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Antisense Inhibition
Oligonucleotides, Ribozymes, and siRNAs

Y. Clare Zhang, Meghan M. Taylor, Willis K. Samson,
and M. lan Phillips

1. Introduction

Over a span of more than two decades, antisense strategies for gene therapy
have expanded from antisense oligonucleotides (AS-ODNs) solely, to the
addition of ribozymes and, more recently, to the inclusion of small interfering
RNAs (siRNAs). Antisense therapeutics has also experienced its phases of high
expectation, sudden disappointment, and meticulous rediscovery, while
maintaining its status as a viable and effective gene therapy approach. With
the discovery of RNA interference (RNAi) and development in delivery of
these gene drugs, more preclinical and clinical investigations are anticipated
to take place in the near future to finally fulfill the promise of antisense thera-
peutics in humans.

2. Antisense Oligonucleotides

AS-ODNs are typically 18-25 bases in length, consisting of sequences that
are complementary to the target RNA. They can be injected directly into tis-
sues or delivered systemically. Once delivered into cells, oligonucleotide binds
to its RNA counterpart and suppresses expression of the proteins encoded by
target RNA. The specificity of this approach is based on the probability that
any sequence longer than a minimal number of nucleotides (nt)—13 for RNA
and 17 for DNA—occurs only once within the human genome. The idea of
antisense therapy for inhibiting disease-associated proteins has become par-
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ticularly appealing since Zamecnik and Stephenson (1) first demonstrated in
1978 the reduction of Rous sarcoma viral RNA translation by a specific oligo-
nucleotide.

2.1. Mechanisms of Antisense Inhibition

Gene expression can be altered by oligonucleotides by means of either
posttranscriptional inhibition or splicing shift. Posttranscriptional inhibition is
accomplished by several mechanisms including sterical blockade of ribosomal
access to the target mRNA, induction of RNase H cleavage of mRNA, and
inhibition of ribosomal assembly. The net outcome of this process is the dimin-
ished translation of target proteins. Oligonucleotides chemically modified by
phosphorothioation are especially effective in activating RNase H, resulting in
sequence-specific digestion of the target mRNA molecules. This destruction
of RNA while leaving the DNA oligonucleotide intact allows the oligonucle-
otide to be recycled, which makes AS-ODNs long lasting. A majority of
antisense studies so far, including most clinical trials, are aimed at reducing
undesired disease-associated proteins by virtue of translational inhibition. Alter-
natively, oligonucleotides that are RNase H inactive and designed toward a cer-
tain exon—intron junction can prevent the pre-mRNA splicing at the targeted
site and redirect the splicing to a more favored site. The therapeutic potential
of this approach has been exemplified in the correction of the expression of
B-globin and the breast cancer gene BCL-X in related diseases. Certain forms
of B-thalassemia are caused by aberrant splicing of $-globin pre-mRNA that
leads to abrogation of the protein production (2). AS-ODNs designed to the
untoward splice site have been proven effective at inhibiting aberrant splicing
and at restoring 3-globin expression in thalassemic patients (3). Likewise, alter-
native splicing of BCL-X pre-mRNA gives rise to two isoforms, BCL-XL and
BCL-XS, with opposing antiapoptotic and proapoptotic activities. Targeting
the BCL-XL splice site with oligonucleotides favored production of the
proapoptotic BCL-XS protein that enhances cell death in prostate and breast
tumor cells (4).

2.2. Targeting Antisense

Although antisense can be designed against any region of the target RNA in
theory, different sequences vary markedly in efficiency of gene inhibition. The
accessibility of oligonucleotides to RNA is considered the most important fac-
tor in choosing the optimal antisense sequences. Computational analysis of the
secondary structure of RNA by programs such as mfold or RNAstructure has
been used to facilitate selection of target sites for antisense action (5); how-
ever, it does not take into account the three-dimensional structures as well as
the instant interaction of RNA molecules with other factors. More commonly
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taken routes involve evaluation of accessible sites by use of RNase H mapping
(6) or scanning oligonucleotide arrays for the best hybridization signals (7).
Nevertheless, in general, targeting the start codon AUG, where mRNA is sup-
posedly open for ribosomal entry, has been a successful strategy, although in
many cases other sequences turned out to be more effective. Despite these pre-
dictive approaches, the selection of optimal antisense sequences still requires
trial-and-error testing initially and, in the end, needs to be confirmed in vivo.

2.3. Chemical Modifications

Stability and efficient delivery, prerequisites for oligonucleotides to achieve
observable therapeutic effects, have been obstacles due to their macromolecu-
lar nature. Numerous chemical modifications and delivery approaches have
been developed to overcome this problem (Fig. 1). The first generation of
antisense agents contains backbone modifications such as replacement of oxy-
gen atom of the phosphate linkage by sulfur (phosphorothioates), methyl group
(methylphosphonates), or amines (phosphoramidates). Of these, the phosphor-
othioates have been the most successful and used for gene silencing because of
their sufficient resistance to nucleases and ability to induce RNase H func-
tions. However, their profiles of binding affinity to the target sequences, speci-
ficity, and cellular uptake are less satisfactory. The second generation of
antisense modifications was aimed at improving these properties, among which
substitutions of position 2' of ribose with an alkoxyl group (e.g., methyl or
methoxyethyl groups) were most successful. 2'-O-methyl and 2'-O-
methoxyethyl derivatives can be further combined with phosphorothioate link-
age (8). The third generation contains structural elements, such as zwitterionic
oligonucleotides (possessing both positive and negative charges in the mol-
ecule); locked nucleic acids (LNAs)/bridged nucleic acids (BNAs) (9);
morpholino (10); peptide nucleic acids (PNAs) (with a pseudopeptide back-
bone) (11); and, more recently, hexitol nucleic acids (HNA) (12). All of the
modifications enhanced AA-ODNs in terms of nuclease resistance; specific
binding; and with agents such as PNA and morpholino, cellular uptake. How-
ever, the ability of oligonucleotides to induce RNase H cleavage was abolished
by these alterations. Therefore, chimeric oligonucleotides with an unmodified
RNase H—susceptible core flanked by modified nuclease-resistant nucleotides
have recently been proposed to address this issue and applied in a number of
investigations (13), including clinical trials.

2.4. Delivery of Antisense

Oligonucleotides are primarily taken up by cells via endocytosis. Only a
portion of oligonucleotides are able to escape endosome/lysome, enter the
nucleus, and bind to its RNA complement. Because of the hydrophilic and
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macromolecular nature, permeation of oligonucleotides across cell membrane
is relatively difficult. Even after two decades of research, safe and efficient
delivery of oligonucleotides in vivo still remains a major barrier to the clinical
success of antisense therapies. Cationic liposomes and electroporation are com-
monly used carriers. A large variety of liposomal formulas have been devel-
oped to facilitate antisense delivery, some of which have entered clinical trials
(14). More recently, nanoparticles and oligonucleotide conjugates have shown
improved cellular uptake, biodistribution, and targeted delivery, especially in
cancer treatment (15,16). A hydrodynamic tail vein injection has proven very
effective in delivering oligonucleotides into liver of rodents (17). Inhalable
and topical applications of oligonucleotides in patients have shown satisfac-
tory profiles of uptake and distribution (18,19). However, interestingly, most
AS-ODNs that are therapeutically valuable in animal models and in patients
have been administered in the form of naked compounds, despite the progress
in antisense delivery.

2.5. Antisense in Therapies

Antisense therapeutics has seen its ups and downs since the first antisense
trial was planned in leukemia in 1992 (20), followed by the excitement over
the FDA approval of the first antisense drug, Fomivirsen, for the treatment of
cytomeglovirus (CMV) retinitis in 1998 (21). In addition, more recently, a
phase III trial reported disappointing results for Affinitak (an antisense inhibi-
tor of protein kinase C-a [PKC-a]) for the treatment of non—small cell lung
cancer (NSCLC). Cancer is the major target of ongoing clinical trials using
antisense therapies, followed by human immunodeficiency virus (HIV) and
other immune-related diseases (Table 1). The targets of antisense for cancer
treatment include genes involved in cell growth, apoptosis, angiogenesis, and
metastasis. A limitation for antisense as a therapy for cancer may be the single-
target approach. Even if the target is successfully inhibited by antisense, other
targets may be activated and compensate for the antisense inhibition. Another
potential problem is that for successful suppression of cancer growth, the inhi-
bition should be 100%. However, the mechanism of antisense inhibition is al-
ways in competition with constitutive copies of mRNA, making a 100%
knockdown difficult to achieve. It is noteworthy that after extensive efforts at
endogenous expression of antisense RNA by plasmids and viral vectors in a
variety of disease models, viral delivery of antisense has recently advanced to
human patients; VRX 496 (a lentivirus vector encoding antisense to HIV-1 env
protein) started its phase I trial in 2003. Cancer vaccine, a cell therapy using
NSCLC cell lines genetically engineered to express transforming growth fac-
tor-f3 (TGF-f) antisense, has also been tested in patients with lung cancer. With
the emergence of new generations of modified oligonucleotides and delivery
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technologies, antisense therapeutics is closer to fulfilling its promise in the
clinic for diseases other than cancer, such as cardiovascular disease, psoriasis,
and Crohn’s disease.

3. Ribozymes
3.1. What Are Ribozymes?

It was discovered in the early 1980s that some naturally occurring RNA
molecules have enzymatic activity (22,23). These enzymatic RNA molecules
were termed ribozymes. Ribozymes recognize specific RNA sequences and
then catalyze a site-specific phosphodiester bond cleavage within the target
molecule. Following cleavage, the ribozyme releases itself and binds to another
target molecule, repeating the process. The cellular consequence varies depend-
ing on the setting. There are many naturally occurring ribozymes, including in
plant viroids, ribosomes, self-splicing introns, and the RNA portion of RNase
P. In plant and animal cells, as well as in viruses, ribozymes are necessary for
some normal cellular processes such as transcription. The goal of most syn-
thetic ribozyme usage, however, is reduction in targeted RNA and, thus, lower
levels of the protein encoded by the target RNA.

Ribozyme substrate recognition occurs in the same manner as antisense pair-
ing, through strand complementarity. Therefore, any decrease in target protein
following ribozyme treatment could in part be due to antisense inhibition of
translation or the recruitment of cellular enzymes to the double-stranded RNA
(dsRNA) molecules. However, the ability of each ribozyme molecule to rap-
idly cleave multiple target molecules gives this technology an advantage over
classic antisense that can act only on a single RNA molecule. In fact, the rate
constants of ribozyme cleavage reactions can approach and exceed those of
protein enzymes, including enzymes with similar functions such as RNase A
(24,25).

There are multiple types of ribozymes; the two most commonly used for
research and therapeutic purposes are the hammerhead ribozyme and the hair-
pin ribozyme (Figs. 2 and 3). One of the smallest and most well-understood
ribozymes, the hammerhead ribozyme, is composed of 30-40 nt and was origi-
nally discovered as a common sequence found in plant viroids that undergo
site-specific, self-catalyzed cleavage as part of their replication process (26).
All hammerhead ribozymes have a common structure consisting of three base-
paired helices connected by two invariant single-stranded regions forming the
catalytic core. Helices 1 and 3 contain the antisense arms of the ribozyme.
Helix 3 also contains the cleavage triplet, the site that is cut by the catalytic
core. The triplet most commonly found in naturally occurring hammerhead
ribozymes is GUC; however, mutagenesis studies have shown that any cleav-
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Fig. 2. Schematic of a natural hammerhead ribozyme. Hammerhead ribozymes con-
sist of three helices, formed by complementary base pairing, which are connected by
single-stranded regions. Loop 3 is removed to generate a trans-cleaving ribozyme;
helices 1 and 3 then form the antisense arms. The most commonly found cleavage
triplet, GUC, is indicated, as is the cleavage site. The single-stranded domain at the
top of helix 2 is the catalytic core. Highly conserved GC residues in helix 2 are neces-
sary for catalytic activity.

age triplet with the sequence NUH is tolerated, in which N is any nucleotide
and H is A, U, or C (27). Hammerhead ribozymes catalyze the hydrolysis of
the phosphodiester bond at the 3' end of the cleavage triplet. The mechanism
requires a divalent metal ion, usually Mg?*, which plays two crucial roles in
ribozyme function: it promotes proper folding of the catalytic core and also is
a catalytic cofactor (28).

Native hammerhead ribozymes are cis-cleaving enzymes, meaning that their
targets lie within the same RNA molecule. The ribozyme structure can be engi-
neered to create an intermolecular cleaving ribozyme consisting of two single-
stranded antisense arms surrounding the catalytic core and helix 2 so that it
will cleave within a different RNA molecule. Because RNA often folds into
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Fig. 3. Schematic of a natural hairpin ribozyme. Hairpin ribozymes consist of 4
helices, formed by complementary base pairing, which are connected by single
stranded regions. The small loop at the base of the ribozyme is removed to generate a
trans-cleaving hairpin ribozyme; helices 1-4 then form portions of the antisense arms.
The cleavage site is indicated. Loops A and B comprise the catalytic core domains.
The sequences of both loops are highly conserved, as are the GC residues in helix 2.

complex secondary structures, the accessibility of the target site to the anneal-
ing arms of the ribozyme must be considered when designing a ribozyme. Arm
lengths of 7 to 8 nt are optimal to convey both specificity and access to most
ribozymes (29). These shorter annealing arms also aid in turnover of the
ribozyme, enhancing the ability of each ribozyme molecule to cleave multiple
target RNA molecules (30).

Hairpin ribozymes, like hammerhead ribozymes, are found in some plant
viroids that undergo self-catalyzed cleavage as part of their replication pro-
cess. Hairpin ribozymes contain four base-paired helices and two unpaired
loops. The ribozyme cleavage site resides within loop A. The helices can vary



Antisense Inhibition 21

in length and will tolerate any sequence that maintains complementarity with
the exception of a requirement for a guanine residue located at the beginning of
helix 2, which is required for cleavage site recognition (31). Nucleotides within
the catalytic loop regions, however, must be highly conserved to ensure cata-
lytic activity of the ribozyme (31).

Hairpin ribozymes catalyze site-specific hydrolysis of the phosphodiester
bond on the complementary strand of RNA that is one base upstream of the
conserved guanine in helix 2. Hairpin ribozymes, like hammerhead ribozymes,
require an Mg>* ion to activate proper secondary structure. However, unlike
the hammerhead ribozyme, Mg?* does not play a direct role in the catalytic
process (32). The exact catalytic mechanism used by hairpin ribozymes is not
yet fully understood. A greater understanding of how both hammerhead and
hairpin ribozymes work and of methods to optimize their function will enhance
their attractiveness as potential therapeutic agents.

3.2. Delivery of Ribozymes

Two major issues in the use of ribozymes for research and therapy are ensur-
ing that the ribozyme is delivered to the target tissues and ensuring that the levels
of ribozyme delivered are adequate to produce the desired effect. There are
two methods for delivering the ribozyme to cells: exogenous delivery of a
presynthesized ribozyme or endogenous expression of the ribozyme. Exog-
enous delivery is relatively easy and rapid; however, as with antisense, there
are two main problems with this technique; cellular uptake of the ribozyme is
often difficult to achieve, and once the ribozyme is taken up, it is quickly
degraded. Cellular uptake of the ribozyme can be enhanced through the use
of cationic liposomes. These cationic lipid micelles have the added benefit of
protecting the ribozymes from RNase present in serum. To enhance further the
lifespan of ribozymes they are frequently chemically modified. The addition of
a 2'-O-methyl moiety on some or all of the bases is the most commonly used
modification. Work is currently being done to engineer DNAzymes, which
should be more stable than their ribozyme RNA counterparts (33). One benefit
of exogenous ribozyme delivery in vivo is that the immune system is fairly
tolerant of foreign RNA molecules (34).

The other method for delivering ribozymes, endogenous expression of the
ribozyme, is most often accomplished using viral vectors; however, plasmid
vectors may also be used. Both retroviral and DNA viral vectors have been
used. Expression cassettes can be designed to carry cell type—specific or condi-
tional transcription initiation sites, as well as to include reporter proteins. The
big advantage of an endogenous ribozyme is that it can be continuously pro-
duced, allowing for the compromise of target protein production over a long
period of time.
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3.3. Research and Therapeutic Uses of Ribozymes

There are four main uses of ribozymes in the medical field: as a research
tool, as a chemotherapeutic agent, as an antiviral agent, and as a method to
overcome acquired dominant genetic diseases.

With the recent sequencing of the Drosophila, mouse, and human genomes,
there was a surge of newly identified proteins whose role in the organism is
currently unknown or not fully understood. The use of ribozymes to selec-
tively target these new proteins offers an attractive method to rapidly screen
their role in vivo. This method, along with other antisense techniques, offers
several advantages over traditional methods of screening proteins. First, only a
partial cDNA sequence is required to design a ribozyme. Second, ribozymes
can be generated very rapidly, whereas both traditional and conditional knock-
out animals as well as transgenic overexpression animals require a significant
amount of time to generate. Finally, ribozymes can lead to greater effects for
longer periods of time when compared with antibody neutralization of the tar-
get protein.

In addition to rapid screening of new proteins, ribozyme technology can
also be used to overcome problems with traditional protein function studies. For
example, we use ribozymes to target a protein that when knocked out results in
embryonic demise in mice and for which conditional knockouts have been
unsuccessful (35). Ribozymes can also be used to locally target a protein that
is made in many tissues, such as to lower targeted protein levels in brain
without altering protein expression in the periphery.

The specificity of ribozymes makes them very attractive as therapeutics in
disease states in which a protein is overexpressed or is malfunctioning.
Ribozymes have the capability to specifically recognize single nucleotide dif-
ferences in their targets. This special feature has resulted in the development of
ribozymes to target oncogenes that are frequently mutated in tumors. For
instance, the oncogene H-ras is mutated at a high frequency in many cancers;
therefore, a ribozyme that recognizes only the mutant H-ras transcript has the
potential to be a very efficacious treatment. Several ribozymes have been devel-
oped that can discriminate between H-ras mutants and the normal H-ras tran-
script and initial studies have shown that stable expression of H-ras mutant
ribozymes leads to reduced tumor formation in athymic mice (36,37).

Alternative uses for ribozymes in cancer therapy are to block the elevation
of normal gene products, such as c-fos, that occur in transformed cells or to
block angiogenic pathways. One such antiangiogenic ribozyme is targeted to
flt-1 mRNA, which encodes for the vascular endothelial growth factor receptor
(VEGF-R). The ribozyme has been shown to be well tolerated when adminis-
tered daily by sc injection, and this dosing schedule leads to prolonged eleva-
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tion in the plasma levels of ribozyme (38). This ribozyme is now in phase II
clinical trials in which therapeutic efficacy in breast and colorectal cancers is
being examined.

A different set of circumstances in which a ribozyme can offer great thera-
peutic potential is the treatment of acquired dominant genetic diseases. Retini-
tis pigmentosa is a genetic disease that causes carriers of the dominant P23H
rhodopsin allele to slowly lose their vision. Hauswirth and Lewin have devel-
oped a ribozyme that recognizes only the dominant version of the gene tran-
script, which differs by two bases from the wild-type gene. Ribozyme treatment
has resulted in a halt of disease progression in various species including rat,
dog, and now monkey (39,40). This treatment is currently being prepared to
enter the first phase of clinical trials. Promising results from this study could
open the door for the development of ribozymes to treat other dominant genetic
disorders.

One final area where ribozyme therapy holds much promise is as antiviral
agents, particularly in the treatment of retroviral infections. Many RNA viruses
such as HIV have very high mutation rates throughout much of their genome
that renders the mutated viruses resistant to current treatments. However, some
sequences, including promoters and slicing signals, are highly conserved in
HIV and among other RNA viruses. These regions provide excellent targets
for ribozymes. In fact, some groups have designed ribozymes against conserved
areas of HIV and have shown that ribozyme treatment can provide long-term
HIV resistance and decrease HIV replication in infected cells (41). Several
companies now have ribozymes directed against HIV in various stages of clini-
cal trials. Other viruses for which ribozyme treatments are also being designed
include hepatitis B, hepatitis C, and the herpes viruses. Table 2 summerizes
ongoing clinical trials using ribozymes.

The use of ribozymes for the inhibition of gene expression holds great prom-
ise in both therapeutics and research; however, we have only begun to under-
stand the potential of these molecules. Efforts to improve the stability and
delivery of ribozymes will enhance their usefulness as therapeutic agents and
lead to a greater recognition of the role of novel proteins in selected tissues
and the body as a whole.

4. RNA Interference with siRNA
4.1. What Is siRNA?

RNAI is a form of antiviral immune response mounted by many higher eu-
karyotes—including plants, nematodes, and insects—on exposure to dsSRNA.
dsRNA molecules are key intermediates in the genomic replication of many
viruses but are not normally found in eukaryotic cells. In contrast to the inter-
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feron responses of mammalian cells in the face of viral infection, RNAI is used
by many other eukaryotes to defend against viruses through dsRNA-induced
degradation of viral RNAs.

The first evidence that dSRNA could suppress gene functions came from the
work in Caenorhabditis elegans (42). In 1998, Fire et al. (43) found that sense
RNA was as effective as antisense RNA for inhibiting genes. Subsequently,
Zamore et al. (44) demonstrated that dsSRNA was at least 10-fold more potent
as a silencing trigger than was sense or antisense RNA alone. Since then, gene
silencing by dsRNA has been termed RNAI, and its mechanisms have been
elucidated vigorously. Our current mechanistic understanding of RNAi derives
largely from work in the Drosophila system (44,45). The first step of RNAI is
to process longer dsRNA into 21- to 23-nt fragments that bear 3' overhangs by
an RNase III-like enzyme called Dicer (46). These approx 21 nt dsRNAs,
which are termed as siRNA, are essential to form a large (approx 500-kDa)
RNA-induced silencing complex (RISC) (47). Through a yet-undefined mecha-
nism, RISC cleaves the target mRNA that is complementary to the guide
siRNA, whether the target RNA is a viral mRNA or a cognate gene.

4.2. Application in Mammalian Cells

The key characteristics of RNAI are its remarkable sequence specificity,
and it can therefore be used to target gene expression. It was found in Droso-
phila that artificial siRNAs can be incorporated into RISC and induce degrada-
tion of target mRNA. However, previous efforts to induce RNAI in cultured
mammalian cells had largely failed because long dsRNAs (>30 bp) could induce
a potent, nonspecific interferon response and activation of the protein kinase
PKR and 2',5'-oligoadenylate synthetase (48,49). dsSRNAs shorter than 30 bp
do not activate the PKR and interferon pathways. In 2001, a pioneering work
by Elbashir et al. (50) demonstrated that transfection of 21 nt synthetic siRNAs
into cultured human cells can effectively inhibit gene expression in a sequence-
specific manner with extremely high inhibitory efficiency. The advantages and
great potential of RNAi technology, including high efficiency (typically
>85%), have since raised tremendous interest in this field and generated rap-
idly emerging progress (reviewed in refs. 51 and 52). These advances have
expanded RNAIi technology from the use of synthetic siRNA for the endog-
enous production of small hairpin RNA (shRNA) by plasmid and viral vectors,
and from transient inhibition in vitro to longer-lasting effects in vivo and in
transgenic animals. This makes possible the utilization of RNAi in suppressing
undesirable genes for human gene therapy.

siRNA-mediated gene silencing is sequence specific and dose dependent.
As with antisense oligonucleotides and ribozymes, the efficient delivery of
siRNA into cells of choice is currently the limiting factor to successful gene
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inhibition. The delivery of siRNA can be in the form of naked compounds
(53), or markedly improved by cationic liposomes (54) or electroporation (55),
depending on cell types. Structural variations and sequence mutations have
been made to investigate the structural and sequence requirements for siRNA-
induced gene silencing. It was found that the status of the 5" hydroxyl terminus
of the antisense strand of an siRNA determines RNAi activity, while a 3' termi-
nus block is tolerated (56—58). Sequence mutations, on the other hand, are gen-
erally tolerated at the 5' end, but not the 3' end (59). Chemical modifications
such as phosphorothioation and 2'-O-methylation and 2'-O-allylation were
developed to improve the nuclease resistance of synthetic siRNAs (56,59,60).
Certain chemical modifications at selected sites prolonged the siRNA activi-
ties, whereas others compromised the efficiency. Simultaneous knockdown of
more than two genes is possible, as illustrated by the double suppression of the
nuclear mitotic apparatus protein (NUMA1) and lamin in HeLa cells (61).
However, different siRNA species can possibly undergo reversible competi-
tion in a sequence-independent manner (58,62), suggesting that the RNAi ma-
chinery might be titratable or limited in mammalian cells.

4.3. siRNA as an Antiviral Agent

The ability of RNAI to protect plants and insects from viral infection can be
applied to mammals, although mammalian cells themselves do not possess
inherent RNAi mechanisms. siRNAs designed against a variety of viruses,
HIV (63-68), hepatitis C virus (HCV) (69-74), hepatitis B virus (75-77),
papillomavirus (78), herpesvirus (79), rotavirus (80), and influenza virus (81),
have been tested in cell cultures and displayed high efficiency in inhibiting
viral infection and replication. In experiments aimed at HIV suppression,
siRNAs have been targeted to various regions of the HIV genome including
the long-terminal repeats and all five encoded genes, and typically a 30- to 50-
fold decrease was observed in the viral levels in cell lines as well as in primary
T-lymphocytes (63—68). Similar cases were reported in the siRNA-mediated
HCYV suppression (69-74). Silencing of HCV RNAs was dose dependent and
specific, resulting in a dramatic decrease in HCV RNAs and clearance of HCV
in hepatoma cell lines bearing an HCV subgenome. The effects lasted for 3 to
4 d with synthetic siRNA and for more than 3 wk with expression vectors
(70,72). 1t is noteworthy that siRNA-resistant virus strains might already be
present in the original viral population and thereby selectively survive the treat-
ment with siRNA, as reported in an attempt to inhibit poliovirus with siRNAs
(82). These results suggest that a pool of different siRNA sequences should be
used to avoid the selection pressure for favoring siRNA-immune virus.
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4.4. Comparison of siRNA AS-ODNs

Direct comparisons of AS-ODNs and siRNAs to the same targets were made
in cell culture and in vivo (83-87). Dose-response experiments revealed that
the I1C5, value for the siRNA was about 100-fold lower than that of the AS-
ODNSs (83). The effect of siRNA is also longer lasting than of AS-ODNs
because siRNAs are more stable in fetal calf serum, human plasma, and cell
cultures (84). By contrast, Vickers et al. (87) reported that optimized RNase-
H-dependent oligonucleotides and siRNAs are comparable in terms of potency,
maximal effectiveness, sequence specificity, and duration of action. An inde-
pendent combinatorial effect of AS-ODNs and siRNAs has been observed
when siRNA was coadministered with nonhomologous antisense oligonucle-
otides, targeting distant regions of the same mRNA (88).

4.5. Small Hairpin RNA

The silencing activity of synthetic siRNAs is transient, lasting 3-5 d in cell
culture and 10 d in vivo (53,70,84). This phenomenon can be attributed to
siRNA degradation and dilution of siRNA concentrations over cell divisions.
To achieve persistent inhibitory effects of RNAIi, various plasmid- and virus-
based vectors have been developed to express siRNA or shRNA endogenously.
RNA polymerase III-dependent promoters such as U6, H1, and tRNA promot-
ers are among the most commonly used, followed by RNA polymerase II-
dependent promoters such as CMV promoter (68,89-97). Pol 111 is ideal for
transcribing small RNAs, and its transcripts are not modified posttranscrip-
tionally. Vectors based on adenovirus, retrovirus, and lentivirus have been used
to produce functional shRNA species, resulting in persistent and robust gene
silencing in vitro and in vivo (97-105). The structure, length, and composition
of hairpins appeared to be crucial in determining siRNA activities; however,
they varied greatly in these studies. So far it is unclear what makes the best
shRNA. Furthermore, RNAIi has provided a rapid and effective means to func-
tionally silence genes in stem cells and transgenic animals (99,100,106,107).

4.6. In Vivo Delivery

Efficient in vivo delivery of siRNAs has been reported in a number of mouse
models (53,54,74,97,108-110). After a rapid systemic injection into tail vein,
the target gene expression was effectively inhibited in liver, kidney, spleen,
lung, and pancreas (111). Intravenous injection of siRNA targeting Fas spe-
cifically reduced Fas protein expression in mouse hepatocytes and protected
mice from fulminant hepatitis induced by concanavalin A or an agonistic Fas
antibody (53). Moreover, siRNA is capable of gene silencing when adminis-
tered into brain or retina (108,110).
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Although RNAI technology is still in the fledgling stage, exhaustive efforts
in the past few years have advanced our knowledge of RNAi from an antiviral
mechanism in higher eukaryotes, to a powerful tool in functional genetics in
mammalian cells, and then to a promising therapeutic approach for gene
therapy. While many mechanistic and functional questions await answers, the
advantages of RNAI in terms of its extraordinary efficiency and specificity,
coupled with extensive research for improving its stability, delivery, and dura-
tion of action, warrant further preclinical and clinical explorations in a wide
variety of diseases.
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