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The discovery of small regulatory non-coding RNAs has been an exciting advance in the
field of genomics. MicroRNAs (miRNAs) are endogenous RNA molecules, approximately
22 nucleotides in length, that regulate gene expression, mostly at the posttranscrip-
tional level. MiRNA profiling technologies have made it possible to identify and quantify
novel miRNAs and to study their regulation and potential roles in disease pathogenesis.
Although miRNAs have been extensively investigated in viral infections of humans, their
implications in viral diseases affecting animals of veterinary importance are much less
understood. The number of annotated miRNAs in different animal species is growing
continuously, and novel roles in regulating host—pathogen interactions are being discov-
ered, for instance, MiIBRNA-mediated augmentation of viral transcription and replication.
In this review, we present an overview of synthesis and function of miRNAs and an
update on the current state of research on host-encoded miRNAs in the genesis of viral
infectious diseases in their natural animal host as well as in selected in vivo and in vitro
laboratory models.

Keywords: animals, infectious diseases, influenza A virus, miRNAs, viruses, veterinary science

INTRODUCTION AND BRIEF HISTORY

The recent discovery of non-coding RNAs, such as long non-coding RNAs (IncRNAs) and micro-
RNAs (miRNAs), has begun to direct more and more attention to these potentially very powerful
regulatory molecules. The first miRNA was discovered in 1993 during studies of the timing of
embryonic development of different larval stages of the worm Caenorhabditis elegans (C. elegans).
In this experiment, Lee and colleagues observed that the RNA transcribed from the lin-4 locus did
not encode a protein but instead silenced the gene encoding Lin-14, an important protein in larval

Abbreviations: 3'-UTR, 3’-untranslated region; ALV, avian leucosis virus; BIC, B-cell integration cluster; BSE, bovine
spongiform encephalopathy; CJD, Creutzfeldt-Jakob disease; CNS, central nervous system; DGCRS8, DiGeorge syndrome
critical region 8; DIANA, DNA intelligent analysis; GaHV-2, Gallid herpesvirus 2; HPAI, highly pathogenic avian influenza;
IBDV, infectious bursal disease virus; IAV, influenza A virus; IncRNAs, long non-coding RNAs; MDYV, MareK’s disease virus;
miRNAs, microRNAs; NLRP3, NOD-like receptor P3; nts, nucleotides; PRRSV, porcine reproductive and respiratory syndrome
virus; pre-miRNA, precursor miRNA; pri-miRNA, primary miRNA; RISC, RNA-induced silencing complex; RNA seq, RNA
sequencing; RT-qPCR, reverse transcription quantitative real-time PCR; RV, rabies virus; REV-T, reticuloendotheliosis virus
strain T; SDN, small RNA degrading nucleases; snoRNA, small nucleolar RNA; SOCS, suppressor of cytokine signaling; TGEV,
transmissible gastroenteritis virus; TRBP, TAR RNA binding protein; VEEV, Venezuelan equine encephalitis virus; VCJD,
variant Creutzfeldt-Jakob disease.
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development (1). Since then, the number of studies on miRNAs
has been rising rapidly. Indeed, a PubMed search (August 4,
2016; keyword “microRNA”) revealed an increase from 5 entries
in 2001 (the first year this term appeared) to 10,189 entries in
2015. MiRNA-encoding genes comprise only 1-5% of the animal
genome but have been estimated to affect approximately 30% of
all protein-coding genes (2, 3). It is being recognized that their
regulatory roles are much more sophisticated than initially
thought, owing to the cooperativity (i.e., more than one miRNA
species can target the same mRNA) and the multiplicity of their
targets (i.e., one miRNA can target hundreds of mRNA species)
(4). miRNAs have been shown to play important roles in essen-
tially all biological processes (5), and the differential expression
of host miRNAs during infection (1, 6) supports the idea that
they may constitute key players in the host response to invad-
ing pathogens. We recently summarized trials of therapeutic
interventions based on small non-coding RNAs for treatment or
prevention of infectious diseases of veterinary importance (7).
The current review presents an update on miRNA biogenesis and
profiling, discusses some of the challenges encountered when
studying them in animals, and summarizes current knowledge of

the roles of miRNAs in viral infectious diseases in their respective
natural animal hosts. In addition to this, information obtained
from cellular and laboratory animal models is presented in cases
where data from natural infection are not available or are difficult
to obtain. Furthermore, we include some examples of important
animal viral diseases where in vitro studies have revealed roles for
miRNAs. We also discuss miRNA involvement in prion diseases
as examples of fatal, untreatable diseases caused by infectious
proteins. Viruses, particularly DNA viruses [MareK’s disease virus
(MDV), bovine herpesvirus] and even retroviruses (e.g., bovine
leukemia virus), can also encode their own miRNAs, but due to
space limitations, this topic is not emphasized in this review, and
we refer the reader to excellent existing reviews [e.g., Ref. (8, 9)].

MicroRNA BIOGENESIS PATHWAY
AND MECHANISMS OF ACTION

MicroRNAs are non-coding single-stranded oligoribonucleo-
tides of about 22 nucleotides (nts) in length. Their biogenesis
and mode of action is illustrated in Figure 1, but the reader is
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FIGURE 1 | The classic endogenous miRNA pathway and mechanisms of action. In the nucleus, pri-miRNA is transcribed by RNA polymerase Il and further
processed by the Drosha enzyme to produce pre-miRNA, which is then transported into the cytoplasm. There it is cleaved by the Dicer enzyme into the miRNA
duplex. The guide strand is uploaded onto the RNA-induced silencing complex (RISC) to regulate gene expression by causing either target mRNA degradation or
translation repression. Cytoplasmic-nuclear shuttle is possible for some miRNAs (e.g., miR-29b, miR-320, and miR-373). Adapted from Wikimedia Commons
(“Difference DNA RNA-EN.SVG”).
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also referred to excellent recent reviews of miRNA biogenesis,
e.g., Ref. (10). miRNAs can be transcribed from within protein-
coding genes (intragenic miRNAs), from dedicated miRNA
coding genes (intergenic miRNAs), or from genes encoding
other ncRNA classes, such as small nucleolar RNA (snoRNA)
and IncRNAs. More than half of vertebrate miRNA genes lie
in introns, implying that most miRNAs are co-expressed with
specific host mRNAs (11, 12), although specific transcription
start sites for miRNA coding sequences also exist (13). While
the majority of miRNA genes are physically separated on the
genome (14, 15), many functionally related miRNA genes often,
but not always, reside in clusters within the genome (16), prob-
ably because they are processed from the same polycistronic
transcript (6). When they have their own promoter, miRNA
genes are transcribed mainly by RNA polymerase II and, rarely,
by RNA polymerase III (17) to form primary miRNAs (pri-miR-
NAs) (18), which are then folded to produce hairpin structures.
Each hairpin structure consists of a 32-nt-long imperfect stem
and a large terminal loop. The enzyme Drosha and its cofactor
DiGeorge syndrome critical region 8 (DGCR8) cleave the 22 nts
downstream of the stem to yield 60-nt-long precursor miRNAs
(pre-miRNA) (18). The pre-miRNAs are then exported to the
cytoplasm via exportin 5 where the terminal loops are excised
by Dicer and tar RNA binding protein (TRBP) to produce short
imperfect miRNA duplex intermediates (19). This duplex is then
unwound by a helicase into two miRNA strands. One strand (the
5’-strand or guide strand for most miRNAs) is incorporated into
the RNA-induced silencing complex (RISC) to target mRNAs,
and the other strand (3’-strand, also referred to as miRNA*)
is usually degraded but can also persist and take on regulatory
roles of its own.

Apart from the classic biogenesis pathway, Dicer or AGO-2-
independent (non-canonical) pathways have also been described
(20). For instance, mirtrons are miRNAs that are produced from
introns by the splicing machinery instead of the Drosha process-
ing complex (21). The maturation of some miRNAs (for example,
miR-451) is Dicer independent, but AGO dependent. This is pos-
sibly because the stem part of its pre-miRNA is too short (17 bp)
to be processed by Dicer (22).

MicroRNAs mainly act in the cytoplasm, namely, by repress-
ing mRNA translation and, to a lesser extent, by inducing mRNA
degradation. Actually, the two processes can be connected in
that decreased translation may lead to loss of stability. Usually,
the seed region (seven or eight consecutive nts at the miRNA 5’'-
end) binds to complementary sequences in the 3’-untranslated
region (UTR) of the target mRNA (23), but miRNAs can also
target other sequences, such as the 5'-UTR or coding sequences
(24). Remarkably, some miRNAs have been implicated in actu-
ally stimulating translation (25, 26). miRNAs can also affect gene
expression at the level of pre-mRNA splicing. Usually, this occurs
indirectly in that a miRNA regulates translation of a protein
involved in differential splicing. miR-124 represents a good
example of this: during neuronal differentiation of the mouse, it
binds to the mRNA encoding a repressor of alternative splicing,
PTBPI, leading to increased synthesis of the PTBP2 protein. The
latter, in turn, induces alternative splicing programs leading to
neuronal differentiation (27).

Interestingly, mature miRNAs can also be found in the
nucleus (28-30). Profiling studies of fractionated cells revealed
the enrichment of miRNAs, including miR-320, miR-373, and
miR-29b, in the nucleus of cell lines derived from various origins
(28, 29, 31-34). The driving force of this cytoplasmic-nuclear
shuttle, at least for miR-29Db, is thought to be a miRNA-associated
hexanucleotide terminal motif (AGUGUU) which increases the
stability of the miRNA (29). Their localization in the nucleus
suggests that these nuclear miRNAs affect gene expression at
critical steps that take place in the nucleus, notably transcrip-
tion. One mechanism by which they can affect transcription is
to promote gene silencing by inducing epigenetic changes, such
as histone modifications or methylation of promoter elements
(35, 36). Remarkably, it has been shown that a nuclear miRNA
can even stimulate transcription by binding to a complementary
promoter sequence (34). Taken together, these studies suggest
that the scope of miRNA functions has become broader than
previously thought. miRNAs themselves can be regulated by sev-
eral mechanisms. In general, miRNA half-life ranges from hours
to days, but this obviously varies depending on the organ, body
fluid, and cell type (37). Compared to other RNA species, their
stability in stored biosamples is generally much higher than that
of other RNA species, which increases their value for biomarker
studies using biobanked animal or human biosamples (7). For
instance, in contrast to mRNA, they are highly stable in formalin-
fixed paraffin-embedded tissue blocks, allowing for localization
and expression studies even after years of storage (38). Active
degradation can be mediated by small RNA degrading nucleases
(SDNs) [reviewed in Ref. (39)]. miRNAs can also be extruded
from the cell into body fluids (e.g., blood, CSE, urine) in exosomes
or microvesicles. On one hand, this may be an additional mecha-
nism by which intracellular miRNA populations can be regulated.
On the other hand, these vesicles can also function as vehicles by
which miRNA can spread systemically and potentially be taken
up by accessible cells (40, 41). More recently, it was found that
miRNA activity can be inhibited by sequestration by circular
RNAs (“miRNA sponges”) (42).

UPDATE ON IDENTIFICATION OF miRNAs
AND COMPUTATIONAL PREDICTION OF
THEIR TARGETS IN ANIMALS OF
VETERINARY IMPORTANCE

In vertebrates, miRNAs have been studied most extensively in
humans and mice, in part because much fewer miRNAs have
been annotated or made publicly available in other organisms,
including animals of veterinary importance (43). Figure 2 shows
the number of currently annotated mature and immature miR-
NAs in different animal species of veterinary importance, as well
as in humans and mice, according to miRBase version 21 (43).
Humans and mice had the highest number of annotated miR-
NAs, followed by chicken, cattle, and horse. miRNA expression
profiling has assisted in identifying miRNAs that regulate a range
of biological processes, and there are several established and
emerging methods for measuring miRNA expression profiles
in biological samples. The commonly used approaches include

Frontiers in Veterinary Science | www.frontiersin.org

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive

Samir et al.

miRNAs in Veterinary Viral Infections

3000

2500

2000

1500

1000

Number of mature and immature miRNAs

Human  Mice Chicken Cattle Horse Atlantic Dog

salmon fish

obtained from miRBase version 21.

Zebra Wild goat Pig Zebra

Animal species

FIGURE 2 | Numbers of currently annotated mature and immature miRNAs in selected species. The most recent numbers of immature (black bars) and
mature (gray bars) miRNAs in animals of veterinary importance are plotted on the y-axis. Values for humans and mice are shown for comparison. Data were

M Pre-miRNA
m Mature miRNA

Sheep Common Kuruma
finch carp  shrimp

reverse transcription quantitative real-time PCR (RT-qPCR),
microarrays, and RNA sequencing (RNA seq) (44, 45). In the
process of discovering novel miRNAs, the analysis of profiling
data follows the same principle in that the generated reads have
to be mapped to the reference genome of the concerned species.
In this context, the lack of a published reference genome always
represents a limitation. The unique feature of cross-species con-
servation of miRNAs has aided in the identification of miRNAs
or their targets especially in the species where the genome (or
the miRNome) is not completely annotated (46). The miRNAs
from such species have been identified by homology searches
where the deep sequencing reads are aligned against the genome
of the most closely related species (47). Indeed, most bovine
miRNAs have been identified in this way, and a similar method
was used to identify goat and sheep miRNAs (48). Researchers
from China recently characterized miRNA species in skin and
ovaries of ducks (49, 50). An alternative strategy was used in
these studies. First, the reads were filtered and then mapped by
blast alignment to all known mature chicken miRNA sequences
present in miRBase. The sequences that did not correspond to
chicken miRNAs were then mapped to miRNAs in other species.
This strategy has also been applied to the Chinese hamster (51).
There are several computational resources for the identification
of miRNAs and their targets (52). Among these, miReader is a
newly launched bioinformatics tool for the discovery of novel
miRNAs that can be used to identify miRNAs that are not anno-
tated in miRBase, yet without the need for reference genomic
sequences or homologous genomes. It shows a high degree of
accuracy in a wide range of animal species (47). The prediction
and validation of miRNA targets are essential steps in deter-
mining their regulatory function. In this regard, the imperfect
complementarity between the miRNAs and their mRNA targets
represents a major challenge because of potentially false positive

predictions. Nevertheless, various online target prediction tools
have been developed. Prominent tools include TargetScan (53),
miRanda (54), PITA (55), and RNA hybrid (56). Most of these
tools rely on basic principles, such as miRNA/mRNA pairing,
cross-species conservation of the mRNA 3’-UTR, and the free
energy required to form the duplex (57, 58). Kiriakidou indi-
cated that the agreement of mRNA targets predicted for a set
of 79 miRNAs by several target prediction tools was only in the
range of 10-50% (59). One reason for this may be the divergent
use of the degree of conservation. For example, conservation
may be used but not directly incorporated into the score (as in
PITA), or not used at all (as in RNA22) (60). It is worth men-
tioning that these tools exhibit some differences, which might
be independent of the algorithms, such as using different UTR
databases for prediction, cross-species comparison, or align-
ment artifacts. Other among-tools variations that are related
to the prediction algorithms themselves include the number
of nts involved in pairing (canonical, marginal, and atypical
seed-matched sites) (61), the method used to measure 3'-UTR
conservation, the accessibility to the UTR, and the statistical
approach used (62). The computational approaches for predict-
ing miRNA-mRNA binding revealed wide variation and bias.
Therefore, various experimental strategies have been developed
in humans, for instance, “Cross-linking and sequencing of
hybrids” (63), which allow the identification of miRNA-target
pair chimeras in deep sequencing data (64). Some attempts
have been successful to use the mRNA targets to predict
biological pathways that are regulated by a set of miRNAs.
For instance, the DNA intelligent analysis (DIANA) tool (65)
offers the miRPath server, which can create hierarchical clusters
of miRNAs and pathways based on the levels of the predicted
miRNA/mRNA interactions. Generally, a major limitation of the
available web tools is that they include a limited number of species
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(e.g., human, mouse, C. elegans), leaving many animal species
underrepresented, in particular those of veterinary importance.
However, some tools (e.g., TargetScan, miRDP, and Microcosm)
include some species of veterinary importance, such as chicken,
dog, and cow (3, 66, 67). Oasis is a comprehensive online tool
for the analysis of RNAseq data that allows for target prediction
and analysis of novel (putative) miRNAs, including prediction
of miRNomes of species without annotated miRNomes (68).
The growing list of annotated miRNAs in species of veterinary
importance undoubtedly warrants better inclusion of such
species in the online prediction algorithms. Considering the
probability of obtaining false positive and negative results using
the online prediction algorithms, it seems critical to confirm
miRNA function using experimental work. The function of a
miRNA can be validated by several experimental approaches.
The luciferase reporter assay can be used to test for binding of a
miRNA to a predicted target sequence (69). To detect the effect
of miRNA-mRNA pairing on the protein level, immunoblotting
can be employed. For a detailed analysis of procedures used for
the experimental validation of miRNA targets, we recommend
references (70-72). In situ hybridization using a labeled anti-
sense probe can be used to investigate which cell type in a tissue
expresses a certain miRNA (73), but this is technically not easy,
for instance, because an endogenous counterpart miRNA that
also contains the antisense sequence may compete with binding
of the probe to the target miRNA.

MicroRNAs IN THE HOST RESPONSE
TO VIRAL INFECTIONS OF VETERINARY
IMPORTANCE

Considering the implication of miRNAs in nearly all biological
processes, links between miRNAs and disease status are expected.
Earlier reports suggested that miRNAs are involved in the regu-
lation of inflammatory pathways as well as adaptive and innate
immunity, stress factors, and cytokine signaling (74). Diseased
tissues may show unique miRNA expression patterns, which
subsequently might affect virus replication and/or survival. For
instance, miRNAs might promote virus replication by direct
pairing with virus-derived transcripts, as has been shown for
miR-122 and hepatitis C virus (75). A similar mechanism is
utilized by bovine viral diarrhea and classic swine fever viruses,
where miR-17 and let-7 were found to bind their 3'UTRs, thus
enhancing stability and translation of viral mRNA (76). miRNAs
may restrict viral replication, as exemplified by miR-32 in primate
foamy virus type 1 infection (77).

When studying regulation of host- or virus-encoded RNA
targets by miRNAs, the “abundance problem” needs to be con-
sidered. Based on studies in cell lines, it has been argued that
approximately 100 copies of a miRNA are needed to affect host
transcripts and, depending on the number and activity of viral
genomes in the cell, likely a higher number to affect viral tran-
scripts (78). Thus, expression changes of low copy number miR-
NAs during infection may be of little functional consequences.
Studies on regulation of host miRNAs in infection often ignore
this potentially important issue.

Studies of changes in miRNA populations in infections in the
natural host are clearly limited by the fact that they usually do not
allow to distinguish between cause and effect (and therefore do
not allow to draw conclusions as to mechanisms) but are mostly
suitable for biomarker studies and for formulating hypotheses
based on the descriptive data obtained. These can then be tested
in the appropriate experimental models, if available. Another
point to be considered is that a good part of the host miRNome
response to infection may be due to collateral cell and tissue dam-
age and turnover and not due to the immune response per se.
Clearly, our understanding of the mechanistic associations and
implications of miRNAs in animal viral infectious diseases is still
far from complete. Here, we review the literature that describes
the expression of miRNAs in the context of viral infectious dis-
eases that affect farm and pet animals, with special emphasis on
infections in the natural host. Additionally, we discuss miRNA
expression in infectious viral diseases in laboratory in vivo and
in vitro models where there are no sufficient data involving the
natural host.

Infections in the Natural Host

Influenza A Virus

Infection with influenza A virus (IAV) has a negative impact
on the poultry and swine industries, and on human health in
that it is able to cross species barriers and adapt to the human
host. The differences in pathogenesis of various IAV strains are
attributed to both viral and host factors. Yet, there remains an
urgent need for diagnostic markers to sense the very early phases
of IAV outbreaks at the farm level. The first trial to emphasize the
effect of miRNAs on IAV pathogenesis in a species of veterinary
importance attempted to define miRNA populations in lung and
trachea of commercial Leghorn chickens experimentally infected
with H5N3 virus (79) (Table 1). Some miRNAs were upregulated
in both lung and trachea, and others showed a tissue-specific
pattern. For instance, miRNA-206 was more highly expressed
in infected than in non-infected lungs, while the reverse was
reported for trachea. These findings suggest that specific host
miRNA regulatory mechanisms might exist in response to IAV
infection (79). The same research group subsequently confirmed
that host cellular miRNAs following H5N3 virus challenge
could lead to different results depending on the host genetic
background (80). They proved that host-encoded miRNAs were
modulated differentially in the lungs of broiler and layer chickens
(Table S1 in Supplementary Material). In broilers, more miRNAs
were upregulated than downregulated, whereas this was reversed
in layers. Only two miRNAs, miR-1599 and miR-1416, were
consistently regulated independent of chicken breed. Since this
study showed a breed-dependent effect on miRNA expression,
the authors proposed that miRNA expression is linked to immu-
nity. Some of the identified miRNAs have predicted target sites
in immune-related genes, such as IL17RD, ARL11, CHMP2B,
POUIFI1, PDHB, and HIFIAN. Indeed, broiler chickens have
weak short-term humoral immunity, whereas layers possess a
long-term humoral immune response and strong cellular immu-
nity, which goes in line with the fact that layers have a longer
life expectancy (81). Regarding immunity-related miRNAs, Li
and his colleagues claimed that miRNAs account for part of the
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TABLE 1 | Selected studies reporting differentially expressed host-encoded miRNAs in animal viral infectious diseases of veterinary importance (in vivo

studies of natural infection and laboratory models).

Disease Disease or miRNAs Function(s) Tissue Reference
reservoir pathogen
Upregulated Downregulated
Horse Venezuelan equine  Various (n = 24)2 Various (n = 43) Cell death, apoptosis, and Brain (92)
encephalitis virus inflammation
(VEEV)
Layer Influenza A virus miR-1a, miR-140, miR-449 miR-181a Regulation of host and viral gene Lung and (79)
chickens (H5NJ) expression trachea
Layer Influenza A virus miR-445, miR-34b, miR-34c, miR-1a-1, miR-181a Regulation of host and viral gene Trachea (79)
chickens (H5N3) miR-1a-2, miR-1b, miR-449, miR-140 expression
Broiler Influenza A virus Various (n = 25) miR-449b, miR-460a, Regulation of host and viral gene Lung (80)
chickens (H5N3) miR-206, miR-301, and expression
miR-187
Dog and Rabies miR-1894-5p, miR-290-3p, miR-1901, miR-200a, miR-200b, Targeting RIG-1 like receptor, RIF3  Brain (93)
carnivore miR-207, miR-1896, miR-715, miR- miR-200c, miR-182, (a target for miR-203), and TRIM25
3470b, miR-146b?, miR-203, miR-770-5p miR-183, and miR-429  (a target of miR-207)
Pig Influenza A virus miR-21, miR-15a, miR-206, miR-451, miR-146 Inflammation Lung (83)
(H1N2) miR-223
Cattle, Prion protein- miR-342-3p, miR-320, let-7b, miR-328, miR-338-3p and Regulation of pro-inflammatory Brain (94, 95)

sheep, goat, related diseases
cat

miR-128, miR-139-5p, miR-146a

miR-337-3p

cytokine production

The column “Tissue” refers to the tissue in which the respective profiling study was conducted. Expression in human tissues is reported in Ref. (96). The column “Function” refers to
the function of all miRNAs contained in the corresponding column. Due to space limitations, several other studies are contained in Table S1 in Supplementary Material.

2A complete list of all miRNAs is provided in Table S1 in Supplementary Material.

immune-related differences between chickens and ducks upon
H5NI1 infection. They showed that, in contrast to duck, the
dynamics of the miRNA repertoires of chicken spleen, thymus,
and bursa changed upon infection, with more miRNAs being
upregulated than downregulated (Table S1 in Supplementary
Material). A set of spleen-specific miRNAs were found to target
genes in the B-cell receptor pathway (82). This study potentially
explains the differential susceptibility to IAV infection between
chickens and ducks based on miRNA expression differences. In
pig, miRNAs were found to be dysregulated in the lungs after
aerosol challenge with reassortant IAV (HIN2). Some miRNAs
were upregulated 1, 3, and 14 days after infection (miR-15a);
others were expressed late (miR-21, miR-206, and miR-451) or
transiently upregulated (miR-223), whereas miR-146 was tran-
siently downregulated (Table 1). These miRNAs target several
inflammation-related molecules (83). In a recent experiment that
also involved pig, Jiang et al. showed that miRNAs of piglet pul-
monary alveolar macrophages differed in expression during acute
(4 days post infection) and recovery (7 days post infection) phases
of IAV (H1N1) infection. By day 4, most of the miRNAs (n = 70)
were downregulated, presumably allowing an increase in their
target mRNAs that participate in the host defense against viruses.
Three days later, the expression levels of most miRNAs returned
to normal, with subsequent normal expression of immune genes
during the recovery phase (Table S1 in Supplementary Material)
(84). The isolation of H3N8 in 2005 from infected dogs in the
United States, and the identification of H3N2 in 2007 from dogs
in Korea and China marked the emergence of canine influenza
virus (85, 86). In 2014, Zhao et al. conducted an experiment in
which they profiled the miRNA expression patterns in lung and

trachea of beagles experimentally infected with H3N2 virus (87).
In this study, 34 and 45 miRNAs were differentially expressed
between infected and non-infected groups in lung and trachea,
respectively (Table S1 in Supplementary Material). In addition,
99 miRNAs were differentially expressed between infected lung
and trachea. Interestingly, miRNA expression levels were higher
in infected than in non-infected lungs, the reverse was reported
in trachea, indicating a tissue-specific signature of miRNAs and
suggesting that these miRNAs may play different roles in differ-
ent organs. The divergence in the results obtained from various
studies might be due to different strains or models used. Other
publications have documented miRNA involvement in the host
response to IAV infection in animals and humans, but using
cell-based models (88-91). Considered together, these studies
suggest that a specific host miRNA response is associated with
IAV infection and could contribute to the pathogenesis of IAV
including its tissue/cell tropism and host preference.

Influenza A Virus Infection as an Example of Cross-Species
Conservation of Host-Encoded miRNAs

All TAV subtypes primarily originated in wild birds that are clas-
sified under the orders Anseriformes and Charadriiformes (97).
Their migration and aquatic nature enable both the maintenance
of TAV strains as well as the emergence of novel strains in spillover
hosts. While mice can be infected with IAV only after serial pas-
sages (98), domestic chicken, swine, and humans are among the
main transmission reservoirs (99). Species-dependent variation
in the host response to IAV has been reported, including in
chickens and ducks (100). Despite their potential roles in inter-
species differences in host responses to infections, a global view

Frontiers in Veterinary Science | www.frontiersin.org

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive

Samir et al.

miRNAs in Veterinary Viral Infections

of cross-species expression, conservation, and functionality of
miRNAs is incomplete and spread across several studies. In order
to obtain an overview of shared and distinct miRNAs in an infec-
tious disease that affects both animals of veterinary importance
and humans, we compiled the literature on miRNAs regulated
upon IAV infection in humans (91, 101, 102), mice (103-108),
chicken (79, 80, 82), and pig (83, 84), extracted all miRNAs (sepa-
rately for each species) that have been shown to be differentially
regulated upon IAV infection (Table S2 in Supplementary
Material), and selected those miRNAs that are regulated in all
four species. Naturally, this analysis needs to be interpreted
knowing that its negative predictive value is low due to publica-
tion bias and differences in the numbers of studies done in the
various hosts; on the other hand, the positive predictive value
likely is high. As shown in Figure 3A, three miRNAs (miR-18a-5p,
miR-223-3p, and miR-451-3p) were differentially regulated in all
four species, suggesting a common IAV infection-related signa-
ture. Limiting the analysis to the three natural hosts (humans,
chicken, and pig) revealed an additional three consistently
regulated miRNAs (miR-18b-3p, miR-22-5p and miR-30a-3p).
The expression patterns and tissue specificities of these miRNAs
are listed in Table 1 and Table S1 in Supplementary Material.
These six miRNAs are related to diverse biological processes. The

role of miR-223 in infection, inflammation, and cancer has been
reviewed extensively (109). An association between miR-223 and
IAV virulence has been proposed in several studies. Among these,
Li et al. observed an upregulation of miR-223 in mice infected
with the lethal r1918 pandemic HINT1, but not the less virulent
Tx/91 strain. The authors also reported that miR-223 can indi-
rectly repress the transcription factor CREB, which is responsible
for maintaining cell survival and growth (110), suggesting that
the lethal IAVs may induce cellular apoptosis via increasing
expression of miR-223 (103). Using a luciferase-based reporter
assay, Haneklaus et al. showed that overexpression of miR-223
tends to reduce luciferase expression in the vector containing the
3’-UTR of NOD-like receptor P3 (NLRP3), implying that miR-
223 can target NLRP3 with subsequent reduction in activity of the
NLRP3-inflammasome (111). In another study, miR-223 was
shown to be upregulated in lung of mice experimentally infected
with two IAV (H5N2) strains of differential virulence. The more
virulent strain induced miR-223 more strongly than the less viru-
lent strain, and subsequent administration of anti-miR-223 to
these mice reduced TAV titer and increased animal survival and
weight gain at 1, 3, and 5 days after inoculation, suggesting a posi-
tive correlation between miR-223 levels and severity of IAV
infection in this model (112). IAV infection leads to changes in
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FIGURE 3 | miRNAs that are regulated in IAV infection in humans, chicken, pig, and mice. (A) Venn diagram depicting miRNAs that are differentially and
commonly expressed in the four species. (B) Heat map showing the pathways regulated by two of the three miRNAs regulated in all four species. (C) Sequence
alignment of the premature form of miR-223, a well characterized miRNA that is regulated in all four species. While the mature form of this miRNA is highly
conserved across the four species (represented by stars above the sequences), the premature form shows a lesser degree of conservation. The seed region is
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expression of miR-155 in humans, chickens and mice, but in pigs,
interestingly, only of its counterpart miR-155-3p. MiR-155 has
been found to regulate both innate and adaptive arms of the
immune system. On the one hand, CD*" T cells transduced with
the MigR1 vector overexpressing miR-155 showed a higher
expansion and proliferation rate compared to the negative con-
trols, suggesting a role for this miRNA in the T cell response
(113). On the other hand, overexpressing and blocking miR-155
in a murine macrophage cell line indicated that miR-155 can
target the suppressor of cytokine signaling (SOCS), a negative
regulator of IFN-q, thereby triggering the antiviral type 1 IFN
response (114). In support of this, Choi et al. found that mice
injected with anti-miR-155-3p displayed a dramatic loss in body
weight and succumbed to AV infection within 8 dpi with high
viral titers in their lungs (112). These studies suggest that IAV may
usurp host miRNAs for its own benefits. The pathogenesis of IAV
involves effector molecules that converge to form interacting
signaling pathways (115). To test the hypothesis that there are
common miRNA-regulated functional pathways that are induced
upon IAV infection, we utilized the bioinformatics tool DIANA
miRPath v.2.0 (65) to predict pathways that might be regulated by
these miRNAs. For this purpose, we chose the smaller set of
miRNAs regulated also in the mouse (an adaptive, well-studied
host for IAV) and the murine functions of the DIANA tool, as it
does not support analyses of chicken and pig miRNAs, and also
because the mouse is the one of the four species with the best
experimental evidence for miRNA function at the organismal
level. Figure 3B shows the pathways regulated by two of these
three miRNAs, i.e., miR-18a-5p and miR-223-3p (miR-451-3p is
notincluded in the DIANA tool). Among the identified pathways,
endocytosis and the PI3K-Akt, MAP kinase, mTOR, and TGF-p
signaling pathways are known to be associated with IAV-host
interaction. The PI3K pathway is mainly involved in apoptosis.
Binding of the NS1 gene of IAV to the P85p regulatory subunit
activates PI3K, leading to phosphorylation of the downstream
effector molecule Akt, which further phosphorylates both caspase
9 and GSK-3, thereby suppressing apoptosis and prolonging
virus infection (116). Hirata et al. suggested that inhibiting Akt
kinase activity may have therapeutic advantages for IAV infection
by interfering with viral entry and replication (117). Besides the
PI3K pathway, MAP kinases have been reported to promote IAV
ribonucleoprotein capsid trafficking and virus production (118)
and to regulate the production of RANTES, a chemokine that is
released by lung epithelial cells and alveolar macrophages (119).
Among the identified pathways, the TGF-f signaling pathway is
known to be activated by the IAV neuraminidase. The authors
claimed that the modulation of TGF-f activity during IAV infec-
tion influences viral titers and disease outcome in experimentally
infected mice, suggesting a significant role for TGF- signaling in
IAV pathogenesis. Interestingly, this study postulated that the
inability of H5N1 virus to trigger the TGF-p cascade might
explain the improper host immune response and the exaggerated
immune pathology seen in many H5N1 cases (120). Clathrin-
mediated endocytosis is a prerequisite for IAV entrance into target
cells (121). For further descriptions of the implication of the
predicted IAV-associated pathways, we recommend references
(115, 122). The remaining 12 pathways are mainly related to

cancer, but we cannot rule out any possible roles for these path-
ways in IAV infection, as cancer-related pathways are often also
involved in the host response to infection. To gain further insight
into the cross-species conservation of functionally related miR-
NAs, we then used the ClustalX version 2.0 software (123) to align
the sequences of the stem-loop (premature) form of miR-223 in
humans, mice, chicken, and pig (Figure 3C). The degree of con-
servation was higher in the mature miRNA than in the rest of the
stem-loop sequence. In terms of sequence identity, the mature
form of miR-223 was more closely related to the corresponding
sequences in mice than in chicken and pig. The seed region was
100% identical among the four species studied. Shared seed
sequences might indicate shared miRNA targets, lending further
support to the notion that these miRNAs play similar roles in
these species in the host response to IAV infection. Additional
functional implications of these shared miRNAs in the course of
TAV infection are discussed in Ref. (7).

Infectious Bursal Disease Virus

Infectious bursal disease virus (IBDV) is the etiologic agent of
infectious bursal disease, which is a highly contagious disease
that predominantly affects the bursa of Fabricius in birds (124).
Although vaccination has contributed to the overall reduction
of disease burden in poultry (125), several challenges remain
to be overcome, and new approaches are needed to fight IBDV
(126). The initial study that indicated an anti-IBDV effect of
miRNAs in its natural host was conducted in 2011 (127). In this
experiment, the authors reported that transducing 8-day-old SPF
chicken embryos with an adeno-associated virus vector carrying
VP1- and VP2-specific miRNAs resulted in reduced replication
of the Lukert strain of IBDV by 48 hpi. In a subsequent study, gga-
miR-9* was found to be induced 2, 4, 12, and 24 h after infection
with IBDV (128). The authors also provided evidence that miR-9*
can promote IBDV replication by repressing the production of
IFN. These data indicate that miRNAs can either stimulate or
inhibit BDV infection and that their roles as therapeutic interven-
tions merit further investigations.

Marek’s Disease Virus

Marek’s disease is a highly contagious viral neoplastic disease
of chicken that results from infection with Gallid herpesvirus 2
(GaHV-2), also known as MDYV (129). The disease has remained
a major concern in poultry owing to the continual emergence of
new virulent strains (130). Although several in vitro approaches
have been employed to unravel the roles played by host-encoded
miRNAs in different scenarios of MDV infection (131-136),
fewer studies have addressed their role in the natural host.
Initially, deep sequencing of samples from MDV-infected chicken
spleen and liver revealed that 187 miRNAs were differential
expressed compared to the non-infected tissues. These miRNAs
were found to target genes that are related to lymphomagenesis
(134) (Table S1 in Supplementary Material). Stik et al. (137)
used white leghorn chicken experimentally inoculated with the
oncogenic RB-1B strain as a model to investigate connections
between the chicken miRNA response and the oncogenic nature
of MDV. This study reported that gga-miR-21 was upregulated
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in chicken inoculated with the oncogenic strain, as compared to
chicken vaccinated with the non-oncogenic strain CVI988 and
non-infected chicken. gga-miR-21 was also found to promote
tumor formation by targeting the chicken programmed cell death
4 (PDCD4) mRNA. In the same context, miR-103 was found to
be downregulated in tumor samples from spleen and liver of
infected chickens, where it targets cyclin E1 and the transcription
factor Dp-2, which normally causes suppression of cell migration
and tumor formation (138). Similarly, miR-26a was found to be
downregulated in MDV-infected chicken spleens during different
phases of tumor formation (139). This miRNA targets the “Never
In Mitosis Gene A-related kinase 6” gene, which was strongly
upregulated in the same samples (suggesting loss of inhibition due
to miR-26a) and has been linked to cell proliferation. Collectively,
these in vivo studies emphasized the role of host miRNAs in the
development of MDV-associated tumors in chickens. In terms
of susceptibility to infection, Tian et al. identified 64 miRNAs
(58 downregulated and 6 upregulated) that were differentially
expressed between MDV-infected and non-infected chicken cells
when the susceptible line 7, was used, but not when the resistant
cell line 65 was used (140). The differentially expressed miRNAs
were found to target components of several immune-related
pathways, such as NF-kB signaling and T-cell and B-cell receptor
signaling, raising the possibility that miRNAs might influence
the genetic susceptibility of chicken to MDV infection through
controlling immune responses.

Avian Leukosis Virus

Avian leukosis virus (ALV) belongs to the genus Alpharetrovirus
of the Retroviridae family. This virus is capable of inducing
tumors in avian hosts, including B-cell lymphoma, hemangioma,
and myelocytoma (141). As discussed above in MDV infection,
miRNAs have proven to be strongly associated with virus-induced
avian tumors through regulating cell proliferation or cell death
(141, 142). Among the first studies on miRNA-mediated control
of ALV-] infection is the one conducted by Li et al. in 2012. They
investigated miRNA expression in the liver of ALV-J-infected
10-week-old chickens. They proposed that seven upregulated miR-
NAs (gga-mir-221, gga-mir-222, gga-mir-1456, gga-mir-1704,
gga-mir-1777, gga-mir-1790, and gga-mir-2127) might play a
tumorigenic role, whereas downregulation of five other miRNAs
(gga-let-7b, gga-let-7i, gga-mir-125b, gga-mir-375, and gga-
mir-458) was associated with loss of tumor suppressive functions
(143). In agreement with this, gga-miR-375 was found to be
downregulated in the liver of ALV-J-infected chicken compared
to non-infected animals. Overexpression of this miRNA led to a
significant inhibition in the proliferative capacity of DF-1 chicken
fibroblasts, likely via targeting and repressing yes-associated
protein 1, cyclin E, and Drosophila inhibitor of apoptosis protein
1 mRNAs (144). Conversely, increased replication of ALV-J
was associated with the upregulation of miR-23 in the spleen of
ALV-J-infected chickens. This miRNA can target and suppress
interferon regulatory factor 1, thus allowing enhanced virus
replication (145). Similarly, Dai et al. found that miR-221 and
miR-222, which were upregulated in the liver of ALV-J-infected
chickens, can act as tumorigenic agents by targeting BCL-2

modifying factor (146). In another study, microarray analysis
of liver tumors from ALV-J-infected chicken indicated that gga-
miR-221, gga-miR-193a, gga-miR-193b, and gga-miR-125b were
differentially expressed. Gene ontology and pathway analyses of
these miRNAs indicated that ALV-]-triggered tumorigenesis may
be, atleast in part, due to these miRNAs targeting the MAPK and
Wit signaling pathways (147). Collectively, these data indicate
that miRNAs form an integral part of the host response to ALV-]
infection and can influence its pathogenesis by promoting or
repressing tumor formation. They also suggest that modulating
miRNA expression does have potential for interventional strate-
gies against ALV-] infection.

Infections in Laboratory Animal Models
Venezuelan Equine Encephalitis Virus

Venezuelan equine encephalitis virus (VEEV) is an equine dis-
ease that can be transmitted to humans via a mosquito vector
and cause lethal inflammation of brain tissue. Mortality rates
in equines have been estimated at 19-83% but are below 1% in
humans (148). Reports suggest that miRNA expression is highly
regulated upon VEEV infection of neurons and glial cells. Bhomia
et al. (92) were the first to describe miRNA expression patterns
in a mouse model of VEEV infection. Twenty-five miRNAs were
upregulated, and 4 were downregulated in brain tissue collected
after 48 and 72 h (Table S1 in Supplementary Material). Mmu-
miR-155 showed >5-fold higher expression at both time points,
suggesting that it might serve as an indicator of VEEV infection.
These miRNAs may play important roles in modulating gene
expression and neuronal degeneration in the brain following
VEEV infection.

Rabies Virus

Rabies virus (RV) is a neurotropic virus that can infect the central
nervous system (CNS) and lead to death in many cases of human
infection. Canines constitute the main reservoir, but nearly all
warm-blooded animals can contract the infection. The disease is
transmissible from dogs to humans. Every year, it causes 55,000
human deaths worldwide (149). Thus, controlling the disease in
domestic dogs has important implications for public health. In
mice challenged with RV, a strong modulation in the expression of
miRNA molecules was observed (Table 1), and the differentially
expressed miRNAs are thought to be involved in several immune-
associated signaling pathways (93). In another study, miR-133,
which is specifically expressed in skeletal muscle, was predicted
to bind to both N and G transcripts of RV (150). This might be a
plausible explanation for the lengthy dormant state of this virus in
skeletal muscle during the early phase of infection and before the
continuation of its journey through the nervous system.

Prion Protein-Related Diseases

Prion proteins are the causative agents of bovine spongiform
encephalopathy (BSE; “mad cow disease”) in cattle, feline
spongiform encephalopathy in cats, scrapie in sheep, and
Creutzfeldt-Jakob disease (CJD) in humans. This group of fatal
neurodegenerative disorders is caused by an abnormally folded
form of the naturally occurring cellular prion precursor protein,
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PrP<. Over the last 15 years, intense efforts have been undertaken
following the appearance of a new prion disease that is trans-
missible to humans, variant Creutzfeldt-Jakob disease (VKJD).
Ingestion of meat from BSE-infected cattle or scrapie-infected
sheep is the source of infection (151). There is compelling
evidence of a role played by miRNAs in the pathogenesis of the
prion-related diseases. Brain of mice infected with mouse-adapted
scrapie showed a unique expression pattern of 15 miRNAs that
mightact during prion-induced neurodegeneration. Most of them
were upregulated more than 2.5-fold (Table 1). Among these,
only miR-128 had previously been shown to be dysregulated in
other neurodegenerative diseases, suggesting a pattern specific
for these closely related diseases (94, 95). To determine whether
miRNA dysfunction is involved in prion disease pathogenesis, the
authors used a BSE-infected cynomolgus macaque model to con-
firm that miR-342-3p was upregulated in brain (152). Moreover,
the authors confirmed that hsa-miR-342-3p was upregulated in
brain samples of human type 1 and type 2 sporadic CJD, sug-
gesting that miR-342-3p may be a biomarker of prionopathies
in animals and humans. This also indicates that this miRNA
might affect pathogenesis in different species. In another study,
Taganov et al. proposed a role for miR-146a as a potent modulator
of microglial function by controlling the activation state during
prion-induced neurodegeneration (153). In general, miR-146a
can directly downregulate the production of pro-inflammatory
cytokines by acting as a negative-feedback effector of the NF-kB
pathway (154). A coordinated dysregulation of miRNAs seen in
prion diseases may be a response to the abnormal accumulation
of PrP%, leading to signaling pathways that induce alterations in
neurotransmitter receptors and protein degradation, resulting in
the ultimate failure of neuronal function.

Infections in Cellular Models

In addition to the above mentioned in vivo models, there are sev-
eral examples of in vitro trials that have unraveled multiple roles of
cellular miRNAs in different scenarios of infections with animal
viral diseases of veterinary importance. One prominent example
can be seen in the oncogenic miR-155 (155). miR-155 was initially
identified as a gene that was activated by promoter insertion at a
common retroviral integration locus in B-cell lymphomas called
B-cell integration cluster (BIC) (156). B-cell lymphomas express
greater levels of miR-155 and BIC transcripts than normal B cells
as both of them are processed from the same primary transcript
(157). By generating bic/miR-155-deficient mice, Rodriguez
et al. provided evidence that absence of BIC/miR-155 resulted in
lung fibrosis mimicking the picture of complicated autoimmune
diseases, reduced amount of immunoglobulin M, and low levels
of IL-2 and IFN-y, suggesting a key role for miR-155 in regulating
immune responses (158). Extensive studies have been performed
thereafter to illustrate miR-155 roles in tumor viruses affecting
animals. One example is the reticuloendotheliosis virus strain T
(REV-T). Infection of chicken embryo fibroblasts and REV-T-
induced B-cell lymphomas demonstrated elevated miR-155 levels
(159). Further functional studies revealed that miR-155 can target
JARID2 mRNA (a cell cycle regulator) causing its downregula-
tion, reflecting the role of miR-155 in promoting cell survival.
Using a comparable in vitro approach, miR-181a was linked to

MDV-induced lymphoma. In this regard, transfecting miR-181a
mimic into MYBL1 cells, a Marek’s disease lymphoma cell line,
resulted in the reduction of v-myb myeloblastosis viral oncogene
homolog-like 1 protein. The study also showed an inhibitory
effect of gga-miR-181a on cell proliferation (160). A similar role
was reported for miR-26a in MDV infection, where it inhibited
lymphoma cell proliferation by targeting NEK®6, thus playing
a role as a tumor suppressor (133). Transfection of a lentiviral
vector expressing miR-21 into DF-1 cells has been demonstrated
to inhibit IBDV replication via targeting the VP1 gene of this
virus (161). Using a luciferase reporter assay, Wang et al. proved
that chicken miR-1650 can bind the 5’-UTR of the ALV-] Gag
mRNA, therefore influencing virus replication (162). In bovine
medicine, bovine viral diarrhea is a significant disease of cattle,
which is still endemic in many parts of the world (163). The role
of miRNA in bovine viral diarrhea infection has been illuminated
in two recent studies. In the first, the authors reported that miR-
29b can bind to the 3’-UTR of two key apoptosis-related genes,
caspase-7 and nuclear apoptosis-inducing factor 1, causing their
downregulation in Madin-Darby bovine kidney (MDBK) cells.
They also showed that miR-29b could target the viral envelope
glycoprotein with subsequent suppression of viral replication
(164). In the second study, the same researchers proved that
lentivirus-mediated overexpression of the miR-29b precursor
reduced replication of bovine viral diarrhea virus in MDBK cells
by downregulating the expression of ATG14 and ATG9A, two
important autophagy-associated proteins (165). These studies
emphasize that miR-29b can modulate the pathogenesis of bovine
viral diarrhea virus using different mechanisms. Along the same
lines, PK-15 cells were used to screen for differentially expressed
miRNAs during foot-and-mouth disease virus (FMDYV) infection
(166). The analysis revealed that 172 known miRNAs and 72 puta-
tive miRNAs were differentially expressed, the majority of which
were downregulated. Bioinformatics analyses predicted that the
target mRNA genes of these differentially expressed miRNAs were
involved in pathways such as cytokine receptor signaling, NOD-
like receptor signaling, and toll-like receptor signaling. Another
example from the swine field can be seen in porcine reproductive
and respiratory syndrome virus (PRRSV) infection, which is a
main cause of late abortion and respiratory diseases in pigs (167).
Several in vitro trials were performed to understand the role of
miRNAs in the pathogenesis of PRRSV infection. Recently, it was
found that PRRSV infection triggered miR-24-3p expression that
downregulated heme oxygenase-1 mRNA, which was associated
with an overall increase in PRRSV replication in the MARC-145
cell line (168). Other reports demonstrated the ability of some
miRNAs to restrict PRRSV replication. For instance, miR-26a acts
by enhancing type I IFN-signaling pathways and augmenting the
production of IFN-stimulated genes, thus blocking virus replica-
tion (169). A virus inhibitory effect is mediated also by miR-506,
which suppresses the mRNA encoding CD151, an important
receptor of PRRSV (170). In the MARC-145 cell line and primary
porcine alveolar macrophages, PRRSV induced downregulation
of miR-125b as a way to enhance its replication. This miRNA
was found to block the NF-kB pathway, which is essential for
PRRSV replication (171). Profiling studies of PRRSV-infected
porcine alveolar macrophages revealed altered expression of 40
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(VEE). Adapted from Ref. (182).

(Canine influenza virus and
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FIGURE 4 | Schematic representation of infectious viral diseases of farm and pet animals (in natural hosts and in laboratory models) where miRNAs
have been reported to play a role. Examples of these diseases are bovine spongiform encephalopathy (BSE); feline spongiform encephalopathy (FSE); rabies;
influenza A virus (IAV); infectious bursal disease virus (IBDV); Marek’s disease virus (MDV); avian leukosis virus (ALV); scrapie; and Venezuelan equine encephalitis

(IAV: HIN2 and HIN1)

(Venezuelan equine encephalitis
virus, studies in animal model)

miRNAs, including miR-30a-3p, miR-132, miR-27b*, miR-29b,
miR-146a, and miR-9-2, of which miR-147 could be shown to
inhibit virus replication (172). Swine testis cells infected with
transmissible gastroenteritis virus (TGEV) uniquely expressed
59 miRNAs (15 upregulated and 44 downregulated). The
authors argued that these miRNAs are involved in targeting host
signaling pathways, including metabolic and immune-related
pathways (173). A similar profiling study in TGEV-infected
PK-15 cells demonstrated that increased expression of miR-4331
can suppress the transcription of TGEV gene 7 via targeting
cellular cell division cycle-associated protein 7 (174). Recently,
overexpression and silencing studies revealed that miR-27b is an
important suppressor of apoptosis triggered by TGEV, possibly by
targeting the runt-related transcription factor 1 gene. The authors
concluded that the virus can induce apoptosis by downregulat-
ing this miRNA in the infected cells (175). Targeting elements
of a viral genome is an intriguing way by which miRNAs may
interfere with viral infections. For instance, miR-181c was found
to bind a highly conserved region in the PRRSV genome, causing
specific and dose-dependent reduction in virus titers in Marc-145
cells, implicating miR-181c in a pathogen-specific host response
to PRRSV infection and supporting the idea of using miRNAs
in the control of PRRSV infection (176). Similar inhibitory

mechanisms (targeting MDV in this case) have been reported for
miR-23, miR-378,and miR-505 (133). Eastern equine encephalitis
virus (EEEV) constitutes another example where a host miRNA
modulates viral activity. miR-142-3p inhibits EEEV replication in
myeloid cells by binding to its 3'-UTR, which leads to a reduced
immune response accompanied by exacerbated disease manifes-
tations in the CNS. An intriguing opposite effect is seen in the
mosquito vector in that miR-142-3p binding sites in the 3'-UTR
are required for efficient viral replication, which would augment
transmission to the mammalian hosts (177).

Taken together, the results of the studies presented in this
section provide additional evidence for the importance of host
miRNAs in the pathogenesis of viral infectious diseases of
animals and provide encouraging preliminary data for the use
of small non-coding RNAs targeting viral genomes as antiviral
interventional strategies.

PERSPECTIVES

Many miRNAs have been identified that may affect pathogenesis
and outcome of viral infectious diseases of veterinary impor-
tance. Nevertheless, many open questions remain. Inter-host
differences in susceptibility to a given viral infection are often
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due to differences in mRNA and, subsequently, protein expres-
sion, and the intriguing role of miRNAs in regulating these
differences certainly requires further investigations. In this
regard, we propose that the study of highly pathogenic avian
influenza (HPAI) infections in different avian and mammalian
hosts would constitute a promising model system of high rel-
evance to veterinary practice. While infection is asymptomatic
in waterfowl, humans and chicken are more susceptible and
develop a concurrent strong inflammatory response and high
tissue cytokine levels (178). Also, pathogenicity of HPAI H5N1
viruses varies among various breeds of ducks (179). In the
same context and as a deviation from the normal ecology of
the virus, some recent isolates of H5N1 proved to be lethal for
waterfowl species, including ducks (180). Given these observa-
tions, comparing the expression patterns of host-encoded
miRNAs in response to HPAI in different hosts, organs, and
disease states might explain their difference in susceptibility to
HPALI infection and help to identify additional elements of the
host response that affect disease severity. One research area of
great scientific interest and of clinical importance as well is to
investigate the role of miRNAs in the development of viral and
bacterial coinfections, such as IAV/S. pneumoniae in humans
and IAV/Escherichia coli in chicken and ducks (181), as the role
of host miRNAs in modulating potential synergies between two
pathogens may be substantial. Human populations experienced
the emergence of zoonotic diseases, in particular those caused
by viruses that cause varying numbers of human fatalities. It is
important to invest more efforts to delineate the role of miRNAs
that are associated with these zoonotic viral diseases, especially
when considering their cross-species conservation. This will
improve our understanding of the complex nature of zoonotic
pathogens as well as their potential to further establish interhu-
man transmission.

CONCLUSION

The discovery of small non-coding RNAs was a turning point in
biology. The role of miRNAs has grown with an unprecedented
speed from research on worms to a wide variety of physiologi-
cal and pathological processes in humans and animals. With
genome-wide profiling techniques and the tools of bioinformat-
ics, considerable information about miRNAs and their role in
animal viral diseases is now available. The current experimental
data on the role of miRNAs in host-virus interaction upon
infection of a natural host, in laboratory models and in cell-
based systems, indicate that miRNAs can contribute to both
pathogenesis and clinical outcome of many diseases affecting
animal populations on the individual and farm level (Figure 4).

REFERENCES

1. Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic gene lin-4
encodes small RNAs with antisense complementarity to lin-14. Cell (1993)
75(5):843-54. d0i:10.1016/0092-8674(93)90529-Y

2. KrekA,GrunD,Poy MN, WolfR, Rosenberg L, Epstein EJ, etal. Combinatorial
microRNA target predictions. Nat Genet (2005) 37(5):495-500. doi:10.1038/
ngl536

However, a general conclusion on the role of miRNAs cannot be
drawn yet. One possibility is that they favor the host as part of the
antiviral response. This could occur in two ways. First, miRNAs
could silence viral transcripts through sequence-specific bind-
ing, and thus protein expression. Second, they could indirectly
modulate host transcripts in a way that creates a less favorable
condition for virus propagation and survival. Vice versa, host
miRNAs may be beneficial for the viral pathogens if they tend
to increase their replication or survival. Finally, they can be
beneficial for both sides as in the case of latent viruses. The role
of miRNAs in veterinary medicine is receiving more and more
attention. Considering the current efforts to include more hosts
of veterinary importance in online miRNA databases, as well the
increased availability of high-throughput profiling approaches
and functional studies, our understanding of the roles of
miRNAs in viral infections of veterinary importance will likely
continue to improve and lead to tangible clinical applications in
the foreseeable future.

AUTHOR NOTE

This review paper is part of the PhD thesis of Mohamed Samir
Ahmed, completed at the University of Veterinary Medicine
(Stiftung Tierdrztliche Hochschule), Hannover, Germany.

AUTHOR CONTRIBUTIONS

MA conceived the project, did the literature search, wrote the
initial draft of the manuscript, and prepared the figures and
tables. LV participated in the bioinformatics analyses and edited
the manuscript. FP oversaw the project, edited the manuscript,
and takes responsibility for the integrity of the data.

FUNDING

This study was supported by a German Egyptian Research
Long Term Scholarship (GERLS), a joint program between the
German Academic Exchange Service (DAAD) and the Egyptian
Ministry of Higher Education and Scientific Research (grant ID:
A/11/92510) to MS, and by funds from iMed - the Helmholtz
Association’s Initiative on Personalized Medicine.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at http://journal.frontiersin.org/article/10.3389/fvets.2016.00086

3. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA targets.
Cell (2005) 120(1):15-20. doi:10.1016/j.cell.2004.12.035

4. Scaria V, Hariharan M, Maiti S, Pillai B, Brahmachari SK. Host-virus
interaction: a new role for microRNAs. Retrovirology (2006) 3:68.
doi:10.1186/1742-4690-3-68

5. Tufekci KU, Meuwissen RL, Genc S. The role of microRNAs in biological pro-
cesses. MethodsMolBiol(2014)1107:15-31.d0i:10.1007/978-1-62703-748-8_2

Frontiers in Veterinary Science | www.frontiersin.org

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
http://dx.doi.org/10.1016/0092-8674(93)90529-Y
http://dx.doi.org/10.1038/ng1536
http://dx.doi.org/10.1038/ng1536
http://dx.doi.org/10.1016/j.cell.2004.12.035
http://dx.doi.org/10.1186/1742-4690-3-68
http://dx.doi.org/10.1007/978-1-62703-748-8_2
http://journal.frontiersin.org/article/10.3389/fvets.2016.00086

Samir et al.

miRNAs in Veterinary Viral Infections

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

. Ambros V. The functions of animal

microRNAs. Nature (2004)

431(7006):350-5. doi:10.1038/nature02871

. Samir M, Pessler F. Small non-coding RNAs associated with viral infectious

diseases of veterinary importance: potential clinical applications. Front Vet
Sci (2016) 3:22. doi:10.3389/fvets.2016.00022

. Kincaid RP, Sullivan CS. Virus-encoded microRNAs: an overview and a

look to the future. PLoS Pathog (2012) 8(12):e1003018. doi:10.1371/journal.
ppat.1003018

. Plaisance-Bonstaff K, Renne R. Viral miRNAs. Methods Mol Biol (2011)

721:43-66. doi:10.1007/978-1-61779-037-9_3

Ha M, Kim VN. Regulation of microRNA biogenesis. Nat Rev Mol Cell Biol
(2014) 15(8):509-24. doi:10.1038/nrm3838

Godnic I, Zorc M, Jevsinek Skok D, Calin GA, Horvat S, Dovc P, et al.
Genome-wide and species-wide in silico screening for intragenic microRNAs
in human, mouse and chicken. PLoS One (2013) 8(6):e65165. doi:10.1371/
journal.pone.0065165

Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley A. Identification of mam-
malian microRNA host genes and transcription units. Genome Res (2004)
14(10A):1902-10. doi:10.1101/gr.2722704

Monteys AM, Spengler RM, Wan J, Tecedor L, Lennox KA, Xing Y, et al.
Structure and activity of putative intronic miRNA promoters. RNA (2010)
16(3):495-505. doi:10.1261/rna.1731910

Lim LP, Lau NC, Weinstein EG, Abdelhakim A, Yekta S, Rhoades MW, et al.
The microRNAs of Caenorhabditis elegans. Genes Dev (2003) 17(8):991-1008.
doi:10.1101/gad.1074403

Lim LP, Glasner ME, Yekta S, Burge CB, Bartel DP. Vertebrate microRNA
genes. Science (2003) 299(5612):1540. doi:10.1126/science.1080372
Lagos-Quintana M, Rauhut R, Lendeckel W, Tuschl T. Identification of novel
genes coding for small expressed RNAs. Science (2001) 294(5543):853-8.
doi:10.1126/science.1064921

Borchert GM, Lanier W, Davidson BL. RNA polymerase III transcribes
human microRNAs. Nat Struct Mol Biol (2006) 13(12):1097-101. d0i:10.1038/
nsmb1167

Cullen BR. Transcription and processing of human microRNA precursors.
Mol Cell (2004) 16(6):861-5. doi:10.1016/j.molcel.2004.12.002

Hutvagner G, McLachlan J, Pasquinelli AE, Balint E, Tuschl T, Zamore PD.
A cellular function for the RNA-interference enzyme dicer in the matu-
ration of the let-7 small temporal RNA. Science (2001) 293(5531):834-8.
doi:10.1126/science.1062961

Havens MA, Reich AA, Duelli DM, Hastings ML. Biogenesis of mammalian
microRNAs by a non-canonical processing pathway. Nucleic Acids Res (2012)
40(10):4626-40. doi:10.1093/nar/gks026

Okamura K, Hagen JW, Duan H, Tyler DM, Lai EC. The mirtron pathway
generates microRNA-class regulatory RNAs in Drosophila. Cell (2007)
130(1):89-100. doi:10.1016/j.cell.2007.06.028

Cheloufi S, Dos Santos CO, Chong MM, Hannon GJ. A dicer-independent
miRNA biogenesis pathway that requires ago catalysis. Nature (2010)
465(7298):584-9. doi:10.1038/nature09092

Sun G, Yan J, Noltner K, Feng ], Li H, Sarkis DA, et al. SNPs in human
miRNA genes affect biogenesis and function. RNA (2009) 15(9):1640-51.
doi:10.1261/rna.1560209

Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of
translational repressionand mRNA decay. Nat Rev Genet (2011) 12(2):99-110.
doi:10.1038/nrg2936

Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and
stability by microRNAs. Annu Rev Biochem (2010) 79:351-79. doi:10.1146/
annurev-biochem-060308-103103

Vasudevan S, Tong Y, Steitz JA. Switching from repression to activation:
microRNAs can up-regulate translation. Science (2007) 318(5858):1931-4.
doi:10.1126/science.1149460

Makeyev EV, Zhang J, Carrasco MA, Maniatis T. The microRNA miR-124
promotes neuronal differentiation by triggering brain-specific alterna-
tive pre-mRNA splicing. Mol Cell (2007) 27(3):435-48. doi:10.1016/
j.molcel.2007.07.015

Liao JY, Ma LM, Guo YH, Zhang YC, Zhou H, Shao P, et al. Deep sequencing
of human nuclear and cytoplasmic small RNAs reveals an unexpectedly
complex subcellular distribution of miRNAs and tRNA 3’ trailers. PLoS One
(2010) 5(5):€10563. doi:10.1371/journal.pone.0010563

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

Hwang HW, Wentzel EA, Mendell JT. A hexanucleotide element directs
microRNA nuclear import. Science (2007) 315(5808):97-100. doi:10.1126/
science.1136235

Castanotto D, Lingeman R, Riggs AD, Rossi JJ. CRMI1 mediates
nuclear-cytoplasmic shuttling of mature microRNAs. Proc Natl Acad Sci
U S A (2009) 106(51):21655-9. doi:10.1073/pnas.0912384106

Park CW, Zeng Y, Zhang X, Subramanian S, Steer CJ. Mature microRNAs
identified in highly purified nuclei from HCT116 colon cancer cells. RNA
Biol (2010) 7(5):606-14. doi:10.4161/rna.7.5.13215

Politz JC, Hogan EM, Pederson T. MicroRNAs with a nucleolar location. RNA
(2009) 15(9):1705-15. doi:10.1261/rna.1470409

Kim DH, Saetrom P, Snove O Jr, Rossi JJ. MicroRNA-directed transcrip-
tional gene silencing in mammalian cells. Proc Natl Acad Sci U S A (2008)
105(42):16230-5. doi:10.1073/pnas.0808830105

Place RE Li LC, Pookot D, Noonan EJ, Dahiya R. MicroRNA-373 induces
expression of genes with complementary promoter sequences. Proc Natl Acad
Sci US A (2008) 105(5):1608-13. doi:10.1073/pnas.0707594105

Tan Y, Zhang B, Wu T, Skogerbo G, Zhu X, Guo X, et al. Transcriptional
inhibition of Hoxd4 expression by miRNA-10a in human breast cancer cells.
BMC Mol Biol (2009) 10:12. doi:10.1186/1471-2199-10-12

Hawkins PG, Morris KV. RNA and transcriptional modulation of gene
expression. Cell Cycle (2008) 7(5):602-7. doi:10.4161/cc.7.5.5522

van Rooij E, Sutherland LB, Qi XX, Richardson JA, Hill J, Olson EN. Control
of stress-dependent cardiac growth and gene expression by a microRNA.
Science (2007) 316(5824):575-9. doi:10.1126/science.1139089

Hall ]S, Taylor J, Valentine HR, Irlam JJ, Eustace A, Hoskin PJ, et al. Enhanced
stability of microRNA expression facilitates classification of FFPE tumour
samples exhibiting near total mRNA degradation. Br ] Cancer (2012)
107(4):684-94. doi:10.1038/bjc.2012.294

Grosshans H, Chatterjee S. MicroRNAses and the regulated degrada-
tion of mature animal miRNAs. Adv Exp Med Biol (2010) 700:140-55.
doi:10.1007/978-1-4419-7823-3_12

Ge Q Zhou Y, Lu J, Bai Y, Xie X, Lu Z. miRNA in plasma exosome is
stable under different storage conditions. Molecules (2014) 19(2):1568-75.
doi:10.3390/molecules19021568

Zhang],LiS, LiL,LiM, Guo C, YaoJ, et al. Exosome and exosomal microRNA:
trafficking, sorting, and function. Genomics Proteomics Bioinformatics (2015)
13(1):17-24. doi:10.1016/j.gpb.2015.02.001

Valdmanis PN, Kay MA. The expanding repertoire of circular RNAs. Mol
Ther (2013) 21(6):1112-4. doi:10.1038/mt.2013.101

Kozomara A, Griffiths-Jones S. miRBase: annotating high confidence
microRNAs using deep sequencing data. Nucleic Acids Res (2014) 42(Database
issue):D68-73. doi:10.1093/nar/gkt1181

Pritchard CC, Cheng HH, Tewari M. MicroRNA profiling: approaches and
considerations. Nat Rev Genet (2012) 13(5):358-69. d0i:10.1038/nrg3198
Preusse M, Della Beffa C, Pessler F. Profiling of miRNA expression: RNA
sequencing in the spotlight. In: Yue J, Lu L, editors. miRNAs and Human
Diseases. Kerala: Research Signpost (2012). p. 313-35.

Witkos TM, Koscianska E, Krzyzosiak W]J. Practical
microRNA target prediction. Curr Mol Med (2011)
doi:10.2174/156652411794859250

Jha A, Shankar R. miReader: discovering novel miRNAs in species without
sequenced genome. PLoS One (2013) 8(6):¢66857. doi:10.1371/journal.
pone.0066857

Wenguang Z, Jianghong W, Jinquan L, Yashizawa M. A subset of
skin-expressed microRNAs with possible roles in goat and sheep hair growth
based on expression profiling of mammalian microRNAs. OMICS (2007)
11(4):385-96. d0i:10.1089/0mi.2006.0031

Zhang L, Xie XJ, Jia SG, Xiao M, Lin SD, An LL, et al. Characterization of
microRNA* species in peking duck skin. J Integr Agric (2013) 12(9):1614-9.
doi:10.1016/52095-3119(13)60494-3

Yu DB, Jiang BC, Gong ], Dong FL, Lu YL, Yue HJ, et al. Identification of
novel and differentially expressed microRNAs in the ovaries of laying
and non-laying ducks. ] Integr Agric (2013) 12(1):136-46. doi:10.1016/
$2095-3119(13)60214-2

Hackl M, Jakobi T, Blom J, Doppmeier D, Brinkrolf K, Szczepanowski R, et al.
Next-generation sequencing of the Chinese hamster ovary microRNA tran-
scriptome: identification, annotation and profiling of microRNAs as targets

aspects  of
11(2):93-109.

Frontiers in Veterinary Science | www.frontiersin.org

13

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
http://dx.doi.org/10.1038/nature02871
http://dx.doi.org/10.3389/fvets.2016.00022
http://dx.doi.org/10.1371/journal.ppat.1003018
http://dx.doi.org/10.1371/journal.ppat.1003018
http://dx.doi.org/10.1007/978-1-61779-037-9_3
http://dx.doi.org/10.1038/nrm3838
http://dx.doi.org/10.1371/journal.pone.0065165
http://dx.doi.org/10.1371/journal.pone.0065165
http://dx.doi.org/10.1101/gr.2722704
http://dx.doi.org/10.1261/rna.1731910
http://dx.doi.org/10.1101/gad.1074403
http://dx.doi.org/10.1126/science.1080372
http://dx.doi.org/10.1126/science.1064921
http://dx.doi.org/10.1038/nsmb1167
http://dx.doi.org/10.1038/nsmb1167
http://dx.doi.org/10.1016/j.molcel.2004.12.002
http://dx.doi.org/10.1126/science.1062961
http://dx.doi.org/10.1093/nar/gks026
http://dx.doi.org/10.1016/j.cell.2007.06.028
http://dx.doi.org/10.1038/nature09092
http://dx.doi.org/10.1261/rna.1560209
http://dx.doi.org/10.1038/nrg2936
http://dx.doi.org/10.1146/annurev-biochem-060308-103103
http://dx.doi.org/10.1146/annurev-biochem-060308-103103
http://dx.doi.org/10.1126/science.1149460
http://dx.doi.org/10.1016/j.molcel.2007.07.015
http://dx.doi.org/10.1016/j.molcel.2007.07.015
http://dx.doi.org/10.1371/journal.pone.0010563
http://dx.doi.org/10.1126/science.1136235
http://dx.doi.org/10.1126/science.1136235
http://dx.doi.org/10.1073/pnas.0912384106
http://dx.doi.org/10.4161/rna.7.5.13215
http://dx.doi.org/10.1261/rna.1470409
http://dx.doi.org/10.1073/pnas.0808830105
http://dx.doi.org/10.1073/pnas.0707594105
http://dx.doi.org/10.1186/1471-2199-10-12
http://dx.doi.org/10.4161/cc.7.5.5522
http://dx.doi.org/10.1126/science.1139089
http://dx.doi.org/10.1038/bjc.2012.294
http://dx.doi.org/10.1007/978-1-4419-7823-3_12
http://dx.doi.org/10.3390/molecules19021568
http://dx.doi.org/10.1016/j.gpb.2015.02.001
http://dx.doi.org/10.1038/mt.2013.101
http://dx.doi.org/10.1093/nar/gkt1181
http://dx.doi.org/10.1038/nrg3198
http://dx.doi.org/10.2174/156652411794859250
http://dx.doi.org/10.1371/journal.pone.0066857
http://dx.doi.org/10.1371/journal.pone.0066857
http://dx.doi.org/10.1089/omi.2006.0031
http://dx.doi.org/10.1016/S2095-3119(13)60494-3
http://dx.doi.org/10.1016/S2095-3119(13)60214-2
http://dx.doi.org/10.1016/S2095-3119(13)60214-2

Samir et al.

miRNAs in Veterinary Viral Infections

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

for cellular engineering. J Biotechnol (2011) 153(1-2):62-75. doi:10.1016/
j.jbiotec.2011.02.011

Kleftogiannis D, Korfiati A, Theofilatos K, Likothanassis S, Tsakalidis A,
Mavroudi S. Where we stand, where we are moving: surveying compu-
tational techniques for identifying miRNA genes and uncovering their
regulatory role. ] Biomed Inform (2013) 46(3):563-73. doi:10.1016/
1.jbi.2013.02.002

Agarwal V, Bell GW, Nam JW, Bartel DP. Predicting effective microRNA
target sites in mammalian mRNAs. Elife (2015) 4:e05005. doi:10.7554/
eLife.05005

Enright AJ, John B, Gaul U, Tuschl T, Sander C, Marks DS. MicroRNA targets
in Drosophila. Genome Biol (2003) 5(1):R1. doi:10.1186/gb-2010-11-8-r90
Kertesz M, Iovino N, Unnerstall U, Gaul U, Segal E. The role of site acces-
sibility in microRNA target recognition. Nat Genet (2007) 39(10):1278-84.
doi:10.1038/ng2135

Kruger J, Rehmsmeier M. RNAhybrid: microRNA target prediction easy,
fast and flexible. Nucleic Acids Res (2006) 34(Web Server issue):W451-4.
doi:10.1093/nar/gkl243

Shirdel EA, Xie W, Mak TW, Jurisica I. NAViGaTing the micronome - using
multiple microRNA prediction databases to identify signalling pathway-
associated microRNAs. PLoS One (2011) 6(2):e17429. doi:10.1371/journal.
pone.0017429

Gui J, Tian Y, Wen X, Zhang W, Zhang P, Gao J, et al. Serum microRNA char-
acterization identifies miR-885-5p as a potential marker for detecting liver
pathologies. Clin Sci (Lond) (2011) 120(5):183-93. doi:10.1042/CS20100297
Kiriakidou M, Nelson PT, Kouranov A, Fitziev P, Bouyioukos C,
Mourelatos Z, et al. A combined computational-experimental approach
predicts human microRNA targets. Genes Dev (2004) 18(10):1165-78.
doi:10.1101/gad.1184704

Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, Thomson AM, et al. A pat-
tern-based method for the identification of microRNA binding sites and their
corresponding heteroduplexes. Cell (2006) 126(6):1203-17. doi:10.1016/
j.cell.2006.07.031

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell
(2009) 136(2):215-33. doi:10.1016/j.cell.2009.01.002

Shukla GC, Singh J, Barik S. MicroRNAs: processing, maturation, target
recognition and regulatory functions. Mol Cell Pharmacol (2011) 3(3):83-92.
Helwak A, Kudla G, Dudnakova T, Tollervey D. Mapping the human miRNA
interactome by CLASH reveals frequent noncanonical binding. Cell (2013)
153(3):654-65. doi:10.1016/j.cell.2013.03.043

Moore M], Scheel TK, Luna JM, Park CY, Fak JJ, Nishiuchi E, et al.
miRNA-target chimeras reveal miRNA 3[prime]-end pairing as a major
determinant of argonaute target specificity. Nat Commun (2015) 6:8864.
doi:10.1038/ncomms9864

Vlachos IS, Kostoulas N, Vergoulis T, Georgakilas G, Reczko M,
Maragkakis M, et al. DIANA miRPath v.2.0: investigating the combinatorial
effect of microRNAs in pathways. Nucleic Acids Res (2012) 40(Web Server
issue):W498-504. doi:10.1093/nar/gks494

Wong N, Wang X. miRDB: an online resource for microRNA target pre-
diction and functional annotations. Nucleic Acids Res (2015) 43(Database
issue):D146-52. doi:10.1093/nar/gkul104

Griffiths-Jones S, Saini HK, van Dongen S, Enright AJ. miRBase: tools for
microRNA genomics. Nucleic Acids Res (2008) 36(Database issue):D154-8.
doi:10.1093/nar/gkm952

Capece V, Garcia Vizcaino JC, Vidal R, Rahman RU, Pena Centeno T,
Shomroni O, et al. Oasis: online analysis of small RNA deep sequencing
data. Bioinformatics (2015) 31(13):2205-7. doi:10.1093/bioinformatics/
btvl1l3

Jin Y, Chen Z, Liu X, Zhou X. Evaluating the microRNA targeting sites
by luciferase reporter gene assay. Methods Mol Biol (2013) 936:117-27.
doi:10.1007/978-1-62703-083-0_10

Kuhn DE, Martin MM, Feldman DS, Terry AV Jr, Nuovo GJ, Elton TS.
Experimental validation of miRNA targets. Methods (2008) 44(1):47-54.
doi:10.1016/j.ymeth.2007.09.005

Huang Y, Zou Q, Song H, Song F, Wang L, Zhang G, et al. A study of
miRNAs targets prediction and experimental validation. Protein Cell (2010)
1(11):979-86. doi:10.1007/s13238-010-0129-4

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Thomson DW, Bracken CP, Goodall GJ. Experimental strategies for
microRNA target identification. Nucleic Acids Res (2011) 39(16):6845-53.
doi:10.1093/nar/gkr330

Song R, Ro S, Yan W. In situ hybridization detection of microRNAs. Methods
Mol Biol (2010) 629:287-94. doi:10.1007/978-1-60761-657-3_18

Sonkoly E, Wei T, Janson PC, Saaf A, Lundeberg L, Tengvall-Linder M, et al.
MicroRNAs: novel regulators involved in the pathogenesis of psoriasis? PLoS
One (2007) 2(7):¢610. doi:10.1371/journal.pone.0000610

Jopling CL, Yi M, Lancaster AM, Lemon SM, Sarnow P. Modulation of hep-
atitis C virus RNA abundance by a liver-specific microRNA. Science (2005)
309(5740):1577-81. doi:10.1126/science.1113329

Scheel TK, Luna JM, Liniger M, Nishiuchi E, Rozen-Gagnon K, Shlomai A,
et al. A broad RNA virus survey reveals both miRNA dependence and func-
tional sequestration. Cell Host Microbe (2016) 19(3):409-23. doi:10.1016/
j.chom.2016.02.007

Lecellier CH, Dunoyer P, Arar K, Lehmann-Che ], Eyquem S, Himber C,
etal. A cellular microRNA mediates antiviral defense in human cells. Science
(2005) 308:557-60. doi:10.1126/science.1108784

Mullokandov G, Baccarini A, Ruzo A, Jayaprakash AD, Tung N, Israelow B,
et al. High-throughput assessment of microRNA activity and function using
microRNA sensor and decoy libraries. Nat Methods (2012) 9(8):840-6.
doi:10.1038/nmeth.2078

Wang Y, Brahmakshatriya V, Zhu H, Lupiani B, Reddy SM, Yoon B], et al.
Identification of differentially expressed miRNAs in chicken lung and trachea
with avian influenza virus infection by a deep sequencing approach. BMC
Genomics (2009) 10:512. doi:10.1186/1471-2164-10-512

Wang Y, Brahmakshatriya V, Lupiani B, Reddy SM, Soibam B, Benham AL,
et al. Integrated analysis of microRNA expression and mRNA transcriptome
in lungs of avian influenza virus infected broilers. BMC Genomics (2012)
13:278. doi:10.1186/1471-2164-13-278

Koenen ME, Boonstra-Blom AG, Jeurissen SH. Immunological differences
between layer- and broiler-type chickens. Vet Immunol Immunopathol (2002)
89(1-2):47-56. doi:10.1016/S0165-2427(02)00169-1

Li Z, Zhang ], Su ], Liu Y, Guo ], Zhang Y, et al. MicroRNAs in the immune
organs of chickens and ducks indicate divergence of immunity against
H5N1 avian influenza. FEBS Lett (2015) 589(4):419-25. doi:10.1016/
j.febslet.2014.12.019

Skovgaard K, Cirera S, Vasby D, Podolska A, Breum SO, Durrwald R, et al.
Expression of innate immune genes, proteins and microRNAs in lung tissue
of pigs infected experimentally with influenza virus (HIN2). Innate Immun
(2013) 19(5):531-44. doi:10.1177/1753425912473668

Jiang P, Zhou N, Chen X, Zhao X, Li D, Wang F, et al. Integrative analysis
of differentially expressed microRNAs of pulmonary alveolar macrophages
from piglets during HIN1 swine influenza A virus infection. Sci Rep (2015)
5:8167. doi:10.1038/srep08167

Crawford PC, Dubovi EJ, Castleman WL, Stephenson I, Gibbs EP, Chen L,
et al. Transmission of equine influenza virus to dogs. Science (2005)
310(5747):482-5. doi:10.1126/science.1117950

Song D, Kang B, Lee C, Jung K, Ha G, Kang D, et al. Transmission of avian
influenza virus (H3N2) to dogs. Emerg Infect Dis (2008) 14(5):741-6.
doi:10.3201/eid1405.071471

Zhao FR, Su S, Zhou DH, Zhou P, Xu TC, Zhang LQ, et al. Comparative
analysis of microRNAs from the lungs and trachea of dogs (Canis familiaris)
infected with canine influenza virus. Infect Genet Evol (2014) 21:367-74.
doi:10.1016/j.meegid.2013.11.019

Bakre A, Andersen LE, Meliopoulos V, Coleman K, Yan X, Brooks P, et al.
Identification of host kinase genes required for influenza virus replication
and the regulatory role of microRNAs. PLoS One (2013) 8(6):e66796.
doi:10.1371/journal.pone.0066796

Song L, Liu H, Gao S, Jiang W, Huang W. Cellular microRNAs inhibit
replication of the HIN1 influenza A virus in infected cells. J Virol (2010)
84(17):8849-60. doi:10.1128/JV1.00456-10

Buggele WA, Johnson KE, Horvath CM. Influenza A virus infection of
human respiratory cells induces primary microRNA expression. J Biol Chem
(2012) 287(37):31027-40. doi:10.1074/jbc.M112.387670

Song H, Wang Q, Guo Y, Liu S, Song R, Gao X, et al. Microarray anal-
ysis of microRNA expression in peripheral blood mononuclear cells of

Frontiers in Veterinary Science | www.frontiersin.org

14

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
http://dx.doi.org/10.1016/j.jbiotec.2011.02.011
http://dx.doi.org/10.1016/j.jbiotec.2011.02.011
http://dx.doi.org/10.1016/j.jbi.2013.02.002
http://dx.doi.org/10.1016/j.jbi.2013.02.002
http://dx.doi.org/10.7554/eLife.05005
http://dx.doi.org/10.7554/eLife.05005
http://dx.doi.org/10.1186/gb-2010-11-8-r90
http://dx.doi.org/10.1038/ng2135
http://dx.doi.org/10.1093/nar/gkl243
http://dx.doi.org/10.1371/journal.pone.0017429
http://dx.doi.org/10.1371/journal.pone.0017429
http://dx.doi.org/10.1042/CS20100297
http://dx.doi.org/10.1101/gad.1184704
http://dx.doi.org/10.1016/j.cell.2006.07.031
http://dx.doi.org/10.1016/j.cell.2006.07.031
http://dx.doi.org/10.1016/j.cell.2009.01.002
http://dx.doi.org/10.1016/j.cell.2013.03.043
http://dx.doi.org/10.1038/ncomms9864
http://dx.doi.org/10.1093/nar/gks494
http://dx.doi.org/10.1093/nar/gku1104
http://dx.doi.org/10.1093/nar/gkm952
http://dx.doi.org/10.1093/bioinformatics/btv113
http://dx.doi.org/10.1093/bioinformatics/btv113
http://dx.doi.org/10.1007/978-1-62703-083-0_10
http://dx.doi.org/10.1016/j.ymeth.2007.09.005
http://dx.doi.org/10.1007/s13238-010-0129-4
http://dx.doi.org/10.1093/nar/gkr330
http://dx.doi.org/10.1007/978-1-60761-657-3_18
http://dx.doi.org/10.1371/journal.pone.0000610
http://dx.doi.org/10.1126/science.1113329
http://dx.doi.org/10.1016/j.chom.2016.02.007
http://dx.doi.org/10.1016/j.chom.2016.02.007
http://dx.doi.org/10.1126/science.1108784
http://dx.doi.org/10.1038/nmeth.2078
http://dx.doi.org/10.1186/1471-2164-10-512
http://dx.doi.org/10.1186/1471-2164-13-278
http://dx.doi.org/10.1016/S0165-2427(02)00169-1
http://dx.doi.org/10.1016/j.febslet.2014.12.019
http://dx.doi.org/10.1016/j.febslet.2014.12.019
http://dx.doi.org/10.1177/1753425912473668
http://dx.doi.org/10.1038/srep08167
http://dx.doi.org/10.1126/science.1117950
http://dx.doi.org/10.3201/eid1405.071471
http://dx.doi.org/10.1016/j.meegid.2013.11.019
http://dx.doi.org/10.1371/journal.pone.0066796
http://dx.doi.org/10.1128/JVI.00456-10
http://dx.doi.org/10.1074/jbc.M112.387670

Samir et al.

miRNAs in Veterinary Viral Infections

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

critically ill patients with influenza A (HIN1). BMC Infect Dis (2009) 13:257.
doi:10.1186/1471-2334-13-257

Bhomia M, Balakathiresan N, Sharma A, Gupta P, Biswas R, Maheshwari R.
Analysis of microRNAs induced by Venezuelan equine encephalitis virus
infection in mouse brain. Biochem Biophys Res Commun (2010) 395(1):11-6.
doi:10.1016/j.bbrc.2010.03.091

Zhao P, Zhao L, Zhang T, Wang H, Qin C, Yang S, et al. Changes in microRNA
expression induced by rabies virus infection in mouse brains. Microb Pathog
(2012) 52(1):47-54. doi:10.1016/j.micpath.2011.10.001

Saba R, Goodman CD, Huzarewich RL, Robertson C, Booth SA. A miRNA
signature of prion induced neurodegeneration. PLoS One (2008) 3(11):e3652.
doi:10.1371/journal.pone.0003652

Provost P. MicroRNAs as a molecular basis for mental retardation,
Alzheimer’s and prion diseases. Brain Res (2010) 1338:58-66. doi:10.1016/
j.brainres.2010.03.069

Guo Z, Maki M, Ding R, Yang Y, Zhang B, Xiong L. Genome-wide survey of
tissue-specific microRNA and transcription factor regulatory networks in 12
tissues. Sci Rep (2014) 4:5150. doi:10.1038/srep05150

Kim JK, Negovetich NJ, Forrest HL, Webster RG. Ducks: the “Trojan horses”
of H5N1 influenza. Influenza Other Respir Viruses (2009) 3(4):121-8.
doi:10.1111/§.1750-2659.2009.00084.x

Thangavel RR, Bouvier NM. Animal models for influenza virus pathogen-
esis, transmission, and immunology. ] Immunol Methods (2014) 410:60-79.
doi:10.1016/j.jim.2014.03.023

Kaplan BS, Webby RJ. The avian and mammalian host range of highly patho-
genic avian H5N1 influenza. Virus Res (2013) 178(1):3-11. doi:10.1016/
j.virusres.2013.09.004

Huang ZY, Fang D, Lv P, Bian XB, Ruan XZ, Yan Y, et al. Differential cellular
immune responses between chickens and ducks to HON2 avian influenza
virus infection. Vet Immunol Immunopathol (2012) 150(3-4):169-80.
doi:10.1016/j.vetimm.2012.09.010

Tambyah PA, Sepramaniam S, Mohamed Ali J, Chai SC, Swaminathan P,
Armugam A, et al. microRNAs in circulation are altered in response to
influenza A virus infection in humans. PLoS One (2013) 8(10):e76811.
doi:10.1371/journal.pone.0076811

ZhuZ,QiY, Ge A, Zhu Y, Xu K, Ji H, et al. Comprehensive characterization
of serum microRNA profile in response to the emerging avian influenza
A (H7N9) virus infection in humans. Viruses (2014) 6(4):1525-39.
doi:10.3390/v6041525

LiY, Chan EY, Li J, Ni C, Peng X, Rosenzweig E, et al. MicroRNA expression
and virulence in pandemic influenza virus-infected mice. J Virol (2010)
84(6):3023-32. doi:10.1128/jvi.02203-09

Wu Z, Hao R, Li P, Zhang X, Liu N, Qiu S, et al. MicroRNA expression profile
of mouse lung infected with 2009 pandemic HIN1 influenza virus. PLoS One
(2013) 8(9):74190. doi:10.1371/journal.pone.0074190

Rogers JV, Price JA, Wendling MQ, Long JP, Bresler HS. Preliminary
microRNA analysis in lung tissue to identify potential therapeutic targets
against H5N1 infection. Viral Immunol (2012) 25(1):3-11. doi:10.1089/
vim.2011.0047

Huang L, Ma J, Sun Y, Lv Y, Lin W, Liu M, et al. Altered splenic miRNA
expression profile in HIN1 swine influenza. Arch Virol (2015) 160(4):979-85.
doi:10.1007/s00705-015-2351-0

Bao Y, Gao Y, Jin Y, Cong W, Pan X, Cui X. MicroRNA expression profiles
and networks in mouse lung infected with HINT1 influenza virus. Mol Genet
Genomics (2015) 290(5):1885-97. do0i:10.1007/s00438-015-1047-1
Rosenberger CM, Podyminogin RL, Navarro G, Zhao GW, Askovich PS,
Weiss MJ, et al. miR-451 regulates dendritic cell cytokine responses to
influenza infection. JImmunol (2012) 189(12):5965-75. doi:10.4049/
jimmunol.1201437

Haneklaus M, Gerlic M, O’Neill LA, Masters SL. miR-223: infection,
inflammation and cancer. J Intern Med (2013) 274(3):215-26. doi:10.1111/
joim.12099

Lonze BE, Riccio A, Cohen S, Ginty DD. Apoptosis, axonal growth defects,
and degeneration of peripheral neurons in mice lacking CREB. Neuron
(2002) 34(3):371-85. doi:10.1016/S0896-6273(02)00686-4

Haneklaus M, Gerlic M, Kurowska-Stolarska M, Rainey AA, Pich D,
McInnes IB, et al. Cutting edge: miR-223 and EBV miR-BART15 regulate
the NLRP3 inflammasome and IL-lbeta production. JImmunol (2012)
189(8):3795-9. doi:10.4049/jimmunol.1200312

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Choi EJ, Kim H, Baek Y, Kim EH, Pascua P, Park SJ, et al. Differential
microRNA expression following infection with a mouse-adapted, highly
virulent avian H5N2 virus. BMC Microbiol (2014) 14(1):252. doi:10.1186/
512866-014-0252-0

Gracias DT, Stelekati E, Hope JL, Boesteanu AC, Doering TA, Norton J, et al.
The microRNA miR-155 controls CD8(+) T cell responses by regulating
interferon signaling. Nat Immunol (2013) 14(6):593-602. doi:10.1038/
ni.2576

Wang P, HouJ, Lin L, Wang C, Liu X, Li D, et al. Inducible microRNA-155 feed-
back promotes type I IFN signaling in antiviral innate immunity by targeting
suppressor of cytokine signaling 1. JImmunol (2010) 185(10):6226-33.
doi:10.4049/jimmunol.1000491

Dai X, Zhang L, Hong T. Host cellular signaling induced by influenza
virus. Sci China Life Sci (2011) 54(1):68-74. doi:10.1007/s11427-010-
4116-z

Ehrhardt C, Ludwig S. A new player in a deadly game: influenza viruses
and the PI3K/Akt signalling pathway. Cell Microbiol (2009) 11(6):863-71.
doi:10.1111/§.1462-5822.2009.01309.x

Hirata N, Suizu F, Matsuda-Lennikov M, Edamura T, Bala ], Noguchi M.
Inhibition of Akt kinase activity suppresses entry and replication of influenza
virus. Biochem Biophys Res Commun (2014) 450(1):891-8. doi:10.1016/
j.bbrc.2014.06.077

Pleschka S, Wolff T, Ehrhardt C, Hobom G, Planz O, Rapp UR, et al.
Influenza virus propagation is impaired by inhibition of the Raf/MEK/
ERK signalling cascade. Nat Cell Biol (2001) 3(3):301-5. doi:10.1038/
35060098

Kujime K, Hashimoto S, Gon Y, Shimizu K, Horie T. p38 mitogen-activated
protein kinase and c-jun-NH2-terminal kinase regulate RANTES produc-
tion by influenza virus-infected human bronchial epithelial cells. ] Immunol
(2000) 164(6):3222-8. doi:10.4049/jimmunol.164.6.3222

Carlson CM, Turpin EA, Moser LA, O’Brien KB, Cline TD, Jones JC, et al.
Transforming growth factor-beta: activation by neuraminidase and role
in highly pathogenic H5N1 influenza pathogenesis. PLoS Pathog (2010)
6(10):e1001136. doi:10.1371/journal.ppat.1001136

Edinger TO, Pohl MO, Stertz S. Entry of influenza A virus: host factors
and antiviral targets. ] Gen Virol (2014) 95(Pt 2):263-77. doi:10.1099/
vir.0.059477-0

Gaur P, Munjhal A, Lal SK. Influenza virus and cell signaling pathways. Med
Sci Monit (2011) 17(6):RA148-54. doi:10.12659/MSM.881801

Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA,
McWilliam H, et al. Clustal W and Clustal X version 2.0. Bioinformatics
(2007) 23(21):2947-8. doi:10.1093/bioinformatics/btm404

Muller H, Islam MR, Raue R. Research on infectious bursal disease — the
past, the present and the future. Vet Microbiol (2003) 97(1-2):153-65.
doi:10.1016/j.vetmic.2003.08.005

Kumar S. DNA vaccine against infectious bursal disease virus: still
more to explore. Vet Microbiol (2015) 175(2-4):389-90. doi:10.1016/
j.vetmic.2014.12.014

Sharma JM, Kim IJ, Rautenschlein S, Yeh HY. Infectious bursal disease virus
of chickens: pathogenesis and immunosuppression. Dev Comp Immunol
(2000) 24(2-3):223-35. doi:10.1016/S0145-305X(99)00074-9

Shen P, Wang Y, Sun H, Zhang X, Xia X. Inhibition of infectious bursal
disease virus replication in chicken embryos by miRNAs delivered by
recombinant avian adeno-associated viral vector. Wei Sheng Wu Xue Bao
(2011) 51(2):256-61.

Ouyang W, Wang YS, Du XN, Liu HJ, Zhang HB. gga-miR-9* inhibits IFN
production in antiviral innate immunity by targeting interferon regulatory
factor 2 to promote IBDV replication. Vet Microbiol (2015) 178(1-2):41-9.
doi:10.1016/j.vetmic.2015.04.023

Jarosinski KW, Tischer BK, Trapp S, Osterrieder N. Marek’s disease virus:
Iytic replication, oncogenesis and control. Expert Rev Vaccines (2006)
5(6):761-72. doi:10.1586/14760584.5.6.761

Zhang YP, Li Z], Bao KY, Lv HC, Gao YL, Gao HL, et al. Pathogenic
characteristics of Marek’s disease virus field strains prevalent in China and
the effectiveness of existing vaccines against them. Vet Microbiol (2015)
177(1-2):62-8. doi:10.1016/j.vetmic.2014.12.020

Xu H, Yao Y, Smith LP, Nair V. MicroRNA-26a-mediated regulation of
interleukin-2 expression in transformed avian lymphocyte lines. Cancer Cell
Int (2010) 10:15. doi:10.1186/1475-2867-10-15

Frontiers in Veterinary Science | www.frontiersin.org

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
http://dx.doi.org/10.1186/1471-2334-13-257
http://dx.doi.org/10.1016/j.bbrc.2010.03.091
http://dx.doi.org/10.1016/j.micpath.2011.10.001
http://dx.doi.org/10.1371/journal.pone.0003652
http://dx.doi.org/10.1016/j.brainres.2010.03.069
http://dx.doi.org/10.1016/j.brainres.2010.03.069
http://dx.doi.org/10.1038/srep05150
http://dx.doi.org/10.1111/j.1750-2659.2009.00084.x
http://dx.doi.org/10.1016/j.jim.2014.03.023
http://dx.doi.org/10.1016/j.virusres.2013.09.004
http://dx.doi.org/10.1016/j.virusres.2013.09.004
http://dx.doi.org/10.1016/j.vetimm.2012.09.010
http://dx.doi.org/10.1371/journal.pone.0076811
http://dx.doi.org/10.3390/v6041525
http://dx.doi.org/10.1128/jvi.02203-09
http://dx.doi.org/10.1371/journal.pone.0074190
http://dx.doi.org/10.1089/vim.2011.0047
http://dx.doi.org/10.1089/vim.2011.0047
http://dx.doi.org/10.1007/s00705-015-2351-0
http://dx.doi.org/10.1007/s00438-015-1047-1
http://dx.doi.org/10.4049/jimmunol.1201437
http://dx.doi.org/10.4049/jimmunol.1201437
http://dx.doi.org/10.1111/joim.12099
http://dx.doi.org/10.1111/joim.12099
http://dx.doi.org/10.1016/S0896-6273(02)00686-4
http://dx.doi.org/10.4049/jimmunol.1200312
http://dx.doi.org/10.1186/s12866-014-0252-0
http://dx.doi.org/10.1186/s12866-014-0252-0
http://dx.doi.org/10.1038/ni.2576
http://dx.doi.org/10.1038/ni.2576
http://dx.doi.org/10.4049/jimmunol.1000491
http://dx.doi.org/10.1007/s11427-010-4116-z
http://dx.doi.org/10.1007/s11427-010-4116-z
http://dx.doi.org/10.1111/j.1462-5822.2009.01309.x
http://dx.doi.org/10.1016/j.bbrc.2014.06.077
http://dx.doi.org/10.1016/j.bbrc.2014.06.077
http://dx.doi.org/10.1038/35060098
http://dx.doi.org/10.1038/35060098
http://dx.doi.org/10.4049/jimmunol.164.6.3222
http://dx.doi.org/10.1371/journal.ppat.1001136
http://dx.doi.org/10.1099/vir.0.059477-0
http://dx.doi.org/10.1099/vir.0.059477-0
http://dx.doi.org/10.12659/MSM.881801
http://dx.doi.org/10.1093/bioinformatics/btm404
http://dx.doi.org/10.1016/j.vetmic.2003.08.005
http://dx.doi.org/10.1016/j.vetmic.2014.12.014
http://dx.doi.org/10.1016/j.vetmic.2014.12.014
http://dx.doi.org/10.1016/S0145-305X(99)00074-9
http://dx.doi.org/10.1016/j.vetmic.2015.04.023
http://dx.doi.org/10.1586/14760584.5.6.761
http://dx.doi.org/10.1016/j.vetmic.2014.12.020
http://dx.doi.org/10.1186/1475-2867-10-15

Samir et al.

miRNAs in Veterinary Viral Infections

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Lian L, Zhang D, Wang Q, Yang N, Qu L. The inhibitory effects of
gga-miR-199-3p, gga-miR-140-3p, and gga-miR-221-5p in MareK’s disease
tumorigenesis. Poult Sci (2015) 94(9):2131-5. doi:10.3382/ps/pev175

Zhang Q, Guo XK, Gao L, Huang C, Li N, Jia X, et al. MicroRNA-23 inhibits
PRRSV replication by directly targeting PRRSV RNA and possibly by upreg-
ulating type I interferons. Virology (2014) 450-451:182-95. doi:10.1016/
j.virol.2013.12.020

Lian L, Qu L, Chen Y, Lamont SJ, Yang N. A systematic analysis of miRNA
transcriptome in Marek’s disease virus-induced lymphoma reveals novel
and differentially expressed miRNAs. PLoS One (2012) 7(11):e51003.
doi:10.1371/journal.pone.0051003

Lambeth LS, Yao Y, Smith LP, Zhao Y, Nair V. MicroRNAs 221 and 222 target
p27Kip1 in Marek’s disease virus-transformed tumour cell line MSB-1. J Gen
Virol (2009) 90(Pt 5):1164-71. doi:10.1099/vir.0.007831-0

Yao Y, Zhao Y, Xu H, Smith LP, Lawrie CH, Watson M, et al. MicroRNA pro-
file of Marek’s disease virus-transformed T-cell line MSB-1: predominance
of virus-encoded microRNAs. ] Virol (2008) 82(8):4007-15. doi:10.1128/
jvi.02659-07

Stik G, Dambrine G, Pfeffer S, Rasschaert D. The oncogenic microRNA
OncomiR-21 overexpressed during Marek’s disease lymphomagenesis is
transactivated by the viral oncoprotein Meq. J Virol (2013) 87(1):80-93.
doi:10.1128/JV1.02449-12

Han B, Lian L, Li X, Zhao C, Qu L, Liu C, et al. Chicken gga-miR-103-3p
targets CCNEL and TFDP2 and inhibits MDCC-MSBI1 cell migration. G3
(Bethesda) (2016) 6(5):1277-85. doi:10.1534/g3.116.028498

Li X, Lian L, Zhang D, Qu L, Yang N. gga-miR-26a targets NEK6 and
suppresses Marek’s disease lymphoma cell proliferation. Poult Sci (2014)
93(5):1097-105. doi:10.3382/ps.2013-03656

Tian E Luo J, Zhang H, Chang S, Song J. MiRNA expression signatures
induced by MareK’s disease virus infection in chickens. Genomics (2012)
99(3):152-9. doi:10.1016/j.ygeno.2011.11.004

Payne LN, Nair V. The long view: 40 years of avian leukosis research. Avian
Pathol (2012) 41(1):11-9. doi:10.1080/03079457.2011.646237

Zhang B, Pan X, Cobb GP, Anderson TA. microRNAs as oncogenes and tumor
suppressors. Dev Biol (2007) 302(1):1-12. doi:10.1016/j.ydbio.2006.08.028
LiH, JiJ, Xie Q, Shang H, Zhang H, Xin X, et al. Aberrant expression of liver
microRNA in chickens infected with subgroup J avian leukosis virus. Virus
Res (2012) 169(1):268-71. d0i:10.1016/j.virusres.2012.07.003

Li H, Shang H, Shu D, Zhang H, Ji ], Sun B, et al. gga-miR-375 plays a key role
in tumorigenesis post subgroup J avian leukosis virus infection. PLoS One
(2014) 9(4):€90878. doi:10.1371/journal.pone.0090878

Li Z, Chen B, Feng M, Ouyang H, Zheng M, Ye Q, et al. MicroRNA-23b
promotes avian leukosis virus subgroup J (ALV-]) replication by targeting
IRF1. Sci Rep (2015) 5:10294. doi:10.1038/srep10294

Dai Z, Ji ], Yan Y, Lin W, Li H, Chen E et al. Role of gga-miR-221 and
gga-miR-222 during tumour formation in chickens infected by subgroup J
avian leukosis virus. Viruses (2015) 7(12):6538-51. doi:10.3390/v7122956
Wang Q, Gao Y, Ji X, Qi X, Qin L, Gao H, et al. Differential expression of
microRNAs in avian leukosis virus subgroup J-induced tumors. Vet Microbiol
(2013) 162(1):232-8. doi:10.1016/j.vetmic.2012.10.023

de la Monte S, Castro F, Bonilla NJ, Gaskin de Urdaneta A, Hutchins GM.
The systemic pathology of Venezuelan equine encephalitis virus infection in
humans. Am ] Trop Med Hyg (1985) 34(1):194-202.

Knobel DL, Cleaveland S, Coleman PG, Fevre EM, Meltzer MI, Miranda ME,
et al. Re-evaluating the burden of rabies in Africa and Asia. Bull World Health
Organ (2005) 83(5):360-8. d0i:10.1590/50042-9686200500050001212
Jackson AC. Rabies. Neurol Clin (2008) 26(3):717-26,ix. do0i:10.1016/
j.ncl.2008.03.010

Anish Gupta NH. Prion diseases. Anaesth Intensive Care Med (2013)
14(9):407-9. doi:10.1016/j.mpaic.2013.05.018

Montag J, Hitt R, Opitz L, Schulz-Schaeffer W], Hunsmann G, Motzkus D.
Upregulation of miRNA hsa-miR-342-3p in experimental and idiopathic
prion disease. Mol Neurodegener (2009) 4:36. doi:10.1186/1750-1326-4-36
Saba R, Gushue S, Huzarewich RL, Manguiat K, Medina S, Robertson C,
etal. MicroRNA 146a (miR-146a) is over-expressed during prion disease and
modulates the innate immune response and the microglial activation state.
PLoS One (2012) 7(7):e30832. doi:10.1371/journal.pone.0030832

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

Taganov KD, Boldin MP, Chang K], Baltimore D. NF-kappaB-dependent
induction of microRNA miR-146, an inhibitor targeted to signaling proteins
ofinnate immune responses. Proc Natl Acad Sci US A (2006) 103(33):12481-6.
doi:10.1073/pnas.0605298103

Robertson ED, Wasylyk C, Ye T, Jung AC, Wasylyk B. The oncogenic
microRNA Hsa-miR-155-5p targets the transcription factor ELK3 and links
it to the hypoxia response. PLoS One (2014) 9(11):€113050. doi:10.1371/
journal.pone.0113050

Tam W, Ben-Yehuda D, Hayward WS. bic, a novel gene activated by pro-
viral insertions in avian leukosis virus-induced lymphomas, is likely to
function through its noncoding RNA. Mol Cell Biol (1997) 17(3):1490-502.
doi:10.1128/MCB.17.3.1490

Eis PS, Tam W, Sun L, Chadburn A, Li Z, Gomez ME, et al. Accumulation of
miR-155 and BIC RNA in human B cell lymphomas. Proc Natl Acad Sci U S A
(2005) 102(10):3627-32. d0i:10.1073/pnas.0500613102

Rodriguez A, Vigorito E, Clare S, Warren MV, Couttet P, Soond DR, et al.
Requirement of bic/microRNA-155 for normal immune function. Science
(2007) 316(5824):608-11. doi:10.1126/science.1139253

Bolisetty MT, Dy G, Tam W, Beemon KL. Reticuloendotheliosis virus strain
T induces miR-155, which targets JARID2 and promotes cell survival. J Virol
(2009) 83(23):12009-17. doi:10.1128/jvi.01182-09

Lian L, Li X, Zhao C, Han B, Qu L, Song J, et al. Chicken gga-miR-181a targets
MYBLI and shows an inhibitory effect on proliferation of Marek’s disease
virus-transformed lymphoid cell line. Poult Sci (2015) 94(11):2616-21.
doi:10.3382/ps/pev289

Wang YS, Ouyang W, Pan QX, Wang XL, Xia XX, Bi ZW, et al
Overexpression of microRNA gga-miR-21 in chicken fibroblasts suppresses
replication of infectious bursal disease virus through inhibiting VP1 trans-
lation. Antiviral Res (2013) 100(1):196-201. doi:10.1016/j.antiviral.2013.
08.001

Wang Q, Ji X, Gao Y, Qi X, Wang X, Wang Y, et al. Overexpression of
microRNA gga-miR-1650 decreases the replication of avian leukosis
virus subgroup J in infected cells. ] Gen Virol (2013) 94(Pt 10):2287-96.
d0i:10.1099/vir.0.054007-0

Fray MD, Paton DJ, Alenius S. The effects of bovine viral diarrhoea virus on
cattle reproduction in relation to disease control. Anim Reprod Sci (2000)
6(0-61):615-27. doi:10.1016/S0378-4320(00)00082-8

Fu Q, Shi H, Shi M, Meng L, Zhang H, Ren Y, et al. bta-miR-29b attenuates
apoptosis by directly targeting caspase-7 and NAIF1 and suppresses bovine
viral diarrhea virus replication in MDBK cells. Can J Microbiol (2014)
60(7):455-60. doi:10.1139/cjm-2014-0277

Fu Q, Shi H, Ni W, Shi M, Meng L, Zhang H, et al. Lentivirus-mediated Bos
taurus bta-miR-29b overexpression interferes with bovine viral diarrhoea
virus replication and viral infection-related autophagy by directly targeting
ATG14 and ATG9A in Madin-Darby bovine kidney cells. ] Gen Virol (2015)
96(Pt 1):85-94. doi:10.1099/vir.0.067140-0

Zhang KS, Liu YJ, Kong HJ, Cheng WW, Shang Y], Tian H, et al. Identification
and analysis of differential miRNAs in PK-15 cells after foot-and-mouth
disease virus infection. PLoS One (2014) 9(3):€90865. doi:10.1371/journal.
pone.0090865

Mateu E, Diaz I. The challenge of PRRS immunology. Vet ] (2008)
177(3):345-51. d0i:10.1016/j.tvjl.2007.05.022

Xiao S, Wang X, Ni H, Li N, Zhang A, Liu H, et al. MicroRNA miR-24-3p
promotes porcine reproductive and respiratory syndrome virus replication
through suppression of heme oxygenase-1 expression. J Virol (2015)
89(8):4494-503. doi:10.1128/JV1.02810-14

Jia X, Bi Y, Li J, Xie Q, Yang H, Liu W. Cellular microRNA miR-26a sup-
presses replication of porcine reproductive and respiratory syndrome virus
by activating innate antiviral immunity. Sci Rep (2015) 5:10651. doi:10.1038/
srepl0651

Wu J, Peng X, Zhou A, Qiao M, Wu H, Xiao H, et al. MiR-506 inhibits
PRRSV replication in MARC-145 cells via CD151. Mol Cell Biochem (2014)
394(1-2):275-81. doi:10.1007/s11010-014-2103-6

Wang D, Cao L, Xu Z, Fang L, Zhong Y, Chen Q, et al. MiR-125b reduces
porcine reproductive and respiratory syndrome virus replication by nega-
tively regulating the NF-kappaB pathway. PLoS One (2013) 8(2):€55838.
doi:10.1371/journal.pone.0055838

Frontiers in Veterinary Science | www.frontiersin.org

16

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
http://dx.doi.org/10.3382/ps/pev175
http://dx.doi.org/10.1016/j.virol.2013.12.020
http://dx.doi.org/10.1016/j.virol.2013.12.020
http://dx.doi.org/10.1371/journal.pone.0051003
http://dx.doi.org/10.1099/vir.0.007831-0
http://dx.doi.org/10.1128/jvi.02659-07
http://dx.doi.org/10.1128/jvi.02659-07
http://dx.doi.org/10.1128/JVI.02449-12
http://dx.doi.org/10.1534/g3.116.028498
http://dx.doi.org/10.3382/ps.2013-03656
http://dx.doi.org/10.1016/j.ygeno.2011.11.004
http://dx.doi.org/10.1080/03079457.2011.646237
http://dx.doi.org/10.1016/j.ydbio.2006.08.028
http://dx.doi.org/10.1016/j.virusres.2012.07.003
http://dx.doi.org/10.1371/journal.pone.0090878
http://dx.doi.org/10.1038/srep10294
http://dx.doi.org/10.3390/v7122956
http://dx.doi.org/10.1016/j.vetmic.2012.10.023
http://dx.doi.org/10.1590/S0042-96862005000500012
http://dx.doi.org/10.1016/j.ncl.2008.03.010
http://dx.doi.org/10.1016/j.ncl.2008.03.010
http://dx.doi.org/10.1016/j.mpaic.2013.05.018
http://dx.doi.org/10.1186/1750-1326-4-36
http://dx.doi.org/10.1371/journal.pone.0030832
http://dx.doi.org/10.1073/pnas.0605298103
http://dx.doi.org/10.1371/journal.pone.0113050
http://dx.doi.org/10.1371/journal.pone.0113050
http://dx.doi.org/10.1128/MCB.17.3.1490
http://dx.doi.org/10.1073/pnas.0500613102
http://dx.doi.org/10.1126/science.1139253
http://dx.doi.org/10.1128/jvi.01182-09
http://dx.doi.org/10.3382/ps/pev289
http://dx.doi.org/10.1016/j.antiviral.2013.08.001
http://dx.doi.org/10.1016/j.antiviral.2013.08.001
http://dx.doi.org/10.1099/vir.0.054007-0
http://dx.doi.org/10.1016/S0378-4320(00)00082-8
http://dx.doi.org/10.1139/cjm-2014-0277
http://dx.doi.org/10.1099/vir.0.067140-0
http://dx.doi.org/10.1371/journal.pone.0090865
http://dx.doi.org/10.1371/journal.pone.0090865
http://dx.doi.org/10.1016/j.tvjl.2007.05.022
http://dx.doi.org/10.1128/JVI.02810-14
http://dx.doi.org/10.1038/srep10651
http://dx.doi.org/10.1038/srep10651
http://dx.doi.org/10.1007/s11010-014-2103-6
http://dx.doi.org/10.1371/journal.pone.0055838

Samir et al.

miRNAs in Veterinary Viral Infections

172.

173.

174.

175.

176.

177.

178.

A Hicks J, Yoo D, Liu HC. Characterization of the microRNAome in porcine
reproductive and respiratory syndrome virus infected macrophages. PLoS
One (2013) 8(12):e82054. doi:10.1371/journal.pone.0082054

Liu X, Zhu L, Liao S, Xu Z, Zhou Y. The porcine microRNA transcriptome
response to transmissible gastroenteritis virus infection. PLoS One (2015)
10(3):€0120377. doi:10.1371/journal.pone.0120377

Song X, Zhao X, Huang Y, Xiang H, Zhang W, Tong D. Transmissible
gastroenteritis virus (TGEV) infection alters the expression of cellular
microRNA species that affect transcription of TGEV gene 7. Int ] Biol Sci
(2015) 11(8):913-22. doi:10.7150/ijbs.11585

Zhao X, Song X, Bai X, Fei N, Huang Y, Zhao Z, et al. miR-27b attenuates
apoptosis induced by transmissible gastroenteritis virus (TGEV) infection
via targeting runt-related transcription factor 1 (RUNXI). Peer] (2016)
4:e1635. doi:10.7717/peer;j.1635

Guo XK, Zhang Q, Gao L, Li N, Chen XX, Feng WH. Increasing expression of
microRNA 181 inhibits porcine reproductive and respiratory syndrome virus
replication and has implications for controlling virus infection. J Virol (2013)
87(2):1159-71. doi:10.1128/jvi.02386-12

Trobaugh DW, Gardner CL, Sun C, Haddow AD, Wang E, Chapnik E, et al.
RNA viruses can hijack vertebrate microRNAs to suppress innate immunity.
Nature (2014) 506(7487):245-8. d0i:10.1038/nature12869

Adams SC, Xing Z, Li ], Cardona CJ. Inmune-related gene expression in
response to H11N9 low pathogenic avian influenza virus infection in chicken
and Pekin duck peripheral blood mononuclear cells. Mol Immunol (2009)
46(8-9):1744-9. doi:10.1016/j.molimm.2009.01.025

179.

180.

181.

182.

Pantin-Jackwood M, Swayne DE, Smith D, Shepherd E. Effect of species,
breed and route of virus inoculation on the pathogenicity of H5N1 highly
pathogenic influenza (HPAI) viruses in domestic ducks. Vet Res (2013) 44:62.
doi:10.1186/1297-9716-44-62

Pantin-Jackwood M]J, Swayne DE. Pathobiology of Asian highly pathogenic
avian influenza H5N1 virus infections in ducks. Avian Dis (2007) 51(1
Suppl):250-9. doi:10.1637/7710-090606R.1

Pu J, Fan YL, Wang Z, Ma B, Brown EG, Liu JH. Pathogenicity of H3N8
influenza viruses isolated from domestic ducks in chickens with or
without Escherichia coli coinfections. Avian Dis (2012) 56(3):597-600.
doi:10.1637/9984-110911-ResNote.1

Manz B, Schwemmle M, Brunotte L. Adaptation of avian influenza A virus
polymerase in mammals to overcome the host species barrier. ] Virol (2013)
87(13):7200-9. doi:10.1128/JV1.00980-13

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2016 Samir, Vaas and Pessler. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Veterinary Science | www.frontiersin.org

17

October 2016 | Volume 3 | Article 86


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive
http://dx.doi.org/10.1371/journal.pone.0082054
http://dx.doi.org/10.1371/journal.pone.0120377
http://dx.doi.org/10.7150/ijbs.11585
http://dx.doi.org/10.7717/peerj.1635
http://dx.doi.org/10.1128/jvi.02386-12
http://dx.doi.org/10.1038/nature12869
http://dx.doi.org/10.1016/j.molimm.2009.01.025
http://dx.doi.org/10.1186/1297-9716-44-62
http://dx.doi.org/10.1637/7710-090606R.1
http://dx.doi.org/10.1637/9984-110911-ResNote.1
http://dx.doi.org/10.1128/JVI.00980-13
http://creativecommons.org/licenses/by/4.0/

	MicroRNAs in the Host Response to Viral Infections of Veterinary Importance
	Introduction and Brief History
	MicroRNA Biogenesis Pathway and Mechanisms of Action
	Update on Identification of miRNAs and Computational Prediction of Their Targets in Animals of Veterinary Importance
	MicroRNAs in the Host Response to Viral Infections of Veterinary Importance
	Infections in the Natural Host
	Influenza A Virus
	Influenza A Virus Infection as an Example of Cross-Species Conservation of Host-Encoded miRNAs

	Infectious Bursal Disease Virus
	Marek’s Disease Virus
	Avian Leukosis Virus

	Infections in Laboratory Animal Models
	Venezuelan Equine Encephalitis Virus
	Rabies Virus
	Prion Protein-Related Diseases

	Infections in Cellular Models

	Perspectives
	Conclusion
	Author Note
	Author Contributions
	Funding
	Supplementary Material
	References


