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Every living organism has to constantly face threats from the environment and deal with

a large number of pathogens against which it has to defend itself to survive. Among

those, viruses represent a large class of obligatory intracellular parasites, which rely on

their host machinery to multiply and propagate. As a result, viruses and their hosts have

engaged in an ever-evolving arms race to be able to maintain their existence. The role

played by micro (mi)RNAs in this ongoing battle has been extensively studied in the past

15 years and will be the subject of this review article. We will mainly focus on cellular

miRNAs and their implication during viral infection in mammals. Thus, we will describe

current techniques that can be used to identify miRNAs involved in the modulation of

viral infection and to characterize their targets and mode of action. We will also present

different reported examples of miRNA-mediated regulation of viruses, which can have

a positive outcome either for the host or for the virus. In addition, the mode of action

is also of a dual nature, depending on the target of the miRNA. Indeed, the regulatory

small RNA can either directly guide an Argonaute protein on a viral transcript, or target

a cellular mRNA involved in the host antiviral response. We will then see whether and

how viruses respond to miRNA-mediated targeting. Finally, we will discuss how our

knowledge of viral targeting by miRNA can be exploited for developing new antiviral

therapeutic approaches.
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INTRODUCTION

Viral infections constitute a major threat for human health. As obligate intracellular parasites,
viruses rely exclusively on the host cellular machinery to translate their genome, and therefore to
replicate and propagate in their host and in the environment. Per se, they represent the ultimate
example of selfish genes that are here solely to be amplified. Of course, this close dependency on
a host organism also makes them vulnerable since they have to unveil their genome in the cells
they infect. This results in an ongoing arms race in which the invading pathogen has to constantly
evolve to find strategies to avoid detection and clearance by the host immune response. In parallel,
the attacked organism has developed throughout evolution multiple ways to sense and fight back
viral infections. As such, viruses can thus also be seen as crucial elements in the shaping of modern
organisms.

In mammals, there are several layers of protection put in place to prevent the invading virus to
establish a successful infection. One of the first line of defense is innate immunity, which is triggered
by the recognition of foreign elements, brought in by the virus, and that include nucleic acids.
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In vertebrates, upon sensing of specific pathogen-associated
molecular patterns, such as double-stranded (ds) RNA or the
presence of a 5′ triphosphate group, the cell responds by the
activation of a signaling cascade that results in the induction
of type I interferon (IFN) expression, which in turn triggers
transcription of hundreds of interferon-stimulated-genes (ISGs)
that include pro-inflammatory cytokines (Nakhaei et al., 2009).
This chain of events creates an antiviral state that interferes with
viral replication, blocks protein synthesis, induces cellular RNA
degradation and ultimately leads to apoptosis of the infected cell
(Barber, 2001).

In other organisms, including plants, arthropods and
nematodes, the presence of exogenous long double stranded
(ds)RNA activates another mechanism, known as RNA
interference (RNAi), which represents their major antiviral
defense system. In this case, long viral dsRNA molecules are
recognized and processed into small interfering (si) RNAs by
the type III ribonuclease Dicer. These siRNAs are then loaded
into effector complexes that invariably contain a member
of the Argonaute family. The activated complex, termed
RNA Induced Silencing Complex (RISC), can be directed via
sequence complementarity toward target RNAs (in this case
viral messenger or genomic RNAs) to mediate their cleavage
and degradation (Ding and Voinnet, 2007). Whether such an
RNA-based defense mechanism is still functional and relevant
in vertebrates remains a debated topic that will not be addressed
here. Nonetheless, it is now widely accepted that another class
of small non-coding RNAs do play important roles during
viral infections in mammals. Indeed, the same machinery that
was originally designed to clear the cell of unwanted nucleic
acids, is also involved in the biogenesis of miRNAs, which have
emerged in the last 15 years as one of the more relevant species
of regulatory RNAs in higher eukaryotes.

In the canonical biogenesis pathway, miRNAs are transcribed
by RNA Polymerase II into a primary precursor, called pri-
miRNA, processed by Drosha and its co-factor DGCR8 into a
precursor of about 70 nucleotides (nt). The pre-miRNA is then
exported by the Exportin 5 protein from the nucleus into the
cytoplasm, where it will be cleaved by Dicer into a ∼22 nt long
miRNA duplex. One of the two strands is selected and loaded
into an Argonaute protein (in human AGO1 to 4), to form the
basic RISC. The mature miRNA functions as a sequence-specific
guide to trigger the effector complex onto the 3′ untranslated
region (UTR) of the target messenger RNAs (mRNAs). Upon
binding to its target RNA, the Argonaute protein can then bind
an adaptor protein, known as GW182 or TNRC6, which in turn
interacts with factors that act on mRNA translation and stability
[see Figure 1 and Bartel, 2018 for review].

It is generally accepted that the main determinant of miRNA
sequence specificity is its seed region. Initially discovered purely
based on bioinformatic evidence (Lai et al., 2005; Lewis et al.,
2005) before the determination of AGO2 structure brought
more evidence (Schirle and MacRae, 2012), the minimal seed
corresponds to a short region at the 5′-end of miRNAs
(nucleotides 2–7), which displays perfect complementarity with
its target site (referred to as the seed-match). The 8mer sites
with an additional match to nucleotide 8 and an A in position

1 are the most effective canonical sites and those identified with
increased confidence by target-prediction tools (Bartel, 2009;
Agarwal et al., 2015). In some cases, additional base pairing
toward the 3′ end of the mature miRNA (the 3′-compensatory
site) may compensate for suboptimal pairing in the seed region
(Grimson et al., 2007; Broughton et al., 2016). The definition of
“seed rules” was extremely important to enable target predictions.
Given the limited size of the interaction sequence, the regulatory
potential of miRNAs is extremely flexible. Indeed, conservative
estimates indicate that at least 60% of the human coding genome
might be regulated by miRNAs (Friedman et al., 2009). This
also means that miRNA-mediated regulation can in theory be
expanded to every source of exogenous target RNA. However,
one should be careful as to not extrapolate that all these
potential targets are physiologically meaningful as recent reports
indicate that only a handful of them could indeed have a true
impact (Rausch et al., 2015; Denzler et al., 2016; Pinzón et al.,
2017).

In this review, we focus on the involvement of cellular
miRNAs in viral infection in mammals. We describe the current
methods for identification of proviral and antiviral miRNAs and
their targets. We review the principal mechanism of action of
miRNAs which modulate viral infection and we examine the
means employed by viruses to subvert or induce miRNA effects.
Finally, we discuss about the miRNA-based therapeutic strategies
as a promising emerging field in the context of infectious diseases
and viral vector therapy.

FINDING THE NEEDLE IN A HAYSTACK:
WHICH miRNAs ARE INVOLVED IN
VIRAL INFECTION

According to the latest release of miRBase1, the human
genome contains almost 2000 miRNA precursors (Kozomara
and Griffiths-Jones, 2014), each of which with the potential to
regulate tens to hundreds of different targets, among them viral
transcripts. Thus, finding the miRNAs playing important roles
during a given virus infection can quickly become overwhelming.
Conceptually, there are twomain ways to identify these candidate
miRNAs. One can first check if the infection has an impact
on the miRNA profile of the cell or tissue studied. Indeed, if
some miRNAs are strongly deregulated upon infection, it can be
assumed that they might play a role during the viral cycle. The
main limit with this approach though, is that it is impossible
to know whether the observed miRNA regulation, which is a
consequence of virus infection, is indeed meaningful for the
virus, or if it is just an indirect effect without importance. The
other possible approach is to go for a phenotypic screen in order
to test, exhaustively if possible, the effect of overexpressing or
blocking individually each miRNA on virus accumulation. This
method has the advantage to be truly unbiased, but does have
its limitation, especially concerning the blocking of miRNAs.
Indeed, a specific cell line only expresses, at a functional level,
a 100 different miRNAs at most, which means that it is easy to

1www.mirbase.org
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FIGURE 1 | miRNA canonical biogenesis and function. miRNA genes are transcribed by the RNA polymerase II into a primary precursor (pri-miRNA) which is

processed in the nucleus by the Microprocessor (Drosha and its cofactor DGCR8) to produce a hairpin structure precursor (pre-miRNA) that will be exported to the

cytoplasm by Exportin 5. The pre-miRNA is processed in turn by Dicer into the mature miRNA duplex that will be loaded in an Argonaute protein (AGO) within the

RNA induced silencing complex (RISC). One of the strands remains bound to Ago and the complex can mediate post-transcriptional gene regulation by targeting

mRNAs through binding of the miRNA seed region (nucleotides 2–8) to the target mRNA (binding site represented by a red rectangle). Adaptor protein GW182 is

recruited by RISC and can interact with polyA-binding proteins (PABP) inducing recruitment of CCR4-NOT deadenylase complex. The target mRNA is destabilized

by deadenylation and decapping leading to its degradation. Translation of targeted mRNAs is also repressed by inhibition of the preinitiation complex assembly.

overlook the effect of inhibiting a miRNA that is not naturally
expressed in the cells used for the screen.

Impact of Viral Infection on miRNA
Expression
Although a number of changes induced by viral infection
on miRNA expression is most likely indirect, in some cases
monitoring these variations can prove very informative. There
are different techniques available to measure the impact of viral
infection on miRNA expression (Figure 2A). The throughput
of the classical ones (northern blot analysis, RT-qPCR and
in situ hybridization) is generally not sufficient to determine
the complete miRNA profile of a sample. Therefore, one should
rely on the use of multiplexed RT-qPCR, microarrays or Next
Generation Sequencing (NGS)-based genome-wide approaches
to get a complete picture of the level of expression of every
miRNA.

Li et al. (2017) performed miRNA profiling in cells infected
with HCV using NanoString nCounter miRNA expression assays
and microarray analysis. Among the modulated miRNAs, the
top hits miR-25, miR-130a/b, and let-7a were downregulated
by the virus, both in cultured cells and liver tissues of infected
patients, suggesting that HCV counteracts their proven antiviral
capacity by reducing their levels (Li et al., 2017). Profiling of
250 miRNAs in enterovirus (EV)71-infected cells by quantitative
real-time PCR showed that miR-141 was induced upon EV71

infection. This miRNA turned out to be proviral (Ho et al., 2011).
To identify the miRNAs involved in regulating antiviral signaling
pathways, Ingle et al. (2015) performedmicroarray-basedmiRNA
profiling in human cells infected with Newcastle disease virus
(NDV). miR-485-5p was one of the most upregulated ones not
only upon NDV infection but also in cells infected with Influenza
A virus (IAV) H5N1 or transfected with a synthetic dsRNA,
polyI:C (Ingle et al., 2015). Similarly, Rosenberger et al. (2017)
used microarray to profile the expression of miRNAs in the
lungs of mice infected with IAV and found miR-144 among the
most significantly upregulated ones. Ectopic overexpression of
miR-144 increased infectious virion production in cells infected
not only with influenza virus but also with the negative-sense
single-stranded (ss) RNA vesicular stomatitis virus (VSV) and the
positive-sense ssRNA encephalomyocarditis virus (EMCV). In
parallel, the transcriptome profile of influenza-infected wild-type
andmiR-144 over-expressing cells was compared and allowed the
identification of the transcriptional network regulated by miR-
144 (Rosenberger et al., 2017). In another study, both global
cellular miRNA and mRNA expression was profiled in Japanese
encephalitis virus (JEV)-infected human microglial cells using
an Affymetrix microarray platform and identified key pathways
associated with the differentially expressedmiRNAs and inversely
correlated mRNAs during JEV infection (Kumari et al., 2016).

The use of small RNA cloning and sequencing has
been employed in several recent studies to identify up- or
down-regulated miRNA upon infection with different viruses
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FIGURE 2 | Current approaches available for identification of miRNAs involved in the regulation of viral infection (A,B) and their targets (C–E). (A) Reciprocal

regulation of miRNA expression and viral infection allows identification of candidate miRNAs upregulated (green arrow) or downregulated (red arrow) by miRNA

profiling through microarray. Sequencing (next generation sequencing, NGS) provides further information on regulated targets and reveals networks of gene

regulation. (B) Virus-centered phenotypic approaches are based on miRNA regulation of the infection. Screens based on the overexpression or inhibition of

candidate miRNA in the context of infection, generally using a reporter virus (indicated by the green color), allow a direct observation of the effect on the viral

accumulation. This approach coupled to transcriptome profiling also identifies target genes of candidate miRNA. (C) Computational analysis for target identification

of a given miRNA are based on the identification of seed-matches in the 3′ UTRs of cellular mRNAs. Bioinformatic predictions rely on the use of target prediction

tools such as Targetscan or miRanda for cellular targets or ViTa for viral genomes and transcripts. (D) Biochemical isolation of AGO crosslinked to the miRNA and

bound target followed by deep sequencing (AGO-CLIP) allows identification of miRNA specific targets, either cellular or viral, in a genome-wide manner and reveals

the precise binding sites on the target. (E) Luciferase (Luc) reporter assays allow functional validation of a miRNA binding site based on the measure of the luciferase

enzymatic activity when a potential binding site is present on the 3′UTR. Variants of luciferase (F, firefly; or R, Renilla) containing or not the binding site are used to

estimate differential regulation.
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(Motsch et al., 2012; Oussaief et al., 2015; Chen et al., 2016;
Lodge et al., 2017). However, these studies did not necessarily
confirm whether the regulated miRNAs were having pro- or
anti-viral roles. When miRNA profiling is coupled with regular
transcriptome analysis, this can provide useful information
regarding the networks of regulated genes upon viral infection.
Indeed, it is generally observed that the expression of a
miRNA and of its predicted targets tends to be positively
or negatively correlated, suggesting a frequent coordination
between transcriptional or post-transcriptional regulation of a
miRNA and its targets in gene networks (Tsang et al., 2007). As we
will see below, many examples of positive and negative regulatory
feedback loops between viral levels and miRNA expression have
been identified, using NGS approaches or other techniques such
as multiplexed RT-qPCR or microarray analyses.

Virus-Centered Phenotypic Screens
Viruses engineered to express a reporter protein (e.g., GFP)
have been used as functional reporters to follow pro- and
anti-viral miRNA activity in gain- and loss-of-function studies
(Figure 2B). In general, the reporter activity can be measured
upon overexpression or inhibition of miRNA expression, thereby
providing a proxy to directly assess the impact on virus
accumulation (see Table 1 for currently available overexpression
and inhibition tools).

Santhakumar et al. (2010) used either miRNA mimics or
inhibitors and monitored viral growth by using viruses from all
three herpesvirus families (α, β, γ) that encode green fluorescent
protein (GFP) reporters. They identified host miRNAs with
broad pro- and anti-viral properties, among which miR-199a-
3p which leads to decreased viral growth in all three herpesviral
subfamilies (Santhakumar et al., 2010). To test the extent of such
miRNA antiviral activities in other viral infections, the same
group conducted a screen on IAV and Respiratory Syncytial
Virus (RSV) in human cells (McCaskill et al., 2017). Also,
microscopy-based screen using miRNA mimics upon Dengue
Virus (DENV), West Nile virus (WNV), and Zika Virus (ZIKV)
identified several antiviral miRNAs against flaviviruses, including
the miRNA miR-34, miR-15, and miR-517 families (Smith et al.,
2017).

IDENTIFICATION OF miRNA TARGETS

Once a candidate miRNA has been found, it becomes essential
to identify its targets to understand the molecular mechanisms
underlying the effect on the virus. This can prove as difficult if
not more as the initial identification of the miRNAs involved
in regulating the virus of interest. Indeed, as mentioned above,
miRNAs bind to their targets with limited complementarity,
and the effect of their binding on the target RNA expression is
usually mild. Several methods have been employed for miRNA
target identification in vertebrates. The very same approaches are
applicable to cellular targets involved in viral infection. However,
they cannot all be directly transposed to the identification of
virus-encoded targets, in case of a direct effect of the miRNA on
a viral RNA.

Bioinformatic Predictions
A large set of miRNA target prediction tools based on sequence
conservation and seed complementarity to 3′ UTR of host coding
genes has been developed, such as TargetScan (Lewis et al.,
2003, 2005), miRanda (John et al., 2004), PicTar (Krek et al.,
2005), DIANA-microT (Kiriakidou et al., 2004) (Figure 2C).
Although computational approaches are undoubtedly valuable in
preliminary identification of miRNA target genes, they do not
always identify the actual interaction between a miRNA and its
target. Moreover, predictions do not include information about
expression levels of miRNAs or their targets, leaving the question
open about whether themiRNA-mRNA interaction is biologically
relevant. Finally, the existence of non-canonical miRNA-target
interactions extends the number of potential targets which are not
necessarily considered by all bioinformatic tools.

In addition to the aforementioned limitations encountered to
find cellular targets, bioinformatics predictions become especially
difficult for the identification of miRNAs bound directly to
virus. The main reason is that most of the prediction algorithms
rely on the cross-species conservation of miRNA binding sites
to select for the ones that were maintained during evolution.
Therefore, the viral genomes are not included in the commonly
used target repositories. In addition, the miRNA target sites
are not necessarily contained in the 3′UTRs as for endogenous
host targets. However, one group developed ViTa, a database for
cellular miRNA targeting virus genomes and virus transcripts.
This database contains information about known host miRNAs,
known viral miRNAs, known and putative host miRNA target
sites on viruses. It provides information such as human miRNA
expression, virus tropism and virus comparisons (Hsu et al.,
2007). Besides this report, initial efforts in the field identified first
a biological effect by using gene reporter assays and then moved
backward to the in silico search for identification of miRNA
binding sites. Thus, in an early study, Dicer1-deficient mice were
shown to be hypersusceptible to VSV infection, independently
on RNAi or the interferon response. Fusing different portions
of the VSV sequence in both positive (+) and negative (−)
orientations to luciferase reporters, the authors identified the
minimal region for regulation. Target prediction algorithms then
allowed them to reveal potential target sites for miR-24 and
miR-93 (Otsuka et al., 2007). Another example of prediction
and identification of miRNA-viral target interaction concerns the
antiviral miR-142 on Eastern equine encephalitis virus (EEEV).
Target prediction algorithms identified binding sites for the
haematopoietic-specific miR-142-3p in the 3′ Non-Translated
Region (NTR) of the virus (Trobaugh et al., 2014). Indeed, EEEV
is defective for replication in human and murine myeloid cells
which express miR-142.

Experimental Approaches to miRNA
Target Identification
To increase the low signal-to-noise ratio inherent to purely
computational prediction approaches, different attempts have
been made to measure the global effect of altering the level
of one candidate miRNA. Methods like microarray or high-
throughput sequencing indeed provide indirect relationships
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TABLE 1 | Main tools to study miRNA gene function.

miRNA overexpression miRNA mimic Synthetic double-stranded RNA molecule mimicking the miRNA duplexes produced

after Dicer processing. Designed to efficiently favor the loading of one miRNA strand

(miR-5p or -3p) as a functional mature miRNA strand into RISC. Transient expression.

Vector-based miRNA expression miRNA precursor under the control of a strong RNA Pol II or Pol III promoter, processed

by the biogenesis machinery. Expression of the miRNA often coupled with a fluorescent

protein marker. Constructs can be cloned in lentiviral or adenoviral vectors to be

packaged into viral particles to target hard-to-transfect cells or for in vivo purposes. Can

be used for stable expression.

miRNA inhibition AntimiR Chemically modified, single-stranded antisense oligonucleotide that inhibits miRNA

function by sequence complementarity. Modifications at the 2′ ribose position such as

2′-O-methyl and 2′ Fluoro (2′F)-RNA increase binding affinity and stabilize the molecule.

A phosphorothioate backbone can be used to stabilize the molecule.

Antagomir 2’-O-methyl modified antisense single−stranded RNA oligonucleotide, conjugated to

cholesterol in 3′ end, that inhibits miRNA function by sequence complementarity.

Developed as a pharmacological approach for silencing miRNAs in vivo (Krutzfeldt

et al., 2005).

Locked nucleic acid (LNA) Chemically modified antisense RNA analog, in which the ribose sugar is locked by a

methylene bridge joining the 2′-oxygen and 4′-carbon of the ribose to increase stability

and specificity. The strong binding properties of LNAs make them particularly useful in

anti-miRNA applications.

miRNA sponges Transcripts containing multiple tandem perfectly or imperfectly binding sites to a miRNA

of interest. Act as competitive inhibitors of miRNA function. Can be engineered as

fusions to a transgene in plasmid constructs via a strong promoter (Ebert and Sharp,

2010). Can be used either for transient or long-term loss-of-function studies both

in vitro and in vivo.

Decoy/tough decoy RNA Antisense single-stranded RNA containing a microRNA binding domain (Decoy) or a

stabilized stem-loop with two microRNA binding domains (TuD). Usually expressed from

a strong Pol III promoter. Sequesters the miRNA into stable complexes through

complementary base-pairing (Xie et al., 2012).

Morpholino Phosphorodiamidate morpholine oligomer (or morpholino) is an uncharged DNA analog

in which morpholine rings replace the sugar moieties and non-ionic

phosphorodiamidate linkages replace the phosphate linkages. Neutral charge of

backbone reduces non-specific interactions with proteins.

between miRNAs and their targets. Experimental tinkering with
endogenous miRNA expression should correspond to predictable
changes in target expression, either at the RNA (Lim et al.,
2005) or protein (Selbach et al., 2008) level. Thus, in order to
identify cellular targets of miR-197 responsible for its antiviral
effect on EV71, Tang et al. (2016) used a proteomics-based
approach. McCaskill et al. (2017) and colleagues made use of
a reverse-phase protein array (RPPA) to screen the expression
levels of global signaling pathway markers to gain insights on the
host pathways targeted by the miRNAs with antiviral properties
against IAV. The advantage of conducting the RPPA is that
it enables not only protein levels to be examined but also to
distinguish the phosphorylation state relevant for the activation
status of signaling pathways (McCaskill et al., 2017).

Other techniques provide a more solid evidence of what
can be the target RNAs bound by miRNAs. These rely on the
biochemical isolation of miRNA-target RNA complexes and can
be either focused on one single miRNA (Easow et al., 2007),
or more broadly on an Argonaute protein. The latter approach
has been refined extensively in the past few years and is now
based on the chemical cross-linking of one Argonaute protein
to its target RNAs prior to its immunoprecipitation followed by
deep sequencing (Figure 2D). There are several variations of
this CLIP (Cross-Linking and ImmunoPrecipitation) technique,
which allow the identification of miRNA target networks at a

genome-wide level (Chi et al., 2009; Hafner et al., 2010). In
addition to isolate physical interactions between the miRNA
and its targets, these approaches provide deeper insights on
the nature of binding site and in some cases can identify
binding site locations with very high accuracy. CLIP data also
revealed that a large portion of miRNA-target interactions
in vivo are mediated not only through the canonical seed-
match sites but also via non-canonical sites previously neglected
by bioinformatic predictions. Interestingly, AGO-CLIP data are
currently exploited to implement prediction tools. For instance,
Agarwal et al. (2015) generated an improved quantitative model
of canonical targeting based on available CLIP data. They showed
that the vast majority of functional sites are canonical since
non-canonical sites do not mediate detectable repression despite
binding the miRNA. Of note, the appearance of databases such
as miRTarbase which contains a curated collection of miRNA-
target interactions with experimental support (Hsu et al., 2011;
Chou et al., 2016) allows a step forward into the target validation
compared to the mere prediction.

High-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation (HITS-CLIP) experiments of human AGO
during HCV infection showed robust AGO binding to the
HCV 5′UTR at known miR-122 sites. Moreover, Luna et al.
(2015) describe that HCV serves as a sponge for miR-122 from
endogenous targets, suggesting that bi-targeting of either cellular
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or viral RNAs is crucial for the final miRNA effect. A more
recent paper characterized AGObinding landscapes for a number
of medically important viruses (Scheel et al., 2016). Scheel
et al. (2016) took advantage of an improved method of target
identification based on miRNA-target chimera isolation in AGO,
so called CLEAR-CLIP method (Moore et al., 2015) and showed
a broad AGO coating for several RNA viruses.

Independently of the approach that is used to generate a list of
putative targets, these have then to be experimentally validated.
Reporter assays were among the first and more straightforward
approaches to measure miRNA targeting (Doench and Sharp,
2004). The rationale behind the design of a miRNA reporter
is very simple: the predicted miRNA target sequence is fused
to the 3′UTR of a reporter gene and the reporter expression
will be measured compared to a normalizer gene (Figure 2E).
For a luciferase assay, the functionality of the target site can
be monitored by measuring the luciferase enzymatic activity,
while the expression of a normalizer gene will stay unaffected.
Moreover, fluorescent reporters have also been chosen as
functional read-outs of miRNA activity in living cells, working
as biosensors for microscopy-based approaches and single-cell
based analyses (Bassett et al., 2014). After the validity of the
reporter regulation has been established, the effect of the miRNA
on the endogenous target (either at the mRNA or at the protein
level) should be measured, before ultimately assessing the effect
of this target regulation on virus accumulation in vitro and/or
in vivo.

EXAMPLES OF miRNA-MEDIATED
REGULATION OF VIRAL INFECTION

We have now seen multiple ways by which the identity and
implication of specific miRNAs in the replication cycle of viruses
can be unveiled and we have briefly mentioned a few of them.
In this part, we will describe in more details some selected cases
of both positive and negative regulation of viruses mediated by
miRNAs. Some of these cases are described in Figure 3 and a
more complete list (although not exhaustive) can be found in
Table 2.

Direct Targeting of Viral RNA
The number of examples of viral regulation by direct binding of
miRNAs targeting the viral genome remains limited. One possible
explanation could be that if a miRNA target site with deleterious
consequence for the virus would appear within a viral genome,
the selection pressure would most likely remove this sequence
quite rapidly in the virus progeny. This theory is backed up
by the finding that a majority of direct host miRNA/viral RNA
interactions results in a positive regulation of the viral cycle. In
this case indeed, if the binding of the miRNA within the genome
provides an evolutionary advantage and/or increases the viral
fitness, then it will be maintained by the virus. However, there
are some described cases where direct binding of a miRNA on a
viral RNA does have a negative impact on the virus. As we will see,
this can be explained by the mutual exclusion of the virus and the
miRNA due to tightly controlled tissue-specificity. Actually, the

idea that the tissue-tropism of some viruses can be partly due to
miRNA expression is quite widespread.

The first discovered miRNA-virus interaction is the one
involving miR-122 and HCV. HCV is a hepatotropic virus with
a positive sense ssRNA genome. The liver-specific miR-122 is
essential for the viral replication and positively regulates the virus
by the direct interaction of the miRNA to the viral genome,
which contains three different binding sites for miR-122 in the
3′ and 5′ UTRs. The regulatory function of miR-122 is exerted
after binding to the 5′ UTR of the genome, upstream of the
Internal Ribosomal Entry Site (IRES), and leads to increased
viral RNA accumulation (Jopling et al., 2005) and enhanced
viral protein translation after recruitment of the 48S ribosomal
subunit (Henke et al., 2008). However, it seems that the dominant
mechanisms leading to the positive effect of miR-122 binding is
by protection of the genomic RNA 5′ extremity. Indeed, binding
of miR-122-loaded AGO2 stabilizes HCV RNA by preventing its
decay (Machlin et al., 2011; Shimakami et al., 2012) most likely
caused by the XRN1 exonuclease (Li Y. et al., 2015). The positive
effect of miR-122 on the virus certainly reflects the close co-
evolution of HCV with its host and might be involved in defining
the tropism of the virus, although it could also have appeared
because of the liver tropism.

As mentioned previously, Scheel et al. (2016) performed a
wide analysis of miRNA binding sites in several viruses using
AGO2 CLIP. Among the tested viruses, they found that there
were binding sites for the cellular miRNAs miR-17 and Let-
7 in the 3′UTR of the bovine viral diarrhea virus (BVDV)
genome (Scheel et al., 2016). Although the exact mechanism
was not elucidated, the authors showed that this targeting of the
BVDV genome had a positive impact on viral RNA and protein
production. In addition, and similarly to HCV and miR-122, the
sequestration of miR-17 by the viral RNA resulted in the de-
repression of the miRNA cellular targets. These findings indicate
that direct binding of viral RNAs by cellular miRNAs is more
common than anticipated, although the physiological importance
remains to be determined for a lot of these interactions.

Another example of a miRNA that partly plays a role in cell
tropism is the haematopoietic lineage-specific miR-142, which
restricts EEEV replication in myeloid cells. This miRNA binds
directly to several conserved binding sites in the 3′UTR of the
viral genome and thus restricts translation of non-structural
proteins affecting subsequent viral replication in this lineage.
Thus, the downregulation of virus accumulation in myeloid
cells suppresses IFNα and β production, which allows the
infection to occur and leads to the neuropathological features that
characterize the viral disease (Trobaugh et al., 2014). Similarly,
porcine reproductive and respiratory syndrome virus (PRRSV)
can be directly targeted by both miR-181 and miR-130b cellular
miRNAs. In this case as well these miRNAs can inhibit PRRSV
replication. Studies on miR-181 family have shown that the target
site is found on the region downstream of the ORF4 and inhibits
the virus by targeting subgenomic RNAs. Expression of miR-181
family members is low in cells that are permissive for the virus.
Over-expression of all four miRNAs belonging to this family
inhibits PRRSV in a seed-dependent manner leading to 80%
reduction in viral RNA accumulation and 30-fold decreased titers
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FIGURE 3 | Mechanism of action of miRNAs which modulate viral infection. (A) miRNA direct effect on virus regulation takes place by direct targeting of viral RNAs

at different regions such as 3′UTR, 5′UTR or coding sequences. Binding leads to RNA stabilization, enhanced translation or impaired replication. (B) Indirect effect

involves modulation of expression of a cellular transcript encoding a host factor required for one or several steps in the viral cycle. Modulation of receptor expression

regulates entry of the virus affecting tropism and cofactors required for replication complexes or translation can impair or enhance viral replication and viral protein

production respectively. miRNAs also participate to enhance or restrain cell responses to the infection for instance immune response or defense mechanisms such

as apoptosis induction. Viral cycle steps are represented in blue, while host factors and associated pathways are labeled in orange.

in porcine alveolar macrophages (Guo et al., 2013). Despite the
efficient antiviral effect of different miRNAs on PRSSV, further
investigation is needed to have a better insight of the mechanisms
of action of this type of regulation.

In addition, cellularmiRNAs can also be involved in regulating
the switch from lytic to latent infection in herpesvirus-infected
cells by targeting viral mRNAs. Thus, the neuronal specific
miR-138 binds to and regulate the immediate early transcript
ICP0 in herpes simplex virus 1 infected cells, thereby helping
in maintaining latency (Pan et al., 2014). In a similar manner,
miRNAs from the miR-200 family regulate latency of the
human cytomegalovirus by targeting the viral UL122 transcript
(O’Connor et al., 2014).

Indirect Effect by Regulation of Cellular
mRNAs
This form of viral regulation by host miRNAs is the most
described in the literature. The indirect effect on the virus is in

this case due to the targeting of mRNAs encoding host factors
involved in one or several steps of the viral cycle or important
elements in the establishment of the immune response and
defense mechanisms.

Cellular Tropism and Viral Entry

The first step for a virion to start the infection is the
permissiveness of a given cell by expression of viral receptors
for entry. By regulating the expression of a receptor, miRNAs
can therefore regulate the tropism of a virus for a cell type
and influence the successful establishment of infection. The
aforementioned virus, PRRSV, usually infects macrophages and
dendritic cells and, to a lesser extent, monocytes. This tropism
is in part due to the lower expression of the PRRSV receptor,
CD163, at the surface of these latter cells, whereas it is expressed
at higher levels once they differentiate into macrophages or
dendritic cells. Gao and collaborators determined that miR-181
targets the 3′ UTR of CD163 mRNA and they showed an inverse
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TABLE 2 | Examples of miRNA involved in viral infections.

microRNA Virus Effect Target Reference

miR-122 HCV Proviral Direct: viral 5′ UTR Jopling et al., 2005;

Lanford et al., 2010

miR-485 NDV and H5N1 Proviral/Antiviral Indirect: RIG-I-mRNA

Direct: H5N1 PB1 RNA

Ingle et al., 2015

miR-141 EV71 Proviral Indirect: eIF4E mRNA Ho et al., 2011

miR-142-3p EEEV Proviral/ Antiviral Direct: viral 3′ NTR Trobaugh et al., 2014

miR-17, let-7 Pestiviruses (BVDV) Proviral Direct: viral 3′ UTR Scheel et al., 2016

miR-301a JEV Proviral Indirect: IFN response Hazra et al., 2017

miR-144 IAV, EMCV, VSV Proviral Indirect: TRAF6 mRNA Rosenberger et al., 2017

miR-146a HeV Proviral Indirect: RNF11 mRNA Stewart et al., 2013

miR-24, miR-93 VSV Antiviral Direct: viral genes L and P Otsuka et al., 2007

miR-221, miR-222 HIV-1 Antiviral Indirect: CD4 mRNA Lodge et al., 2017

miR-181 PRRSV Antiviral Indirect: CD163 mRNA Gao et al., 2013

miR-181 PRRSV Antiviral Direct: viral ORF4 Guo et al., 2013

miR-130 PRRSV Antiviral Direct: viral 5′ UTR Li L. et al., 2015

miR-542-5p, miR-24 IAV, RSV Antiviral Indirect: p38 MAPK

pathway

McCaskill et al., 2017

miR-223 DENV-2 Antiviral Indirect: STMN1 mRNA Wu et al., 2014

miR-199, miR-214 and

others

MCMV, HCMV,

MHV-68, SFV

Antiviral Indirect: ERK/MAPK,

oxidative stress, and

PI3K/AKT signaling

Santhakumar et al., 2010

miR-33a JEV Antiviral Indirect: EEF1A1 mRNA Chen et al., 2016

miR-34, miR-15 and

miR-517

DENV, WNV, JEV Antiviral Indirect: Wnt pathway Smith et al., 2017

miR-3614-5p DENV Antiviral Indirect: ADAR1 mRNA Diosa-Toro et al., 2017

miR-127-3p, miR-486-5p

and others

IAV Antiviral Direct: viral genome Peng et al., 2018

miR-25, Let-7, miR-130 HCV Antiviral Indirect: HCV co-factors Li et al., 2017

miR-323, miR-491, and

miR-654

IAV Antiviral Direct: PB1 RNA Song et al., 2010

miR-532 WNV Antiviral Indirect: SESTD1 mRNA Slonchak et al., 2016

Hs-154 WNV Antiviral Indirect: CTFC and ECOP

mRNAs

Smith et al., 2012

miR-555 Poliovirus Antiviral Indirect: hnRNPC mRNA Shim et al., 2016

miR-155 VSV, SeV Antiviral Indirect: SOCS mRNA Wang et al., 2010

miR-197 EV71 Antiviral Indirect: RAN mRNA Tang et al., 2016

HCV, Hepatitis C virus; NDV, Newcastle disease virus; H5N1, Influenza A virus subtype H5N1; EV71, Enterovirus 71; EEEV, Eastern equine encephalitis virus; BVDV, Bovine

viral diarrhea virus; JEV, Japanese encephalitis virus; IAV, Influenza A virus; EMCV, encephalomyocarditis virus; VSV, Vesicular stomatitis virus; HeV, Hendra virus; HIV-1,

Human Immunodeficiency Virus 1; PRRSV, Porcine reproductive and respiratory syndrome virus; RSV, Respiratory Syncytial Virus; DENV, Dengue virus; MCMV, Mouse

Cytomegalovirus; HCMV, Human Cytomegalovirus; MHV-68, murine gammaherpesvirus-68; SFV, Semliki forest virus; WNV, West Nile virus; SeV, Sendai virus.

correlation between the miRNA and the receptor expression
levels. Through regulation of surface receptor expression, this
miRNA hence affects the viral tropism and negatively regulates
PRRSV (Gao et al., 2013). It is interesting to note that miR-181 is
therefore exerting a dual action on this virus, both direct on the
viral genome and indirect by regulation of CD163.

The Human Immunodeficiency Virus 1 (HIV-1) receptor, the
CD4 surface protein, was also shown to be regulated by two
miRNAs, miR-221 and miR-222. Interestingly, in this study, the
authors found that the expression of these two miRNAs was low
in productively infected macrophages, whereas it was higher in
bystander macrophages. They also linked their upregulation to
TNFα production in these cells, and confirmed that miR-221
and miR-222 could restrict entry of HIV-1 by downregulating
CD4 expression (Lodge et al., 2017). Furthermore, the HIV-1

tropism is also determined by two different co-receptors, CCR5
or CXCR4. A signaling cascade involving miR-146a regulates
CXCR4 expression in resting CD4+ T lymphocytes, making
them less susceptible to HIV-1 infection. However, after T
cell activation, the transcription factor PLZF downregulates the
expression of miR-146a expression, leading to the expression of
CXCR4 and hence rendering the cells susceptible to infection
(Quaranta et al., 2015).

Cellular Cofactors Involved in Viral Replication

Another level where the viral cycle can be successfully impaired is
at the replication step by regulation of cellular cofactors essential
for the production of new copies of viral genomes. This is the case
during infection by the flavivirus JEV. Chen et al. (2016) found
that the expression of miR-33a was repressed in cells infected
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with JEV, and that one of the targets of this miRNA was the
elongation factor EEF1A1. Interestingly, the authors went on to
show that EEF1A1 interacts with components of the replication
machinery and contributes to the stabilization of the complex.
Therefore, by preventing downregulation of EEF1A via miR-33a,
the virus ensures that its replication can occur efficiently (Chen
et al., 2016). In the case of poliovirus, replication relies on the
recruitment of heterogeneous nuclear ribonucleoprotein C1/C2
(hnRNP C) to the viral replication machinery. Shim et al. (2016)
identified miR-555 as a miRNA with potent antiviral properties
in a high-throughput overexpression screen, and showed that
hnRNP C was regulated by this miRNA. However, in this case, it
is not known whether the virus modulates the expression of this
miRNA during infection.

As a last example, the enterovirus EV71 also partially relies
on the downregulation of the cellular miRNA miR-197, which
is involved in the regulation of the nuclear import factor RAN
(Tang et al., 2016). RAN is important for the import of the viral
protein 3D and 3DC, which plays an important role for the virus
replication, although in an indirect manner.

Translation

Viruses also rely on the host machinery for translation of viral
proteins. The Picornaviridae family gathers viruses with a positive
sense RNA genome whose protein expression is cap-independent
and rather depends on an IRES (Martínez-Salas et al., 2015).
To hijack the cellular machinery and use it on their advantage,
these viruses shut-off the cap-dependent translation. miRNAs
can also be involved in this process. For instance, miR-141
has been the first miRNA described to participate in such a
process and to have a positive effect on the viral infection
(Ho et al., 2011). During EV71 infection, miR-141 expression
is upregulated and the expression of the initiation factor eIF4E
is repressed. Interestingly, unlike other translation initiation
factors, eIF4E in necessary for cap-dependent translation but
not for cap-independent translation. Ho and collaborators have
shown by Chromatin ImmunoPrecipitation (ChIP) assays that
the early growth response 1 (ERG1) transcription factor, which
is induced upon infection, enhances miR-141 expression leading
to the silencing of eIF4E, promotion of translational switch
and increased viral production. This is a novel mechanism of
translational switch during EV71 infection involving miR-141.

Immune Response

Innate immunity is the first line of defense against viral
infection. After recognition of viral specific elements by different
receptors an antiviral response sets in place triggering complex
signaling pathways that lead to the activation of interferon
response and production of cytokines. The involvement of
miRNAs in the control of immune response has been studied
extensively (see Taganov et al., 2007 for review), and it is not
surprising that some miRNAs are specifically involved during
viral infection to regulate the cellular response. This is the case
of miR-144, which we mentioned earlier, and which interferes
with the immune response allowing an increased replication
of different RNA viruses. After validation of computational
prediction, miR-144 was shown to act as a positive regulator

of viral infection by targeting TRAF6 mRNA thereby regulating
IRF7-mediated immune response. Furthermore, in vivo assays
performed on mice where miR-144 expression is suppressed
showed reduced viral infection suggesting a possible use of
miRNAs to modulate the host immune response (Rosenberger
et al., 2017). Another interesting example is miR-485, which
is positively upregulated during infection by NDV or IAV and
upon treatment with synthetic dsRNA. The upregulation of this
miRNA results in a reduction of interferon and inflammatory
cytokines such as IL6. The mechanism by which miR-485 is
able to modulate antiviral response is through direct targeting
of the RIG-I 3′ UTR thereby affecting the rest of the signaling
cascade and the antiviral gene expression. Interestingly, upon
influenza H5N1 infection at a high viral load, miR-485 action
switches to control the virus and directly targets the viral gene
PB1 coding for a RNA-dependent RNA polymerase protein
required for replication (Ingle et al., 2015). The regulation of
miRNA expression upon viral infection can also be due to
the induction of the interferon pathway, which means that
some interferon-regulated miRNAs can play a broad antiviral
role (Pedersen et al., 2007). More recently, Robertson et al.
(2016) identified miR-342 as an important regulator of multiple
targets involved in the sterol pathway that is important in
the macrophage interferon antiviral response. The authors also
showed that this interferon-modulated miRNA was playing an
antiviral role against several unrelated viruses (Robertson et al.,
2016).

Apoptosis

The ultimate outcome of an efficient immune response is
the induction of programmed cell death, which is set in
place to avoid further viral production in a cell when the
virus has not been successfully cleared. At the same time,
apoptosis induction in late stages of infection can also help the
virus to spread in the extracellular milieu or in neighboring
cells. Following WNV infection, the expression of miR-6124
(referred to as Hs-154 in this paper) is induced. The authors
found that this miRNA targets CTFC and ECOP, both anti-
apoptotic factors, leading to apoptosis (Smith et al., 2012).
Thus, in this case, cell death induction by WNV is partially
mediated by the induction of a cellular miRNA. Another
miRNA, miR-532, is involved in WNV replication in human
cells as well as in mice brain and also interferes with apoptosis
during infection. It was found to target TAB3, a protein
involved in the NF-kB pathway, known to inhibit apoptosis
and promote cell survival. Furthermore, it can also target
SESTD1, a phospholipid binding protein localized in the
plasma membrane and involved in the regulation of calcium
transport by activating Ca2+ channels TRPC4 and TRPC5.
During WNV infection, calcium can lead to cleavage of caspase
3, interfering with activation of FAK and ERK1/2 pathways,
promoting cell survival and thus maintaining the optimal
environment for the virus to complete its cycle (Slonchak
et al., 2016). The last two examples perfectly illustrate the
complexity of deciphering miRNA-mediated regulation during
viral infection, since both pro- and anti-apoptotic functions occur
simultaneously.
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VIRUS-MEDIATED REGULATION OF
miRNA ACTIVITY

As mentioned earlier in the introduction, co-evolution between
viruses and their host results in an equilibrium to maintain the
host alive despite viral infection. It is thus logical that in cases
where cellular miRNAs have an antiviral effect, viral counter
measures have been observed. In addition, in some cases, the
host can also benefit from a modulation of miRNA activity in
response to an infection. Several strategies have been reported
that are either unspecific, in the sense that the miRNA biogenesis
machinery or all cellular miRNAs are impacted upon viral
infection; or targeted, since one or a few miRNAs are regulated
specifically.

Non-specific Modulation of miRNA
One of the best ways to prevent detrimental targeting by small
RNAs is to get rid of all of them. This seemingly radical
approach is employed by the vaccinia virus (VACV), a large
DNA genome virus, which expresses a poly-A polymerase known
as VP55. This viral enzyme was known to be involved in the
polyadenylation of the viral mRNAs until Backes et al. (2012)
showed that it could also mediate poly A tailing of cellular
miRNAs. The addition of these residues apparently results in
the degradation of mature miRNAs and can be prevented when
the RNA is 2′-O-methylated. The authors hypothesize that this
strategy of inducing decay of small RNAs initially appeared
in arthropod-infecting poxviruses, to remove siRNAs generated
by Dicer to control infection. As a counter-counter-measure,
insects would then have evolved to modify siRNAs by 2′-O-
methylation in order to avoid their degradation. In mammals
though, miRNAs are not 2′-O-methylated, and the benefit of
degrading miRNAs for VACV remains elusive, although it
could be indeed to prevent direct targeting of viral mRNAs
by the host miRNAs. Adenovirus VA1 RNA was also reported
some time ago as being able to perturb miRNA biogenesis by
saturating Exportin 5 and Dicer (Lu and Cullen, 2004). This
very abundant, multifunctional, viral non-coding RNA adopts a
hairpin structure, which is also important for the inhibition of
PKR or OAS1 (see Vachon and Conn, 2016 for review). The real
importance of miRNA biogenesis alteration has not been readily
addressed to date.

In other cases, a virus-induced response can lead to the
alteration of key factors involved in miRNA activity, but with
a net result that is negative for the virus. Thus, Argonaute
proteins can be poly-ADP-ribosylated during stress conditions
(Leung et al., 2011), including viral infection (Seo et al., 2013),
which results in their inactivation. Although at first, it seems
that limiting RISC activity might be beneficial for the virus if
some miRNAs played antiviral roles, it is in fact the opposite.
Indeed, Seo et al. (2013) showed that some ISGs are regulated by
miRNAs of the miR-17 family, and therefore blocking Argonaute
proteins by ADP-ribosylation results in the de-regulation of
these antiviral factors to allow the cells to mount an effective
response. Interestingly, antiviral signaling factors such as MAVS
or RNase L are involved in the post-translational modification
of AGO proteins, although the exact mechanism is not known.

The identification of viral factors that could modulate the
ADP-ribosylation machinery would be a nice validation of the
importance of this pathway in the interplay between viruses and
miRNAs.

Specific Regulation of miRNAs by
Viruses
As we discussed above, there are cases where it is important
for the virus to keep a miRNA target sequence, when it is
beneficial during its replication cycle. This is the case with
HCV, which has evolved to select a binding site for miR-122,
thereby allowing the recruitment of AGO2 at the 5′ extremity
of the viral genome to protect it from degradation. However,
when a cellular miRNA directly targets a viral RNA, it does
not make sense for the virus to maintain the target sequence
if it limits its fitness. This is especially true for RNA viruses,
which have a greater capacity to evolve quickly. Nevertheless,
when the miRNA effect is indirect, it is more complicated to
affect the targeting by the miRNA to get rid of its unwanted
effect. There are cases where acting indiscriminately on the
miRNA biogenesis machinery, as mentioned in the previous
part, is not an option, either because the virus relies on this
machinery to make its own miRNAs, or because it will have a too
strong impact on the longer term. The mouse cytomegalovirus
(MCMV) is a betaherpesvirus, which expresses a number of
miRNAs (Dölken et al., 2007), and which was also shown
to be negatively impacted by overexpression of the cellular
miR-27 (Buck et al., 2010). However, in normal conditions,
miR-27 does not have any effect on MCMV mainly because
upon infection the level of the mature miRNA is dramatically
reduced. This observation suggested that the virus somehow
developed a strategy to actively degrade this miRNA since the
level of the miRNA primary transcript or of the pre-miRNA
was unaffected (Buck et al., 2010). It was later found that the
virus expressed a transcript that contains a binding site for miR-
27 that acts as a decoy to titer out the miRNA and induce
its degradation (Libri et al., 2012; Marcinowski et al., 2012).
This phenomenon, referred to as target RNA directed miRNA
decay (TDMD), is known to occur when a target is almost
perfectly complementary to the miRNA (Ameres et al., 2010; de
la Mata et al., 2015; Haas et al., 2016). In the case of MCMV,
it was indeed confirmed that being able to degrade miR-27 is
important in the time course of in vivo infection, but it is possible
that the virus does require regulation by miR-27 in the early
stages of infection. Indeed, the level of expression of the viral
transcript involved in the miRNA decay is key in this process,
and it is only in late stages of infection that this RNA reaches
sufficient levels in order to be able to fulfill its miRNAdegradation
role. Other viruses, such as Herpesvirus Saimiri (HVS) and
human cytomegalovirus also make use of this strategy to remove
specific miRNAs (Cazalla et al., 2010; Lee et al., 2013). The case
of HVS is interesting since it was later shown that the virus
also makes use of one of its own non-coding RNA, known as
HSUR (Herpesvirus Saimiri U RNA), not only to repress some
but also to recruit other miRNAs to specific targets through
dual binding to cellular mRNAs and miRNAs (Gorbea et al.,
2017).
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CLINICAL APPLICATION OF miRNAs IN
VIRAL INFECTION AND THERAPY

Using miRNAs as a tool to modify gene expression still holds
many promises for the treatment of different human pathologies
(Chakraborty et al., 2017) and, recently, it has become especially
attractive in the field of infectious diseases. Indeed, miRNAs are
very interesting molecules in the context of antiviral therapy as
they show low immunogenicity and, for the ones that show cross-
species conservation, they can be tested in various animal models
in preclinical studies. Despite the availability of many different
methods to inhibit (Li and Rana, 2014) or overexpress a given
miRNA (Yang, 2015) in vivo, delivery remains a challenge for
miRNA-based therapy in future clinical applications.

In addition, the silencing ability of the endogenous miRNA
machinery is currently harnessed for the development of live
attenuated vaccines. For instance, insertion of a tissue specific
miRNA binding site in a given viral genome can disable viral
replication in a specific cell type. Similarly, miRNA direct binding
to its target sequence can be engineered to assure selectivity in
viral cell tropism and to diminish toxicity in the case of oncolytic
viruses.

miRNA Targeting as an Antiviral Therapy
An exciting example of miRNA-based treatment for antiviral
therapy is represented by the use of inhibitors of miR-122 in
HCV infection. An initial study showed that systemic delivery
of a 15-nucleotide locked nucleic acid (LNA) oligonucleotide
with phosphorothioate modifications (later on named SPC3649
or Miravirsen), complementary to the 5′ end of miR-122, results
in sequestration of the endogenous miRNA in non-human
primates without any associated toxicity (Elmen et al., 2008).
Soon after, silencing of miR-122 by the antisense oligonucleotide
Miravirsen was also achieved in chimpanzees with chronic
HCV infection and provided long-lasting viral suppression
(Lanford et al., 2010). Janssen et al. (2013) conducted a phase
2a study in chronic HCV infected patients who received 5-
weekly injections of Miravirsen. The treatment resulted in a
prolonged and dose-dependent reduction in HCV RNA levels
(Janssen et al., 2013; van der Ree et al., 2014). More recently,
assessment of miR-122 plasma levels in chronic HCV infected
patients upon Miravirsen treatment demonstrated a significant,
specific and prolonged decrease in miR-122 expression, close
to detection limits in some cases. However, this was not
always accompanied by a substantial reduction in the viral
load (van der Ree et al., 2016). Finally, a N-acetylgalactosamine
conjugated antisense oligonucleotide for miR-122, named RG-
101, was developed to increase miR-122 sequestration by
improving delivery in hepatocytes. In a phase 1B trial, RG-
101 treatment resulted in substantial viral load reduction
in all treated patients within 4 weeks (van der Ree et al.,
2017).

An efficient delivery of miRNA mimic and/or inhibitor is
crucial for in vivo therapy. Although not yet at the stage of
clinical trials, in vivo studies in animals on the antiviral activity
of miR-181 and miR-130 against PRRSV support the potential
of miRNA intranasal inhalation for future therapies against

respiratory viruses. Intranasal delivery of chemically modified
miR-181 mimics in pigs caused a slower progression of PRRSV
infection thus conferring some temporary protection against the
virus (Guo et al., 2013). Moreover, piglets subjected to miR-130
intranasal delivery were able to control the infection and survived
longer than controls infected with a lethal dose of the virus (Li L.
et al., 2015).

In a very recent study, Peng et al. (2018) demonstrated
that the intranasal administration of a combination of five
chemically modified miRNA mimics corresponding to highly
expressed miRNAs in respiratory epithelial cells was able to
target the viral RNA, synergistically suppressed H1N1 replication
and protected mice from viral infection. Another study showed
that the neurotropic virus JEV induces miR-301 expression in
neuronal infected cells which in turns impairs the antiviral
host response. In vivo inhibition of miR-301 by intracranial
injection of modified miR-301a morpholino (see Table 1)
restores the IFN response improving survival of JEV infected
mice by enabling IFNβ production, thereby restricting viral
propagation (Hazra et al., 2017). Although very promising
for the treatment of neurotropic viral infection, crossing the
blood-brain barrier represents an additional difficulty for small
RNA-based approaches in the future that will have to be
addressed.

Attenuated Vaccines via miRNA-Directed
Targeting
Live attenuated vaccines against human viral pathogens are
amongst the most successful interventions currently available
(Minor, 2015). The natural capacity of cellular miRNAs
to inhibit viruses through direct targeting of viral RNAs
can be exploited to generate new attenuated vaccines in a
tissue specific manner by incorporating cell-specific miRNA
target sequences into their genomes. Such a strategy can
be very useful to design safe and effective live vaccines.
Thus, as a proof-of-principle, insertion of complementary
sequences for the neuronal-specific miR-124 into the poliovirus
genome restricts its tissue tropism in mice and prevent
pathogenicity of the attenuated viral strain (Barnes et al.,
2008).

On the same line, an alternative approach based on miRNA-
mediated gene silencing was applied to increase attenuation
and improve vaccine safety for influenza A virus (Perez et al.,
2009). The current live attenuated IAV vaccine is grown in eggs
by conferring temperature sensitivity to the virus. Perez and
colleagues engineered the virus by inserting non-avian miRNA
responsive elements that mediated attenuation in mice, but not
in eggs.

Finally, a recent study demonstrated that production of an IAV
engineered to be targeted by miR-21, a ubiquitously expressed
miRNA, is very efficient in a cell line knocked-out (KO) for
this miRNA, while it is broadly attenuated in cells from a range
of species across susceptible hosts including humans. The miR-
21 KO cell has the potential to be used as a vaccine platform
to build and grow viruses targeted by miR-21 and replace the
common egg-based approaches for vaccine production (Waring
et al., 2017).
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Restriction of Viral Tropism in Cancer
Gene Therapy
Modification of viral tropism is not only interesting for the
development of live miRNA-attenuated vaccines, but also to
develop safer replication-competent oncolytic viruses (Kaufman
et al., 2015). Oncolytic viruses preferentially replicate in cancer
cells and in turn trigger the activation of immune response
against the tumor. However, as a side effect, they can induce
toxicity in normal tissues. To overcome this issue, target
sequences complementary to a specific miRNA can be integrated
into the viral genome to reduce replication in normal cells, while
maintaining the oncolytic potential in tumor cells. This was
reported for the oncolytic picornavirus coxsackie A21 that causes
lethal myositis in tumor-bearing mice. Addition of binding
sites for the muscle-specific miR-206 and miR-133a reduced
myotoxicity while maintaining oncolytic properties (Kelly et al.,
2008).

Another example is given by the miRNA-mediated
attenuation of Semliki Forest Virus (SFV) neurovirulence
in mice. Since SFV is able to infect cells of the central nervous
system (CNS), it has been of particular interest in viral
therapy of brain tumors but on the other hand additional
measures are needed to restrict viral replication in neurons.
Neuropathogenicity of Semliki Forest virus can be selectively
attenuated by inserting in its genome binding sites for the
neuron-specific miR-124, which makes it a promising tool for
cancer therapy in the brain (Ylosmaki et al., 2013).

Finally, the altered expression of specificmiRNAs representing
a hallmark of tumor cells has been used as a way to achieve tumor-
specific replication of engineered oncolytic viruses. By taking
advantage of the global decreased expression of Let-7 in tumor
cells, Edge and colleagues demonstrated that incorporation of
Let-7 miRNA complementary sequences within VSV genome
eliminates replication and associated toxicity in normal cells but
allows growth in cancer cells both in vitro and in vivo (Edge et al.,
2008).

DISCUSSION

In this review, we have extensively covered the various aspects
involving miRNAs during viral infection. We deliberately chose
to focus on cellular miRNAs in order to avoid to over-complicate
our message. However, it is important to keep in mind that some
viruses encode their own miRNAs (see Kincaid and Sullivan,
2012 for a recent review), which adds another layer of regulation
mediated by the virus. These viral small RNAs are clearly
important during infection since they have been selected by the
virus to modify the cell environment in a non-immunogenic
manner. But, how important are host-encoded miRNAs during
viral infection? As we discussed above, there are some cases where
there is no doubt that one cellular miRNA has been selected
to create an evolutionary advantage for the virus, and the best
illustration of this is the role played by miR-122 during HCV
infection. However, the contribution of host miRNAs as negative
regulators of viruses remains a debated topic. Bogerd et al.
(2014) postulated that the replication of many human viruses

was unaffected by endogenous miRNAs. The authors generated
a Dicer knock-out cell line that was then infected with a variety
of viruses such as DENV, WNV, yellow fever virus, Sindbis virus,
measles virus, influenza A virus, VSV or HIV-1 and compared the
level of virus production with the parental cells infected with the
same viruses (Bogerd et al., 2014). Since no significant difference
between cells depleted of or expressing Dicer was observed, they
concluded that host miRNAs had no impact on virus replication.
One limitation of the study though was the choice of one single
cell type (HEK293T cells), which would not take into account
tissue-specific expression of certain miRNAs. However, for future
studies, it will be important to consider these observations when
assessing the effect on a given virus of miRNAs known to be
expressed in HEK293T cells.

Another group also used a global approach to show that
depletion of miRNAs did not have strong effects in term of
antiviral response. Aguado et al. (2015) expressed the vaccinia
virus VP55 protein that we mentioned previously as able to
induce degradation of all cellular miRNAs and they measured the
effect on the cellular response to viral infection. One of their main
conclusions was that in cells expressing VP55, and thus devoid of
mature miRNAs, the acute response to a challenge with dsRNA
or IFN-β was overall unaffected. However, one clear difference
in cells without miRNAs was an increased cytokine production
when challenged, which would indicate that miRNAs do play
important roles during chronic infection and activation of the
immune response. In this study, the authors did not assess the
impact of VP55 expression on a bona fide viral infection and only
used synthetic challenges, but the expression of VP55 might have
other miRNA-independent effects on viral replication that would
complicate the interpretation of the results.

Although the opposite cannot be strictly ruled out, it only
seems logical that cellular miRNAs would not play critical roles
in acute infections, since typically a miRNA-mediated effect is
more that of a fine-tuning than of an on/off switch. In addition,
even if a cellular target playing an important role in antiviral
response was strongly regulated at the mRNA level, the half-
life of the protein would have to be very short in order to
result in a meaningful effect in the early phase of infection.
Therefore, when assessing the role of cellular miRNAs, we can
safely say that they are crucial when they are proviral, or when
a longer, persistent infection is established. We have also seen
that viruses do have an impact on miRNA expression pattern,
which is in favor of a real importance of at least these specific
miRNAs during infection. Finally, with the advent of techniques
that allow to validate the physical interactions between miRNAs
and viral genomes, a number of examples where the miRNA
acts by binding directly to the pathogen RNA has been recently
reported (Scheel et al., 2016). Again, these examples only make
sense biologically when the effect is beneficial for the virus,
otherwise the virus will find a way to prevent inhibition (Cullen,
2013).

Can we harness the results obtained on the study of
miRNA/virus interactions to design novel therapeutic
approaches? We described the use of antisense oligonucleotides
to block proviral miRNAs, which is the most straightforward and
easy to implement way toward new drugs. But, miRNAs can also
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be used as an entry gate into regulatory networks that could be
explored to find new unconventional therapeutic targets.
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> Parasites intracellulaires obligatoires, les virus 
dépendent d’un grand nombre de facteurs cellu-
laires pour accomplir leur cycle de multiplication. 
Parmi ceux-ci, les microARN (miARN) ont récem-
ment émergé comme d’importants modulateurs 
des infections virales. Ces petites molécules 
régulatrices agissent comme des répresseurs de 
l’expression des gènes. Au cours de l’infection, 
ils peuvent agir sur des ARN cibles d’origine cel-
lulaire mais aussi virale. Cette synthèse fait le 
point sur les différents mécanismes, directs et 
indirects, impliquant ces miARN dans la régula-
tion des virus et aborde les possibles applications 
thérapeutiques qui peuvent en découler. <

séquence « seed » correspondant aux nucléotides 2 à 8 qu’il contient. 
Cette séquence lui permet de guider la protéine Argonaute sur ses 
ARNm cibles par appariement de séquence, le plus souvent dans la 
région 3’ non traduite (UTR) de ces ARNm. La fixation de la protéine 
Argonaute sur un ARNm induit l’inhibition de l’initiation de sa traduc-
tion et sa dégradation par le recrutement de protéines à l’origine de sa 
déadénylation (Figure 1) [1].
Dans cet article, nous passerons en revue les techniques couramment 
utilisées pour identifier les miARN impliqués dans les infections virales 
ainsi que leurs cibles. Nous décrirons ensuite quelques exemples de 
virus dont l’infection est modulée par des miARN et discuterons des 
possibles applications thérapeutiques résultant du ciblage de ces ARN 
régulateurs.

Identification des miARN impliqués dans le contrôle 
de l’infection virale

Le potentiel de régulation des miARN est très important : il existe 
en effet environ 2 000 gènes codant des miARN qui ont été annotés 
dans le génome humain. En raison du faible nombre de nucléotides 
requis pour leur interaction avec leur cible, chacun de ces miARN 
peut potentiellement participer à la régulation de nombreux ARNm, y 
compris ceux qui ont une origine virale. L’expression et l’abondance de 
ces molécules régulatrices diffèrent selon le type cellulaire étudié, ce 
qui a un impact sur le réseau de cibles potentielles. Une des premières 
approches à mettre en œuvre lorsqu’on veut identifier les miARN par-
ticipant à la régulation de l’infection par un virus donné sera donc de 
déterminer le profil d’expression de ces miARN dans les cellules qu’il 

Architecture et Réactivité de 
l’ARN, Université de Strasbourg, 
Institut de Biologie Moléculaire 
et Cellulaire du CNRS, 
15, rue René Descartes, 
67084 Strasbourg, France.
spfeffer@unistra.fr

Parasites intracellulaires obligatoires, les virus 
dépendent exclusivement de la machinerie cellulaire 
pour accomplir leur cycle de réplication et produire de 
nouvelles particules infectieuses. En réponse à cette 
invasion, la cellule met en place différentes stratégies 
de défense afin d’éliminer ce pathogène. De leur côté, 
les virus évoluent et s’adaptent aux différentes stra-
tégies de défense de la cellule qu’ils infectent, ce qui 
conduit à une « course à l’armement » constante entre 
virus et cellule.
Une des voies cellulaires impliquée dans cette dyna-
mique d’interaction entre les virus et leur hôte est la 
voie reposant sur les microARN (miARN). Ces petits ARN 
sont des ARN non-codants qui participent à la régula-
tion, au niveau post-transcriptionnel, de l’expression 
de gènes jouant un rôle dans de nombreux processus 
cellulaires. Ils sont transcrits sous la forme d’un long 
précurseur dont la maturation s’effectue en deux 
étapes : dans le noyau, par le microprocesseur (Dro-
sha et DGCR8 [DiGeorge critical syndrome region 8]), 
et, après export dans le cytoplasme, par Dicer et son 
cofacteur TRBP (tat RNA-binding protein). Le miARN 
mature est alors chargé sur une protéine Argonaute et 
dirigé vers son ARN messager (ARNm) cible grâce à la 

Vignette (Photo © Inserm- Thérèse Couderc).



 668 m/s n° 8-9, vol. 35, août-septembre 2019

aux cibles cellulaires. Afin de pouvoir prédire les cibles 

virales des miARN, PW Hsu et al. ont développé le logi-

ciel ViTa qui permet l’analyse des cibles potentielles 

au sein des différentes séquences d’ARN viral [10]. 

Néanmoins, l’utilisation de ces logiciels de prédiction 

se heurte aux limites inhérentes à l’approche utilisée, 

ce qui conduit inévitablement à la prédiction de nom-

breux faux-positifs, des cibles potentielles mais qui ne 

sont en fait pas impliquées dans la régulation par les 

miARN [11]. Ils ne tiennent également pas toujours 

compte des interactions possibles qui ne sont pas 

canoniques.

D’autres possibilités, plus directes, existent afin d’iden-

tifier les cibles des miARN identifiés. Les complexes 

entre miARN et ARNm cibles peuvent en effet être isolés 

par des méthodes d’immunoprécipitation (associées 

à des pontages entre protéines et ARN par action des 

ultra-violets, par exemple) ciblant spécifiquement les 

protéines Argonautes liées aux miARN [12-14]. Ainsi 

isolés, les ARNm cibles présents dans les complexes 

isolés pourront être identifiés par séquençage à haut 

débit. Cette technique révèle l’ensemble des ARNm 

cibles d’un ou plusieurs miARN et permet d’entrevoir les 

voies de régulation impliquées au niveau génomique.

Quelle que soit l’approche utilisée, les cibles identifiées 

nécessitent d’être validées expérimentalement. Cela peut 

être réalisé dans un premier temps, à l’aide de systèmes 

rapporteurs reposant le plus souvent sur la luciférase, 

afin d’évaluer les changements d’expression de l’ARNm 

et/ou de la protéine liés au gène cible prédit, induits par 

la surexpression ou l’inhibition du miARN étudié.

cible en l’absence d’infection et après l’entrée du virus en utilisant 

principalement le séquençage à haut débit [2]. D’autres approches, 

comme les puces à ARN, ont également été employées avec succès [3]. 

La comparaison des profils ainsi obtenus mettra en évidence des diffé-

rences d’expression de certains miARN selon les conditions, indiquant 

leur possible implication dans l’infection. En parallèle, l’analyse glo-

bale de l’expression des ARNm pourra aider à identifier les différentes 

voies de régulation affectées par le virus.

Une autre approche consiste à évaluer par des études phénotypiques 

l’effet de la surexpression d’un miARN ou de son inhibition directement 

sur le virus. Les virus utilisés pour ce type d’approche sont souvent 

des virus modifiés génétiquement afin qu’ils expriment une protéine 

rapportrice, comme la GFP (green fluorescent protein). Cette approche 

a l’avantage de ne pas engendrer de biais, si on a la possibilité d’uti-

liser un criblage à haut débit ciblant tous les miARN connus [4]. Elle a 

cependant des limites, notamment pour identifier les miARN qui sont 

inhibés lors de l’infection. Un type cellulaire n’exprime qu’une centaine 

de miARN fonctionnels différents. Il est donc possible de ne pas pou-

voir révéler l’intérêt du blocage d’un miARN particulier en raison de 

l’absence de son expression naturelle dans la cellule étudiée.

Identification des cibles du miARN

Le miARN candidat ayant été mis en évidence, l’étape suivante 

consiste à identifier ses cibles afin de comprendre son rôle dans la 

régulation de l’infection virale. Un grand nombre d’outils bioinforma-

tiques permettent désormais de prédire les cibles des miARN identi-

fiés. Ces outils, tels que TargetScan [5, 6], miRanda [7], PicTar [8], 

ou DIANA-microT [9] (cette liste n’est pas exhaustive) se fondent sur 

la complémentarité de séquences entre les 3’UTR des ARNm cellu-

laires et la séquence « seed » du miARN. Ils restent cependant limités 

Figure 1. Biogenèse et fonction canoniques 

des miARN. Les gènes de miARN sont trans-

crits par l’ARN polymérase II en précur-

seur primaire de microARN (pri-miARN) 

qui est clivé dans le noyau par le complexe 

Microprocesseur (Drosha et son cofacteur 

DGCR8) pour produire un miARN précurseur 

à la structure en épingle à cheveux (pré-

miARN) qui est exporté vers le cytoplasme 

par l’exportine V. Le pré-miARN est ensuite 

clivé par Dicer en duplex de miARN, qui sera 

ensuite chargé sur une protéine Argonaute 

(AGO) dans le complexe de silencing induit 

par l’ARN (RISC). Un des brins reste lié à 

AGO (miARN mature) et joue un rôle clef 

dans la régulation des gènes au niveau 

post-transcriptionnel en ciblant les ARNm par liaison de la région « seed » (nucléotides en position 2-8) (le site de liaison représenté par un rec-

tangle rouge). La protéine adaptatrice GW182 est recrutée par RISC et peut interagir avec les protéines de liaison à la queue polyA (PABP) induisant 

le recrutement du complexe de déadénylation CCR4-NOT. L’ARNm est déstabilisé par la déadénylation et le decapping conduisant à sa dégradation. 

La traduction des ARNm ciblés est également réprimée par l’inhibition de l’assemblage du complexe de préinitiation.
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Réplication
La réplication du génome viral, pour produire de nou-
velles copies, représente une étape clé du cycle du virus 
qui peut également être altérée par la régulation de l’ex-
pression de cofacteurs cellulaires qui lui sont essentiels. 
Le virus de l’encéphalite japonaise (JEV) inhibe ainsi l’ex-
pression de miR-33a afin d’augmenter l’expression d’une 
de ses cibles, le facteur d’élongation EEF1A1 (eukaryotic 
translation elongation factor 1 alpha 1), nécessaire à la 
stabilisation du complexe de réplication viral [20].

Traduction
Afin de synthétiser les protéines virales nécessaires à 
la réplication et à la formation de nouvelles particules 
infectieuses, les virus dépendent exclusivement de la 
machinerie de traduction de la cellule. Les ARN viraux 
produits entrent cependant en compétition avec les 
ARNm de la cellule qu’ils infectent pour l’accès aux ribo-
somes. Les virus ont donc évolué afin de détourner les 
ribosomes cellulaires de leurs substrats habituels pour 
les rendre pleinement disponibles pour la synthèse de 
leurs propres protéines. Certains miARN participent à ce 
processus régulateur induit par le virus. C’est le cas lors 
de l’infection par l’entérovirus 71 (EV71) qui, comme de 
nombreux virus, utilise un site interne d’entrée du ribo-
some (IRES) pour initier la traduction de ses protéines 
et non une coiffe, comme l’immense majorité des ARNm 
cellulaires. Au cours de l’infection, le facteur ERG1 (early 
growth response 1) induit la surexpression de miR-141 
qui réprime l’expression du facteur d’initiation eIF4E 
nécessaire à l’initiation de la traduction des ARN dépen-
dant d’une coiffe. La synthèse des protéines cellulaires 
est alors arrêtée au profit de celle des protéines virales 
dont la traduction est indépendante d’une coiffe [21].

Réponse immunitaire
Lorsque la présence du virus est détectée par une cel-
lule, une réponse antivirale est initiée par l’activation 
de voies de signalisation qui vont stimuler la réponse  
dépendante des interférons et la production de cyto-
kines. Les miARN peuvent participer à la régulation 
de cette réponse [22]. Le miARN miR-144 agit, par 
exemple, comme un régulateur positif de l’infection de 
plusieurs virus dont le génome est constitué d’ARN : il 
cible l’ARNm codant TRAF6 (TNF receptor-associated 
factor 6), inhibant la réponse immunitaire reposant sur 
le facteur de transcription IRF7 (interferon regulatory 
factor 7) [23].

L’apoptose
La manifestation ultime de la réponse antivirale de la 
cellule est sa mort programmée afin d’éviter la pro-

Exemples de régulation de l’infection virale par des miARN

Il existe un grand nombre d’exemples de régulation de l’infection 
virale reposant sur les miARN. Ils peuvent agir de façon directe ou 
indirecte et avoir un effet positif ou négatif sur l’accumulation du 
virus (Figure 2). Le Tableau I présente quelques exemples choisis 
dans la littérature qui rendent compte de tous les mécanismes de 
régulation possibles affectant une panoplie de virus taxonomique-
ment différents. Nous en décrivons ci-après quelques-uns plus en 
détails.

Effet direct : ARN viraux cibles des miARN
Ce type de régulation dans laquelle les ARN viraux sont directement 
ciblés par les miARN cellulaires est le moins couramment décrit et 
dans la plupart des cas, la fixation d’un miARN sur l’ARN du virus 
se traduit par un effet proviral. Ceci peut s’expliquer par le fait 
que, dans le cas d’une régulation négative, la pression de sélection 
conduit le virus à évoluer vers l’élimination de son génome du site 
de fixation du miARN. Ce site de liaison sera maintenu s’il confère un 
avantage au virus.
La première évidence d’une interaction directe entre un miARN et 
un ARN viral a été rapportée par Sarnow et al. qui ont décrit le rôle 
bénéfique du miARN hépatique miR-122 pour le virus de l’hépatite 
C (HCV). Le miR-122 guide en effet la fixation d’une protéine Argo-
naute au niveau de la région 5’ non traduite du 
génome du virus, qui induit l’augmentation de 
l’accumulation des ARN viraux et la stimulation 
de la traduction des protéines virales [15-17] 
(➜).
La liaison de la protéine permet également la stabilisation du 
génome en le protégeant de l’activité de ribonucléases cellulaires 
[18]. Il s’agit donc d’un bel exemple de détournement d’un méca-
nisme cellulaire au bénéfice du virus. Il explique également, en 
partie, le tropisme tissulaire particulier du HCV pour les cellules 
hépatiques qui expriment spécifiquement le miR-122.

Effet indirect : régulation de cibles cellulaires
Ce type d’interaction permet la régulation de l’expression des fac-
teurs cellulaires impliqués dans différentes étapes du cycle viral 
(facteurs antiviraux ou cofacteurs) ou d’éléments importants pour 
l’établissement de la réponse immunitaire en réaction à l’infection.

Tropisme cellulaire et entrée
L’entrée dans la cellule est la première étape du cycle viral. Elle 
définit également le tropisme du virus si un récepteur de surface 
spécifique lui est nécessaire. La régulation de l’expression de ces 
récepteurs cellulaires par les miARN peut ainsi permettre de moduler 
l’accès du virus à la cellule et le début de l’infection. C’est le cas du 
miR-181 qui réprime l’expression par les lymphocytes de la protéine 
de surface CD163 utilisée comme récepteur par le virus du syndrome 
respiratoire et reproducteur porcin (PRRSV). Cette modulation per-
met ainsi une régulation négative de l’infection virale [19].

(➜) Voir la Nouvelle 
de C. Mengardi et T. 
Ohlmann, m/s n° 6-7, 
juin-juillet 2015, 
page 612
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antiviral de miR-27 du MCMV repose sur l’expression 

d’un transcrit viral qu’il cible, qui induit la dégradation 

du miARN mature [26,27]. Ce phénomène peut appa-

raître dans des conditions particulières dans lesquelles 

l’ARN cible du miARN est fortement exprimé et présente 

un degré de complémentarité élevé avec le miARN [28].

Les miARN, cibles ou outils thérapeutiques

L’utilisation de miARN comme molécules thérapeutiques 

n’a pas conduit jusqu’à présent à l’élaboration d’un 

médicament. Les miARN restent néanmoins très promet-

teurs pour le traitement de plusieurs pathologies [29], y 

compris pour les maladies infectieuses. Leur utilisation 

comme traitement antiviral montre qu’ils présentent une 

très faible immunogénicité. Du fait de leur conservation 

au cours de l’évolution, ils peuvent être testés dans dif-

férents modèles animaux pour des essais précliniques. 

Des premiers essais ont ainsi été conduits afin de modu-

ler l’infection par le virus de la grippe H1N1, qui peut 

être inhibé par plusieurs miARN spécifiques des cellules 

épithéliales respiratoires. L’administration intranasale de 

ces miARN a permis de contrôler l’infection et d’inhiber la 

réplication du virus chez la souris [30].

Bloquer un miARN jouant un rôle proviral est également 

envisageable. Plusieurs études portant sur l’utilisation 

pagation du virus aux cellules environnantes. Certains virus utilisent 

cependant cette mort cellulaire qui, au contraire, facilite alors leur 

libération dans l’environnement extracellulaire. La régulation de fac-

teurs contrôlant l’apoptose par des miARN peut ainsi être exploitée par 

ces virus. C’est le cas du virus du Nil occidental (WNV), dont l’infection 

induit l’expression du miARN Hs-154 qui cible deux facteurs anti-

apoptotiques, CTFC (CCCTC-binding factor) et ECOP (epidermal growth 

factor receptor-coamplified and overexpressed protein), favorisant la 

mort de la cellule qu’il infecte [57].

Régulation de l’activité des miARN par les virus

Lorsqu’un miARN exerce un effet antiviral, qu’il soit direct ou indirect, 

le virus évolue afin de contourner cet effet inhibiteur. Cette évolution 

peut se traduire par l’apparition de mutations dans la séquence virale 

ciblée par le miARN mais elle peut aussi reposer sur des mécanismes 

moléculaires plus complexes. La réplication du virus de la vaccine n’est 

ainsi pas concernée par des régulations dépendant de miARN, dont il 

induit la dégradation globale et non spécifique. Sa protéine VP55 pos-

sède une activité polymérase qui ajoute une queue poly A aux miARN, 

ce qui déclenche leur dégradation par des ribonucléases [24]. Certains 

miARN sont également inhibés spécifiquement par des virus. C’est 

le cas de miR-27 dont la stabilité est fortement réduite par le cyto-

mégalovirus murin (MCMV). Surexprimé expérimentalement dans les 

cellules, miR-27 présente un effet antiviral qui n’est pas observé dans 

les cellules qui ne sont pas transformées [25]. L’échappement à l’effet 

Figure 2. Exemples de mécanismes d’action des 

miARN modulant l’infection virale. A. L’effet direct 

du miARN sur la régulation du virus se produit par 

le ciblage direct des ARN viraux, soit du génome, 

soit des transcrits, dans différentes régions telles 

que 3’UTR, 5’UTR ou des séquences codantes (CDS). 

La liaison entraîne une stabilisation de l’ARN, une 

traduction améliorée ou une réplication altérée. 

B. L’effet indirect implique la modulation de l’ex-

pression d’un transcrit cellulaire codant un facteur 

hôte nécessaire pour une ou plusieurs étapes du 

cycle viral. La modulation de l’expression des 

récepteurs impacte l’entrée du virus, régulant ainsi 

son tropisme. Les cofacteurs nécessaires aux com-

plexes de réplication ou à la traduction peuvent 

réduire ou améliorer la réplication virale et la pro-

duction de protéines virales, respectivement. Les 

miARN participent également à l’amélioration ou à 

la répression des réponses cellulaires à l’infection, 

par exemple en inhibant ou stimulant la réponse 

immunitaire ou en stimulant des mécanismes de 

défense tels que l’induction de l’apoptose. Les 

étapes du cycle viral sont représentées en bleu 

tandis que les facteurs de l’hôte et les voies asso-

ciées sont marqués en orange.
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microARN Virus Effet Cible Références

miR-122 HCV Proviral Direct : 5’UTR viral [15, 40-42]

miR-485 NDV et H5N1
Proviral/ 
Antiviral

Indirect : ARNm RIG-I
Direct : ARN viral de H5N1 (gène PB1)

[3]

miR-141 EV71 Proviral Indirect : ARNm eIF4E [21]

miR-142-3p EEEV
Proviral/ 
Antiviral

Direct : 3’UTR viral [43]

miR-17, let-7 Pestiviruses (BVDV) Proviral
Direct : 3  UTR viral

[38]

miR-301a JEV Proviral Indirect : réponse IFN [44]

miR-144 IAV, EMCV, VSV Proviral Indirect : ARNm TRAF6 [23]

miR-146a HeV Proviral Indirect: ARNm RNF11 [45]

miR-24, miR-93 VSV Antiviral Direct : gènes viraux L and P [46]

miR-221, miR-222 HIV-1 Antiviral Indirect : ARNm CD4 [2]

miR-181 PRRSV Antiviral Indirect : ARNm CD163 [19]

miR-181 PRRSV Antiviral Direct : ORF4 viral [47]

miR-130 PRRSV Antiviral Direct : 5’UTR viral [48]

miR- 542-5p, miR-24 et 
autres

IAV, RSV Antiviral Indirect : voie p38 MAPK [49]

miR-223 DENV-2 Antiviral Indirect : ARNm STMN1 [50]

miR-199, miR-214 et autre
MCMV, HCMV, MHV-68, 
SFV

Antiviral
Indirect : voie ERK/MAPK, synthèse des pros-
taglandines, stress oxydatif, voie PI3K/AKT

[4]

miR-33a JEV Antiviral Indirect : ARNm EEF1A1 [51]

miR-34, miR-15, and miR-517 DENV, WNV, JEV Antiviral Indirect : voie Wnt [52]

miRNA-3614-5p DENV Antiviral Indirect : ARNm ADAR1 [53]

miR-127-3p, miR-486-5p et 
autres

IAV Antiviral Direct : génome viral [30]

miR-25, let-7, et miR-130 HCV Antiviral Indirect : cofacteurs de HCV [54]

miR-323, miR-491, and miR-
654

IAV Antiviral Direct : ARN viral (gène PB1) [55]

miR-532 WNV Antiviral Indirect : ARNm SESTD1 [56]

Hs-154 WNV Antiviral Indirect : ARNm CTFC and ECOP [57]

miR-555 Poliov Antiviral Indirect : ARNm hnRNPC [58]

miR- 155 VSV, SeV Antiviral Indirect : ARNm SOCS [59]

miR-197 EV71 Antiviral Indirect : ARNm RAN [60]

Tableau I. Exemples de régulation d’infections virales par des miARN. Virus de l’hépatite C : HCV ; virus de la maladie de Newcastle : NDV ; virus de 

la grippe A subtype H5N1, H5N1 ; Entérovirus 71 : EV71 ; virus de l’encéphalite équine orientale : EEEV ; virus de la diarrhée virale bovine : BVDV ; 

virus de l’encéphalite japonaise : JEV ; virus de la grippe A : IAV ; virus de l’encéphalomyocardite : EMCV ; virus de la stomatite vésiculeuse : VSV ; 

virus Hendra : HeV ; virus de l’immunodéficience humaine 1 : HIV-1 ; virus du syndrome respiratoire et reproducteur porcin : PRRSV ; virus respira-

toire syncytial : RSV ; virus de la Dengue : DENV ; cytomégalovirus murin : MCMV ; cytomégalovirus humain : HCMV ; gammaherpèsvirus-68 murin : 

MHV-68 ; virus de la forêt Semliki : SFV ; virus du Nil occidental : WNV ; virus Sendai : SeV.
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infectées par différents virus, un autre mécanisme de 
régulation positive directe d’un virus par un miARN a en 
effet été révélé [38].
Un autre mode de détournement de la voie des miARN à 
l’avantage des virus, que nous n’avons pas abordé ici, a 
été montré. Il consiste en l’utilisation de la machinerie 
cellulaire par certains virus pour la synthèse de leurs 
propres miARN [39].
Il est encore trop tôt pour affirmer que les études sur 
l’importance des miARN dans le contexte d’infections 
virales permettront la mise au point de nouvelles 
approches thérapeutiques antivirales. Il est cependant 
clair que ces petits ARN régulateurs ne doivent pas être 
négligés. Peut-être faudra-t-il envisager de coupler 
l’inhibition d’un miARN proviral à une autre molécule, 
dans le but de proposer des outils plus puissants pour 
combattre les infections virales ? ‡

SUMMARY
Importance of cellular microRNAs in the regulation of 
viral infections
Viruses are obligatory intracellular parasites that rely on 
a wide range of cellular factors to successfully accom-
plish their infectious cycle. Among those, micro (mi)
RNAs have recently emerged as important modulators of 
viral infections. These small regulatory molecules act as 
repressors of gene expression. During infection, miRNAs 
can function by targeting either cellular or viral RNAs. In 
this review, we will recapitulate what has been reported 
to date on this interplay between cellular miRNAs and 
viruses and the effect on the infection. Furthermore, we 
will briefly discuss the possibilities of interfering with 
the infection through the modulation of this pathway to 
develop novel antiviral therapies. ‡
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ABSTRACT MicroRNAs (miRNAs) are small regulatory RNAs which act by modulat-

ing the expression of target genes. In addition to their role in maintaining essential

physiological functions in the cell, miRNAs can also regulate viral infections. They

can do so directly by targeting RNAs of viral origin or indirectly by targeting host

mRNAs, and this can result in a positive or negative outcome for the virus. Here, we

performed a fluorescence-based miRNA genome-wide screen in order to identify cel-

lular miRNAs involved in the regulation of arbovirus infection in human cells. We

identified 16 miRNAs showing a positive effect on Sindbis virus (SINV) expressing

green fluorescent protein (GFP), among which were a number of neuron-specific

ones such as miR-124. We confirmed that overexpression of miR-124 increases both

SINV structural protein translation and viral production and that this effect is medi-

ated by its seed sequence. We further demonstrated that the SINV genome pos-

sesses a binding site for miR-124. Both inhibition of miR-124 and silent mutations to

disrupt this binding site in the viral RNA abolished positive regulation. We also

proved that miR-124 inhibition reduces SINV infection in human differentiated neu-

ronal cells. Finally, we showed that the proviral effect of miR-124 is conserved in

other alphaviruses, as its inhibition reduces chikungunya virus (CHIKV) production in

human cells. Altogether, our work expands the panel of positive regulation of the vi-

ral cycle by direct binding of host miRNAs to the viral RNA and provides new in-

sights into the role of cellular miRNAs as regulators of alphavirus infection.

IMPORTANCE Arthropod-borne (arbo) viruses are part of a class of pathogens that

are transmitted to their final hosts by insects. Because of climate change, the habitat

of some of these insects, such as mosquitoes, is shifting, thereby facilitating the

emergence of viral epidemics. Among the pathologies associated with arbovirus in-

fection, neurological diseases such as meningitis and encephalitis represent a signifi-

cant health burden. Using a genome-wide miRNA screen, we identified neuronal

miR-124 as a positive regulator of the Sindbis and chikungunya alphaviruses. We

also showed that this effect was in part direct, thereby opening novel avenues to

treat alphavirus infections.

KEYWORDS microRNA, miR-124, RNA virus, arbovirus, alphavirus, Sindbis virus,

chikungunya virus, neuron, host-virus interaction

Infectious diseases, and among them viral diseases, remain a leading cause of

morbidity and mortality worldwide. In addition to the direct consequences of viral

infections, many health disorders are indirectly linked to viruses. Although vaccines are
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available for some viruses, this is not the case for a large number of them, and it is

essential to find novel antiviral compounds to fight them. Alphaviruses, from the

Togaviridae family, are arthropod-borne viruses (arboviruses) transmitted to vertebrates

by a mosquito vector and form a group of widely distributed human and animal

pathogens. They are small, enveloped, positive single-stranded RNA viruses. Their RNA

genome of !11 kb is capped and polyadenylated. It has two open reading frames

(ORFs) encoding nonstructural and structural proteins. ORF2 is expressed through the

production of a subgenomic RNA from an internal promoter in the minus-strand RNA

replication intermediate. In addition to protein-coding sequences, alphavirus RNAs

contain important regulatory structures, such as the 5= and 3= untranscribed regions

(UTRs) (1).

Alphaviruses represent an emerging public health threat, as they can induce febrile

and arthritogenic diseases, as well as other highly debilitating diseases such as en-

cephalitis (2). Sindbis virus (SINV) is considered the prototypical alphavirus and is widely

used as a laboratory model. Although the infection has been mainly associated with a

rash, arthritis, and myalgia in humans (3), SINV displays a neuronal tropism in devel-

oping rodent brain cells and is associated with encephalomyelitis (4). Another virus

from the same genus is chikungunya virus (CHIKV), which causes outbreaks of severe

acute and chronic rheumatic diseases in humans (5). CHIKV has also been reported to

affect the human nervous system, causing encephalopathy in newborns, infants, and

adults (6). Due to its ability to quickly spread into new regions, CHIKV is classified as an

emergent virus (7, 8) for which preventive or curative antiviral strategies are needed.

MicroRNAs (miRNAs) are small, 22-nucleotide-long noncoding RNAs which act as

guides for effector proteins to posttranscriptionally regulate the expression of target

cellular mRNAs (9) but also viral RNAs (10–17). These small RNAs have been identified

in almost all eukaryotic species, and a number of them are conserved throughout

evolution (18). They derive from longer precursors, which are transcribed by RNA

polymerase II, and are sequentially processed by the RNase III enzymes Drosha and

Dicer. The mature miRNA is then assembled in a protein of the Argonaute family to

guide it to target RNAs. Once bound to its target, the Argonaute protein regulates its

expression by recruiting proteins to inhibit translation initiation and induce its desta-

bilization by deadenylation (19). The main determinant of miRNA sequence specificity

is its seed sequence, which corresponds to a short region at the 5= end of miRNAs

(nucleotides 2 to 7) (20). Perfect pairing of the miRNA seed with the target RNA

represents the minimal requirement for efficient Argonaute binding and function. In

some cases, additional base pairing toward the 3= end of the mature miRNA

(so-called 3= compensatory sites) may compensate for suboptimal pairing in the

seed region (21, 22).

Identifying miRNAs that alter virus replication has illuminated roles for these mol-

ecules in virus replication and highlighted therapeutic opportunities. Target predictions

based on the concept of “seed” initially identified binding sites for liver-specific miR-122

in the 5= UTR of hepatitis C virus (HCV), which turned out to be positively regulated by

this miRNA (23). Further work from different teams later showed that miR-122 can

positively regulate the virus by increasing the stability and translation of the viral RNA

(24, 25). Interestingly, the use of inhibitors of miR-122 in HCV infection is currently in a

clinical trial as an miRNA-based antiviral therapy (26).

Here, we performed a genome-wide miRNA overexpression and inhibition screen to

identify cellular miRNAs involved in the regulation of SINV infection. We found 16

miRNAs with a positive effect on virus accumulation. Among them, miR-124-3p was

shown to positively regulate the virus by increasing viral structural protein translation

and viral production, and we identified a binding site for this small RNA in the viral

genome. miR-124 is the most expressed, conserved, and specific microRNA in the

central nervous system (CNS), and it has been described as a master regulator of

neuronal differentiation (27). It is upregulated as neuronal progenitors exit mitosis and

begin to differentiate (28), and its expression has been shown to be sufficient to drive

cells toward the neuronal pathway (29). Mutations in the miR-124 seed region or in the
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binding site on the viral RNA abolished regulation. We also proved that the miR-124

inhibition strategy via antisense oligonucleotides reduces both SINV and CHIKV pro-

duction in human cells expressing this miRNA. These studies highlight a novel role for

miR-124 in arbovirus infection and suggest that targeting alphavirus infection via

miRNA modulation could be used therapeutically.

RESULTS

Identification of miRNAs involved in the regulation of SINV infection by

fluorescence-based screening. To identify miRNAs that are involved in the regulation

of SINV infection in a systematic and comprehensive way, we performed a fluorescence

microscopy-based high-throughput screening using two libraries of !2,000 human

miRNA mimics and !2,000 antimiRNA oligonucleotides (Fig. 1A). Control miRNA mim-

ics or antimiRNAs with no sequence homology to any known human miRNA were used

as negative controls. A small interfering RNA (siRNA) against the 3= UTR of SINV, able to

decrease green fluorescent protein (GFP) expression without inducing cell death, was

used as a functional positive control (Fig. 1B). Huh7.5.1 cells were transfected with

either the library of miRNA mimics or antimiRNAs, and 72 h later, the cells were infected

with a SINV strain encoding the green fluorescent protein (GFP) (Fig. 1A). The number

of GFP-positive cells and the GFP intensity were measured 24 h postinfection (hpi) by

automated image analysis, and the robust strictly standardized mean difference (SSMD*

or SSMDr) value was calculated for each miRNA to identify significant hits. While the

antimiRNA screen did not reveal any significant hit and the mimic screen did not

identify any miRNAs with a negative effect on GFP accumulation, we identified 16

miRNA mimics that increased the GFP signal significantly (SSMDr " 1.28) without

affecting cell viability (Fig. 2A). All of the top hit miRNAs were undetectable or

expressed at a very low level in Huh7.5.1 cells as assessed by small RNA sequencing

FIG 1 Design of the phenotypic fluorescence-based screen and validation with siRNA directed against SINV-GFP. (A) Schematic

representation of the screening protocol. Huh7.5.1 cells were reverse transfected with a complete library of mimics or antimiRNAs

corresponding to all identified human miRNAs, and 72 h posttransfection, they were infected with SINV-GFP at a low multiplicity of

infection (MOI of 10#3) for 24 h. The infection level was analyzed by automated microscopy analysis based on GFP fluorescence. (B, top)

schematic representation of SINV-GFP genomic structure with the repeated region within the 3= UTR of SINV (starting at positions 12345

and 12437) that is targeted by the siRNA SINV (siSINV) used as a functional control for the genome-wide screen. (Middle) Representative

fluorescence microscopy images of SINV-GFP infected Huh7.5.1 cells after transfection with a control siRNA or with the siRNA directed

against the virus (siSINV). (Bottom) Histograms represent the percentages of GFP-positive cells (left) and cell counts (right) to evaluate

toxicity after negative-control siRNA (CTR1, CTR2, and CTR4) or siSINV transfection. The means $ standard errors of the means (SEMs) from

three independent experiments are presented. ****, P % 0.0001, unpaired Student’s t test.
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FIG 2 Identification of cellular miRNAs positively regulating SINV infection in Huh7.5.1 cells. (A) Dot plot

representation of the strictly standardized mean difference (SSMDr) in fluorescence for each mimic or

antimiRNA. Candidates with an absolute SSMDr equal to or higher than the threshold 1.28 were considered

significant. In red, significant mimic candidates. (B) List of significant candidates identified in the mimic

screen with their respective SSMDr and associated toxicity values. miRNA expression levels in Huh7.5.1 cells

determined by small RNA sequencing (small RNA-seq) are indicated as reads per million miRNA reads (rpm).

(C) Top 30 microRNAs expressed in Huh7.5.1 cells. Ranking was based on the reads normalized per million

microRNA reads (rpm) in the small RNA-seq experiment. (D) Representative fluorescence images from the

mimic screen of some of the top candidates compared to the controls (Neg2 and miR-137). (Left) GFP

signals from infected cells; (right) merges of GFP signals and Hoechst staining of cell nuclei. Pictures taken

at &10 magnification. (E) Representative plaque assay image after crystal violet staining of SINV-infected

Huh7.5.1 cells transfected with control or candidate mimics.
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(Fig. 2B and C), which explains why transfection of the corresponding antimiRNAs

showed no effect on GFP levels. Among the top hits, miR-124-3p and miR-129-5p,

which are known to be expressed in neuronal cells (30, 31), had the most striking effect

(SSMDr " 2.20), suggesting a link between neuron-enriched miRNAs and positive

regulation of the virus. To determine whether the positive effect of these miRNAs on

SINV-GFP expression (Fig. 2D) implied an increase in viral production, we measured the

effect of the overexpression of miR-124-3p and miR-129-5p on SINV titers compared to

that for a negative miRNA mimic control (Fig. 2E). As observed from the measurement

of GFP fluorescence, miR-124-3p and miR-129-5p also increased SINV-GFP viral titers in

Huh7.5.1 cells, providing additional evidence for their involvement in the positive

regulation of viral infection.

miR-124 positively regulates SINV by increasing viral structural protein syn-

thesis and viral particle production in a seed-dependent manner. Because miR-124

was the top hit of our screen, the most expressed miRNA in neuronal tissues, and one

of the most conserved microRNAs in metazoans, we decided to focus our efforts on the

characterization of the mechanism underlying its effect on the SINV cycle. We first

assessed the impact of miR-124-3p expression during SINV binding and internalization,

the early steps of the viral cycle. We thus performed a SINV attachment and entry assay

in cells transfected with a control or miR-124-3p mimic. At 72 h posttransfection, we

detected a decrease rather than an increase of SINV attachment (Fig. 3A, attachment).

Moreover, miR-124-3p overexpression did not affect the efficiency of SINV entry into

Huh7.5.1 cells compared to that of cells transfected with control mimic (Fig. 3A, entry).

Collectively, these data suggest that the positive effect of miR-124-3p on SINV is not

due to increased viral binding or internalization.

We then analyzed the effect of miR-124-3p expression on SINV RNA replication by

measuring viral genomic, subgenomic, and antigenomic RNA accumulation. Transfec-

tion of miR-124-3p mimic, which could readily be measured by reverse transcriptase

quantitative PCR (RT-qPCR) (Fig. 3B), induced repression of a known miR-124 target, the

cyclin-dependent kinase 4 (CDK4) (32). However, neither SINV genomic nor subgenomic

RNA levels were significantly affected (Fig. 3C).

To better assess the miR-124 effect on SINV RNA replication, we performed semi-

quantitative strand-specific RT on the negative-strand antigenomic RNA. We observed

that a similar amount of antigenome accumulated in Huh7.5.1 cells transfected with

control or miR-124 mimic (Fig. 3D), suggesting that the positive effect of miR-124-3p on

SINV is not due to an increased antigenome synthesis.

Finally, we analyzed the accumulation of either nonstructural (i.e., nsP2) or structural

viral proteins (i.e., capsid) upon mimic transfection and SINV-GFP infection. The results

showed an increase in the structural capsid protein but not in the nonstructural protein

nsP2 upon mimic-124 transfection (Fig. 3E), strongly suggesting that positive regulation

by miR-124 is due to an enhancement of viral structural proteins synthesis from the

subgenomic RNA.

Among the top candidates showing a proviral effect in the screen (Fig. 2A and B), we

found miR-506-3p, which belongs to the same family as miR-124 and shares similar

physiological functions (33). This strongly suggests a possible implication of their seed

region in the mechanism of viral regulation. In order to assess whether the proviral

effect observed depended on the miRNA seed sequence, we transfected control mimics

or mimics containing either the miR-124-3p wild-type seed sequence (mimic-124) or a

miR-124-3p seed with three mutations at positions 4 to 6 (mimic-124mut) (Fig. 3F) in

Huh7.5.1 cells before infecting them with SINV-GFP. Viral capsid protein production

demonstrated that the positive effect of miR-124-3p expression was lost when cells

were transfected with the seed mutant mimic (Fig. 3G). In addition, the same effect was

observed on the viral titer quantification (Fig. 3H), strongly suggesting that miR-124-3p

positively regulates SINV via its seed region, by enhancing viral structural protein

translation and viral production.

Mutation of a miR-124-3p binding site within the SINV E1 coding region

prevents miRNA-mediated regulation. As miRNA-mediated viral regulation can hap-
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pen by direct binding of the miRNA to the viral RNA (34), we bioinformatically searched

for predicted miR-124-3p binding sites on the SINV genome. Using the prediction

algorithm ViTa (35), we found three putative binding sites at positions 2454 to 2475,

3828 to 3853, and 10904 to 10926 in the viral genome. We further studied the latter,

localized within the virus ORF2, and more specifically, in the glycoprotein E1 coding

region (Fig. 4A), which possesses a canonical 6-nucleotide (nt) seed match (nucleotides

2 to 7) for miR-124-3p.

Using available SINV sequences in the NCBI virus database (36), we sought to

determine the conservation of this region among SINV strains. Sequence alignment of

the entire genomic sequences of 16 SINV strains isolated worldwide from various

insects and vertebrates between 1969 and 2016 compared to the reference SINV

genome (NC_001547) revealed that most of the strains (14 of 16) share the same

FIG 3 Importance and mechanism of miR-124-3p and its seed in the positive regulation of SINV infection. (A) Huh7.5.1 cells transfected

with mimic CTL or 124 for 72 h were incubated with SINV-GFP (MOI of 5) at 4°C for 30 min and washed with PBS three times to remove

unbound SINV particles. Total RNA was extracted and used for quantification of SINV genomic RNA by RT-qPCR. Data are presented as

means $ SEMs from three independent experiments normalized to GAPDH. In parallel, transfected cells were incubated with SINV-GFP

(MOI of 5) at 4°C for 30 min, washed with PBS, and then transferred to 37°C for 30 min to allow virus entry. Total RNA was extracted and

used for quantification of SINV genomic RNA by RT-qPCR. Data are presented as means $ SEMs from three independent experiments. (B)

miR-124 accumulation after mimic transfection quantified by RT-qPCR and relative to control mimic and normalized to snRNA U6. (C)

RT-qPCR analysis of CDK4 expression and SINV genomic and subgenomic RNA accumulation in mimic-124-transfected cells following SINV

infection at an MOI of 10#3 for 24 h relative to mimic CTL transfection and normalized to GAPDH. (D) Strand-specific RT-PCR on SINV

antigenome produced in Huh7.5.1 cells transfected with mimic-124 or CTL and infected with SINV-GFP at an MOI of 10#3 for 24 h. PCR

products from 15, 20, 25, and 30 cycles are shown. (E) Western blot analysis of viral nsP2 and capsid protein synthesis in Huh7.5.1

transfected cells with mimic-124 or CTL and infected with SINV at an MOI of 10#3 for 24 h. Tubulin is used as a loading control. (F) Diagram

of miRNA mimic-124 and mimic-124-mut (seed mutant). Seed sequence is indicated in blue and mutations in red. Western blot analysis

of viral capsid protein accumulation (G) and plaque assay quantification of SINV-GFP viral titers (H) after transfection of control mimic,

mimic-124, or mimic-124-mut in Huh7.5.1 cells and SINV infection at an MOI of 10#3 for 24 h. The means $ SEMs from three independent

experiments are presented. *, P % 0.05; **, P % 0.01; ***, P % 0.001; ns, nonsignificant, unpaired Student’s t test.
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FIG 4 Acquisition and conservation of miR-124-3p binding site in natural SINV isolates. (A) Schematic representation of SINV-GFP

genomic structure with a diagram of miR-124-3p binding site within glycoprotein E1 coding region. (B) Alignment of 16 SINV

complete genomic sequences from natural isolates corresponding to nucleotide positions 10905 to 10925 in the reference

genome (GenBank accession no. NC_001547). Blue rectangle delimits predicted miR-124-3p binding site. Nonconserved nucleo-

tides are highlighted in red. (C) Phylogenetic tree generated from NCBI virus sequence alignment of the entire genomic sequence

of SINV strains in panel B. In blue, the SINV reference sequence; in red, the isolates without miR-124-3p binding site conservation.

For each strain, the GenBank accession number, host, geographical region, and collection date are shown. Scale bar represents

genetic distance.
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nucleotide composition at the binding site, independently of the host, the year, or the

geographical areas in which they were isolated (Fig. 4B and C). Moreover, two of the

most ancient and phylogenetically distant strains (MG182396 and KF981618) display

silent point mutations in the miRNA binding site (Fig. 4B).

With the aim of disrupting the putative binding site without interfering with the viral

coding sequence, we introduced two silent mutations at positions 10919 and 10922

(Fig. 5A) in the viral genome. We first characterized the mutant virus (SINV-GFP-

U10919C-C10922A, referred to as SINV-GFP-mut) by an infection kinetic study com-

pared to the wild-type SINV-GFP in Huh7.5.1 cells. SINV-GFP-mut growth kinetics

showed no significant differences in viral titers compared to those of the wild-type

SINV-GFP (Fig. 5B). Furthermore, we assessed the release and spread of the mutant virus

by verifying the plaque size phenotype, and we observed no difference in plaque size

between the two viruses (Fig. 5C). We then verified that miRNA-mediated regulation

depends on the binding of this particular site. We transfected Huh7.5.1 cells with a

control mimic or with different doses of a miR-124 mutant mimic (124comp) containing

compensatory mutations within its seed (Fig. 5D) followed by infection with either

SINV-GFP or SINV-GFP-mut. Viral titer quantification by plaque assay shows that mimic

124comp significantly enhanced SINV-GFP-mut but did not affect SINV-GFP (Fig. 5D).

In order to measure the effect of miR-124-3p inhibition on the wild-type (WT) and

mutant SINV, we established a Huh7.5.1 cell line stably expressing the humanmir-124-1

gene (LV124 cells). miR-124-3p levels were verified in LV124 cells and compared to the

expression in differentiated human neuroblastoma SK-N-BE(2) cells, used as a positive

control. Huh7.5.1 cells were used as a negative control. Northern blot analysis showed

that miR-124 expression in the LV124 cells was similar to the expression level in

differentiated neuroblastoma cells, known to express miR-124 (37) (Fig. 5E). Antisense

oligonucleotides have been previously used as a strategy to sequester and block

miRNAs (38). To test whether miR-124-3p inhibition reduced SINV infection, we trans-

fected an antimiR-124 or a control antimiRNA into LV124 cells, which resulted in a

complete depletion of the mature miRNA as assessed by Northern blotting (Fig. 5F). We

then evaluated the effect of miR-124 inhibition in this setup on SINV-GFP and SINV-

GFP-mut infection. After antimiR-124 transfection, SINV-GFP viral titers as well as the

capsid viral protein synthesis were significantly reduced (Fig. 5G and H). In contrast,

SINV-GFP-mut viral titers and protein levels remained unchanged upon miR-124-3p

inhibition (Fig. 5G and H). These results show that inhibition of miR-124-3p negatively

regulates SINV infection and that mutations introduced in the binding site on the viral

RNA abolish the miRNA-mediated regulation. In addition, regulation of the mutant virus

can be rescued by overexpression of a compensatory mutant mimic in a dose-

dependent manner.

miR-124-3p inhibition in differentiated neuroblastoma cells restricts SINV-GFP

infection. Since miR-124-3p is a neuron-specific microRNA, we turned to a system

where the miRNA was expressed endogenously to verify both the miRNA effect on SINV

infection and the effect of virus infection on miRNA expression. The human neuroblas-

toma SK-N-BE(2) cells can be differentiated into neuron-like cells by retinoic acid (RA)

treatment (39). We first verified neurite outgrowth, which is a morphological hallmark

of neuroblastoma cell differentiation in vitro (Fig. 6A). To confirm the correct differen-

tiation, we verified by RT-qPCR analysis that the expression of the neuron proliferation

marker MYCN decreased after RA treatment (40) (Fig. 6B). miR-124-3p endogenous

expression increased at 6 days postdifferentiation compared to that in proliferating

cells but was not affected by SINV infection (Fig. 6C). We assessed the effect of

miR-124-3p inhibition on the production of SINV-GFP wild-type and mutant in these

cells by transfecting miR-124-3p or control antimiR prior to differentiation and infec-

tion. Northern blot analysis of miR-124-3p expression confirmed the depletion of

miR-124-3p under both mock and SINV-infected conditions (Fig. 6D). While SINV-GFP

wild-type viral titers as well as viral capsid protein levels were reduced about 50% in

antimiR-124-transfected cells compared to that in the control (Fig. 6E and F), the

mutation in the viral RNA (SINV-GFP-mut) abolished the effect. These results show that

López et al. Journal of Virology

May 2020 Volume 94 Issue 9 e02145-19 jvi.asm.org 8



inhibition of miR-124-3p negatively affects SINV-GFP viral infection in human neuronal

differentiated cells and that this regulation involves the miR-124 binding site at position

10904 to 10926 in the viral genome.

Inhibition of miR-124-3p restricts CHIKV infection. In order to test whether

miR-124-3p could positively regulate other positive single-stranded RNA viruses, we

FIG 5 Mutation of one miR-124-3p binding site within SINV genomic RNA prevents regulation. (A) Schematic representation of SINV-GFP genomic structure with

a diagram of miR-124-3p binding site within glycoprotein E1 coding region. The miRNA seed is indicated in blue; point mutations introduced in the mutant

virus (SINV-GFP-mut) and in the compensatory mutant miR-124 mimic are indicated in red. (B) Plaque assay quantification of viral titers produced by SINV-GFP

and SINV-GFP-mut on Huh7.5.1 cells at 4, 8, 12, or 24 hpi. Error bars represent means $ standard deviations (SDs). ns, nonsignificant, two-way analysis of

variance (ANOVA) with Bonferroni’s correction. (C) Plaques for SINV-GFP and SINV-GFP-mut visualized by crystal violet staining on infected Vero cells to assess

plaque size phenotype. (D) Differential fold change in viral titers produced by SINV-GFP and SINV-GFP-mut in Huh7.5.1 cells after transfection of control mimic

or mimic-124comp (compensating the viral binding site mutation). (E) miR-124-3p expression in lentiviral transduced Huh7.5.1 cells stably expressing

miR-124-3p (LV124), wild-type Huh7.5.1 cells, and SK-N-BE(2) neuroblastoma cells. (F) Northern blot analysis of miR-124-3p expression in LV124 after antimiRNA

transfection. snRNA U6 is used as a loading control. (G) Fold differences in viral titers produced by SINV-GFP or SINV-GFP-mut in LV124 after antimiRNA

transfection. (H) Western blot analysis of viral capsid protein accumulation in LV124 after antimiR transfection. Tubulin is used as a loading control. Error bars

represent means $ SEMs from three independent experiments. **, P % 0.01; ns, nonsignificant, unpaired Student’s t test.
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tested two different alphavirus CHIKV strains (CHIKV La Réunion and Caribbean strains)

and two strains of the flavivirus Zika virus (ZIKV African and French Polynesia strains).

CHIKV La Réunion viral production was significantly increased following miR-124-3p

overexpression. Though to a lesser extent, the viral production from the Caribbean

strain also followed the tendency of increased titers following miR-124-3-p overexpres-

sion. In contrast, no significant effect was observed on the two ZIKV strains tested (Fig.

7A). To verify whether miR-124-3p inhibition could reduce CHIKV infection, we trans-

fected an antimiR-124 or a control antimiRNA in LV124 cells and we infected them with

a CHIKV La Réunion strain expressing GFP (Fig. 7B). After antimiR-124 transfection,

CHIKV-GFP viral titers were reduced about 50% (Fig. 7C). Moreover, antimiR-124 treat-

ment significantly reduced CHIKV-GFP viral titers in differentiated neuroblastoma SK-

N-BE(2) cells (Fig. 7D). Interestingly, sequence alignment of the CHIKV genomic se-

quence corresponding to the binding site present in the SINV genome revealed the

presence of a suboptimal seed match with miR-124-3p, which could be compensated

by 3= pairing (Fig. 7E). These results extend the proviral role of miR-124-3p to another

alphavirus and confirm that miR-124-3p inhibition might be a promising strategy to

block these viruses.

DISCUSSION

In addition to their role as fine-tuners of cellular functions, microRNAs are emerging

as important regulators of host-pathogen interactions (34). They can regulate viral

infection either directly, by targeting RNAs of viral origin, or indirectly, by targeting host

FIG 6 Sequestration of miR-124-3p in differentiated neuronal SK-N-BE(2) cells attenuates SINV-GFP infection. (A)

Microscopy images of proliferating (top) or 6-day-differentiated (bottom) SK-N-BE(2) cells by 10 !M RA treatment.

Bars, 25 !m. (B) RT-qPCR analysis of relative MYCN expression in proliferating or differentiated cells. (C) Northern

blot analysis of miR-124-3p expression levels in proliferating or 6-day-differentiated cells, mock or SINV-GFP

infected. (D) Northern blot analysis of miR-124-3p expression levels upon antimiRNA transfection in differentiated

cells at 6 days post-RA treatment. Plaque assay quantification of viral titer production of SINV-GFP or SINV-GFP-mut,

shown as relative fold change compared to that under the control condition (E), and Western blot analysis of viral

capsid protein accumulation (F) after antimiRNA transfection and 6-day post-RA differentiation of SK-N-BE(2) cells.

Tubulin is used as a loading control. Data are presented as means $ SEMs from three independent experiments.

**, P % 0.01; ***, P % 0.005, unpaired Student’s t test.
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RNAs, with a positive or negative outcome for the virus. Given the cell specificity of

certain miRNAs (41), the resulting interactions with viral RNAs can participate in

determining the tissue tropism of viral pathogens. For instance, stable expression of the

liver-specific miR-122 increases HCV replication in nonhepatic cells (42). Another ex-

ample is the inhibition of the Eastern equine encephalitis virus (EEEV) cycle by miR-

142-3p, which binds to the 3= UTR of the virus in hematopoietic/myeloid cells (17).

FIG 7 miR-124-3p positively regulates CHIKV infection. (A) Plaque assay quantification of viral titers,

shown as relative fold change, produced by CHIKV La Réunion strain, CHIKV Caribbean strain, ZIKV

African strain, and ZIKV French Polynesia strain after transfection of mimic-124-3p (blue) in Huh7.5.1 cells

compared to that after transfection of control mimic (black). (B) Schematic representation of CHIKV-GFP

genomic structure. Plaque assay quantification of viral titer production of CHIKV-GFP in LV124 cells (C)

and 6-days post-RA differentiation in SK-N-BE(2) cells (D), shown as relative fold change of antimiR-124

compared to that under the control condition. Data are presented as means $ SEMs from three

independent experiments. *, P % 0.05; **, P % 0.01, for two-way ANOVA with Bonferroni’s correction (A)

or unpaired Student’s t test (C and D). (E) Sequence alignment of miR-124 binding site on SINV and CHIKV

RNAs. The miRNA seed is indicated in blue, and the unpaired nucleotide in the seed match for miR-124

in the CHIKV genome is shown in red.
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SINV belongs to the Alphavirus genus, which includes viruses already emerged or

with the potential to emerge as important human pathogens (8). Interestingly, as the

alphavirus genome mimics the host mRNA and its replication takes place in the

cytoplasm, the incoming viral RNA has the potential to directly interact with cellular

miRNAs. In agreement, binding sites for cellular microRNAs were identified by Argo-

naute crosslinking immunoprecipitation (AGO-CLIP) within the alphavirus CHIKV, SINV,

and Venezuelan equine encephalitis virus (VEEV) genomes (15).

In this study, we took advantage of a functional genome-wide screen approach (43,

44) to identify pro- and antiviral miRNA activity on SINV. The gain-of-function approach

identified 16 miRNAs whose overexpression had a positive effect on the virus. Since we

used GFP expressed from the virus as a proxy for measuring viral accumulation, it might

be that we have enriched for miRNA regulating viral gene expression rather than just

virus replication, but this allowed us to efficiently screen a large number of candidates.

Surprisingly, we could not identify any miRNA mimic with an antiviral effect, which

might reflect the fact that many viruses are refractory to inhibition by cellular miRNAs,

as assessed by the depletion of Dicer (45). In contrast, our loss-of-function screen based

on the use of antimicroRNAs was not suitable to identify any phenotypic effect. This

could reflect the fact that Huh7.5.1 cells lack miRNAs that could play a role in SINV

infection; hence, no miRNAs naturally expressed in those cells can have a pro- or

antiviral effect on SINV. Among the hits, we uncovered hsa-miR-124-3p as a novel

positive regulator of SINV, and we demonstrated that its overexpression increases SINV

structural protein synthesis and viral production while mutations in its seed sequence

abolish this effect. We identified and validated a binding site for hsa-miR-124-3p in the

SINV genome within positions 10904 and 10926. We focused our efforts on this site for

two reasons: first, it is conserved in several strains of SINV found in nature, and second,

it lies in a position which corresponds at the same time to the 3= UTR of the viral

genomic RNA and to ORF2, which is only translated when expressed from the sub-

genomic RNA. Our results indicate that miR-124-3p binding more likely occurs on the

viral subgenomic RNA, since it affects viral structural protein translation only.

As SINV may have a neuronal tropism (46), the binding of the cellular miRNA to the

viral genome could provide an evolutionary advantage and could be considered a

novel example of coevolution between the virus and its host. Indeed, we were able to

show that miR-124 inhibitors reduced SINV infection in differentiated human neuro-

blastoma cells expressing miR-124-3p endogenously. The importance of this miRNA in

alphavirus regulation is reinforced by our results obtained with CHIKV, which is also

regulated by miR-124. The binding site that we validated in SINV is partially conserved

in the CHIKV genome, with one mutation in the seed that could be compensated by

extended pairing in the 3= end of the miRNA.

While we were able to validate that miR-124 appears to regulate SINV by direct

binding to the viral RNA, we do not formally exclude that the regulation of cellular RNAs

by miR-124 could also participate in the process for both SINV and CHIKV. It has indeed

been reported that cellular miRNAs can also regulate viral infections by targeting host

mRNAs positively or negatively involved in the host response (34). In particular, this has

already been observed for miR-124 regulation of measles virus (47), Japanese enceph-

alitis virus (JEV) (48), and human immunodeficiency virus (HIV) (49) infections. In

addition, miR-124 expression is modulated by different viruses, including ZIKV (50),

enterovirus 71 (EV71) (51), human cytomegalovirus (HCMV) (52), and influenza H1N1

(53), suggesting a possible implication of the miRNA in the regulation of these

infections as well.

CHIKV and SINV are classified as arthritogenic alphaviruses (5) due to the natural

symptoms of the infection, which include arthritis and bone pathology (54). This

suggests that prior to reaching the CNS, productive infection of cell types other than

neurons must take place. Interestingly, in addition to its involvement in the CNS,

miR-124 has more recently emerged as a critical modulator of immunity and inflam-

mation (55) by preventing microglia activation (56) or by regulating the adaptive

immune response through STAT3 regulation (57). Furthermore, it has also been linked
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to bone pathology by playing a role in the regulation of osteoclast differentiation (58,

59). Thus, we cannot exclude a role of miR-124–SINV interaction in these cell types. It

would be of interest to study miR-124 expression during alphavirus infection in synovial

tissues and cartilage, the latter being more physiologically relevant cell types according

to these viruses’ tropism. Indeed, this could give more insight into a possible advantage

of miR-124–SINV interaction in establishing alphavirus-induced arthritis rather than

encephalitis.

We showed that miR-124 is involved in positively regulating viral mRNA translation

and viral production, possibly by increasing the amount of structural proteins needed

for encapsidation of the viral genome. However, further work will be needed to

determine the underlying molecular mechanism. Although the usual outcome of

miRNA-mediated regulation is negative, other examples of positive regulation upon

miRNA binding have been reported, as it is the case for Bovine viral diarrhea virus and

miR-17 (15) or HCV and miR-122 (60). In the former case, miR-17 also binds at the 3=

extremity of the viral genome, similar to our observation with miR-124 and SINV RNA.

Nonetheless, our results indicate that miRNAs such as miR-124 could be a potential

target for the development of therapeutic drugs to treat diseases associated with

alphaviruses. Finally, given the extensive usage of alphaviruses as a vehicle for vaccine

and gene therapy delivery (61), the identification of a positive regulation by miR-124

may have a strong impact on the development of more powerful biotechnologies

based on the SINV genome.

MATERIALS AND METHODS

Viral stocks, cell culture, and virus infection. Plasmids carrying a green fluorescent protein

(GFP)-SINV genomic sequence or a green fluorescent protein (GFP)-CHIKV La Réunion genomic sequence

(kindly provided by Carla Saleh, Institut Pasteur, Paris, France) were linearized with XhoI or NotI,

respectively, as in reference 62. They were used as a substrate for in vitro transcription using an

mMESSAGE mMACHINE capped RNA transcription kit (Ambion, Thermo Fisher Scientific Inc.) according

to the manufacturer’s instructions. GFP expression is driven by duplication of the subgenomic promoter.

SINV-GFP and CHIKV-GFP viral stocks were prepared in BHK21 baby hamster kidney cells, and titers were

measured by plaque assay. The CHIKV strains used were La Réunion, 06-049 AM258994, and Caribbean

(63). The ZIKV strains used were the African HD78788 and French Polynesia, PF-13.

The SINV-GFP-mut plasmid was generated by site-directed mutagenesis using forward (5=-CGCATT

TATCAGGACATCAGATGCACCACTGGTCTCA-3=) and reverse (5=-ATGTCCTGATAAATGCGGCGTTCGGGATGT

CAATAGA-3=) primers and the In-Fusion HD Cloning kit (TaKaRa) according to the manufacturer’s

instructions.

Cells were infected with all viruses at a multiplicity of infection (MOI) of 10#3, and samples were

harvested at 24 h postinfection (hpi) unless specified otherwise.

Huh7.5.1 cells were maintained in Dulbecco’s modified eagle medium (DMEM) with 4.5 g/liter

glucose (Gibco, Thermo Fisher Scientific Inc.) supplemented with 10% fetal bovine serum (FBS; TaKaRa),

1% MEM nonessential amino acids solution (NEAA 100&; Gibco, Thermo Fisher Scientific Inc.), and

gentamicin (50 !g/ml; Gibco, Thermo Fisher Scientific Inc.) in a humidified atmosphere of 5% CO2 at

37°C. HEK293A (QBiogene) and Vero R (88020401; Sigma-Aldrich) cells were maintained in DMEM (Gibco,

Thermo Fisher Scientific Inc.) supplemented with 10% FBS (Clontech) in a humidified atmosphere of 5%

CO2 at 37°C.

SK-N-BE(2) cells (95011815; Sigma-Aldrich) were maintained in 1:1 medium composed of Ham’s F12

medium (Gibco, Thermo Fisher Scientific Inc.) supplemented with 15% FBS and Eagle’s minimal essential

medium (ENEM) supplemented with 1% NEAA (Gibco, Thermo Fisher Scientific Inc.). For miR-124-3p

inhibition experiments in SK-N-BE(2) cells, due to the low transfection efficiency of these cells once

differentiated, they were first transfected with 75 nM antimiR specific to miR-124-3p or antimiR-CTL, and

6 h later, differentiation was induced by 10 !M RA treatment (R2625; Sigma-Aldrich).

Lentivirus production and generation of stable cell line. The human pre-miR-124a-1 gene in locus

8p23.1 flanked by about 200 nucleotides of its upstream and downstream genomic sequences was PCR

amplified using the following primers: hsa-pri-miR-124 Fw, 5=-GGGGACAAGTTTGTACAAAAAAGCAGGCT

TCGAGCTGCGGCGGGGAGGATGC-3=; hsa-pri-miR-124 Rv, 5=-GGGGACCACTTTGTACAAGAAAGCTGGGTCC

CCCTGTCTGTCACAGGCTGC-3=.

The obtained insert was first cloned by the Gateway BP reaction (Invitrogen, Thermo Fisher Scientific

Inc.) in pDONOR-221 and then by the Gateway LR reaction (Invitrogen, Thermo Fisher Scientific Inc.) in

the lentiviral destination vector pLenti6.2-3&FLAG-V5-ccdB (87072; Addgene). Lentiviruses were pro-

duced by cotransfection of pLenti6.2-3&FLAG-V5-hsa-pri-miR-124 with packaging vectors encoding

lentiviral Gag and Pol proteins, pPAX, and vesicular stomatitis virus (VSV) envelope glycoprotein pVSV-G.

Twenty-four hours posttransfection, the supernatant was collected and used as the inoculum for

transduction. Huh7.5.1 cells were transduced with lentiviruses in the presence of 4 !g/ml Polybrene

(SC-134220; Santa Cruz Biotechnology) for 6 h. Afterwards, the inoculum was removed, and cells were

incubated in complete medium. Selection pressure was applied by supplementing the complete medium
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with 15 !g/ml of blasticidin (Invivogen). Surviving cells were maintained in culture in the presence of

blasticidin as a polyclonal miR-124-3p-expressing cell line (LV124).

High-content miRNA-based phenotypic screening. For the miRNA screen, the miRIDIAN microRNA

mimic (catalog number CS-001030) and inhibitor (catalog number IH-001030) libraries (19.0, human

microRNAs) were purchased from Dharmacon (Thermo Fisher Scientific Inc.). For the mimic screen, 20 nM

each mimic microRNA was transfected into Huh7.5.1 cells (cultured in DMEM with 4.5 g/liter glucose, 10%

HyClone fetal calf serum [FCS], 50 !g/ml gentamicin) grown in Greiner !Clear 96-well microplates using

a high-throughput (HT) reverse chemical transfection with the INTERFERin HTS delivery reagent

(Polyplus-transfection SA, Illkirch, France). For the inhibitor screen, 75 nM each inhibitor microRNA was

transfected into Huh7.5.1 cells as described above. The HT transfection protocol was optimized for

reaching 90% to 95% transfection efficiency with minimal toxicity on a TECAN Freedom EVO liquid

handling workstation. The screens were performed in technical triplicates. To limit biological variability,

the cell passage (n ' 3 after thawing), serum batch, and transfection reagent batch were strictly

determined. Internal controls such as positive (siRNA targeting SINV 3= UTR at nt 12345 and nt 12437:

5=-AACUCGAUGUACUUCCGAGGAUU-3=; Integrated DNA Technologies) and negative siRNA controls

(ON-TARGETplus nontargeting siRNA number [no.] 2; Horizon Discovery, Dharmacon), and transfection

efficiency control (“PLK1” siRNA that leads to cell death) were added to each microplate to determine

parameters for interplate and day-to-day variability. Three days posttransfection, the cells were subjected

to SINV-GFP viral infection for 24 h before fixation and staining with Hoechst 3342 (labeling nuclear

compartments [nuclei]). High-throughput cell imaging was carried out with the INCELL1000 HCS

epifluorescence microscope to collect an average of !6,000 cells analyzed per microwell (Hoechst 3342

and GFP channels).

Analysis of the high-content siRNA screening data. Hoechst 3342 and GFP signals were extracted

for all individual cells using the Multi Target Analysis module of the INCELL1000 platform. These

parameters describe the GFP# noninfected and GFP( SINV-infected Huh7.5.1 cell populations for each

miRNA treatment. The robust strictly standardized mean difference (SSMD* or SSMDr) value for each well

was calculated as described below according to reference 64.

SSMDr " median!hit" # median!plate" * 1 ⁄ (#2 * MAD),

where MAD is the mean absolute deviation.

Small RNA library preparation, sequencing, and analysis. RNA was extracted from Huh7.5.1 cells,

and a small RNA library was prepared from 25 !g of total RNA as previously described (62, 65, 66).

Single-end sequencing was performed at the IGBMC Microarray and Sequencing platform, Illkirch,

France, on an Illumina Genome Analyzer IIx machine with a read length of 36 bp. Deep-sequencing data

analysis was performed as in reference 62 with slight modifications. Briefly, FASTX-Toolkit (http://

hannonlab.cshl.edu/fastx_toolkit) was first applied to remove instances of the 3= adaptor. Remaining

reads between 18 and 32 nt in length were then mapped to the human genome (assembly version hg19;

UCSC repository) using Bowtie 1.0.0 (67). Up to 2 mismatches in total with no more than 1 mismatch in

the first 15 nucleotides of each read were permitted. In addition, only alignments from the lowest

mismatch stratum were recorded, and reads that could map to more than 50 loci were discarded. Finally,

expressed human miRNAs (miRBase Release 20 [68]) were identified and quantified using BEDTools 2.16.2

(69) by comparing their genomic coordinates to those of the aligned reads. During the quantification

process, multiple mapped reads were weighted by the number of mapping sites in other miRNAs, and

the final counts were normalized per million miRNA reads (RPM).

microRNA mimic and siRNA transfection. For reverse transfection in Huh7.5.1 or HEK293A cells,

transfection complexes were prepared using mimics (miRIDIAN microRNA mimics; Dharmacon) or siRNAs

(Dharmacon or Integrated DNA Technologies) at a final concentration of 30 nM unless specified differ-

ently in INTERFERin-HTS transfection reagent (Polyplus-transfection SA, Illkirch, France) and transfection

medium according to the manufacturer’s instructions. Transfection complexes were added to 1.5 & 104

cells in each well of 48-well cell culture plates. Transfected cells were subsequently incubated for 72 h

before being infected with SINV-GFP at an MOI of 10#3 for 24 h. For the experiment with the mutant

mimic of miR-124-3p, mimics for Caenorhabditis elegans elegans miR-67 (5=-UCACAACCUCCUAGAAAGA

GdTdT-3=), miR-124-3p (5=-UAAGGCACGCGGUGAAUGCCdTdT-3=), and miR-124-3p mutated in the seed

region (5=-UAACCGACGCGGUGAAUGCCdTdT-3=) were purchased from Integrated DNA Technologies.

miRNA inhibition with 2=O-methylated oligonucleotides. For inhibition of miRNAs with antimiRs,

1.5 & 104 LV124 cells were cultured in 48-well dishes, and SK-N-BE(2) cells were cultured in 6-well plates

at a confluence of 2 & 104 cells/cm2. Cells were transfected with the 2=O-methylated antimiRs against the

endogenously expressed miR-124-3p (5=-GGCAUUCACCGCGUGCCUUA-3=) or with the control sequence

of C. elegans cel-miR-67 (5=-UCACAACCUCCUAGAAAGAGUAGA-3=), using INTERFERin-HTS transfection

reagent (Polyplus-transfection SA, Illkirch, France) or Lipofectamine 2000 (Invitrogen, Thermo Fisher

Scientific Inc.). AntimiRs were used at a final concentration of 75 nM and transfections were performed

according to the manufacturer’s instructions. Forty-eight hours posttransfection cells were infected with

SINV-GFP at an MOI of 10#3 for 24 h.

Standard plaque assay. Vero R cells seeded either in 96- or 24-well plates were infected with

infection supernatants prepared in cascade 10-fold dilutions for 1 h. Afterwards, the inoculum was

removed, and cells were cultured in 2.5% carboxymethyl cellulose for 72 h at 37°C in a humidified

atmosphere of 5% CO2. Plaques were counted manually under the microscope. For plaque visualization,

the medium was removed, and cells were fixed with 4% formaldehyde for 20 min and stained with 1&

crystal violet solution (2% crystal violet [Sigma-Aldrich], 20% ethanol, 4% formaldehyde).
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Virus attachment and entry test. Huh7.5.1 cells were reverse transfected in 48-well plates with

control or miR-124 mimic at a final concentration of 30 nM with Lipofectamine 2000 according to the

manufacturer’s instructions and incubated for 72 h. Prechilled cells (15 min at 4°C) were incubated with

SINV-GFP at an MOI of 5 at 4°C for 30 min (attachment assay). Unbound SINV virions were removed by

washing with phosphate-buffered saline (PBS) three times. Total RNA was extracted and used for

quantification of SINV RNA by qRT-PCR. SINV entry test was carried out by incubating SINV with cells at

4°C for 30 min to allow viral binding, and then unbound SINV virions were washed rapidly three times

with PBS. Finally, cells were shifted to 37°C for 30 min to allow virus internalization, as described

previously (70).

Western blotting. Proteins were extracted by collecting cell lysates in RIPA buffer (10 mM Tris-HCl

[pH 7.5], 150 mM NaCl, 0.5 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, and protease

inhibitor). Lysates were cleared by centrifugation at 13,000 rpm for 30 min at 4°C to remove cell debris,

and the supernatant was retained for Western blotting. Samples were loaded in a 10% acrylamide–bis-

acrylamide gel, and proteins were separated by migration at 100 V in 1& Tris-glycine-SDS buffer. Proteins

were transferred to a nitrocellulose membrane by wet transfer in 1& Tris-glycine and 20% ethanol buffer.

Viral proteins were detected using primary polyclonal antibodies against SINV capsid protein (CP) and

nsP2 (kind gift from Diane Griffin, Johns Hopkins University School of Medicine, Baltimore, MD) and a

secondary antibody anti-rabbit-horseradish peroxidase (HRP) (NA9340; GE Healthcare, Thermo Fisher

Scientific Inc.). The signal was revealed by incubating the membrane for 10 min with SuperSignal West

Femto maximum sensitivity Substrate (Pierce, Thermo Fisher Scientific Inc.). Tubulin was detected with

a primary monoclonal antibody (T6557; Sigma-Aldrich) and a secondary antibody anti-mouse-HRP

(NXA931; GE Healthcare, Thermo Fisher Scientific Inc.).

Northern blotting. Total RNA was extracted from cells with TRIzol Reagent (Invitrogen, Thermo

Fisher Scientific Inc.) according to the manufacturer’s instructions. Five to ten micrograms of total RNA

was loaded on a 17.5% acrylamide-urea 4 M gel and resolved by running in 1& Tris-borate-EDTA for

isolation of small RNAs. Nucleic acids were transferred to a nylon membrane by semidry transfer. Small

RNAs were cross-linked to the membrane by chemical cross-link using N-(3-dimethylaminopropyl)-N=-

ethylcarbodiimide hydrochloride (EDC; Sigma-Aldrich). Membrane was prehybridized for 20 min with

PerfectHyb Plus hybridization buffer (Sigma-Aldrich). DNA oligonucleotides directed against hsa-miR-

124-3p (5=-GGCATTCACCGCGTGCCTTA-3=) and snRNA U6 (5=-GCAGGGGCCATGCTAATCTTCTCTGTATCG-

3=) were radiolabeled with 2.5 !Ci of $-ATP by polynucleotide kinase (PNK). After removal of unbound

$-ATP by MicroSpin G-25 column (GE Healthcare, Thermo Fisher Scientific Inc.) purification, the probe

was incubated with the membrane in hybridization buffer overnight at 50°C. Membranes were washed

twice with SSC 4& solution (1& SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 50°C and exposed on

an image plate in a cassette. Imaging of the signal was obtained with Typhoon FLA 7000 laser scanner

(GE Healthcare Life Sciences).

RT-qPCR. For MYCN expression, DNase I (Invitrogen, Thermo Fisher Scientific Inc.) treatment was

performed on 1 !g of RNA, which was retrotranscribed using a random nonameric primer and Super-

Script IV reverse transcriptase (Invitrogen, Thermo Fisher Scientific Inc.) according to the manufacturer’s

instructions. For miR-124-3p, SINV genomic and subgenomic RNA, and CDK4 expression, 250 ng of RNA

was retrotranscribed using miScript II (Qiagen) according to the manufacturer’s instructions. Quantitative

PCR was performed on a 1/10 dilution of cDNA using SYBR green PCR master mix (Thermo Fisher

Scientific Inc.) with the following primers: MYCN forward (5=-GAGCGATTCAGATGATGAAG-3=) and reverse

(5=-TCGTTTGAGGATCAGCTC-3=) (40); SINVgenome forward (5=-CCACTACGCAAGCAGAGACG-3=) and re-

verse (5=-AGTGCCCAGGGCCTGTGTCCG-3=); SINVsubgenome forward (5=-CCACAGATACCGTATAAGGCA-

3=) and reverse (5=-TGCAGGTAATGTACTCTTGG-3=); CDK4 forward (5=-CCGTGGTTGTTACACTCTGG-3=) and

reverse (5=-ATTTTGCCCAACTGGTCGGC-3=); and GAPDH (glyceraldehyde-3-phosphate dehydrogenase)

forward (5=-CTTTGGTATCGTGGAAGGACT-3=) and reverse (5=-CCAGTGAGCTTCCCGTTCAG-3=). For the

miScript primer assay, mature hsa-miR-124-3p (MIMAT0000422; 5=-UAAGGCACGCGGUGAAUGCC-3=)

or MS00033740 hs_RNU6-2_11 was amplified with a reverse 10& miScript universal primer (Qiagen).

Strand-specific RT-PCR. Infected cells were lysed with TRIzol, cellular RNA was extracted according

to the manufacturer’s instructions, and RNA pellets were resuspended in water. To detect the levels of

SINV antigenomic RNA, negative-strand-specific reverse transcription was performed with a plus-sense

primer annealing to the 5= region of the SINV genome (nucleotides 1 to 42) (5=-ATTGACGGCGTAGTAC

ACACTATTGAATCAAACAGCCGACCA-3=). The RT reaction mix was set up with 100 ng of RNA, 1 !l of 2 !M

specific primer, 1 !l 10 mM deoxynucleoside triphosphates (dNTPs), and water to reach a final volume

of 13 !l. Samples were mixed, incubated at 65°C for 5 min, and placed 2 min on ice. Reaction mix was

completed with 4 !l 5& Superscript IV buffer (Invitrogen), 1 !l 0.1 M dithiothreitol (DTT), 1 !l RNase

inhibitor, and either 1 !l Superscript IV enzyme (Invitrogen) or water for a negative control. Samples were

mixed and incubated at 50°C for 10 min and 80°C for 10 min. One microliter of cDNA products was then

amplified by PCR with specific antigenome forward (5=-CATTCTACGAGCCGGTGCGC-3=) and reverse

(5=-TAGACGTAGACCCCCAGAGTC-3=) primers using the GoTaq DNA polymerase (Promega). PCR was run

as follows: 94°C for 2 min, 15, 20, 25, or 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and

a final extension step of 5 min at 72°C. PCR products were loaded on a 1.5% agarose gel for analysis.

Data availability. The sequencing data discussed in this publication have been deposited in NCBI’s

Gene Expression Omnibus (71) and are accessible through GEO Series accession number GSE136740.
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