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Abstract Small interfering RNAs (siRNAs) are as effective as long double-stranded RNAs
(dsRNAs) at targeting and silencing genes by RNA interference (RNAi). siRNAs are widely
used for assessing gene function in cultured mammalian cells or early developing vertebrate
embryos. They are also promising reagents for developing gene-specific therapeutics. The
specific inhibition of viral replication is particularly well suited to RNAI, as several stages
of the viral life cycle and many viral and cellular genes can be targeted. The future success
of this approach will depend on the recent advances in siRNA-based clinical trials.

Keywords RNA interference - Gene silencing - Virus - Toll-like receptors - Virus escape

1
General Mechanism of RNAI

Eukaryotes have evolved a cellular defense system that responds to double-
stranded (ds)RNAs and protects their genomes against these invading foreign
elements. dsRNA delivery into cells has been used to elucidate the role of
cellular genes that are homologous in sequence to the introduced dsRNAs by
means of sequence-specific gene silencing (Fire et al. 1998). RNA interference
(RNAi)-based reverse genetic analysis now provides a rapid link between se-
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quence data and biological function. RNAi is particularly useful for the analysis
of gene function in Caenorhabditis elegans (for reviews, see Hope 2001; Kim
2001). Effective gene silencing typically requires long dsRNAs (Parrish et al.
2000; Elbashir et al. 2001c). However, its application in vertebrates, including
mammals, has proved to be difficult because of the presence of additional
dsRNA-triggered pathways that mediate the non-specific suppression of gene
expression (Caplen et al. 2000; Nakano et al, 2000; Oates et al. 2000; Zhao
et al. 2001). These non-specific responses to long dsRNAs are not, however,
triggered by small interfering RNAs (siRNAs) (Bitko and Barik 2001; Caplen
et al. 2001; Elbashir et al. 2001a; Zhou et al. 2002). siRNAs can target genes
as effectively as long dsRNAs (Elbashir et al. 2001c) and are widely used for
assessing gene function in cultured mammalian cells or early developing ver-
tebrate embryos (Harborth et al. 2001; Elbashir et al. 2002; Zhou et al. 2002).
siRNAs are also promising reagents for developing gene-specific therapeutics
(Tuschl and Borkhardt 2002). However, another major problem for using RNAi
as a tool to inhibit viral replication is predicting the effectiveness of a specific
siRNA. The difficulty lies in making siRNAs trigger silencing in a gene-specific
manner without causing non-target-related biological effects or the emergence
of escape variants by foreign siRNAs. Work over the past 2 years has allowed
investigators to meet this challenge, and the siRNA approach has now been
adopted as a standard methodology for sequence-specific silencing in mam-
malian cells. This review focuses on RNAI as it relates to mammalian systems
and the application of siRNAs for targeting genes that are expressed in virus-
infected cell lines.

Studies in plants and Drosophila have provided fundamental insights into
the mechanism of RNAi, following the demonstration that RNAi was activated
by dsRNAs and the suggestion that it might involve a derivative of dsRNAs
(Fire et al. 1998; Fig. 1).

Biochemical characterization has shown that siRNAs are 21- to 23-nt dsRNA
duplexes with symmetric 2- to 3-nt 3’ overhangs, and 5'-phosphate and 3'-
hydroxyl groups (Elbashir et al. 2001b; Fig. 1). This structure is characteristic
of an RNase III-like enzymatic cleavage pattern, which led to the identification
of the highly conserved Dicer family of RNase III enzymes as the mediators of
dsRNA cleavage (Bernstein et al. 2001; Billy et al. 2001; Ketting et al. 2001).

Extensive biochemical and genetic evidence has allowed a better under-
standing of how long dsRNAs trigger degradation of the target messenger RNAs
(mRNAs) (Fig. 1; for recent reviews, see Sharp 2001; Hannon 2002; McManus
and Sharp 2002; Zamore 2002). Several studies have shown that this process
is restricted to the cytoplasm (Hutvagner and Zamore 2002; Zeng and Cullen
2002; Kawasaki and Taira 2003). In the first step, Dicer cleaves long dsRNAs
to produce siRNAs, which are incorporated into a multiprotein RNA-inducing
silencing complex (RISC). There is a strict requirement for the siRNAs to be 5
phosphorylated in order to enter into the RISC (Nykanen et al. 2001; Schwarz
et al. 2002). siRNAs that lack a 5’ phosphate are rapidly phosphorylated by
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Fig. 1 Model for RNA-mediated interference and silencing. The cellular RNase IIT en-
zyme Dicer processes double-stranded RNA (dsRNA) to 21- to 23-nt short-interfering
RNA (siRNA) duplexes in an ATP-dependent manner. The siRNAs are incorporated into
a siRNA-ribonucleoprotein complex (siRNP), which uses ATP to rearrange itself into the
RNA-induced silencing complex (RISC) by unwinding the siRNA duplex. Once unwound,
the single-stranded antisense siRNA guides the RISC to mRNA with a complementary
sequence, causing endonucleolytic cleavage of the target mRNA. The mRNA-cleavage prod-
ucts are then released and the RISC can be reactivated for another round of catalytic target
RNA cleavage

an endogenous kinase (Schwarz et al. 2002). The duplex siRNA is unwound,
leaving the antisense strand to guide the RISC to its homologous target mRNA
for endonucleolytic cleavage. The target mRNA is cleaved at a single site in the
center of the duplex region between the guide siRNA and the target mRNA,
10 nt from the 5’ end of the siRNA (Elbashir et al. 2001a,b).

Interestingly, endogenously expressed siRNAs have not been found in mam-
mals. However, related microRNAs (miRNAs) have been cloned from various
organisms and cell types (Pasquinelli 2002; Fig. 2). These short (22 nt) RNA
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Fig. 2 MicroRNAs might use the same RNA-processing complex to direct silencing. Process-
ing of the microRNA (miRNA) precursor hairpin (~70 nt) or long double-stranded RNA
(dsRNA) would lead to single-stranded 21- to 23-nt RNA that is associated with the miRNA-
protein complex (miRNP). This complex might direct either mRNA translation repression
or mRNA target cleavage, depending on the degree of complementarity between the 21- to
23-nt RNA and the mRNA

species are produced by Dicer cleavage of longer (70 nt) endogenous precur-
sors with imperfect hairpin RNA structures (Fig. 2). The miRNAs are believed
to bind to sites that have partial sequence complementarity in the 3’ untrans-
lated region (UTR) of their target mRNAs, causing the repression of translation
and the inhibition of protein synthesis (Pasquinelli and Ruvken 2002). More
recently, Zeng et al. (2003) demonstrated that an endogenously encoded hu-
man miRNA was able to cleave an mRNA bearing fully complementary target
sites, whereas an exogenously supplied siRNA could inhibit the expression
of an mRNA bearing partially complementary sequences without inducing
detectable RNA cleavage. These data suggest that miRNAs and siRNAs can
use similar mechanisms to repress mRNA expression, and that the choice of
mechanism might be largely, or entirely, determined by the degree of comple-
mentary of the RNA target. In addition to Dicer, other PAZ/PIWI domain pro-
teins (PPD), including eukaryotic translation-initiation factor 2C2 (eIF2C2),
are likely to function in both pathways (Grishok et al. 2001; Hutvagner and
Zamore 2002; Mourelatos et al. 2002).

Although the apparent lack of RNAi in mammalian cell culture was unex-
pected, yet RNAI has been found in mouse oocytes and early embryos (Svo-
boda et al. 2000; Wianny and Zernicka-Goetz 2000). Similarly, RNAi-related
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transgenic-mediated co-suppression has been observed in cultured Rat-1 fi-
broblasts (Bahramian and Zarbl 1999). Notably, dsRNAs in the cytoplasm of
mammalian cells have been reported to trigger profound physiological reac-
tions that lead to the induction of interferon (IFN) synthesis (Lengyel 1987;
Stark et al. 1998; Barber 2001). In the IFN response, dsRNAs that are longer
than 30 bp bind and activate the protein kinase PKR and 2',5'-oligoadenylate
synthetase (2/,5'-AS) (Minks et al. 1979; Manche etal. 1992). Activated PKR sup-
presses translation by phosphorylating the translation-initiation factor elF2a,
while activated 2/,5'-AS causes mRNA degradation by stimulating RNase L.
These responses are intrinsically sequence-non-specific with respect to the
inducing dsRNAs.

2
Synthetic siRNAs

RNAi mediated by siRNAs is a powerful tool for dissecting gene function and
drug-target validation. siRNAs can be synthesized in large quantities and thus
can be used to analyze large numbers of sequences emerging from genome
projects in a cost-effective manner. However, the phenomenon might reflect
an incorrect sequence of RNAI, poor penetration of the mammalian cells by
the nucleotides, or insufficient knowledge of the protein in question. siRNAs
for gene-targeting experiments have only been introduced into cells via classic
gene-transfer methods, such as liposome-mediated transfection, electropo-
ration, and microinjection, all of which require the chemical or enzymatic
synthesis of siRNAs (Donze and Picard 2002). Synthetic siRNA duplexes can
be incubated with lipid formulations to generate liposomes containing siR-
NAs. In such formulations, cationic lipids bind to oligoribonucleotides through
anion-cation and hydrophobic interactions. The efficiency of siRNA uptake is
dependent upon the cell type. As high concentrations of cationic liposomes can
be toxic, their application must be optimized for each type of target cell (Fel-
gner et al. 1994). In particular, the transfection efficiency into suspension cells,
such as T-cell lines and primary cells, using cationic liposomes is often less
than 10%. Most of the cationic lipid reagents that are currently used for siRNAs
are formulated as liposomes (lipofectamine) containing two lipid species: the
polycationic lipid 2,3-diolexyoloxy-N-[2(spermine-carboxamido)ethyl] N,N-
dimethyl-1-propanaminium trifluoroacetate (DOSPA) and the neutral lipid
dioleoylphosphatidylethanolamine (DOPE) (3:1 w/w). The efficient delivery of
siRNAs by the lipofectamine reagent has been reported for siRNA-mediated
RNAI in cultured mammalian cells (Caplen et al. 2001; Elbashir et al. 2001a;
Garrus et al. 2001; Paul et al. 2002) and siRNA-mediated anti-acquired immun-
odeficiency syndrome (AIDS) therapeutics (Gitlin et al. 2002; Jacque et al. 2002;
Novina et al. 2002; Park et al. 2002, 2003). The further development of liposomes
might enhance their ability to deliver siRNAs to a broader range of target cells.



