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Abstract

Post-transcriptional gene silencing (PTGS) makes possible new approaches for studying the various steps of the viral cycle. Plus-strand
RNA viruses appear to be attractive targets for small interfering RNAs (siRNAs), as their genome functions as both mRNA and replication
template. PTGS creates an alternative to classic reverse genetics for viruses with either negative-strand or double-stranded RNA genomes and
for those with a large genome. PTGS allows modification of the expression of a given cellular gene as a means to elucidate its role in the viral
cycle and in virus–host cell interactions, and to investigate cellular pathways involved in viral pathogenesis. It also allows the creation of new
animal models of human diseases. In addition, PTGS already appears to be a promising new therapeutic tool to fight viral multiplication and
dissemination through the host and to prevent inflammation and virus-induced pathogenesis, including virus-induced tumorigenesis.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Small non-coding (NC) RNAs have important roles regu-
lating a wide range of cellular pathways associated with devel-
opmental programs and the protection of the genome against
mobile genetic elements. In particular, small interfering RNA
(siRNA) molecules mediate post-transcriptional gene silenc-
ing (PTGS), a natural biological phenomenon discovered in
plants [1] and Caenorhabditis elegans [2]. In plants, it is a
natural, conserved mechanism of antiviral immunity. PTGS
is mediated by siRNAs produced by the type III endoribonu-
clease Dicer processing double-stranded (ds) RNA precur-
sors [3]. Elbashir et al. [4] demonstrated that synthetic
21-nucleotide (nt)-long RNA duplexes transfected into cul-
tured cells silenced genes in a sequence-specific manner.
These synthetic siRNAs, with two nucleotide 3′ overhangs,
mimic those produced by the ribonuclease Dicer by diges-
tion of large dsRNAs. Duplexes of RNAs shorter than 30 base
pairs (bp) generally do not activate non-specific suppression
by dsRNA-dependent protein kinase [4,5]. After incorpora-
tion into the RNA-induced silencing complex (RISC), one of
the siRNA strands acts as guide and selects the homologous
target in the mRNA, which is then cleaved and degraded by

RNases (Fig. 1). The efficiency of siRNAs is generally greater
than that of short antisense RNAs. One characteristic of siR-
NAs is that for activity, they must be perfectly base-paired to
their target in the corresponding RNA. However, up to 3 G:U
wobble base pairs do not alter target specificity [6], probably
because they have the same thermodynamic stability as Wat-
son–Crick base pairs [7]. Other small duplex RNAs, named
micro RNAs (miRNAs), are also dependent on Dicer for pro-
cessing, but do not require perfect complementarity of the
mRNA target and block gene expression through transla-
tional inhibition [8,9]. This mechanism therefore differs from
that of PTGS, which is highly sequence-specific. It has
recently been shown that after transfection, small duplex
RNAs displaying one or a few mismatches with their target
sequence sometimes behave like miRNAs, inhibiting trans-
lation of the mRNA, which remains intact [9].

Preferably, siRNA target sequences should be chosen out-
side of RNA regions predicted to be highly structured [4].
Guidelines for the choice of siRNA sequences have been pub-
lished [10–12]; they include a G:C bp at the 5′ end of the
sense strand of the siRNA, an A:T bp and an A-T-rich
sequence at the 5′ end of the antisense strand of the siRNA,
and no G-C stretch longer than 9 bp. Enzymatically prepared
siRNAs have been synthesized in several ways to improve
their efficiency and to lower the cost. In one approach, a large
duplex RNA is cleaved in vitro by a cloned Dicer, as occurs
in cells [13]. This has the advantage of producing a large panel
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of siRNAs covering a long segment of the mRNA, thereby
enhancing efficiency and, in the case of viruses, avoiding the
emergence of escape mutants.Another method involves using
the T7 polymerase to transcribe siRNAs from short DNA tem-
plates encoding siRNAs downstream from a T7 promoter [14].
One of the limitations of chemically or enzymatically synthe-
sized siRNAs is their transient effect in transfected animal
cells. Chemically protected siRNAs and viral vectors have
been used to circumvent this problem [15–17].

The siRNA technology is so powerful that it is leading to a
revolution in molecular virology. It makes possible new
approaches for studying the various steps of the viral cycle,
not only for plus-strand RNA viruses (Fig. 2), but also for all
kinds of viruses. PTGS creates an alternative to classic reverse
genetics for viruses with either negative-strand or dsRNA
genomes and those with a large genome. PTGS allows modi-
fication of the expression of a given cellular gene as a means
to elucidate its role in the viral cycle and in virus–host cell
interactions, and to investigate cellular pathways involved in
viral pathogenesis. It also allows the creation of new animal
models of human diseases. In addition, PTGS already appears
to be a promising new therapeutic tool to fight viral multipli-
cation and dissemination through the host and to prevent
inflammation and virus-induced pathogenesis, including
virus-induced tumorigenesis (see below). The literature on
PTGS is already substantial, and this review is far from
exhaustive. A few examples have been chosen among RNA
and DNA virus families to illustrate the possibilities already
offered by this new technology. Most retroviruses will not be

considered, because they will be the subject of a separate
review in this journal.

2. SiRNA transfer and siRNA-encoding vectors

SiRNAs are negatively charged and do not readily cross
cell membranes. They can be introduced into cells by elec-
troporation.Alternatively, delivery vehicles of two classes can
be used: synthetic carriers such as cationic lipids, peptides
and cationic polymers (reviewed in [18]); and viral vectors.
Non-viral carriers present fewer safety concerns than viral
vectors, but are generally less effective for delivery.

The effect of both chemically and enzymatically synthe-
sized siRNAs is generally transient and typically does not
last more than a week [19]. To prolong the effects, RNA poly-
merase III-driven small RNA expression vectors have been
constructed to induce long-lasting RNA silencing in mamma-
lian cells [20]. SiRNAs are transcribed from H1 or U6 RNA
polymerase III promoters through to a stretch of five T resi-
dues acting as a transcription termination signal. Positive and
negative strands of siRNAs are obtained from either tandem-
type or hairpin-type transcripts. These constructs have been
inserted into several types of vectors, including lentivirus,
adenovirus and adeno-associated virus (AAV) vectors
[16,17,21]. Long-term expression of siRNAs or small hair-
pin RNAs (shRNAs), lasting several weeks, has thereby been
obtained. Note that lentiviruses are suitable vectors for use in
non-dividing cells, and in particular in certain primary cell
cultures [22]. Episomal vectors have also been designed. One

Fig. 1. A schematic model of gene silencing by synthetic siRNAs. Once transfected into cells, synthetic siRNAs are phosphorylated, and a helicase, which may
be associated with the RISC, leads to siRNA unwinding. The antisense strand of siRNA guides the complex towards the cognate mRNA. The target RNA is
cleaved by an endoribonuclease in the RISC in a homology-dependent manner, resulting in mRNA degradation (see [3,4] and references in the text).
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of them contains the ori P origin of replication, a coding
sequence for EBNA-1 protein that is required for episome
maintenance and two H1 tandem promoters that drive the syn-
thesis of each of the siRNA strands [23].

Methods commonly used in vivo include electroporation
of siRNAs into the neural tube of chick embryos [24] and
hydrodynamic injection into the tail vein of mice [25]. SiR-
NAs have also been delivered intranasally [26] and subcuta-
neously [27]. Viral vectors are routinely used in vivo.

3. SiRNA targets in the genome of plus-strand RNA
viruses

Most regions of viral genomes have been assayed as tar-
gets for PTGS. Plus-strand RNA viruses appear to be attrac-
tive targets for siRNAs, as their genome functions as both
mRNA and replication template [28]. A pioneer study by Git-
lin et al. [15], targeting the capsid protein region or the 3D
RNA polymerase region of the poliovirus (PV) genome, has
shown that the viral yield of a one-step growth cycle was about
100-fold lower when cells were transfected by specific anti-
viral siRNAs before infection. Antiviral siRNAs interfered
with viral multiplication early after infection, but were not
dependent on viral replication, and induced specific post-
transcriptional cleavage and degradation of viral RNAs. Cell

protection was slightly extended when both anti-capsid and
anti-polymerase siRNAs were used together. Neither inter-
feron (IFN) nor either of its dsRNA-activated effectors, PKR
or RNAse L, was required for suppression of PV replication
by siRNAs. Interestingly, escape PV mutants rapidly emerged
when cells treated with single siRNAs were infected at a high
multiplicity of infection (MOI = 10), while they rarely
emerged at lower MOIs, suggesting that they were already
present in the initial viral population [15].

A DNA-based human hepatitis A virus (HAV) replicon has
been used in a hepatoma cell line to investigate whether HAV
replication is inhibited by siRNAs targeting regions of the
replicon encoding non-structural proteins [28]. Specific inhi-
bition but not complete suppression of HAV replication was
demonstrated. As for PV [15], combinations of siRNAs were
more effective than single siRNAs for suppressing viral rep-
lication [28]. Unexpectedly, two HAV-specific siRNAs
induced increased replicon expression [28]. Thus, PTGS was
ineffective in this case, probably because of the secondary
structure of target RNA that may influence the efficiency of
PTGS.

A similar phenomenon has also been observed in the case
of a human hepatitis C virus (HCV) replicon and an siRNA
specific for the first nucleotides of the HCV 5’ NC region,
which exhibits a stem–loop structure [29]. Given the medical
importance of HCV infections, several laboratories have

Fig. 2. Schematic representation of the multiplication cycle of an RNA+ virus with potential siRNA targets. Silencing cellular mRNAs encoding proteins
involved in viral multiplication is illustrated on the left-hand side of the figure, and silencing viral RNAs is illustrated on the right-hand side of the figure.
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investigated the possibility of inhibiting the replication of
HCV in cell lines of hepatic origin [23,30–32]. Since no effi-
cient cell culture system for growth of HCV is available, these
studies were performed with HCV replicons harboring a
reporter gene and/or a selective marker. Only some of the
HCV-specific siRNAs were effective (inhibiting HCV repli-
cation at least 10-fold) in an IFN- and cell cycle-independent
manner [30]. A protocol involving two to three successive
transfections with endonuclease-prepared siRNAs was highly
effective [33]. In mice, a siRNA targeting the viral poly-
merase NS5B region reduced expression from a HCV NS5B-
luciferase chimera by 75%, and inhibition was more than 90%
when DNA templates encoding shRNAs were used [34]. In a
hepatoma-derived cell line that already harbors autono-
mously replicating subgenomic HCV RNA, luciferase activ-
ity was reduced by up to 85% in a dose-responsive manner
after transfection of cells by a specific siRNA targeting the 5′
NC region of HCV [31]. Prolonged siRNA effects were
obtained with bicistronic plasmids expressing complemen-
tary siRNAs [23]. Wilson et al. [23] used a self-contained
episomal expression vector that extended the duration of
siRNA activity to 3 weeks. Introduction of siRNAs targeting
another non-structural protein, NS5A, resulted in the inhibi-
tion of NS5A and NS5A-mediated activation of the IL-8 pro-
moter, as well as the inhibition of core protein expression
[32]. SiRNA targeting the core region also resulted in dose-
dependent and specific HCV RNA silencing [35]. SiRNAs
reduced the levels of both (+) and (–) strand RNA [36] and
could clear replicating HCV RNA from >98% of cells. The
HCV NS3-1 gene also appears as a good target for PTGS
[37].

Dengue virus (DENV) is another plus-strand RNA virus
of great medical importance: it causes dengue hemorrhagic
fever and it is responsible for dengue shock syndrome. AAV
vectors encoding siRNAs specific for a 3′ NC sequence com-
mon to all dengue serotypes reduce dengue infection in den-
dritic cells and decrease the dengue-induced apoptosis of these
cells [38].

A novel coronavirus (CoV), responsible for severe acute
respiratory syndrome (SARS), spread worldwide in early
2003. This virus (SARS-CoV), like other members of the
Coronaviridae family, is enveloped and has a large genome
of positive polarity. SiRNAs targeting the SARS-CoV RNA
polymerase blocked cytopathic effects of the virus on Vero
cells, blocked viral RNA and protein synthesis, and reduced
virus production [39].

4. SiRNAs: an alternative to classic viral genetics

Molecular genetics is difficult with viruses having either a
negative-strand RNA genome, or a segmented genome, or a
very large genome. For these viruses, the siRNA technology
offers a potentially valuable alternative strategy to modulate
viral gene expression.

Negative-stranded RNA viruses include important human
pathogens. Among them, pediatric disease caused by human

respiratory syncytial virus (hRSV) claims about a million lives
annually. The non-segmented genomic and antigenomic
RNAs of hRSV escape siRNAs, probably because they are
tightly wrapped with the nucleocapsid protein N, which makes
them inaccessible [40]. Unlike the full-length genomic and
anti-genomic RNA, the mRNAs do not bind N protein. Two
types of hRSV-specific siRNAs have been designed: the first
is specific for the P protein, involved in the formation of a
complex responsible for sustained RNA elongation during
transcription. The second is specific for the fusion protein F.
At nanomolar concentrations, the siRNAs specific for viral P
and F mRNAs abolished expression of the corresponding
mRNAs and proteins, and produced the expected mutant phe-
notype. Targeting the P mRNA substantially diminished all
viral protein production, reduced viral progeny yield by up to
104-fold, and inhibited cell fusion. In contrast, targeting the
F mRNA did not inhibit cytopathic effects completely but
prevented syncytia formation. Therefore, hRSV-specific siR-
NAs allow functional genomic studies, attenuated infection,
reverse genetic analysis and studies of host–virus signaling
pathways [40].

Influenza viruses are another group of major human patho-
genic viruses causing particularly severe respiratory infec-
tions in the elderly and immunocompromised individuals. One
of the advantages of a siRNA treatment is that it does not
require a functional immune system [41]. The genome of
influenza virusA is composed of eight RNA segments of nega-
tive polarity. Ge et al. [41] designed 20 siRNAs targeting
regions of the viral genome that are conserved among differ-
ent subtypes and strains of virus from human and animal spe-
cies. Most viral genes were targeted, except the hemaggluti-
nin and neuraminidase genes, because of the extensive
diversity in these genes. SiRNAs targeting nucleocapsid pro-
tein NP and two proteins of the transcriptase complex (PA
and PB1) were effective, even when cells were infected with
virus a few hours prior to siRNA introduction. In addition,
siRNAs inhibiting influenza virus production in vitro also
inhibited virus production in chicken embryos [41]. Interest-
ingly, the same authors demonstrated that the target of siRNA
was either mRNA, or complementary (+) strand cRNA, or
both, but not viral (–) strand RNA. However, targeting NP
and PA genes resulted in overall inhibition of viral RNA tran-
scription. Influenza virus matrix protein-encoding RNA has
also been successfully targeted [42].

Rotaviruses are the leading etiologic agents of severe diar-
rheas in young children worldwide. They consist of three con-
centric layers of protein that enclose a genome of 11 seg-
ments of dsRNA. Dimers of VP4 form 60 spikes at the surface
of triple-layered particles (TLPs) that are involved in virus
attachment to the cell surface. SiRNAs corresponding to the
VP4 gene efficiently inhibited VP4 synthesis, and the synthe-
sis of other viral proteins was not affected. Most of the viral
particles were TLPs, but lacked VP4. The results reported by
Dector et al. [43] indicate that VP4 was not required for the
budding of double-layered particles (DLPs) into the endo-
plasmic reticulum or for the enveloped intermediate particles
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to lose their lipid envelope. VP4 was not required for the
assembly of VP7 into the third protein layer, but VP7 as-
sembled in a loose manner under these conditions, and formed
spikeless TLPs. The resulting particles were poorly infec-
tious. These findings confirm the essential role of VP4 in the
infectivity of rotavirus [43]. Interestingly, the viral tran-
scripts involved in virus genome replication do not seem to
be susceptible to siRNAs [44,45]. They may either be pro-
tected within electron-dense inclusions (viroplasms) or by
RNA-binding proteins in the cytoplasm. Synthesis ofVP4 was
silenced even when the corresponding siRNA was added 4 h
post-infection [44]. Silencing the VP7 gene prevented the for-
mation of TLPs and caused DLPs to accumulate [45]. Silenc-
ing the viral polymerase, VP1, and the non-structural pro-
tein, NSP5, blocked the secondary transcription of the virus,
with the concomitant inhibition of the synthesis of all viral
proteins (reviewed in [44]). Another potential target is NSP4,
since this viral enterotoxin contributes to diarrhea (reviewed
in [44]). In the absence of a reverse genetics system, PTGS
should be very useful for functional genomic studies in rotavi-
ruses [44].

Herpesviruses are large DNA viruses that typically infect
their host latently after an acute phase. Reactivation of the
lytic virus cycle may occur following induction by various
agents. Two human gammaherpesviruses, Kaposi’s sarcoma
associated herpesvirus (KSHV) and Epstein–Barr virus
(EBV), are associated with several types of malignancies. Jia
and Sun [46] targeted the Rta gene of a murine gammaherp-
esvirus, herpesvirus 68 (MHV68), encoding an immediate–
early viral protein responsible for the switch between the latent
and lytic phases. They also targeted ORF45, a gene that is
conserved among all gammaherpesviruses, making it a good
target. Anti-Rta siRNA cotransfected with virus DNA into
permissive cells significantly blocked Rta expression. It also
blocked the expression of other viral proteins. Cells cotrans-
fected with either anti-Rta- or anti-ORF45-siRNA grew bet-
ter than controls and produced only 1–2% of the virus prog-
eny at 4 days post-transfection [46]. Herpes simplex virus
type 1 (HSV-1) is an alphaherpesvirus that infects epithelial
and neuronal cells. Glycoprotein E (gE) from HSV-1 is essen-
tial for cell-to-cell spread. When human keratinocytes were
transfected with gE-specific siRNAs and then infected with
HSV-1, Bhuyan et al. [47] observed small plaques, corre-
sponding to the phenotype of a gE-deletion mutant of HSV-1.

The human polyomavirus JC, which is responsible for a
demyelinating disease (progressive multifocal leukoencepha-
lopathy), has been successfully blocked by PTGS in human
astrocytic cells [48].

Hepatitis B virus (HBV) causes both acute and chronic
infection of the human liver, which can lead to the develop-
ment of liver cirrhosis and hepatocellular carcinoma. In stable
HBV-producing hepatoma cell lines, siRNAs targeting the
polyadenylation, precore and HBV surface antigen (HBsAg)
significantly decreased the abundance of the corresponding
HBV RNAs [49–51]. In particular, the small HBsAg has been
selected as a target for siRNAs because the major transcripts

synthesized from this genomic region during HBV replica-
tion overlap and include the pregenomic RNA, which serves
both as the template for reverse transcription and the synthe-
sis of viral DNA and mRNA. In mice, injection of either
HBsAg-specific siRNAs or plasmids encoding shRNAs,
together with a plasmid encoding the entire HBV genome,
resulted in the decline in HBV serum marker levels [49,52].
Concomitantly, antiviral siRNA treatment greatly reduced the
number of HBsAg– and core-positive hepatocytes. SiRNA
treatment did not cause inflammatory infiltrate in liver tissue
[49].

5. Targeting cellular factors involved in viral
multiplication

The first cellular molecules to be involved in viral multi-
plication are receptors responsible for virus binding and entry
into the cell. These receptors are particularly interesting tar-
gets for silencing, because the absence of such receptors
blocks all subsequent steps of the viral cycle. Gaggar et al.
[53] used CD46-specific siRNAs to demonstrate the role of
CD46, a ubiquitously expressed complement regulatory pro-
tein, as a cellular attachment receptor for most group B aden-
oviruses. Similarly, the role of the ubiquitous glucose trans-
porter GLUT-1 as a component of the receptor for the human
T cell leukemia virus (HTLV) has been demonstrated by
down-modulating endogenous GLUT-1 expression with siR-
NAs specific for the 3′ NC region of GLUT-1 mRNA [54].
Caveolin-1 knockdown by PTGS reduced human coronavi-
rus 229E infection, because this virus binds to CD13 in rafts
and enters the cell through caveolae [55].

SiRNAs encoded by adenovirus vectors have been used to
confirm the role of putative cellular cofactors for HCV, since
viral replication in Huh-7 hepatoma cells was substantially
blocked by silencing either La (a protein potentially involved
in HCV internal initiation of translation), polypyrimidine tract
binding protein (a protein interacting with both 5′- and 3′-NC
regions), or subunit gamma of eukaryotic initiation factors
2B (a cofactor of HCV cap-independent translation) [56].
Similarly, targeting the human RNA helicase p68 by specific
siRNAs caused a reduction in the transcription of negative-
strand HCV RNA [57].

6. Inhibition of viral dissemination within a host
and inhibition of pathogenesis by siRNAs

DENV serotypes 1–4 are transmitted to humans by the
mosquitoes Aedes aegypti and Aedes albopictus. A Sindbis
virus expression vector was used to study the role of mos-
quito genes in determining mosquito competence and virus
dissemination. Sanchez-Vargas et al. [58] engineered a Sind-
bis virus genome such that it contains the coding region for
early trypsin (TrypEarl) protein, a regulator of the pro-
teolytic cascade in the midguts of blood-fed mosquitoes. The
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recombinant Sindbis virus transcribed a 500-bp region of the
TrypEarl gene. TrypEarl-siRNAs were produced in mos-
quito midguts, leading to degradation of TrypEarl mRNA.
Importantly, this affected dissemination of DENV-2 to tissue
in the head. PTGS can thus be used to identify cellular genes
involved in viral dissemination in mosquitoes.

A baculovirus, Autographa californica nucleopolyhedro-
sis virus, has caused severe economic losses in the silk indus-
try over many years. Interfering with genes essential for bacu-
lovirus virulence, such as a major nucleocapsid gene or an
early transcriptional activator, inhibits viral infections and pre-
vents the death of over 95% of insects [59].

Foot-and-mouth disease virus (FMDV) is a picornavirus
and the etiological agent of a devastating disease of cloven-
hoofed animals, foot-and-mouth disease. W. Chen et al. [27]
engineered plasmids encoding capsid protein VP1-specific
siRNAs and injected them subcutaneouly into the neck of
suckling mice. This treatment rendered mice less susceptible
to FMDV and promoted their survival. Interestingly, pread-
ministration of a plasmid encoding the VP1 transcript con-
tributed to the protection of animals. This result is in agree-
ment with the observation that the effect of siRNA may be
long-lasting if target mRNA is continually available [60].

The murine model has also been used to show that siR-
NAs specific for highly conserved regions of the nucleopro-
tein (NP) or acidic polymerase (PA) of influenza A virus
inhibit viral replication in vivo [26]. The intravenous and intra-
nasal routes of inoculation were used successively. Virus-
specific siRNAs reduced virus titers in the lung and protected
mice against lethal challenge with highly pathogenic avian
influenzaA viruses of the H5 and H7 subtypes [26]. IFN could
not have been responsible for the inhibition of virus replica-
tion, because H5 viruses are resistant to the antiviral effects
of IFNs. In addition, Ge et al. [41] have shown that siRNAs
given after influenza virus infection reduce virus replication
in the lungs of mice, demonstrating a therapeutic effect of
siRNAs.

6.1. SiRNAs and the recovery from virus-induced
abnormal cell proliferation

Over 90% of human cervical cancers harbor a human pap-
illomavirus (HPV) genome, and co-operative effects of the
HPV E6 and E7 genes drive cell transformation. E6 and
E7 interact with key tumor suppressors, p53 and the retino-
blastoma protein pRb, respectively. Silencing the E6 gene in
cervical carcinoma cells positive for HPV16 resulted in selec-
tive E6 mRNA degradation and p53 nuclear accumulation.
Stabilization of p53 was accompanied by induction of the
expression of a cell cycle control protein, p21 (a protein tar-
geted by p53), and reduced cell growth, although no substan-
tial G1 arrest was observed [61]. SiRNA specific for E6 did
not induce significant cell death. In contrast, silencing the
E7 gene induced selective loss of hyper-phosphorylated cel-
lular pRb and caused the cells to round up and to undergo
apoptosis. Therefore, in the case of HPV-positive human car-

cinoma cells, treatment with E7-specific siRNA leads to selec-
tive killing of the cancer cells [61].

Furthermore, in a squamous carcinoma model in New
Zealand white rabbits infected with a cottontail rabbit papil-
lomavirus, the role of specific cellular genes in cell invasion
has been shown by PTGS [62].

Rous sarcoma virus (RSV) causes abnormal proliferation
and tissue disorganization in chick embryos.A plasmid encod-
ing a derivative of RSV modified for use as a retroviral vector
and either RSV Gag-specific siRNAs or a non-specific siRNA
control have been introduced into the neural tubes of chick
embryos by electroporation 2 days after fertilization [24]. The
effects were assessed 3 days later. All embryos electropo-
rated with RSV plus control siRNAs were dead by this time,
with abnormal misplaced proliferative cells, whereas those
receiving RSV plus Gag-specific siRNAs were indistinguish-
able from uninfected embryos. Therefore, RSV-induced
abnormal cell proliferation and tissue disorganization can be
reversed by PTGS [24].

6.2. The limits of RNA interference

Although RNA interference is an extremely powerful tool,
this new technology has several limits. RNA viruses show a
high degree of sequence diversity between different geno-
types; and there is rapid evolution of quasi-species, by muta-
tion and recombination, and the generation of reassortant
genomes in the case of segmented genomes. These are major
problems for the development of siRNA-based gene thera-
pies [33]. In addition, large sections of highly structured,
untranslated regions of viral RNA genomes are resistant to
PTGS [33]. A few siRNAs even enhance expression instead
of having a silencing effect. Others have an off-target effect
and therefore silence the wrong genes [6,63,64]. SiRNAs may
also cross-react with targets of limited similarity [63]. Escape
mutants have emerged after treatment of cells with a single
virus-specific siRNA, in particular when cells are infected at
high MOI [15,65,66]. The design of multiple siRNAs target-
ing different regions of the viral genome, in particular well-
conserved regions, reduces the probability of generating
escape mutants. In addition, some studies have shown that
transfection with siRNAs results in IFN-mediated activation
of the Jak-Stat pathway and general upregulation of IFN-
stimulated genes [67,68]. The effect was mediated by dsRNA-
dependent protein kinase, PKR, and depended on the concen-
tration of siRNAs [68]. Bridge et al. [67] also noted that some
shRNAs produced by a lentiviral vector induced an IFN
response, whereas homologous chemically synthesized siR-
NAs did not. However, some synthetic siRNAs do induce an
IFN response [68]. SiRNAs caused Toll-like receptor 3 to
induce type 1 IFN and sequence-independent mRNA degra-
dation in the course of acute HSV-1 infection of kerati-
nocytes [69]. It is therefore recommended to use the lowest
effective dose of siRNAs or siRNA-encoding vectors [67–69].

PTGS suppressor proteins have been identified in plant and
animal viruses, although the molecular mechanisms of silenc-
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ing inhibition are still poorly understood [70]. Flock house
virus (FHV), which belongs to the Nodaviridae family,
encodes a B2 protein exhibiting a potent silencing-suppression
activity in transgenic plants [71]. B2 is essential for FHV accu-
mulation in Drosophila cells. Li et al. [71] demonstrated that
FHV triggers strong virus RNA silencing and that the same
virus is equipped with an effective silencing suppressor. It
has been suggested that dsRNA-binding proteins, such as the
reovirus outer shell protein sigma 3, could suppress PTGS-
mediated antiviral defenses [70]. Vaccinia virus and human
influenza virus each encode an essential protein that sup-
presses the RNA silencing based-antiviral response in Droso-
phila. The respective suppressors, E3L and NS1, are dsRNA-
binding proteins inhibiting the IFN-regulated innate antiviral
response [72]. These results suggest that PTGS can play a
role in nucleic acid-based antiviral immunity in mammalian
cells [72].

7. Conclusions

Most of our knowledge about the molecular mechanisms
of PTGS comes from studies in plants, C. elegans and Droso-
phila. In mammals, the mechanisms and the tissue-specific
characteristics of PTGS still need to be investigated in greater
detail. The role of PTGS as a natural antiviral response in
mammalian cells has yet to be confirmed, and the transmis-
sion of interference from one cell to another remains an inter-
esting question that should be investigated. The identifica-
tion of viral proteins as PTGS suppressors in mammalian cells
has just started [72], and the various effects of viruses on
PTGS in cells need to be studied. Nevertheless, PTGS is
already extremely useful as a new approach in viral func-
tional genomics and is already widely used to characterize
the role of cellular proteins in the cycles of many viruses.
The possibility of partial silencing allows the role of proteins
required for cell viability to be studied.

For both preventive and therapeutic effects of siRNAs, it
may be useful to reinforce some of the cellular pathways
involved in PTGS. In animals, disease prevention by virus-
specific siRNAs may be useful. In humans, the therapeutic
properties of siRNAs will probably be developed before pre-
ventive applications. Today, there remain many problems con-
cerning how to deliver the appropriate amounts of the desired
siRNAs to the appropriate tissue, at the right time. These siR-
NAs, after testing for the absence of toxicity, will have to be
stabilized, probably by chemical modifications, in order to
obtain long-lasting effects. Despite these current limitations,
the siRNA technology, targeting either viral or cellular genes,
is very promising for the development of treatment for dis-
eases for which neither vaccines nor efficient therapy are cur-
rently available.

Acknowledgements

The authors are very grateful to Laurent Blondel for his
precious help with the figures. This work was supported by
grants from the Institut Pasteur.

References

[1] M.A. Matzke, M. Primig, J. Trnovsky, A.J.M. Matzke, Reversible
methylation and inactivation of marker genes in sequentially trans-
formed tobacco plants, EMBO J. 8 (1989) 643–649.

[2] A. Fire, S. Xu, M.K. Montgomery, S.A. Kostas, S.E. Driver,
C.C. Mello, Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans, Nature 391 (1998) 806–
811.

[3] P.D. Zamore, T. Tuschl, P.A. Sharp, D.P. Bartel, RNAi: double-
stranded RNA directs the ATP-dependent cleavage of mRNA at 21 to
23 nucleotide intervals, Cell 101 (2000) 25–33.

[4] S.M. Elbashir, J. Harborth, W. Lendeckel, A.Yalcin, K. Weber, T. Tus-
chl, Duplexes of 21-nucleotide RNAs mediate RNA interference in
cultured mammalian cells, Nature 411 (2001) 494–498.

[5] G.R. Stark, I.M. Kerr, B.R. Williams, R.H. Silverman, R.D. Schreiber,
How cells respond to interferons, Annu. Rev. Biochem. 67 (1998)
227–264.

[6] S. Saxena, Z.O. Jonsson, A. Dutta, Small RNAs with imperfect match
to endogenous mRNA repress translation. Implications for off-target
activity of small inhibitory RNA in mammalian cells, J. Biol. Chem.
278 (2003) 44312–44319.

[7] D. Gautheret, D. Konings, R.R. Gutell, G.U base pairing motifs in
ribosomal RNA, RNA 1 (1995) 807–814.

[8] Y. Zeng, R. Yi, B.R. Cullen, MicroRNAs and small interfering RNAs
can inhibit mRNA expression by similar mechanisms, Proc. Natl.
Acad. Sci. USA 100 (2003) 9779–9784.

[9] J.G. Doench, C.P. Petersen, P.A. Sharp, siRNAs can function as
miRNAs, Genes Dev. 17 (2003) 438–442.

[10] K. Ui-Tei, Y. Naito, F. Takahashi, T. Haraguchi, H. Ohki-Hamazaki,
A. Juni, et al., Guidelines for the selection of highly effective siRNA
sequences for mammalian and chick RNA interference, Nucleic Acids
Res. 32 (2004) 936–948.

[11] D.S. Schwarz, G. Hutvagner, T. Du, Z. Xu, N. Aronin, P.D. Zamore,
Asymmetry in the assembly of the RNAi enzyme complex, Cell 115
(2003) 199–208.

[12] A. Khvorova, A. Reynolds, S.D. Jayasena, Functional siRNAs and
miRNAs exhibit strand bias, Cell 115 (2003) 209–216.

[13] D. Yang, F. Buchholz, Z.D. Huang, A. Goga, C.Y. Chen, F.M. Brod-
sky, et al., Short RNA duplexes produced by hydrolysis with Escheri-
chia coli RNase III mediate effective RNA interference in mammalian
cells, Proc. Natl. Acad. Sci. USA 99 (2002) 9942–9947.

[14] J.F. Milligan, D.R. Groebe, G.W. Witherell, O.C. Uhlenbeck, Oligori-
bonucleotide synthesis using T7 RNA polymerase and synthetic DNA
templates, Nucleic Acids Res. 15 (1987) 8783–8798.

[15] L. Gitlin, S. Karelsky, R. Andino, Short interfering RNA confers
intracellular antiviral immunity in human cells, Nature 418 (2002)
430–434.

[16] D.A. Rubinson, C.P. Dillon, A.V. Kwiatkowski, C. Sievers, L. Yang,
J. Kopinja, et al., A lentivirus-based system to functionally silence
genes in primary mammalian cells, stem cells and transgenic mice by
RNA interference, Nat. Genet. 33 (2003) 401–406.

[17] L.J. Zhao, H. Jian, H. Zhu, Specific gene inhibition by adenovirus-
mediated expression of small interfering RNA, Gene 316 (2003)
137–141.

[18] S. Han, R.I. Mahato, Y.K. Sung, S.W. Kim, Development of biomate-
rials for gene therapy, Mol. Ther. 2 (2000) 302–317.

[19] T. Tuschl, Expanding small RNA interference, Nat. Biotechnol. 20
(2002) 446–448.

[20] T.R. Brummelkamp, R. Bernards, R. Agami, A system for stable
expression of short interfering RNAs in mammalian cells, Science
296 (2002) 550–553.

[21] O. Pinkenburg, J. Platz, C. Beisswenger, C. Vogelmeier, R. Bals,
Inhibition of NF-kappaB mediated inflammation by siRNA expressed
by recombinant adeno-associated virus, J. Virol. Methods 120 (2004)
119–122.

773F. Colbère-Garapin et al. / Microbes and Infection 7 (2005) 767–775



[22] H. Nishitsuji, T. Ikeda, H. Miyoshi, T. Ohashi, M. Kannagi,
T. Masuda, Expression of small hairpin RNA by lentivirus-based
vector confers efficient and stable gene-suppression of HIV-1 on
human cells including primary non-dividing cells, Microbes Infect. 6
(2004) 76–85.

[23] J.A. Wilson, S. Jayasena, A. Khvorova, S. Sabatinos, I.G. Rodrigue-
Gervais, S. Arya, et al., RNA interference blocks gene expression and
RNA synthesis from hepatitis C replicons propagated in human liver
cells, Proc. Natl. Acad. Sci. USA 100 (2003) 2783–2788.

[24] W.Y. Hu, C.P. Myers, J.M. Kilzer, S.L. Pfaff, F.D. Bushman, Inhibi-
tion of retroviral pathogenesis by RNA interference, Curr. Biol. 12
(2002) 1301–1311.

[25] D.L. Lewis, J.E. Hagstrom, A.G. Loomis, J.A. Wolff, H. Herweijer,
Efficient delivery of siRNA for inhibition of gene expression in
postnatal mice, Nat. Genet. 32 (2002) 107–108.

[26] S.M. Tompkins, C.Y. Lo, T.M. Tumpey, S.L. Epstein, Protection
against lethal influenza virus challenge by RNA interference in vivo,
Proc. Natl. Acad. Sci. USA 101 (2004) 8682–8686.

[27] W. Chen, W.Yan, Q. Du, L. Fei, M. Liu, Z. Ni, et al., RNA interference
targeting VP1 inhibits foot-and-mouth disease virus replication in
BHK-21 cells and suckling mice, J. Virol. 78 (2004) 6900–6907.

[28] T. Kanda, Y. Kusov, O. Yokosuka, V. Gauss-Muller, Interference of
hepatitis A virus replication by small interfering RNAs, Biochem.
Biophys. Res. Commun. 318 (2004) 341–345.

[29] T. Yokota, N. Sakamoto, N. Enomoto, Y. Tanabe, M. Miyagishi,
S. Maekawa, et al., Inhibition of intracellular hepatitis C virus repli-
cation by synthetic and vector-derived small interfering RNAs,
EMBO Rep. 4 (2003) 602–608.

[30] S.B. Kapadia, A. Brideau-Andersen, F.V. Chisari, Interference of
hepatitis C virus RNA replication by short interfering RNAs, Proc.
Natl. Acad. Sci. USA 100 (2003) 2014–2018.

[31] M.Y. Seo, S. Abrignani, M. Houghton, J.H. Han, Small interfering
RNA-mediated inhibition of hepatitis C virus replication in the human
hepatoma cell line Huh-7, J. Virol. 77 (2003) 810–812.

[32] A. Sen, R. Steele, A.K. Ghosh, A. Basu, R. Ray, R.B. Ray, Inhibition
of hepatitis C virus protein expression by RNA interference, Virus
Res. 96 (2003) 27–35.

[33] J. Krönke, R. Kittler, F. Buchholz, M.P. Windisch, T. Pietschmann,
R. Bartenschlager, et al., Alternative approaches for efficient inhibi-
tion of hepatitis C virus RNA replication by small interfering RNAs, J.
Virol. 78 (2004) 3436–3446.

[34] A.P. McCaffrey, L. Meuse, T.T.T. Pham, D.S. Conklin, G.J. Hannon,
M.A. Kay, RNA interference in adult mice, Nature 418 (2002) 38–39.

[35] G. Randall, A. Grakoui, C.M. Rice, Clearance of replicating hepatitis
C virus replicon RNAs in cell culture by small interfering RNAs, Proc.
Natl. Acad. Sci. USA 100 (2003) 235–240.

[36] G. Randall, C.M. Rice, Interfering with hepatitis C virus RNA repli-
cation, Virus Res. 102 (2004) 19–25.

[37] Y. Takigawa, M. Nagano-Fujii, L. Deng, R. Hidajat, M. Tanaka,
H. Mizuta, et al., Suppression of hepatitis C virus replicon by RNA
interference directed against the NS3 and NS5B regions of the viral
genome, Microbiol. Immunol. 48 (2004) 591–598.

[38] W. Zhang, R. Singam, G. Hellermann, X. Kong, H.S. Juan,
R.F. Lockey, et al., Attenuation of dengue virus infection by adeno-
associated virus-mediated siRNA delivery, Genet. Vaccines Ther. 2
(2004) 8.

[39] Z. Wang, L. Ren, X. Zhao, T. Hung, A. Meng, J. Wang, et al.,
Inhibition of severe acute respiratory syndrome virus replication by
small interfering RNAs in mammalian cells, J. Virol. 78 (2004) 7523–
7527.

[40] V. Bitko, S. Barik, Phenotypic silencing of cytoplasmic genes using
sequence-specific double-stranded short interfering RNA and its
application in the reverse genetics of wild type negative-strand RNA
viruses, BMC Microbiol. 1 (2001) 34–45.

[41] Q. Ge, L. Filip, A. Bai, T. Nguyen, H.N. Eisen, J. Chen, Inhibition of
influenza virus production in virus-infected mice by RNA interfer-
ence, Proc. Natl. Acad. Sci. USA 101 (2004) 8676–8681.

[42] E.K. Hui, E.M. Yap, D.S. An, I.S. Chen, D.P. Nayak, Inhibition of
influenza virus matrix (M1) protein expression and virus replication
by U6 promoter-driven and lentivirus-mediated delivery of siRNA, J.
Gen. Virol. 85 (2004) 1877–1884.

[43] M.A. Dector, P. Romero, S. Lopez, C.F. Arias, Rotavirus gene silenc-
ing by small interfering RNAs, EMBO Rep. 3 (2002) 1175–1180.

[44] C.F. Arias, M.A. Dector, L. Segovia, T. Lopez, M. Camacho, P. Isa,
et al., RNA silencing of rotavirus gene expression, Virus Res. 102
(2004) 43–51.

[45] L.S. Silvestri, Z.F. Taraporewala, J.T. Patton, Rotavirus replication:
plus-sense templates for double-stranded RNA synthesis are made in
viroplasms, J. Virol. 78 (2004) 7763–7774.

[46] Q. Jia, R. Sun, Inhibition of gammaherpesvirus replication by RNA
interference, J. Virol. 77 (2003) 3301–3306.

[47] P.K. Bhuyan, K. Kariko, J. Capodici, J. Lubinski, L.M. Hook,
H.M. Friedman, et al., Short interfering RNA-mediated inhibition of
herpes simplex virus type 1 gene expression and function during
infection of human keratinocytes, J. Virol. 78 (2004) 10276–10281.

[48] S. Radhakrishnan, J. Gordon, L. Del Valle, J. Cui, K. Khalili, Intrac-
ellular approach for blocking JC virus gene expression by using RNA
interference during viral infection, J. Virol. 78 (2004) 7264–7269.

[49] H. Giladi, M. Ketzinel-Gilad, L. Rivkin, Y. Felig, O. Nussbaum,
E. Galun, Small interfering RNA inhibits hepatitis B virus replication
in mice, Mol. Ther. 8 (2003) 769–776.

[50] M. Konishi, C.H. Wu, G.Y. Wu, Inhibition of HBV replication by
siRNA in a stable HBV-producing cell line, Hepatology 38 (2003)
842–850.

[51] Y. Li, S. Wasser, S.G. Lim, T.M. Tan, Genome-wide expression
profiling of RNA interference of hepatitis B virus gene expression and
replication, Cell. Mol. Life Sci. 61 (2004) 2113–2124.

[52] A.P. McCaffrey, H. Nakai, K. Pandey, Z. Huang, F.H. Salazar, H. Xu,
et al., Inhibition of hepatitis B virus in mice by RNA interference, Nat.
Biotechnol. 21 (2003) 639–644.

[53] A. Gaggar, D.M. Shayakhmetov, A. Lieber, CD46 is a cellular recep-
tor for group B adenoviruses, Nat. Med. 9 (2003) 1408–1412.

[54] N. Manel, F.J. Kim, S. Kinet, N. Taylor, M. Sitbon, J.L. Battini, The
ubiquitous glucose transporter GLUT-1 is a receptor for HTLV, Cell
115 (2003) 449–459.

[55] R. Nomura, A. Kiyota, E. Suzaki, K. Kataoka, Y. Ohe, K. Miyamoto,
et al., Human coronavirus 229E binds to CD13 in rafts and enters the
cell through caveolae, J. Virol. 78 (2004) 8701–8708.

[56] J. Zhang, O.Yamada, T. Sakamoto, H.Yoshida, T. Iwai,Y. Matsushita,
et al., Down-regulation of viral replication by adenoviral-mediated
expression of siRNA against cellular cofactors for hepatitis C virus,
Virology 320 (2004) 135–143.

[57] P.Y. Goh, Y.J. Tan, S.P. Lim, Y.H. Tan, S.G. Lim, F. Fuller-Pace, et al.,
Cellular RNA helicase p68 relocalization and interaction with the
hepatitis C virus (HCV) NS5B protein and the potential role of p68 in
HCV RNA replication, J. Virol. 78 (2004) 5288–5298.

[58] I. Sanchez-Vargas, E.A. Travanty, K.M. Keene, A.W. Franz,
B.J. Beaty, C.D. Blair, et al., RNA interference, arthropod-borne
viruses, and mosquitoes, Virus Res. 102 (2004) 65–74.

[59] C.F. Flores-Jasso, V.J. Valdes, A. Sampieri, V. Valadez-Graham,
F. Recillas-Targa, L. Vaca, Silencing structural and nonstructural
genes in baculovirus by RNA interference, Virus Res. 102 (2004)
75–84.

[60] E. Song, S.K. Lee, D.M. Dykxhoorn, C. Novina, D. Zhang, K. Craw-
ford, et al., Sustained small interfering RNA-mediated human immu-
nodeficiency virus type 1 inhibition in primary macrophages, J. Virol.
77 (2003) 7174–7181.

[61] M. Jiang, J. Milner, Selective silencing of viral gene E6 and
E7 expression in HPV-positive human cervical carcinoma cells using
small interfering RNAs, Methods Mol. Biol. 292 (2004) 401–420.

[62] E. Huber, D. Vlasny, S. Jeckel, F. Stubenrauch, T. Iftner, Gene profil-
ing of cottontail rabbit papillomavirus-induced carcinomas identifies
upregulated genes directly involved in stroma invasion as shown by
small interfering RNA-mediated gene silencing, J. Virol. 78 (2004)
7478–7489.

774 F. Colbère-Garapin et al. / Microbes and Infection 7 (2005) 767–775



[63] A.L. Jackson, S.R. Bartz, J. Schelter, S.V. Kobayashi, J. Burchard,
M. Mao, et al., Expression profiling reveals off-target gene regulation
by RNAi, Nat. Biotechnol. 21 (2003) 635–637.

[64] H. Kawasaki, E. Suyama, M. Iyo, K. Taira, siRNAs generated by
recombinant human Dicer induce specific and significant but target
site-independent gene silencing in human cells, Nucleic Acids Res. 31
(2003) 981–987.

[65] D. Boden, O. Pusch, F. Lee, L. Tucker, B. Ramratnam, Human
immunodeficiency virus type 1 escape from RNA interference, J.
Virol. 77 (2003) 11531–11535.

[66] A.T. Das, T.R. Brummelkamp, E.M. Westerhout, M. Vink,
M. Madiredjo, R. Bernards, et al., Human immunodeficiency virus
type 1 escapes from RNA interference-mediated inhibition, J. Virol.
78 (2004) 2601–2605.

[67] A.J. Bridge, S. Pebernard, A. Ducraux, A.L. Nicoulaz, R. Iggo, Induc-
tion of an interferon response by RNAi vectors in mammalian cells,
Nat. Genet. 34 (2003) 263–264.

[68] C.A. Sledz, M. Holko, M.J. de Veer, R.H. Silverman, B.R. Williams,
Activation of the interferon system by short-interfering RNAs, Nat.
Cell Biol. 5 (2003) 834–839.

[69] K. Kariko, P. Bhuyan, J. Capodici, H. Ni, J. Lubinski, H. Friedman,
et al., Exogenous siRNA mediates sequence-independent gene sup-
pression by signaling through toll-like receptor 3, Cells Tissues
Organs 177 (2004) 132–138.

[70] Z. Lichner, D. Silhavy, J. Burgyan, Double-stranded RNA-binding
proteins could suppress RNA interference-mediated antiviral
defences, J. Gen. Virol. 84 (2003) 975–980.

[71] H.W. Li, W.X. Li, S.W. Ding, Induction and suppression of RNA
silencing by an animal virus, Science 296 (2002) 1319–1321.

[72] W.X. Li, H. Li, R. Lu, F. Li, M. Dus, P. Atkinson, et al., Interferon
antagonist proteins of influenza and vaccinia viruses are suppressors
of RNA silencing, Proc. Natl. Acad. Sci. USA 101 (2004) 1350–1355.

775F. Colbère-Garapin et al. / Microbes and Infection 7 (2005) 767–775


	Silencing viruses by RNA interference
	Introduction
	SiRNA transfer and siRNA-encoding vectors
	SiRNA targets in the genome of plus-strand RNA viruses
	SiRNAs: an alternative to classic viral genetics
	Targeting cellular factors involved in viral multiplication
	Inhibition of viral dissemination within a host and inhibition of pathogenesis by siRNAs
	SiRNAs and the recovery from virus-induced abnormal cell proliferation
	The limits of RNA interference

	Conclusions

	Acknowledgements
	References

