®.

Although delivery of an miRNA has value, the enthu-
siasm for therapeutic sSRNAs is largely due to the capacity
to use these sSRNAs to target any transcript in a sequence-
specific manner. So, how does one deliver a specific
siRNA using the miRNA machinery? The answer is
artificial miRNAs (amiRNAs)®. Designed to maintain the
overall structure of a particular endogenous pri-miRNA,
an amiRNA has sequence-specific changes in the stem
of the hairpin that tailor the sRNA to a specific host
transcript but still allow the sSRNA to be loaded onto the
RISC* (FIC. 3). Use of amiRNAs has been so success-
ful that whole-genome libraries have now been gener-
ated and are commonly used in genetic screens, as their
activities are comparable to the application of synthetic
SiRNAs?1%,

Constraints associated with viral delivery of sRNAs.
Virus-mediated delivery of siRNAs was first described
in 2002 in a study which demonstrated that an adeno-
virus vector could deliver functional shRNAs in both
the liver and the brain'”. Similar approaches using
retroviruses and lentiviruses were used in the follow-
ing year!®'**, However, even as the field was gaining
momentum, reports were published about a range
of siRNA-mediated toxicities associated with these
vectors'® 1%, Two distinct molecular processes were
identified as the underlying causes of these adverse
effects. The first is the generation of PAMPS, which
trigger the cell to respond as if it has been infected by a
replication-competent virus'®'%. This effect is depend-
ent on the vector design. In some examples, the siRNA
is generated from a DNA-dependent RNA polymerase I
(pol I) or pol IIT promoter, which leads to a primary
transcript containing a 5" triphosphate; this motif has
been implicated in triggering antiviral defences and
the production of pro-inflammatory cytokines'*-'!.
A second factor that can result in an unwanted cellular
response seems to be the shRNA itself'””. The hairpin
represents foreign dsRNA in the cytoplasm, and dsRNA
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Pattern recognition
receptors

Cellular proteins that are
responsible for the recognition
of pathogen-associated
molecular patterns.

has also been implicated in the induction of the cellular
response to infection''?. However, this attribute alone
does not account for all of the constructs that induce
the expression of pro-inflammatory cytokines. Use of
exogenous siRNAs or amiRNAs with perfect comple-
mentarity in the hairpin stem would generate a 21-23nt
dsRNA fragment, and this, although short, might still be
recognized by a range of pattern recognition receptors
(PRRs)!*7!12, Pre-amiRNAs, which contain bulges in
the dsRNA stem, should not be substrates for PRRs,
but these too have been implicated in cytokine induc-
tion, suggesting that additional factors account for this
toxicity. These factors might include improper duplex
formation resulting in a lack of the 2 nt 3’ overhang that
is found in natural miRNAs, and/or the inclusion of
particular sequences that are recognized by the cell as
foreign''*'**. Taken together, the possibility of generating
PAMPS from a particular siRNA precursor demands
that a targeting RNA of interest be characterized for
its possible pro-inflammatory properties in cell culture
before it is assessed in any silencing studies.

Another possible source of siRNA-mediated toxicity
is saturation of the miRNA biogenesis machinery!'*>!*!6,
This problem has been associated with the transfection
of siRNAs, presumably because this can yield more RISC
substrate in the cell than there are available RISC com-
plexes®®!”. However, even vector- or virus-mediated
production of shRNAs in the nucleus can result in a
bottleneck in the sSRNA export pathway”""!'$119, Toxicity
from shRNAs produced by recombinant AAV has been
observed in mouse models owing to saturation of the host
machinery'*>?*?! In addition to RISC saturation, AAV-
mediated synthesis of sShRNA also creates a bottleneck
at the level of nuclear export — curiously, a phenotype
comparable to that seen during adenovirus VAI expres-
sion”"'5116, Although this bottleneck can be alleviated
by reducing the activity of the ShRNA promoter and so
diminishing the amount of shRNA synthesized'?, gener-
ating a desired siRNA in the context of an amiRNA also
holds significant potential.

Taking these factors into account, it would seem that
it is possible to develop a safe vector that is capable of
delivering a specific siRNA which is free of cellular toxic-
ity. Although such a delivery system might finally resolve
the last remaining barrier to making sSRNA therapeutics
a clinical reality, the social stigma and manufacturing
challenges of using such vectors would also need to be
addressed. Furthermore, a single vector is unlikely to
be amenable for every clinical application in which
sRNAs could be therapeutically useful. Vector constraints
could be specific, such as being unable to target the
tissue of interest, or nonspecific, pertaining to indirect
characteristics that might preclude the clinical use of a
particular vector. For example, adenovirus vectors are
well suited for manufacturing and delivery of sSRNAs
(as long as the VAI gene is deleted), but adenovirus
vectors can be complicated by their sero-prevalence in
the population and an inherent cellular toxicity that is
associated with particle entry'?*'*!. Alternatively, inte-
grating retrovirus- and lentivirus-based vectors are also
effective at delivering functional sSRNAs with potential
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long-term expression'®'"'®*. However, given the propen-
sity of these viruses to integrate at transcriptional start
sites'® or into introns of transcriptionally active genes'*,
clinical use of these vectors requires exceptional cau-
tion. Perhaps the most widely used method of clini-
cal delivery is based on AAV vectors'”. These vectors
can be engineered to deliver genetic material to a wide
range of organs, including the liver, lung and brain'?-%°,
However, given the shRNA-mediated saturation con-
straints'®>!®!2, future work that combines amiRNAs
and AAVs will be required.

RNA viruses as delivery vectors. Although the success of
AAV-mediated delivery of amiRNAs could be sufficient
to make sRNA therapeutics a clinical reality, it is note-
worthy that a new subset of vectors capable of mediating
transient SRNA delivery in vivo has also recently been
described*. Although it is clear that viral production
of miRNAs is largely limited to nuclear DNA viruses®,
recent studies have demonstrated that RNA viruses, of
both nuclear and cytoplasmic origin, could be engi-
neered to produce functional miRNAs'*'"**, Combined,
these studies demonstrate that encoding an miRNA
does not result in substantial genomic cleavage (which
could have occurred when the miRNA sequence folded
into a hairpin within the genome and was processed by
the host machinery) or self-targeting, disproving the
hypothesis that had been suggested to explain the lack
of endogenous RNA virus-encoded miRNAs*. In fact,
the capacity of an RNA virus to naturally encode an
miRNA was recently characterized in WNV and bovine
leukaemia virus (BLV)®*!*°, For WNYV, a virus-encoded
miRNA was reported to derive from a subgenomic
3’ RNA, thus minimizing genomic cleavage, although
why this was not detected in earlier studies remains
unclear”. By contrast, BLV-mediated synthesis of an
miRNA in the absence of self-attenuation was presum-
ably accomplished by masking the sSRNA precursor from
the host machinery through extensive RNA folding in
much the same way that HIV has been demonstrated to
resist siRNA targeting'*.

Perhaps even more surprising than the lack of viral
attenuation was the fact that nuclear localization of
the pri-miRNA was not necessary for hairpin process-
ing***213_ An in-depth analysis aimed at determining the
mechanism of cytoplasmic processing for pri-miRNAs
suggests that viral infection results in the formation of
a non-nuclear microprocessor with the capacity to gen-
erate Dicer and RISC substrates'”’. Regardless of the
biological significance of cytoplasmic pri-miRNA pro-
cessing, it is clear that this activity can be harnessed as a
new vector platform for sSRNA delivery. Although these
vectors would provide only transient expression of their
sRNA cargo, their ease of genetic production and lack
of nuclear trafficking requirements give them unique
potential for a range of applications. Furthermore, when
one considers that these vectors could additionally be
controlled by cell-specific miRNAs, RNA virus-inspired
vectors might represent the most elegant platform to
mediate transient delivery of an sRNA to a particular
tissue of interest.
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Another exciting application for this biological activ-
ity is to study the importance of host-pathogen interac-
tions in vivo by endowing a virus with the capacity to
silence a transcript of interest. Whole-genome amiRNA
libraries can be used to determine the identity of host
restriction factors for viral replication, pathogenesis,
tropism or any other testable viral attribute. Perhaps
the most clinically relevant use of this knowledge is
in the enhancement of viral oncolytic vectors. A num-
ber of ongoing clinical trials are investigating the use of
RNA viruses that preferentially replicate in transformed
cells'””. The activity of these viruses, which include
VSV and Sindbis virus, could be further enhanced
by enabling them to eliminate oncogene expression.
Alternatively, one could improve the therapeutic window
of these vectors or of live-attenuated viral vaccines by
incorporating hairpins that silence pro-inflammatory
cytokines. Transient delivery of miRNAs could also be
used in the reprogramming of cells, in which changes in
cell fate would not require sustained expression of the
vector 51,

Closing remarks
The use of sRNAs as an immune response to con-
trol viral pathogenesis is limited to plants, bacteria,

nematodes and arthropods; in chordates, sSRNAs are
not used as an antiviral defence mechanism, and the
sRNA biogenesis machinery can therefore be exploited
for a range of vector-based therapeutics. For example,
grafting miRNA target sites into a vector or virus of
interest can be used to control expression in a species-
and/or cell-specific manner. In addition, vectors and/or
viruses can be engineered to generate amiRNAs, which
themselves can be designed to target a particular gene
of interest. These two concepts, used together or inde-
pendently, can generate vectors in which the tropism is
uniquely defined to ensure the safe and precise deliv-
ery of a particular siRNA. These advancements could
breathe new life into a field that once promised a bounty
of innovative medical treatments before the realization
that delivery posed a seemingly insurmountable barrier.
This solution will, however, require significant research
support to generate clinical-grade vectors that are both
safe and effective and that can overcome the social
stigma associated with using virus-based products as
therapeutics. If science and society can progress to this
point, exploiting the host SRNA machinery with engi-
neered viruses undoubtedly has the capacity to usher
in a new era of molecular tools and change the future
of therapeutics.
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