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Abstract Porcine reproductive and respiratory syndrome
virus (PRRSV), a single-stranded RNA virus, mainly
infects cells of monocyte/macrophage lineage. Recently,
host microRNAs were shown to be capable of modulating
PRRSYV infection and replication by multiple ways such as
targeting viral genomic RNA, targeting viral receptor and
inducing antiviral response. MicroRNAs are small RNAs
and have emerged as important regulators of virus-host cell
interactions. In this review, we discuss the identified
functions of host microRNAs in relation to PRRSV
infection and propose that cellular microRNAs may have
a substantial effect on cell or tissue tropism of PRRSV.
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1 Introduction

Porcine reproductive and respiratory syndrome virus
(PRRSV) was identified in Europe and the United States
in the early 1990s and has become an important pathogen
in the swine industry worldwide. Pigs of all ages can be
infected by PRRSV, which causes severe disease char-
acterized by reproductive failure in pregnant sows, and
respiratory problems and persistent infection in piglets [1].
A typical highly-pathogenic PRRSV (HP-PRRSV)
emerged in China in 2006 and is characterized by high
fever, high morbidity and high mortality in pigs of all ages.
Vaccines have been developed, but they fail to provide
sustainable protection, in particular against highly patho-
genic strains.

MicroRNAs (miRNAs) are endogenous about 21-23 nt
RNA molecules that have emerged as critical gene
regulators in animals and plants [2,3]. It is believed that
in mammals miRNAs control the activity of approximately
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50% of all protein-coding genes [4]. Increasing evidence
indicates that miRNAs can participate in the regulation of
almost every cellular activity and their abnormal expres-
sion is associated with many human diseases. Recently,
several studies have demonstrated that miRNAs can
regulate PRRSV infection and replication [5—8]. Here we
discuss the current understanding of the role of miRNA in
PRRSYV infection and hypothesize that cellular miRNAs
may contribute significantly to regulating PRRSV infec-
tion.

2 Animal miRNA biogenesis and function

The general miRNA biogenesis pathway is illustrated in
Fig. 1, and this topic has been comprehensively reviewed
elsewhere [4]. Briefly, miRNAs are first processed from
primary transcripts of miRNAs (pri-miRNAs), which can
be transcribed by RNA polymerase II (RNAPII) either
from independent genes or introns of protein-coding genes
[3,9]. A single pri-miRNA which folds into hairpins may
contain a cluster of distinct miRNAs or only a single
miRNA. The pri-miRNAs act as substrates for two
members of the RNase III family of enzymes, Drosha
and Dicer. The nuclear endoribonuclease Drosha cleaves a
pri-miRNA to generate an approximately 70—80 nt hairpin-
containing precursor miRNA (pre-miRNA) [10], which
will be exported to the cytoplasm by exportin-5.
Cytoplasmic pre-miRNAs are then recognized and pro-
cessed into an approximately 22 bp miRNA/miRNA*
duplex by Dicer. One strand of this duplex (referred to as
the guide strand or a mature miRNA) is then ultimately
incorporated into the miRNA-induced silencing complex
(miRISC), whereas the other strand (passenger or
miRNA¥*) is released and degraded. This miRISC-loaded
guide strand is responsible for binding to target mMRNAs in
a sequence-dependent manner and induces their transla-
tional inhibition or deadenylation and degradation [11].
The mechanism by which miRNAs regulate target gene
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flexible pairing patterns in animal miRNA-targeting
suggest that factors beyond base-pairing are involved in
miRNA-mRNA interactions in vivo.
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Fig. 1 Biogenesis and function of animal miRNAs. For
simplicity, not all factors involved in miRNA processing are
shown. Ago2, Argonaute 2 which directly interact with miRNAs in
the miRISC.

expression has been a controversial subject, as it has been
found that miRNAs could result in target mRNA
destabilization, translational repression, and even activa-
tion of gene expression, respectively [12]. Most animal
miRNAs pair imperfectly with target sites in the 3’ UTR of
target mRNAs to inhibit gene expression. In most cases,
mRNA targeting involves perfect pairing between a target
and nucleotides 2—7 (or 8) of the miRNA, a common motif,
which is called the seed region. In some experimental
contexts, seed pairing has been shown to be both essential
and sufficient for regulation by the miRNA pathway [13].
Sometimes imperfect pairing between the 5’ end of the
miRNA and a target mRNA can be compensated for by
extensive 3’ end interactions, which has been found in the
case of a let-7 miRNA target site in the /in-4/ 3' UTR in
Caenorhabditis elegans [14—16]. Recently, centered sites
have been described as a class of miRNA target sites that
lack both perfect seed pairing and 3’ compensatory pairing
and instead have 11-12 continuous Watson-Crick pairs to
the center of the miRNA [17]. Besides, there are also some
examples of functional miRNA target sites that do not
match any of the above described patterns [18,19]. The

3 The role of animal miRNAs in pathogen
infections

Microorganisms that invade a vertebrate host are initially
recognized by the innate immune system, which is the first
line of host defense against pathogens. The innate immune
response involves several immune cells including macro-
phages, granulocyte and dendritic cells, which are
responsible for recognizing specific molecules of patho-
gens via a limited number of germline-encoded pattern-
recognition receptors [20]. The specific molecules or
components from pathogens, known as pathogen-asso-
ciated molecular patterns (PAMPs), are usually essential
for the survival of the pathogens and are therefore hard for
the pathogens to change. In many cases, Toll-like pattern-
recognition receptors (TLRs) can recognize invasions of a
variety of pathogens. For example, Toll-like receptor 3
(TLR3) and TLR7 can recognize microbial dsSRNA and
ssRNA, respectively. TLR3 and TLR7 are therefore
usually associated with recognition of viruses, while
TLR4 is mainly responsible for recognizing PAMPs of
bacteria [21]. After the engagement of TLRs by their
PAMPs or ligands, specific biological responses are
triggered by individual TLRs. The specific responses
include myeloid differentiation factor 88 (MyD88)-depen-
dent signaling pathways, which activate the induction of
proinflammatory cytokines, and Toll-IL-1 receptor
domain-containing adaptor inducing IFN-$ (TRIF)-depen-
dent signaling pathways, which drive the induction of type
I interferon as well as proinflammatory cytokines [20].
These antiviral cytokines and proinflammatory cytokines
are required for inducing host innate and adaptive immune
response to destroy pathogens.

miRNAs have recently emerged as key gene-regulators
and have been shown to play an important role in innate
immune response to infections [22,23]. It is well known
that TLRs signaling can induce hundreds of TLR-
responsive coding genes. As with TLR-responsive coding
genes, miRNAs can be induced at the early or late stage of
responses [22]. For example, miR-155 is highly induced 2
h after stimulation, whereas miR-21 is induced at later
times. Interestingly, miR-155 and miR-146a are upregu-
lated by bacterial or viral ligands, and this upregulation is
dependent on nuclear factor-kB (NF-kB) activity, which is
the downstream of TLR signaling [24-26]. In addition to
these two miRNAs, many other miRNAs in different
immune cells have been reported in succession [22,23].
Among all the immune-responsive miRNAs, miR-155,
miR-146a, and miR-21 have been particularly well
characterized. It has been shown that miR-155 can
positively regulate inflammatory cytokines by targeting
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SH2-domain-containing inositol-5-phosphatase 1, which is
a key negative regulator of phosphoinositide 3-kinase and
the downstream activated form of the serine/threonine
kinase (AKT) signaling [27]. Similarly, miR-155 also
positively regulates type I interferons by targeting
suppressor of cytokine signaling 1, which is a negative
regulator of TLR signaling [28,29]. Unlike miR-155, miR-
146a is a negative regulator of immune response, because
it can repress TLR signal transduction by targeting TNFR-
associated factor 6 (TRAF6) and IL-1R-associated kinase
1 (IRAK1) [25]. Interestingly, miR-146a can be induced
during viral infection, which is dependent on nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-xB)
activation, suggesting the existence of a negative feedback
loop [30]. Another miRNA, miR-21, induced in various
immune situations, can also negatively regulate immune
response by targeting programmed cell death protein 4
(PDCD4), MyD88, and interleukin-1 receptor-associated
kinase 1 (IRAK1) [31-34].

Recent studies have shown that host miRNAs can inhibit
viral replication by directly targeting viral genomic RNA,
which has been regarded as a new mechanism of host
antiviral defense [35—40] or a new way to change the viral
life cycle [41-43]. In addition, viruses themselves can also
encode miRNAs. These virus-derived miRNAs not only can
modulate viral life cycle by directly regulating expression of
viral self-genes or host-genes [44—46], but also can target
host immune genes to help the virus to evade the immune
response [47,48]. Unexpectedly, miR-122, a liver specific
miRNA, promotes hepatitis C virus (HCV) replication by
interacting with the 5’ untranslated region (UTR) of the viral
genomic RNA [49]. So far, there are two major mechanisms
that can explain why miR-122 facilitates HCV replication.
First, miR-122 promotes the stabilization of HCV RNA [50—
52]; Second, miR-122 enhances translation of hepatitis C
virus RNA [53-55]. However, the phenomenon that
miRNAs facilitate viral replication by direct interaction
with viral RNAs is quite rare. Also, it has been proposed that
the liver-specific miR-122 may contribute to HCV liver
tropism at the level of translation [53]. Indeed, results from
many studies support this hypothesis and demonstrate that
miR-122 is a key determinant for HCV tropism [56-58].
Therefore, cellular miRNAs has probably exerted a
significant influence on viral evolution.

4 Identified functions of host miRNAs in
PRRSV infection and replication

PRRSV is a positive-sense single-stranded RNA virus and
the viral genomic RNA has a long UTR in the downstream
of opening reading frame lab. In animals, most target
mRNAs studied to date are regulated through 3’ UTR
interactions [11]. Therefore, it has been proposed that
the long UTR might provide many targets for host
miRNAs [5]. Indeed, many miRNA targets were predicted

through computational approaches in a recent study, in
which miR-181 was identified as a strong inhibitor of
type 2 PRRSV [5]. Importantly, the miR-181 target region
in the downstream region of open reading frame 4 of the
viral genomic RNA was found to be highly conserved
among type 2 PRRSV strains. Experimental studies
demonstrated transfection of miR-181 mimics could
strongly inhibit PRRSV replication through direct targeting
of the viral genomic RNA in porcine alveolar macrophages
(PAMSs) or Marc-145 cells (a subclone of the monkey
kidney cell line MA-104), suggesting that host miRNAs
can interact with PRRSV RNAs, leading to the inhibition
of viral replication [5]. Moreover, animal experiments
provided direct evidence that miR-181 could repress
PRRSV replication in vivo and that therapeutic miR-181
delivery could relieve the severity of symptoms in pigs
infected with the highly pathogenic PRRSV strain and the
treated pigs survived longer [5]. Taken together, these
findings show that miR-181 is indeed a strong inhibitor of
PRRSV.

In a subsequent study [6], we found that in addition to
directly targeting the PRRSV genome, miR-181 was also
confirmed to suppress PRRSV infection by downregulat-
ing its receptor, CD163. A previous study showed that the
enhanced susceptibility of cultured peripheral blood
monocytes (BMo) to PRRSV is coordinated well with
the increased CD163 expression [59]. Interestingly, when
CD163 mRNA was significantly upregulated in cultured
BMo, miR-181 expression level was found to decrease
gradually with or without L1929 cell culture
supernatants [6]. These results imply an inverse correlation
between the expressions of miR-181 and CD163 expres-
sion during monocyte-macrophage differentiation. Appli-
cation of a luciferase reporter system and an RNA-induced
silencing complex immunoprecipitation assay confirmed
that miR-181 can downregulate CDI163 expression
through directly targeting its mRNA [6]. Interestingly,
results from construction of miR-181 target site mutated
PRRSV demonstrated that miR-181 remarkably blocked
both wild-type PRRSV and mutated PRRSV entry into
PAMs at early times, but could only impair wild-type
PRRSYV replication at late times. Therefore, miR-181 may
have a significant impact on PRRSV infection and
replication in vivo.

Regulation of immune response by cellular miRNAs is
an important issue. A recent published study showed that
cellular miR-23 inhibits PRRSV replication by directly
targeting PRRSV RNA and possibly by upregulating type I
interferon [7]. In this study, two other miRNAs including
miR-378 and miR-305 were also confirmed to inhibit
PRRSV replication by directly targeting PRRSV RNA [7].
Moreover, the predicted target sites of miR-23, miR-378,
and miR-505 are highly conserved (over 98%, 96% and
95%, respectively) in type 2 PRRSV strains, suggesting
these miRNAs may fundamentally regulate PRRSV
replication. Interestingly, overexpression of miR-23 ren-
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dered the cells more competent in IFN-a and IFN-f
expression during PRRSV infection when compared with
controls, but overexpression of miR-505 or miR-378 did
not increase type I IFN expression [7]. More importantly,
miR-23 did not mediate the activation of IFNs in the
absence of PRRSV infection, suggesting that the activation
of IFNs by miR-23 requires other signaling activated by
PRRSV. Indeed, IRF3/IRF7 signaling was eventually
confirmed to be critical for miR-23-mediated induction
of IFNs during PRRSV infection [7]. As discussed above,
some miRNAs can be induced by viral infection or TLR
activation. Unexpectedly, PRRSV infection does not
induce miR-23 and miR-505, but suppresses the expres-
sions of poly(I:C)-induced miR-23 and miR-505. This
antagonism might be a strategy for PRRSV to evade the
miRNA-mediated immune response induced in TLR3
pathway.

5 Are cellular miRNAs associated with
PRRSV viral tropism?

Although several miRNAs have been identified to inhibit
PRRSV infection or replication, the question has to be
asked: what are the roles of these miRNAs in PRRSV
natural infection? In fact, the hypothesis that host miRNAs
may have had a significant effect on viral evolution and may
continue to influence the in vivo tissue tropism of viruses has
been proposed in 2006 [60]. In its natural host, PRRSV has
a narrow tropism for cells of the monocyte-macrophage
lineage such as PAMs and subsets of macrophages in
lymphoid tissues, but freshly isolated peripheral BMo and
peritoneal macrophages are refractory to PRRSV infection
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[61,62]. One of our previous studies showed that the
expression of miR-181 and some other miRNAs negatively
correlated with PRRSV infectivity in different cells and
tissues [5]. For example, miR-181 was expressed at a much
higher level in peripheral BMo and peritoneal macrophages
than in PAMs (about 10- and 42-fold higher than that in
PAMs, respectively), and the total cumulative expression of
miRNAs which could potentially target PRRSV in
peripheral BMo and peritoneal macrophages was also
higher than that in PAMs [5]. Likewise in tissues,
PRRSV-targeting miRNAs, such as miR-181 and miR-
338, were abundant in the brain at a level that was about 5
times higher than that in the lungs, whereas virus load in the
lungs was about 100 times higher than in the brain [5].
Therefore we postulate that the cellular miRNAs identified
in that work may be associated with PRRSV tropism for
different cells or tissues based on the role of cellular
miRNAs in controlling virus replication. Importantly, miR-
181 has been confirmed to regulate CD163 in blood
monocytes to determine PRRSV infection [6], suggesting
that miR-181 may further influence PRRSV tropism also by
direct targeting of CD163 mRNA. Besides, blockage of the
endogenously expressed miR-23 significantly enhanced
PRRSV replication, suggesting that endogenously miRNAs
may control PRRSV replication during the whole infection
process [7]. In addition, cellular miRNAs such as miR-23
may not only control PRRSV replication by direct targeting
viral genomic RNA, but also inhibit its replication by
inducing type I interferon. Thus, we propose that cellular
miRNAs like miR-181 and miR-23 are likely to participate
in the determination of cell or tissue tropism of PRRSV
through targeting viral transcripts or viral receptors, or
regulating antiviral immune response (Fig. 2).

mRNA of immune gene

Fig. 2 A model of cellular miRNAs determining PRRSV tropism
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6 Conclusions

The study of miRNAs has contributed to the understanding
of the regulation of viral infection. The targeting of viral
transcripts and receptors, and induction of antiviral
immune response by host miRNAs highlight the important
role of miRNAs in PRRSV infection and also reveal
mechanisms by which miRNAs could regulate tropism of
PRRSV. Although much data have been obtained on the
inhibition of PRRSV infection by miRNAs, direct
functional data showing the exact effects of miRNAs on
the tropism of PRRSV are still required. Specifically, the
investigation of the function of miRNAs in other less-
permissive primary cells is needed to confirm their
function in viral tropism.
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