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Abstract

The discovery that gene expression can be controlled by the Watson—Crick base-pairing of small
RNAs with messenger RNAS containing complementary sequence — a process known as RNA
interference — has markedly advanced our understanding of eukaryotic gene regulation and function.
The ability of short RNA sequences to modulate gene expression has provided a powerful tool with
which to study gene function and is set to revolutionize the treatment of disease. Remarkably, despite
being just one decade from its discovery, the phenomenon is already being used therapeutically in
human clinical trials, and biotechnology companies that focus on RNA-interference-based
therapeutics are already publicly traded.

Before 1980, RNA was generally considered to be no more than a passive intermediate carrying
information between DNA and protein synthesis. The discovery of catalytic RNAs in the early
1980s merited a shared Nobel prize to Tom Cech and Sidney Altman, and in 1986 the concept
of ‘the RNA world’, anidiom created by Walter Gilbert, was proposed. Today, this isa common
expression, and RNA has claimed a pivotal place in cellular biology.

Just ten years ago, RNA’s functional repertoire was expanded further with the discovery in the
nematode Caenorhabditis elegans1 that double-stranded RNAs (dsSRNASs) can trigger silencing
of complementary messenger RNA sequences, and the term ‘RNA interference’ (RNAI) was
born. Shortly thereafter, short dSRNAs — or short interfering RNAs (SiRNASs) (reviewed in
ref. 1) — were generated artificially and used to demonstrate that this process also occurs in
mammalian cells, usually, but not always, without triggering the innate immune sys tem, which
normally recognizes RNAs as part of an antiviral defence mechanism (see page 421). The
knowledge that small RNAs can affect gene expression has had a tremendous impact on basic
and applied research, and RNAI is currently one of the most promising new approaches for
disease therapy.

That RNAI could be triggered in vivo in mammals was first shown in animals infected with
hepatitis B virus2. This was followed by the first therapeutic application of sSiRNAs: siRNAs
were targeted to Fas mMRNA in a mouse model of autoimmune hepatitis, resulting in protection
of the treated animals against liver fibrosis3. In 2004, only six years after the discovery of
RNA.I, the first siRNA-based human therapeutics — developed as treatments for wet age-
related macular degeneration — entered phase I clinical trials. RNAI is one of the fastest
advancing fields in biology, and the flow of discoveries gives true meaning to the expression
“from the bench to the bedside’.
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Although much is known about the mechanisms of RNAI, there are a number of challenges
that applications of this gene-silencing technology need to overcome. For one, RNAi is a
fundamentally important regulatory mechanism in the cell, and tapping into it in the interests
of therapeutic benefit could result in side effects. Exogenously introduced dsRNA sequences
can sequester components that make up the cellular machinery involved in gene silencing (see
page 396), thereby reducing the accessibility of the machinery to a class of small RNAs known
as microRNAs (miRNAs) that are entering the natural cellular pathway4 In addition, some
synthetic siRNAs contain sequence motifs that can induce type | interferon responses and
stimulate the production of pro-inflammatory cytokinese"8

During the past few years, many scientists have searched for solutions to overcome these
limitations and to increase the safety of potential RNAi-based therapeutics. This article
explores recent strategies to minimize undesirable secondary effects, describes new approaches
to delivery and discusses RNAI therapies that are being tested. As it is anticipated that this
technology will be applied to an increasing range of diseases, the potential problems and
solutions that could one day transform RNAI into a conventional treatment for human diseases
warrant careful attention.

Endogenous gene silencing

The effector RNA molecules of RNAI consist of ~20-30 nucleotides®. They are complexed
with the protein components of the RNA-induced silencing complex (RISC). Its catalytic core
in plants and animals (with the exception of si 1gle -celled organisms) is AGO2, a member of
the highly conserved Argonaute protein famlly These small RNAs can silence gene
expression by two mechanisms: post transcrlptlonal gene silencing (PTGS)11 and
transcriptional gene silencing (TGS) (Flg 1). PTGS can, inturn, be divided into two main
mechanisms: direct sequence-specific cleavage, and translational repression and RNA
degradation. Direct sequence-specific cleavage occurs when the targeted mRNA is perfectly
complementary to the siRNA and is degraded after site-specific cleavage by the RISC.
Translational repression and RNA degradation occur when the small RNA guide sequence has
only limited complementarity to the target in the ‘seed’ region (nucleotides 2 to 8 from the 5’
end of the guide strand), with base-pairing usually occurring in the 3’ untranslated region
(UTR). The latter mechanism is used by miRNAs.

TGS has been demonstrated in Schizosaccharomyces pombe (fission yeast), plants and, most
recently, mammalian cells?4-17 Ins. pombe, the process is mediated by the RNA-induced
transcriptional silencing complex (RITS), which contains Agol, the chromodomain protein
Chpl and the glycine and tryptophan (GW)-repeat-containing protein Tas3 (ref. 18) (see page
413). Although in mammalian cells the mechanism by which small-RNA-directed silencing
occurs is still hotly debated, both AGO1 and AGO2 have been shown to be integral to the
overall process19 20, Most recently, a miRNA (miR-320) has been shown to regulate
transcription of the POLR3D subunit of RNA polymerase I11 (Pol III) in human cell culture.

Endogenous small RNAs have been found in various organisms, including humans, mice, the
fruitfly Drosophila melanogaster and C. elegans. Many of these originate from transposons,
viruses and repetitive sequences and are characterized by their interactions with the PIWI
subfamily (or PIWI clade) of Argonaute proteinszz'25 — these are thus named PIWI-
interacting RNAs (piRNAs). The identification of piRNASs has been restricted to germline cells.
Recently, a new class of endogenous siRNAs (endo-siRNAs or esiRNAS) has been identified
in the gonads and somatic tissues of D. melanogasterze'29 and in mouse oocytes30 31 In
mice, endo-siRNAs have been proposed to regulate retrotransposon movement39:31, Several
families of small RNAs, including repeat-associated siRNAs (ra-siRNAS), tiny non-coding
RNAs (tncRNAs), trans-acting siRNAs (ta-siRNAs) and scan RNAs (scnRNAs) (Table 1) are
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found in fungi, plants and animals, but so far none of these has been observed in mammals.
The evidence suggests that piRNAs act through different cellular pathways from siRNAs and
miRNAs and so could offer alternative targeting strategies for therapeutic targets.

Superior designs for small molecules

Cellular genes can be targeted by exogenous introduction of siRNAs, which then take
advantage of the endogenous PTGS mechanism. The siRNAs can be either transfected into
cells, where they enter the RISC directly, or generated within cells through gene expression
by the use of vectors containing Pol Il or Pol I11 promoters. These RNAI triggers can be
expressed in animals and plants, but not in S. pombe, in the form of mMiRNAs or as short hairpin
RNAs (shRNAs), which are cleaved into small (~21-25-nucleotide) RNAs by the enzymes
Drosha and/or Dicer. In both cases, if the two strands of the RNA trigger are completely
complementary, the passenger strand is cleaved by AGO2 (refs 32 33), leaving behind a single-
stranded guide sequence, which acts as the template for recognition of the targeted gene
sequence by the RISC (Fig. 1).

Most of the impending therapeutic applications based on RNAI propose using direct
introduction of synthetic sSiRNAs. The advantage of using a chemically synthesized molecule
is that chemical modifications can be introduced to increase stability, promote efficacy, block
binding to unintended targets that contain sequence mismatches (specific off-target effects),
and reduce or abrogate potential immunostimulatory effects (general off-target effects).
However, the effects of these molecules are transient, whereas the promoter-expressed ShRNAs
or miRNAs can potentially mediate long-term silencing with a single application.

Conventional siRNAs are ~22 nucleotides and have 3’ dinucleotide overhangs that mimic Dicer
cleavage products. Because not all siRNAs achieve equivalent levels of target knockdown,
large-scale siRNA screening is often performed for any given target to find the most potent
inhibitors. These have yielded some rules for siRNA design. For example, to facilitate
incorporation into the RISC, the 5’ end of the antisense (guide) strand should be designed to
have a lower thermodynamic stability than the 5" end of the sense strand. The proportion of
the nucleotides guanosine and cytidine should be around 50% or lower, and targeting of known
protein-binding sites in mMRNA regulatory regions should be avoided because binding of
regulatory proteins may block siRNA-target pairing. For the same reason, intramolecular
structures in the target should be avoided. Statistical analyses have also found a preference for
certain nucleotides at specific positions within the siRNA34, Many computer programs are
available for identifying the optimal target sequences for a given gene 4,35 One of these, an
artificial neural network, has been used to develop a genome-wide siRNA library for humans
and to identify effective siRNAs for 34 target336.

Chemical modifications are often included in the design of synthetic siRNAs. Selective
addition of phosphorothioate linkages or substitution of 2’ fluoropyrimidines or a 2'-O-methyl
for the 2’ ribose at certain positions does not compromise siRNA activity and concomitantly
increases resistance to ribonucleases3’, which is important for in vivo applications. A single
2'-O-methyl group on the passenger strand of an sSiRNA duplex can abrogate activation of the
Toll-like receptors38 and prevent tox icities due to the activation of type | interferon pathway
gene expression. It has recently been demonstrated that fluoro-p-o-arabinonucleic acid
(FANA39 or as 4’—S-FANA40) or arabinonucleic acid (ANA41) modifications can increase
both the serum stability and the potency of siRNAs. Some chemical modifications also have
the important advantage of decreasing or blocking the activity of the SIRNA’s sense (passenger)
strand, thereby reducing specific off-target effects. Other modifications, such as the addition
of lauric acid, lithocholic acids and cholesterol derivatives, can be made to increase cellular
uptake42, which is currently one of the main hurdles of RNAI therapy.
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Breaking and entering

Therapeutic applications of siRNAs require effective delivery to the target cells and tissues.
The two main strategies are delivery of chemically synthesized siRNAs (non-viral delivery),
or delivery of shRNA-encoding genes by engineered viruses that will ultimately generate
siRNASs by transcription in the target cells.

Non-viral delivery

Because of their size and negative charge, sSiRNAs cannot easily cross cell membranes.
Delivery has therefore been one of the major challenges for RNAI technology. Various means
of delivery have been developed and tested in murine and non-human primate models, ranging
from the injection of naked RNAs into a target organ such as the lung or eye to systemic delivery
of the RNA in nanoparticles, complexed with polycations, attached to cholesterol groups or
conjugated with cell-surface receptors. Some delivery approaches are detailed in Fig. 2.

Two polymers that have been examined for their delivery properties are atelocollagen and
chitosan. Chitosans have mucoadhesive properties and have been used for intranasal delivery
to bronchiolar epithelial cells#3. Intranasal delivery has proved an effective means of
delivering siRNA in mice#4 and in non-human primates S to block respiratory syncytial virus
infection of the upper respiratory tract. In fact, the delivery of SiRNAs to mucosal membranes
seems to be an effective approach in general. For example, intravaginal delivery of lipid-
encapsulated siRNAs targeting herpes simplex virus 2 (HSV-2) provided protection against
lethal viral infection in more than two-thirds of the SiRNA-treated mice?®.

Targeting of anti-apolipoprotein B (APOB) and peroxisome proliferator-activated receptor-o
(PPAR-0) siRNAs to the liver has been achieved by means of a ‘membrane-active’ polymer,
which can mask its activity until it reaches the endosome, resulting in the delivery of SiIRNAs
to hepatocytes after a simple intravenous injection47. A different siRNA delivery approach
used transferrin conjugated to a cyclodextrin-polycation polymer to deliver siRNAs targeting
the Ewing’s sarcoma Ews—Flil fusion mRNA by means of the transferrin receptor in
mice?8, resulting in inhibition of tumour progression. And conjugation of an SiRNA to a
cholesterol group permitted its delivery to the liver and the jejunum, where it downregulated
its target, APOB, leading to consequent lowering of blood cholesterol levels in a murine model
system49.

An important advance for siRNA delivery was the successful application of stable nucleic-acid
lipid particles decorated with poly ethylene glycol (PEG) polymer chains (termed SNALPs)
for the delivery of siRNAs directed against APOB mRNA (APOB-targeted siRNAS) to the
livers of non-human primatesSO. In this case, the siRNA effect of a single intravenous injection
lasted for more than 11 days and resulted in greater than 90% target knockdown and no
toxicity50. These exciting results have increased confidence in the potential of therapeutic
SiRNAs for treating liver diseases.

Until recently, most approaches to in vivo delivery have targeted a particular organ, primarily
the eye, the lungs or the liver. A significant advance in targeting SiRNAs to a specific class of
leukocytes involved in gut inflammation has now been reported51. In this study, a cyclin D1
(Cyd1)-targeted siRNA was loaded into stabilized nanoparticles, the surfaces of which
incorporated an antibody specific for a receptor expressed by the leukocytes. The targeted
siRNA-containing nanoparticles down-regulated the cyclin D1 tar%et, suppressed leukocyte
proliferation and reversed experimentally induced colitis in mice>L.

Delivery of siRNAs to the nervous system has been particularly challenging. The brain is
notoriously refractory to targeting because of difficulties in crossing the blood—brain barrier.
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However, delivery of siRNAs to the peripheral nervous system by direct infusion into the brain
for the relief of chronic pain24” 4 or anxiety55 has been demonstrated in rats. Conjugates of
liposomes and antibodies or neuropeptides have also been used to deliver sSiRNAs into the
murine brain®6. Nevertheless, these methods do not target neurons, and a less invasive
alternative to direct cranial injection is required to make such therapies more palatable.

A recent study unlocked the possibility of selective delivery of siRNAs to the central nervous
system by systemic intravenous injection57. The siRNA involved — designed to target
Japanese encephalitis virus — was conjugated with a short peptide derived from the rabies
virus glycoprotein, which binds to the neuronal cell acetylcholine receptor. After transvascular
delivery, 80% of the mice treated with the therapeutic siRNA survived infection with Japanese
encephalitis virus, whereas 100% of the untreated controls died from complications of the
infection®”.

Another interesting approach that allows systemic and targeted siRNA delivery uses a
protamine—antibody fusion protein58. The protamine moiety is linked to the heavy-chain
antigen-binding region (Fab) of an antibody to the human immunodeficiency virus 1 (HIV-1)
envelope protein gp160. The positively charged protamine binds the negatively charged
siRNAs — which are targeted against the HIV gene gag — allowing selective delivery to cells
expressing the gp160 envelope protein on their surfaces®8. This results in internalization of
the antibody—siRNA complex, release of the siRNAs and downregulation of the HIV Gag-
encoding transcripts in a murine model in vivo. In this same study, fusion to protamine of an
antibody specific for the hormone receptor ERBB2 allowed siRNA targeting of cancer cells
expressing that receptor58.

A similar technology for specific targeted delivery is based on aptamer—RNAi chimaeras®®.
Aptamers are in vitro-evolved, synthetically prepared nucleic acids that selectively bind
specific ligands. An RNA aptamer designed to bind prostate-specific membrane antigen
(PSMA; also known as FOLH1) was linked to a PLK1-targeted siRNA, and binding of the
aptamer to the PSMA receptor resulted in the selective delivery into prostate cancer cells of
siRNAs that target pro-survival genes59v60. Intratumoral injection of the PSMA-PIk1-targeted
SiRNA or PSMA-Bcl2-targeted siRNA conjugates into a mouse xenograft model resulted in
triggering of apoptosis, growth inhibition and tumour regression59.

A different conjugation of an siRNA to vitamin-A-coupled liposomes succeeded in delivering
antifibrotic sSiRNAs to hepatic stellate cells, which are produced in response to liver
damageﬁl. In this study, multiple siRNA treatments targeting collagen chaperone-encoding
genes reversed liver fibrosis by preventing collagen deposition and increased survival in rats,
providing a potential therapeutic approach to treating liver cirrhosis.

Also noteworthy is the recent report of libraries of lipid-like molecules (lipidoids) that can be
selected for siRNA delivery to various tissues®2,

Viral delivery

An alternative means of triggering RNA. is through promoter-expressed siRNA sequences
processed from shRNAs or miRNA mimics. The genes encoding these hairpin structures are
most commonly inserted into the backbones of viral vectors under the control of Pol Il or Pol
Il promoters. A potential advantage of vector delivery is that a single administration triggers
long-term expression of the therapeutic RNAI. This is particularly appropriate for chronic viral
diseases such as HIV and viral hepatitis.

Lentiviral vectors have been used successfully to deliver shRNA constructs in various
mammalian systems. For example, it was shown that downregulation of an activated Ras
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oncogene by a lentiviral-delivered ShRNA resulted in suppression of tumour growth in
mice®3. And down-regulation of the expression of a mutant form of superoxide dismutase 1
(SOD1) in mouse models of amyotrophic lateral sclerosis delayed the onset of disease84:65,
More recently, a lentiviral vector was used to deliver a Smad3-targeted sShRNA for regeneration
of satellite cells and repair of old tissue in aged and injured muscleB6. Viral-vector expression
of sShRNAs has also been explored in mouse models of neurodegenerative disorders such as
Huntington’s disease and Alzheimer’s disease®’.

To deliver genes to the central nervous system, adenoviral vectors have proved very useful.
For instance, direct brain injection of an adenoviral vector expressing a shRNA directed against
the MRNA encoding the polyQ-harbouring SCA1-encoding transcript of spinocerebellar ataxia
type 1 was shown to be an effective treatment in a mouse model of this disorder68.

Despite the successes of viral delivery, itis important to bear in mind that although some viruses
are non-pathogenic, they are still potentially immunogenic. Another major concern with this
technique is the risk of incurring mutations in viral sequences, causing insertional mutagenesis
or triggering aberrant gene expression. However, viral vectors can transduce both dividing and
non-dividing cells, yield a prolonged expression of the therapeutic gene and need not be
delivered in large doses. Ultimately, any therapeutic gene when expressed in large quantities
has the potential to cause toxicity and immunogenicity. Critical parameters such as tolerability,
long-term expression, efficacy and the ability to regulate expression and targeting should be
taken into consideration when choosing a delivery method. There is no ideal delivery system
for every application; rather, the delivery method needs to be tailored to the application.

Clinical trials using RNAI to treat human diseases

For a new technology, siRNAs have moved into the clinic at an unprecedented pace. Some
examples of the diseases and siRNA-targeting strategies that are currently under investigation
are described below.

The first siRNA protocol granted investigational new drug (IND) status and tested in a human
clinical trial is the vascular endothelial growth factor (VEGF)-targeted siRNA Bevasiranib
(Acuity Pharmaceuticals, Philadelphia, Pennsylvania) for the treatment of wet age-related
macular degeneration (see Table 2 for a summary of ongoing siRNA clinical trials). This
involves the overgrowth of blood vessels behind the retina, and causes severe and irreversible
loss of vision; it affects 1.6 million people in the United States alone, and it is predicted that
11 million individuals worldwide will have the disease by 2013. Preclinical studies of
Bevasiranib in mice showed reduced neovascularization resulting from downregulation of
Vegf expression after direct ocular injection of the siRNAB9. This SiRNA, which is now in a
phase 111 trial, is also in a phase Il clinical trial for the treatment of diabetic macular oedema.
By the conclusion of these trials, several hundred patients will have received the sSiRNA
treatments.

Two other companies are also focusing on siRNA-based treatments against macular
degeneration: Merck’s Sirna Therapeutics (San Francisco, California) with an sSiRNA
(Sirna-027) that targets the VEGF receptor VEGFR1, and Quark Pharmaceuticals (Fremont,
California) in collaboration with Silence Therapeutics (London and Berlin; previously SR
Pharma), with one targeted against a hypoxia-inducible gene, RTP801 (also known as
DDIT4), that is known to be involved in disease progression. This siRNA, RTP801i-14, has
been licensed to Pfizer, UK, which is now running a phase I/I1A clinical trial. Quark
Pharmaceuticals has also received IND status for another preclinical trial, in which it is
currently enrolling patients. This trial is for an sSiRNA targeting TP53 mRNA (which encodes
the protein p53), inhibition of which delays the induction of cell-death pathways and thereby
reduces acute kidney injury after surgery.
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Calando Pharmaceuticals (Pasadena, California), meanwhile, has initiated a phase I clinical
trial for solid tumours using an siRNA that targets a subunit of ribonucleotide reductase
(RRM2), an enzyme required for the synthesis of DNA building blocks. Importantly, this trial
is the first to utilize receptor-mediated delivery of siRNAs, which are encapsulated in
cyclodextrin particles decorated with transferrin. This results in uptake by cells expressing the
transferrin receptor, which is highly expressed on cancer cell surfaces.

The clinical trials performed by Acuity Pharmaceuticals and Merck’s Sirna Therapeutics
successfully stabilized patients’ conditions against further degeneration and improved their
vision without adverse effects. These results engendered great optimism for intravitreal
injection of siRNAs, but in a stunning turn of events a report by Kleinman et al. demonstrated
that the observed decrease in vascularization could be a consequence not of an siRNA-specific
effect on angiogenesis, but rather a nonspecific activation of Toll-like receptor 3 (TLR3) and
subseq%ent activation of interferon-y and interleukin 12, which, in turn, downregulate
VEGF'0. In other words, both the targeted and the control siRNAs mediated nonspecific
inhibition of angiogenesis through a direct interaction of the sSiRNAs with TLR3. Cellular
uptake is not necessary for this effect, and because TLR3 is involved in several other cellular
pathways the finding has highlighted another level of concern for safe clinical use of siRNAs.

Alnylam Pharmaceuticals (Cambridge, Massachusetts) is a well-established siRNA-
therapeutics company whose leading candidate sSiRNA, ALN-RSV01, is now in a phase Il
clinical trial. This siRNA targets respiratory syncytial virus — which affects almost 300,000
people every year in the United States alone — by silencing the virus’s nucleocapsid ‘N’ gene,
a gene essential to viral replication. ALN-RSVO01 was the first antiviral SiRNA to enter clinical
trials, and trials will soon be expanded to paediatric patients. Thus far it has been shown to be
effective and well tolerated. Recently, Alnylam Pharmaceuticals formed an exclusive alliance
with Kyowa Hakko Kogyo to develop and commercialize ALN-RSVO0L1 in Japan and other
Asian countries.

Also in development at Alnylam Pharmaceuticals are siRNAs directed against genes implicated
in hypercholesterolaemia, Huntington’s disease (in a joint venture with Medtronic of
Minneapolis, Minnesota), hepatitis C (in a joint venture with Isis Pharmaceuticals in Carlsbhad,
California), progressive multifocal leukoencephalopathy (in a joint venture with Biogen Idec
of Cambridge, Massachusetts) and pandemic flu (in a joint venture with the Swiss company
Novartis).

The International Pachyonychia Congenita Consortium (IPCC), in collaboration with
TransDerm (Santa Cruz, California), has developed an siRNA to allow the correct production
of keratin as a treatment for a rare skin disorder called pachyonychia congenita.

The City of Hope National Medical Center in Duarte, California, in collaboration with Benitec
(Melbourne, Australia), has started a phase | trial for the treatment of AIDS lymphoma. This
trial uses a Pol 111 promoter-expressed ShRNA targeting the HIV tat and rev shared exons. The
shRNA has been incorporated into an HIV-based lentiviral vector, which in turn has been used
to insert the ShRNA gene (along with two other RNA-based anti-HIV genes) into blood stem
cells’L. The gene-modified stem cells have been infused into HIV-positive patients in a trial
that uses autologous bone marrow transplantation to treat AIDS-related lymphomas. Four
patients have now been treated in this trial.

As indicated above, partnerships have become quite accepted in the field of SIRNA
biotechnology. These consortia are considerably increasing the capital available for these
efforts and are shortening the time involved in commercializing SIRNA-based drugs.
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Some companies, such as Regulus Therapeutics (Carlsbad, California), have chosen to focus
on miRNAs as therapeutic targets. Santaris Pharma in Hgrsholm, Denmark, has recently started
the first phase I trial to target a human miRNA (miR-122). In this trial, miR-122 is being
targeted for downregulation with a locked nucleic acid (LNA) anti-miRNA (SPC3649). LNA
is a backbone modification that enhances the hybridization of the oligonucleotide with its target
and protects it from nuclease degradation. The approach is intended to treat hepatitis C virus
infection because miR-122 facilitates replication of this virus in the liver /2,73, Downregulation
of miR-122 is also potentially useful in the treatment of hypercholesterolaemia. Targeting
miRNAs expressed in the heart, such as miR-208, which regulates cardiac hypertrophy and
fibrosis’4, may have an advantage, because in the medical field there is a considerable
experience in delivering drugs directly into this organ.

Gain or loss of miRNA function has been linked to the onset and progression of various
diseases’ 77, Protein function can be regulated either directly or indirectly by miRNAs, and
alterations in miRNA expression can have profound effects on gene regulation. In instances in
which disease results from altered miRNA expression, it is conceivable that normal levels could
be achieved, either by targeting the specific miRNA if expression is too high or by delivering
a miRNA mimic if expression is too low. However, the specificity and efficacy of delivery
systems would need to be improved for this goal to be accomplished. Moreover, correct
modulation of the targeted miRNA’s expression is not an easy task, and it is not clear whether
one MiRNA can be specifically targeted without affecting other miRNAs of the same family.

The regulatory complexities of miRNAs should also be taken into consideration when either
ablation or restoration of miRNA function is being considered in a therapeutic setting. A single
miRNA can regulate the levels of hundreds of proteins78v79, raising cautionary flags about

the consequences of downregulating or ectopically expressing even a single miRNA species.

The safety issue

The application of siRNAs to therapeutics has raised a number of concerns about their safety.
After the initial excitement, a number of reports underscored potential drawbacks to this
promising technology. The first warning came from a study that recorded the deaths of mice
after Pol 111 promoter-driven expression of ShRNAs in the liver4. The exact mechanisms
leading to mortality are still under investigation, but seem to be due at least in part to saturation
of the transport factor, exportin 5, that ferries miRNAs from the nucleus to the cytoplasm.
There are now indications that other factors involved in the RNAI process can also be saturated
by high-level expression of exogenous siRNAs, which can sequester them from their cognate
cellular miRNAs. Because each cellular miRNA can potentially modulate the expression of
several hundred genes78*79, minor alterations in the miRNA pathway can have major
consequences.

One strategy to mitigate this problem is to use the lowest possible concentration of siRNAs
that provides therapeutic efficacy by designing the exogenous siRNAs to be Dicer substrates
(by increasing their length). These RNAs enter the RNAI pathway upstream of the RISC at the
step of Dicer cleavage, which facilitates passing the siRNA to AGO?2 for selection of the guide
strand, often resulting in enhanced RNAI at lower concentrations than can be achieved with
the exogenous delivery of cognate 21-base siRNAs80-83, Although small amounts of SiRNAs
are not expected to saturate the RNAi machinery, they can compete with miRNAs for selective
incorporation into the RISC®. The long-term consequences of such competition are poorly
understood.

With the use of microarrays, it has become increasingly obvious that introducing foreign
siRNAs into the cell alters the expression of non-target genes, as well as target gene584'85; as
few as six or seven nucleotides complementary to the seed region could result in a specific off-
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target effect86 through a miRNA-like mechanism. Because microarrays only reflect mMRNA
levels, they do not take into account any genes affected at the translational level, and so at
present it is not clear how extensive the problem of off-target effects really is. Given that the
application of synthetic SIRNAs results in transient inhibition of gene expression, specific off-
targeting may not be a major concern for many clinical applications. Nevertheless, appropriate
toxicity testing should take into account the potential for a particular SiRNA to target 3' UTRs
in non-target genes.

Some strategies can be used in sSiRNA design to minimize the problem of off-ta%geting. For
instance, it has been shown that 2'-O-Me modifications8” or DNA substitutions&S in siRNA
duplexes can significantly reduce off-target effects. It would also be valuable to improve
antisense-strand selectivity by taking into account thermodynamic stability (see ‘Superior
designs for small molecules’) or by blocking the 5’ phosphorylation of the sense strand89.

RNA. is a widely conserved mechanism that may originally have evolved to combat viral
infections. As such, it is perhaps not surprising that in some cases siRNAs can act as agonists
of Toll-like receptors90 and that specific sequence motifs, such as uridine-rich regions and
guano sine- and uridine-rich regions, can induce cellular immune response56'7. The ability of
an siRNA to stimulate cellular immune responses is based not only on specific sequences but
also on structure, the type of delivery system used and the cell type7’91. Although the
immunostimulatory potential of sSiRNAs could be advantageous in certain circumstances92, it
is usually an unwanted outcome. The above-mentioned finding/ of the TLR3 response to non-
sequence-specific modulation of VEGF or the VEGF receptor 0, as well as a separate report
showing that a macrophage migration inhibitory factor (Mif)-targeted siRNA (in a murine
model) and a nonspecific control siRNA increased the proliferation of breast cancer cells
through activation of dsRNA-activated protein kinase (PKR)93, raise serious concerns in
interpreting the results of in vivo siRNA applications.

Although we have yet to reach a universal solution for avoiding all off-target effects, it is
foreseeable that these problems will be overcome by the use of appropriate backbone
modifications, as well as delivery systems that can mask RNAs from the receptors of the innate
immune system94.

Gazing ahead

Despite the technique’s youth, the list of diseases for which RNAI is being tested as a
therapeutic agent is extensive, and includes Parkinson’s disease, Lou Gehrig’s disease, HIV
infection, wet age-related macular degeneration, type 2 diabetes, obesity,
hypercholesterolaemia, rheumatoid arthritis, respiratory diseases and cancers. It is already a
multimillion dollar business, projected to reach US$1 billion by 2010, and intellectual property
rights will become an increasingly important concern in the coming years.

However, although much has been accomplished, obstacles remain that will hamper the race
to the clinic. The ultimate goal of achieving RNAi-based therapies for life-threatening or
debilitating diseases cannot be attained without improving the safety, effectiveness and
reliability of RNAI-trigger delivery systems. The use of targeted delivery strategies that permit
systemic delivery will be a big step towards fulfilling this difficult task. The development of
new, noninvasive imaging methods to monitor the in vivo delivery of siRNAs, such as labelling
with near-infrared dye59 , will aid studies of tissue uptake and biodistribution.

Although RNAI is not yet an accepted therapeutic modality, the enormous interest in this
phenomenon ensures that we will soon witness fast advances and new applications for RNAI-
based therapies. Given the way that RNAI has transformed basic research and the

Nature. Author manuscript; available in PMC 2009 July 22.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Castanotto and Rossi

Page 10

unprecedented speed with which it has reached the clinic, the coming years promise to be
exciting.
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Figure 1. Mechanisms of cellular gene silencing

a, Primary microRNAs (pri-miRNAS) are, in plants and animals, processed by Drosha and its
partner DGCRS8 into precursor miRNAs (pre-miRNASs) and then transported to the cytoplasm
by exportin 5 (XPO5). In the cytoplasm, they are bound by a Dicer-containing pre-RISC and
processed to yield the guide sequence that is loaded into the holo-RISC, which contains all the
components required for gene silencing. AGO?2 is the catalytic core of the RISC (present but
not shown in the schematically drawn holo-RISC). The guide sequence binds to the
corresponding target sequences in the 3’ UTRs of cellular mRNAs. If the miRNA guide
sequence is fully complementary to its target site (left pathway), it triggers site-specific
cleavage and degradation of the mRNA through the catalytic domain of AGO2. If the base-
pairing is incomplete (right pathway) but includes pairing of the seed region (nucleotides 2-8
of the miRNA) with the target, translational inhibition occurs, and this can be accompanied by
non-sequence-specific degradation of the mRNA in P bodies. b, Similarly to miRNAs,
artificially transcribed shRNAs (in this case from a plasmid) are transported to the cytoplasm
by XPO5. The dsRNA in the cytoplasm is recognized and processed by Dicer into ~21-25-
nucleotide siRNA fragments that are loaded into the RISC. The siRNAs can target
complementary sequences of cellular mRNAs and trigger their degradation through AGO2-
mediated cleavage. ¢, When siRNAs are present in the nucleus and are complementary to
promoter regions, they can trigger chromatin remodelling and histone modifications that result
in transcriptional gene silencing. In mammalian cells, the details of this mechanism are still
under investigation but are known to include Argonaute-family proteins. Accessory proteins
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indicated in the figure are TRBP (HIV tar-RNA-binding protein; also known as TRBP2P) and
PACT (activator of protein kinase PKR; also known as PRKRA). m’G, 7-methylguanosine.
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Figure 2. In vivo delivery strategies for therapeutic siRNAs
a, Cholesterol groups can be linked to modified siRNAs to enhance their stability before
systemic delivery. The most common siRNA modifications are 2'-O-methyluridine or 2'-
fluorouridine substitutions (blue circles) combined with phosphorothioate linkages. b,
Polycation nanoparticles can direct delivery of the siRNAs to specific cells through the use of
surface ligands (such as transferrin) that bind to receptors on target cells. ¢, SNALPs
encapsulate modified SiRNAs into cationic or neutral lipid bilayers coated with diffusible PEG-
lipid conjugates. SNALPs allow siRNAs to be taken up by cells and released by endosomes.
d, Masked endosomolytic agent (MEA)-Dynamic PolyConjugates (DPCs) are similar to
SNALPS but smaller, and contain a ligand that allows targeted cell delivery. The release of
the siRNA from the endosome is also improved by the inclusion of a pH-labile bond in the
MEA-DPC particles. e, Tagging specific antibodies with protamine or other positive charges
allows the delivery of SiRNAs to specific cell types via receptor-mediated uptake. f, Chemically
linking or co-transcribing siRNAs with RNA aptamers allows the targeted delivery of the
SiRNAs to cells expressing the appropriate receptor.
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Table 2

Current clinical trials of RNAi-based therapeutics
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siRNA Company Disease Stage

Bevasiranib Acuity Pharmaceuticals Wet age-related macular Phase 111
degeneration
Diabetic macular oedema Phase 11

Sirna-027 Merck-Sirna Therapeutics Wet age-related macular Phase Il
degeneration

RTP801i-14 Quark Pharmaceuticals, and Silence Wet age-related macular Phase I/lIA

Therapeutics degeneration

ALN-RSV01 Alnylam Pharmaceuticals Respiratory syncytial virus Phase I1
infection

NUC B1000 Nucleonics Hepatitis B Phase |

Anti-tat/rev shRNA City of Hope National Medical AIDS Pilot feasibility study

CALAA-01
TD101

Center, and Benitec
Calando Pharmaceuticals

Trans Derm, and the International
Pachyonychia Congenita
Consortium

Solid tumours

Pachyonychia congenita

Phase |
Phase |
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