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Role and application of RNA interference in replication of influenza viruses
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Summary. - RNA interference (RNAI) is a naturally occurring endogenous biological post-transcriptional
cellular mechanism that regulates RNA expression. Small interfering RNAs (siRNAs), mediators of RNAI, are
short (19-26nt), double-stranded RNA duplexes that inhibit gene expression by inducing sequence-specific
degradation of homologous messenger RNA (mRNA). Influenza virus infection is a major public health problem,
causing hundreds of thousands of deaths worldwide each year. RNAi have provided a means to performing
genome-wide screens to determine and validate host cell genes that may be required for influenza replication
and treatment with siRNA specific to regions of the influenza genes which can inhibit influenza virus replica-
tion. Moreover, influenza virus is using small RNA in the regulation of virus replication and in modulation of

the innate immune signalling system of the host.
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Abbreviations: ADAMTS7 = ADAM metallopeptidase with
thrombospondin type 1 motif7, CPE = carboxypeptidase E;
cRNA = complementary RNA; DPP3 = dipeptidyl-peptidase 3; dsR-
NA = double-stranded RNA; HA = hemagglutinin; IL = interleukin;
INF = interferon; MLC = myosin light chain; mRNA = messenger
RNA; miRNA = micro RNA; MST1 = macrophage stimulating 1;
M1 = matrix protein; NA = neuraminidase; NCR = noncod-
ing region; NEP = nuclear export protein; NP = nucleoprotein;
NS1 = nonstructural protein; PA = polymerase acidic protein;
PB1 = polymerase basic protein 1; PB2 = polymerase basic protein 2;
pre-miRNA = precursor-micro RNA; pri-miRNA = primary-micro
RNA; PRSS12 = neurotrypsin, motopsin; RdRp = RNA-dependent
RNA polymerase; RISC = RNA-induced silencing complex;
RNA = ribonucleic acid, RNAi = RNA interference; shRNA = short
hairpin RNA; siRNA = small interfering RNA; svRNA = small
viral RNA; TNF = tumour necrosis factor; vVRNA = viral RNA;
WHO = World Health Organization

1. Introduction

The influenza A virus is a highly infectious pathogen
of birds and mammals, including humans (Webby and
Webster, 2001). Influenza has infected humans in irregular
intervals throughout recorded history. The most infamous
pandemic was the “Spanish Flu” which affected large parts
of the world population and is thought to have killed at
least 50 million people between 1918 and 1919. Two other
influenza A pandemics occurred in 1957 (“Asian influenza”)
and 1968 (“Hong Kong influenza”) and caused significant
global morbidity and mortality. Limited outbreaks of a new
influenza subtype A (H5N1) directly transmitted from birds
to humans occurred in Hong Kong (Special Administrative
Region of China) in 1997 and 2003. From 1" December
2003 to 10" August 2012, 15 countries reported a total of
608 laboratory-confirmed human cases (359 deaths) of
H5NI1 avian influenza to WHO (www.who.int/influenza/
human_animal_interface). Most recently, the HIN1 virus-
A(HIN1)pdmo09 which originated in swine, caused the
influenza pandemic in 2009-2010. A new human influenza
pandemic could cause 20% of the global population to be-
come ill (Fouchier et al., 2005).

Influenza A virus is an enveloped virus of the Orthomyxo-
viridae family. The genome of influenza viruses consists of
eight molecules of single-stranded RNA of negative polarity
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that encode the three subunits of the viral polymerase complex,
polymerase basic protein 1(PB1), polymerase basic protein 2
(PB2), and polymerase acidic protein (PA); the nucleoprotein
(NP); the glycoproteins hemagglutinin (HA) and neuramini-
dase (NA); the matrix protein M1; the ion channel protein M2;
the non-structural protein NSI; the nuclear export protein
(NEP); and the recently discovered PB1-F2, NP40, PA-X and
M42 proteins (Chen et al., 2001; Wise et al., 2009, 2011, 2012;
Jagger et al., 2012). The ability of influenza viruses to continu-
ously mutate has made control strategies based on vaccination
difficult. Four licensed prescription influenza antiviral agents
are currently available: amantadine, rimantadine, Relenza/
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Fig. 1
Pathway of RNAi

Pri-miRNA and shRNAs are processed by Drosha and Dicer to generate
mature miRNAs. siRNAs and miRNAs are incorporated into the RISC and
guide strand anneals to its complementary target mRNA and facilitates the
cleavage by Argonaute 2 to result in gene silencing.

Zanamivir, and Tamiflu/Oseltamivir. Relenza/Zanamivir
and Tamiflu/Oseltamivir are related antiviral medications in
a class of medications known as neuraminidase inhibitors.
These two medications are active against both influenza A and
B viruses. Two M2 inhibitors: amantadine and rimantadine
are related antiviral drugs in a class of medications known as
adamantanes. These medications are active against influenza
A viruses but not influenza B viruses. However, widespread
adamantane resistance among influenza A virus strains has
made this class of medication less useful clinically. With the
potential for a new influenza pandemic and the limited pro-
tection provided by current vaccines and antiviral drugs, the
development of new and efficient treatment is needed.

2. RNA interference

RNAI is a natural, sequence specific post-transcriptional
gene silencing pathway present in most eukaryotes (Leung
and Whittaker, 2005; Tripp and Tompkins, 2009). Small
RNAs contribute to antiviral response in plants, invertebrate
and mammals via RNAi involving virus-derived siRNAs
(Ding, 2011; Umbach and Cullen, 2009). Components of
the RNAi pathway influence multiple roles that can vary in
different organisms. Components of the pathway partici-
pate i) in the innate immune response by recognizing and
degrading long double-stranded RNAs (dsRNAs) associated
with viral infection (Bagasra and Prilliman, 2004; Hale et al.,
2008); ii) regulate host gene expression related to cell func-
tions by means of a unique class of non-coding RNAs called
microRNAs (miRNAs) (Kim and Rossi, 2009).

miRNAs are small RNA molecules with the length of 17
to 24 nt. They regulate gene expression either by inhibiting
translation of mRNA through seed-region annealing to
3'-untranslated region of mRNAs or by inducing degrada-
tion of mMRNA. Primary miRNA (pri-miRNA) transcripts are
produced in the nucleus by RNA polymerase II and serve
as precursors for generation of miRNA. Short hairpin RNAs
(shRNAs), known as precursor-miRNAs (pre-miRNAs),
are excised from the primary miRNA by the ribonuclease,
Drosha. Pre- miRNAs are exported to the cytoplasm and
cleaved with Dicer, resulting in a mature miRNA duplex that
is incorporated into the RNA-induced silencing complex
(RISC) primed for translation inhibition (Grishok et al.,
2001; Hutvagner et al., 2001; Ketting et al., 2001; Miyoshi
et al., 2008). miRNAs associated with RISC are able to bind
their target and recruit deadenylation factor to remove the
poly-A tail of mRNA transcripts (Wu et al., 2006; Giraldes et
al., 2006). After deadenylation, decapping enzymes remove
the m7G cap on the 5'-end of mRNA transcripts and pro-
mote 5'to 3'mRNA decay (Fig. 1) (Rehwinkel et al., 2005).

Researchers have created entire libraries of gene-specific
targeting reagents which silence individual gene function
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by entering the pathway at one of two distinct positions.
Synthetic dsRNA reagents referred to siRNAs have been
developed. Inside the cell, siRNA associate with the RISC and
guide strand anneals to its complementary target mRNA and
facilitates the cleavage by Argonaute 2, a core endonuclease of
RISC (Sakurai et al., 2010). shRNAs represent an alternative
approach. shRNAs can be generated from plasmid or viral
expression constructs (Blakely et al., 2011; Gobeil et al.,
2008). Like miRNAs, shRNAs are expressed in the nucleus
and associated with RISC only after being processed by two
separate endonucleses, Drosha and Dicer (Fig.1) (Kim and
Rossi, 2009).

Influenza virus uses small RNA in regulation of virus rep-
lication and in modulation of the innate immune signalling
system of the host (Perez et al., 2010; Buggele et al., 2012).
shRNAs and siRNAs provide the valuable tools for identifi-
cation of host proteins involved in viral replication and for
an alternative disease intervention approach to controlling
influenza virus replication (Hirsch, 2010; Meliopoulos et al.,
2012). siRNA libraries have been constructed with a variety
of design and it is important to consider which of these
siRNAs are best suited for host-pathogen screening.

3. Regulation function of small viral RNAs (svRNAs)

Regulatory function of small RNAs continues to reshape
paradigm in both molecular biology and virology. svRNAs
of influenza A virus elucidate a unique mechanism by which
a virus can control the switch between transcription and
replication (Perez et al., 2010).

The influenza A virus genome consists of eight negative-
sense, single-stranded RNA segments, which serve as tem-
plates for the transcription of viral mRNAs and full length
complementary RNAs (cRNAs). cRNA are replicated to
produce viral RNAs (vRNAs). The RNA promoter for the
influenza virus RNA-dependent RNA polymerase (RdRp)
consists of 12 conserved nucleotides at the 5'-and 3'-ends
of the VRNA, respectively (Robertson 1979, Hsu et al., 1987).
RdRp binds the double stranded panhandle/corkscrew struc-
ture, which is formed by these non-coding regions (NCRs)
along with additional segment-specific bases (Desselberger
et al., 1980; Neuman and Hobon, 1995; Flick et al., 1996;
Brownlee and Sharps 2002; Crow et al., 2004). The RdRp
associates with the secondary structure of the viral NCRs
and initiates transcription beginning at the first 3'cytosine
(Plotch et al., 1981). The PB2 protein gets host mRNAs under
control, and the PA protein cleaves cca 11-13 bases down-
stream of the 5'cap. The PB1 protein then uses this fragment
to synthesize viral mRNA (Plotch et al., 1981; Guiligay et al.,
2008; He et al., 2008; Dias et al., 2009). Initiation and elonga-
tion of the transcript depends on a stable association with
the 5'-end of vVRNA (Honda et al., 1987). The RdRp reaches

the 5'-end of the template VRNA, which must then interact
with the 3'-end of the same template. This is necessary for
the occurrence of polyadenylation (Poon et al., 1998; Leahy
etal.,2001). Cis-acting RdRp is required for the polyadenyla-
tion of influenza virus. Transcriptase activity composed of
PA and PB2 cap-snatching and PB1 polymerase function is
dependent on utilization of the secondary structure of the
vRNA for proper synthesis of viral mRNA. Accumulation
of mRNAs leads to protein production which must be fol-
lowed by a switch to viral replicase activity for generation
of new vRNAs and assembly of virions. mRNA transcripts
are incomplete copies of VRNA and therefore cannot be used
as substrates for genomic synthesis. VRNA synthesis takes
place through a cRNA intermediate, also made by the RdRp
from vRNA but representing a full-length complement of
the vRNA. Key components which influence the viral switch
to replication include cRNA stability, the intracellular level
of nucleotides, and the soluble fraction of NP and/or RdRp
(Shapiro and Krug, 1988; Vreede et al., 2004; Vreede et al.,
2008; Jorba et al., 2009).

Perez et al. (2010) established a new model in which
sVRNA regulates the level of VRNA synthesis during de
novo virus infection. sYvRNAs are 22-27 nt in length and
correspond to the 5'-end of each of the VRNA segments.
It is thought that svRNAs are synthesizes by RdRp from
cRNA. NP function may be required to temporally block the
secondary structure of the panhandle and allow complete
cRNA synthesis (Beaton and Krug, 1986). NEP protein also
participates in the generation of svRNA (Robb et al., 2009).
It is likely that svRNA aids in the formation of an alternative
RdRp replicase complex, an attribute bestowed upon NEP
protein. NEP protein is involved not only in RNA trafficking
but also in the switch between transcription and replica-
tion. The RdRp replicase may consist of an NEP containing
RdRp bound to svRNA, and the transcriptase probably lacks
svRNAs. svRNA regulates VRNA replication in a segment
-specific manner and therefore the existence of eight dif-
ferent RARp replicases is required. The physical association
of the RdRp with svRNA within the replicase could serve
as a segment-specific guide capable of reconstituting the
promoter in trans, thereby permitting access to the genomic
ends (Perez et al., 2010). On the other hand, lack of svRNA
in transcriptase would permit the stuttering needed to gen-
erate the poly A tail during viral mRNA synthesis, because
the RdRp remains bound in cis to the 5'-end of the vRNA
template (Fig. 2).

4. Detection of host cell genes using siRNA technology
RNAI have provided a means to performing genome-

wide screens to determine and validate host cell genes
which may be required for influenza replication. These
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genes have been also identified by random homozygous
gene perturbation and by a proteomic screen (Sui et al.,
2009; Bradel-Tretheway et al., 2011). It has to be taken into
consideration that impairing of non-targeted mRNA may
result in the misinterpretation of the phenotype produced
by an individual siRNA. For this reason, large siRNA librar-
ies are designed to contain component siRNA with minimal
sequence complementarities to other mRNAs. Each specific
mRNA is targeted by multiple siRNAs in order to increase
the change that at least one siRNA will produce adequate
target degradation. Another factor affecting the ability of
a particular siRNA to reduce the expression of target pro-
teins is the stability of these proteins. Proteins with a long
half-life may be less susceptible to knock-down because
they remain in the cell at close to a normal level even if the
encoding mRNA has been diminished. In this case, multiple
siRNA transfection over several days may be used in order
to suppress the level of the mRNA for a longer period of
time. Another factor that must be considered is efficiency
of transfection (Hirsch, 2010).
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Based on genome-wide RNAi screening, Konig et
al. (2010) identified 295 cellular cofactors required for
early-stage influenza virus replication. Most proteins
are involved in kinase-regulated signalling, ubiquitina-
tion and phosphatase activity. 181 factors assemble into
a highly significant host-pathogen interaction network.
219 of the 295 factors were confirmed to be required for
efficient wild-type influenza virus growth, and further
analysis of a subset of genes showed 23 factors neces-
sary for viral entry, including members of the vacuolar
ATPase and COPI-protein families, fibroblast growth
factor receptor proteins, and glycogen synthase kinase
3-beta. 10 proteins were confirmed to be involved in post-
entry steps of influenza virus replication. These include
nuclear import components, proteases, and the calcium/
calmodulin-dependent protein kinase IIbeta (Konig et
al., 2010).

Some human proteases have a direct role in the replication
of influenza virus. shRNA inhibition of trypsin inhibited
replication and apoptosis (Pan et al., 2011).

svRNA

Fig. 2

Schematic diagram of the influenza virus life cycle

Single-stranded RNA segments serves as templates for the transcription of viral mRNAs and full length cRNAs and svRNAs. cRNA are replicated to produce
vRNAs. svRNAs play a key role in regulation of vVRNA replication as it is described in the text. The picture is adopted from Scull and Rice (2010).
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Five genes encoded ADAM metallopeptidase with throm-
bospondin type 1, motif 7 (ADAMTS?), carboxypeptidase E
(CPE), dipeptidyl-peptidase 3 (DPP3), macrophage stimulating
1 (MST1), and neurotrypsin, motopsin (PRSS12) were identi-
fied by RNAi (Meliopoulos et al., 2012). These genes are involved
in three identified host cell pathways, specifically CRE/CREB
signalling, NF-kB activation, and apoptosis. With respect to
influenza virus, CRE/CREB signalling has been shown to acti-
vate protein kinase A and thus have a role in protein synthesis
(Stakkestad et al., 2011). ADAMTS?7 is unregulated by TNF-a
and IL-1p secretion, both of which are activated upon influenza
infection (Luan et al., 2008; Wang et al., 2010).

Abrogation of RAB11A expression through siRNA treat-
ment caused aberrant VRNP intracellular accumulation,
retention in the perinuclear region, and lack of accumulation
at the plasma membrane. RAB11 GTPase is involved in the
transport of ribonucleoprotein cargo (Amorim et al., 2011;
Eisfeld et al., 2011).

Influenza infection also activates the signalling pathways
that converge to induce myosin light chain (MLC) phospho-
rylation and actin cytoskeleton remodelling (Haidari et al.,
2011). Inhibition of MLC phosphorylation led to the nuclear
retention of viral RNP complexes in late stages of viral replica-
tion cycle, thus reducing proliferation of the influenza virus.

Human Staufenl (hStaul) protein is involved in the trans-
portand regulated translation of cellular mRNAs (Villace et al.,
2004). This protein was also identified as an NS1-interacting
factor. Expression of hStaul protein was downregulated by
gene silencing using shRNA or siRNAs targeting four inde-
pendent sites in human HEK293 and A549 cells. Silencing
hStaul protein resulted in significant reduction of the yield of
influenza virus. These results indicate a role for hStaul protein
in late event of influenza virus infection, possibly during virus
morphogenesis (de Lucas et al., 2010).

Transfection of small dsRNA can also perturb cellular im-
munity. siRNA longer than 23-25 bp strongly up-regulated
interferon- stimulated genes in HeLa cells (Kim et al., 2004).
siRNAs can also activate a type I interferon response, particu-
larly through TLR7 and TLR8 (Hornung et al., 2005; Sioud,
2005). On the other hand, 19 bp long siRNAs effectively silence
genes but are weaker activators of TLR signalling pathway
(Reynolds et al., 2006). The immunostimulation can also be
suppressed by suitable chemical modifications without losing
siRNA potency by introducing seemingly minor structural
changes. Oligoribonucleotides with 2'-O-methyladenosine
residues actively inhibited IFN-alpha secretion induced by
other immunostimulatory RNAs (Eberle ef al., 2008).

5. Cellular miRNA and miRNA inhibitors

Expression of host genes required for influenza virus
replication can be regulated by multiple miRNAs. Targeting

miRNAs to regulate host gene expression may be a strategy
to regulate influenza virus replication. While miRNAs modu-
late host gene expression, they likely modulate influenza
virus replication indirectly and perhaps at different points
in the replication pathway. Some miRNA inhibitors had
a different effect on host genes required for influenza virus
replication. For example, inhibition of miR-106B had little
effect on CPE gene expression but dramatically increased
DPP3, ADAMTS7, MST1, and PRSS12 gene expression
(Meliopoulos et al., 2012).

Examination of miRNA abundance in human lung cell
lines revealed endogenous miRNA, including miR-7, miR-132,
miR-146a, miR-187, miR-200c, and miR-1275. Gene expres-
sion profiling identified 26 cellular mRNAs targeted by these
miRNAs, including IRAK1, MAPK3, and other components
of the innate immune signalling system. (Buggele et al., 2012).
MAPK3 and IRAK]1 are targeted for mRNA degradation and
protein inhibition by the combinatorial effect of miR-132 and
miR-1275, and miR-146a and miR-1275, respectively. Some of
these miRNAs have the ability to regulate the innate immune
signalling pathways. miR-132 is regulated transcriptionally
by a MAPK3 (ERK1) pathway and it has been suggested that
MAPK3 can use miR-132 to regulate its activity in a negative
feedback loop (Remenyi et al., 2010; Kawashima et al., 2010).

Cellular miR-323, miR-491, and miR-654 inhibit replica-
tion of HIN1 influenza virus through binding the PB1 gene
(Song et al., 2010).

6. Effective siRNA targeting virus protein gene

Anti-influenza potency of a synthetic siRNA is first tested
in cultured cells by using a series of siRNA concentration.
The siRNA that show potency against influenza virus in
cell cultures are then tested on the animal model, usually
on the mouse.

Ge et al. (2003) showed that pre-treatment of MDCK cells
with siRNA specific for NP (1496-1514) or PA (2087-2106)
could inhibit influenza virus replication after infection in
vitro. Tomkins et al. continued experimental work with
these siRNAs in vivo. A mixture of siRNAs specific for highly
conserved regions of the NP (siNP-1496) and PA (siPA-2087)
can protect mice from lethal challenge of influenza virus.
Moreover, these siRNAs were broadly effective and protected
animals against lethal challenge with highly pathogenic avian
influenza A viruses of the H5 and H7 subtypes (Tomkins et
al., 2004; Ge et al., 2004; Suzuki et al., 2009).

Rationally designed siRNA targeting M2 gene (psM-950)
exhibited similar or even slightly higher inhibitory effect
against influenza virus replication compared to that of siNP-
1496 (Sui et al., 2009).

The NP-specific siRNA (psNP-749 and psNP-1383)
can efficiently down-regulate the expression of NP and
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the M2-specific siRNAs (psM-48, psM-754, psM-949) can
down-regulate the expression of M2 protein (Zhou et al.,
2007). Lung virus titres were reduced (16-50%) in the mice
pre-treated with the NP specific siRNA (psNP-1383) together
with the M2-specific siRNA (psM-48).

The oligonucleotide, PB1-shRNA, containing a 21-bp
siRNA corresponding to nucleotides 1632-1652 of linear
VRNA, inhibits influenza A virus replication both in vitro and
in vivo. The virus titer in cell culture supernatant (MDCK
cells) was inhibited more than 50-fold, in embryonated eggs
by a 100-fold. The survival rate oscillated between 50% and
100% in experimental mice (Li et al., 2011).

Viral replication in the siRNA targeting PA (ps-PA496)
treated cells was 78-fold lower than that of the control cells.
This siRNA significantly decreased the viral titre in the lungs
of infected mice (Zhang et al., 2009).

21 nt duplexes of siRNA of the influenza virus M gene
can cause specific inhibition of M1 protein expression in
transfected 293T cells. siRNAs from different regions of M
gene (psM-89, psM-331, and psM-620) had a varying effect
in suppressing M1 protein synthesis. siRNA targeting the
331-351 region of the M gene was most effective in inhibiting
translation of the M1 protein (Hui et al., 2004).

Replication of the influenza virus can be also inhibited
by suppressing NS1 protein. Antisense oligonucleotides with
2'-O-methyl modification on one end and 3'-butanoo tag
modification on the other end decreased 5-fold hem aggluti-
nation titer on chicken fibroblast cells. Oligonucleotides NS2,
NS27,and NS526 protected the infected chicken from H5N1
virus up to 50% and a mixture of the three oligonucleotides
could protect 87.5% of infected chickens (Wu et al., 2008).
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