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Abstract In recent years, we have witnessed the discovery of a
new mechanism of gene regulation called RNA interference
(RNAi), which has revitalized interest in the development of nu-
cleic acid-based technologies for therapeutic gene suppression.
This review focuses on the potential therapeutic use of RNAi, dis-
cussing the theoretical advantages of RNAi-based therapeutics
over previous technologies as well as the challenges involved in
developing RNAi for clinical use. Also reviewed, are the in vivo
proof-of principle experiments that provide the preclinical justifi-
cation for the continued development of RNAi-based therapeutics.
� 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The pharmaceutical industry has an ongoing interest in

developing technologies for therapeutic gene suppression. Pre-

vious efforts focused on sequence-specific RNA knockdown

technologies such as antisense oligonucleotides and ribozymes.

While some success has been achieved with these drug plat-

forms [1], technical issues regarding delivery, stability, off-target

effects, and effective target sequence selection have slowed

the development of efficacious clinical drugs. In recent years,

however, we have witnessed the discovery of a new mechanism

of gene regulation called RNA interference (RNAi), which has

revitalized interest in the clinical development of nucleic acid-

based gene inhibition approaches. This review focuses on the

potential therapeutic use of RNAi. After a brief introduction

to RNAi, we discuss the theoretical advantages of RNAi-based

therapeutics over previous technologies and then temper that

optimism with a discussion of the challenges involved in devel-

oping RNAi for clinical use. Finally, we review proof-of prin-

ciple experiments that have demonstrated the clinical potential

of RNAi, highlighting some of the in vivo successes that pro-

vide the preclinical justification for the continued development

of RNAi-based therapeutics.

RNAi is a naturally occurring biological process that is highly

conserved among multicellular organisms diverse as plants,

worms, yeast, and humans. It refers to a two-part intracellular

pathway in which precursor double-stranded RNA molecules

present in the cell are first processed by the dicer endonuclease

into short 21-23 nucleotide fragments containing 2 nucleotide
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single-stranded 3 0 overhangs on each strand. These effector

RNAs, called short interfering RNAs (siRNAs), then become

incorporated into an RNA-inducing silencing protein complex

(RISC) in which one strand of the unwound siRNA acts as a

guide sequence to target the cleavage of homologous RNAs

[2–4]. In plants, RNAi plays a role in cellular defense, protecting

the cell from inappropriate expression of repetitive sequences,

transposable elements, and virus infections (reviewed in [5]).

In addition to evidence that similar defense functions may still

be active in mammalian cells [6,7], an increasing number of

short RNA molecules are being found encoded in the mamma-

lian genome. These endogenous RNAs, or microRNAs (miR-

NAs), are also processed by dicer into siRNA effectors, and

are proving to regulate the expression of genes involved in a

variety of cellular processes such as proliferation, apoptosis,

and differentiation (reviewed in [8–10]). Importantly, when siR-

NA molecules are chemically synthesized and exogenously

introduced into mammalian cells, they become incorporated

into the cellular RISC complex and mediate the degradation

of RNAs to which they are homologous [2–4].

The ability to tap into this native pathway has been recog-

nized as one the most exciting biotechnology advances in the

last decade. Indeed, RNAi has revolutionized biology research,

including drug target discovery, by allowing for rapid identifi-

cation and validation of gene function. While this alone justi-

fies RNAi being named the �Breakthrough of the Year� in 2002

by Science magazine, many are hopeful that the greatest con-

tribution of RNAi is yet to come, that it will serve as a means

of sequence-specific therapeutics against a wide range of dis-

eases. As such, several companies are focusing on the develop-

ment of RNAi-based therapeutics (Table 1) [11].
2. Advantages of RNAi therapeutics

2.1. Specificity

One of the potential advantages of sequence-based gene sup-

pression technologies is the ability to design precisely targeted

therapeutics for almost any gene, regardless of the function of

the gene product, whether that function is clearly defined, and

in the absence of any protein structure information. Particu-

larly in the fields of oncology and genetic neurological disor-

ders where disease is often caused by a dominant mutation

in a single allele, this would offer the opportunity to selectively

inhibit expression of only the defective gene. However, being

able to identify an effective target sequence in which a single

polymorphism can be distinguished is not trivial. Impressively,

although our knowledge of optimal siRNA target selection is

still limited, RNAi activity is specific enough that allele-specific
blished by Elsevier B.V. All rights reserved.
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Table 1
Companies developing RNAi therapeutics

Company name Primary areas of interest

Acuity Pharmaceuticals AMD; diabetic retinopathy
AGY Therapeutics RNAi in neurons and glial cells
Alnylam Pharmaceuticals Inc. AMD; Parkinson�s disease, respiratory syncytial virus; cystic fibrosis; influenza; spinal cord injury
Atugen AG Metabolic disease; cancer ocular disease; skin disease
Benitec Australia Limited Hepatitis C virus; HIV/AIDS; cancer; diabetes/obesity
Calando Pharmaceuticals Nanoparticle technology
Cytrx Corporation Diabetes/obesity; ALS; cytomegalovirus retinitis
Devgen Diabetes/obesity; arrhythmia
Genesis R&D Allergy
Genta Incorporated Cancer
International Therapeutics HIV; Hepatitis B virus
Intradigm Corporation Cancer; SARS; arthritis
Nucleonics, Inc. Hepatitis B Virus; Hepatitis C virus
Sirna Therapeutics, Inc. AMD; Hepatitis C virus; asthma; diabetes; cancer Huntington�s disease; hearing loss

AMD, age-related macular degeneration; SARS, severe acute respiratory syndrome coronavirus; ALS, amyotrophic lateral sclerosis.
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silencing has already been demonstrated for several prominent

cancer and neurological targets [12–17].

2.2. Potency

While it can be difficult to directly compare the efficiency of

gene suppression technologies due to differences in the rules for

optimal design and target sequence selection, several studies

have supported the conclusion that RNAi-mediated inhibition

is more potent than that achieved with antisense oligonucleo-

tides even in cases where site selection was optimized for anti-

sense effectiveness (reviewed in [18]). This is also empirically

evident by the remarkable speed at which RNAi techniques

have been implemented in scientific research, and the number

of successful RNAi-based experiments already published. It

is speculated that this advantage is derived from the fact that

RNAi is an innate biological response, and hence represents

a more natural strategy for manipulating gene expression. In

any event, it means that physiologically beneficial silencing

can be achieved with lower concentrations of effector mole-

cules [19–23] (reviewed in [18,24]).
2.3. Versatility

Perhaps due to its superior potency, it is also relatively easy to

identify effective RNAi target sites. Although the rules for opti-

mal RNAi effectiveness are still being determined, when basic

parameters regarding CG content and the composition of the

3 0 overhangs are met, then a high percentage of potential targets

screened usually prove to be functional [21,23,25–28]. On the

other hand, it is significantly more difficult to identify efficient

antisenseoligonucleotide target sequences [21,23,29] (Uprichard,

unpublished data) and ribozyme target selection is limited by the

availability of particular sequence motifs required for cleavage

[30]. The versatility and ease with which RNAi-mediated inhibi-

tion canbe inducedmeans thatmultiple sequenceswithinan indi-

vidual gene, or a group of genes, can be targeted simultaneously,

more readily providing the benefit of combination therapy.
3. Challenges of RNAi therapeutics

3.1. Delivery

The problem of delivery is not unique to RNAi therapeutics,

but it is by far the major obstacle to the clinical use of RNAi-

based drugs.
3.1.1. RNAi effectors. RNAi effectors can be delivered to

cells using two different approaches. In one case, siRNAs are

synthesized in the laboratory to be delivered as a ‘‘drug’’.

The second option is a gene therapy approach in which

DNA encoding short hairpin RNA (shRNA) expression cas-

settes are delivered to cells to allow for intracellular expression

of shRNAs, which are then processed into active siRNAs by

the host cell [31,32]. The potential advantages of the latter

DNA approach include the inherently higher stability of tran-

siently delivered plasmid DNAs and the fact that this strategy

consists of an intracellular amplification step in which large

amounts of shRNAs can be synthesized from each individual

template. Additionally, it is also possible to deliver DNA

expression vectors stably, either by integration into the genome

or in self-replicating episomal form, which theoretically could

allow for constitutive expression of the shRNA cassette.

3.1.2. Local delivery. Based on the precedent of successful

local administration of antisense drugs to the eye [33], initial

clinical trials for RNAi-based treatment of age-related macular

degeneration are all using local injection of siRNAs directly

into the eye [34]. Other promising local routes are intranasal

administration for pulmonary delivery [35–37] and direct deliv-

ery into the central nervous system [38–40]. Nonetheless, for

RNAi therapeutics to overcome the impediments of the gene

silencing technologies that came before it, effective systemic

delivery and subsequent targeting to the correct cells must be

achieved.

3.1.3. Systemic delivery. Optimizing systemic delivery re-

quires stabilization of the siRNA, targeting of the effector to

the correct tissue, and facilitation of cellular uptake. Thus

far, approaches to improve stability and cellular uptake of

siRNA drugs include many of the same strategies employed

for antisense oligonucleotides such as direct chemical alter-

ation of the nucleic acid [41,42] and various methods of pack-

aging the effector into protective particles [41,43–47]. To target

the effector to particular cell types, different ligands [48–50]

and antibodies [51] are being incorporated into/conjugated to

the RNAi effector, but continued work is needed to achieve

the efficiency required.

Notably, the use of viral vectors may be useful for systemic

delivery of RNAi effectors. Unfortunately, although viral vec-

tors can provide the excellent tissue-specific tropism and trans-

duction efficiency needed for clinical delivery, each type of

viral vector brings with it a unique set of risks and safety con-

cerns (reviewed in [52]). Despite setbacks encountered in past
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gene therapy clinical trials, however, the need for and benefits

of RNAi therapeutics are compelling and in some cases may

outweigh the risks. Hence, both lentivirus and adeno-associ-

ated virus (AAV) vectors are being considered for clinical

delivery of shRNAs [53,54].

3.2. Safety

The aim of any therapeutic is to maximize the ratio of de-

sired effects to undesired effects. In some cases, such as chemo-

therapy, interferon treatment, and highly active antiretroviral

treatment, the ratio is not ideal and a significant degree of tox-

icity is associated with treatment. While RNAi has the capacity

to provide better gene targeting specificity, the exposure of

cells to any exogenous molecule (siRNA or delivery agent)

has the potential to perturb normal cellular functions and

needs to be carefully controlled.

3.2.1. Off-target effects. While specificity is one of the great-

est advantages offered by RNAi, off-target effects are still a po-

tential problem, particularly because the parameters that

determine the minimum level of homology required for

siRNAs to mediate inhibition of a gene are not yet known.

Depending on the sequence of an siRNA, as few as 11 base

pairs of homology with a single-stranded RNA has been found

to result in inhibition [55]. Importantly, the wealth of search-

able genetic information now available provides a valuable

tool that can be used to try to avoid inadvertent off-target

homology, but rigorous empirical screening of all potential

siRNA effectors will continue to be necessary to limit off-target

effects.

3.2.2. Non-specific effects. The issue of non-specific toxicity

is twofold for RNAi because both the delivery vehicle and the

siRNA effector itself may elicit unexpected cellular responses.

Firstly, it has been found that some cationic liposomes used

to deliver siRNAs might induce or potentiate interferon re-

sponses [56,57]. Likewise, any viral vector that might be used

to transport shRNA expression cassettes into cells could stim-

ulate an undesired vector-specific immune response. Secondly,

the nature of siRNA effectors themselves may trigger the

induction of the double-stranded RNA cellular defense mech-

anism. Although interferon induction might be beneficial for

therapy in some instances, uncontrolled induction of this in-

nate defense mechanism can be cytotoxic, and is therefore a

concern. Initial gene expression profiling by different laborato-

ries provided conflicting results regarding whether or not inter-

feron is induced in response to siRNAs [55,58–61]. Recent

studies, however, have started to systematically analyze these

differences revealing that while certain siRNAs do induce an

interferon response, others do not (reviewed in [62]). For

example, Hornung et al. [63] have identified a 9 base pair ‘‘dan-

ger motif,’’ which in the context of an siRNA effector induces

interferon signaling. Additionally, the structure of introduced

siRNA molecules can dictate whether or not interferons are in-

duced, as Kim et al. [64] have reported that the presence of a 5 0

phosphate can trigger interferon induction. Consequently,

careful design and screening of each candidate siRNA and

delivery vehicle will be necessary to try to identify and mini-

mize all potential adverse effects.

3.2.3. Saturation of RNAi machinery. While the ease and

efficiency of siRNA inhibition may be derived from the fact

that these exogenously added molecules are usurping a natural

cellular pathway, a growing safety concern is that this could

interfere with the regulatory functions of endogenous miRNAs,
which are known to share some of the same processing

machinery [65]. Evidence suggests that when excess siRNAs

are delivered to mammalian cells, the intracellular RNAi pro-

cessing machinery can become saturated. This conclusion is

drawn from studies that demonstrate competition between

co-delivered siRNAs targeting two different genes [36] and

inhibition of siRNA function by a co-delivered scrambled

siRNA [66,67]. While we are just beginning to appreciate

the diverse roles miRNAs play in mammalian cells, accumu-

lating data indicates that they are involved in many critical as-

pects of gene regulation (reviewed in [8–10]). Furthermore,

alterations in the expression of miRNAs or their processing

machinery have recently been implicated in several neurologi-

cal diseases [68–70] and cancers [70–77]. In some instances

over expression of miRNAs has been found to be oncogenic

[73,76,77], but in other cases reduced miRNA expression is

observed in cancer cells [71,74,75]. It will therefore be impor-

tant to assess the long-term consequences of RNAi therapy, in

order to determine if miRNA functions are negatively af-

fected. To overcome this problem, it might be necessary to

analyze different doses of siRNAs to determine the maximum

capacity of the intracellular siRNA processing machinery in

different cell types.

3.3. Efficacy

A wide variety of issues will ultimately determine the efficacy

of particular RNAi-based therapeutics.

3.3.1. Resistance. Ironically, the exceptional sequence-spec-

ificity of RNAi is also viewed as one of its potential weak-

nesses. This problem is often cited when discussing the use of

RNAi as an antiviral agent as it has been demonstrated that

both RNA and DNA viruses can rapidly generate RNAi es-

cape mutations [78–82]. This problem will probably necessitate

the use of RNAi in combination therapy approaches, including

multiple RNAi target sequences and/or other synergistic anti-

virals, such as small molecule inhibitors. Another possible issue

regarding viral resistance is the discovery that analogous to

plant viruses (reviewed in [5]), some mammalian viruses, such

as Nodamura virus and human immunodeficiency virus (HIV),

encode genes that may interfere with RNAi silencing [6,7].

Notably however, the effectiveness of these virally encoded

genes in preventing therapeutic RNAi inhibition remains to

be determined. Resistance of particular RNAs to RNAi-med-

iated degradation has also been observed in cases where acces-

sibility of the target sequence was restricted. For cellular

mRNAs, the structure of the target RNA has been found to

affect silencing efficiency [83,84]. For viral RNAs, resistance

can also be related to intracellular location and/or nucleocap-

sid association of genomic RNA molecules [85–87].

Resistance may also be a fundamental problem for the treat-

ment of some cancers. As altered expression of miRNAs and

their processing enzyme, dicer, have recently been found to

be associated with different types of cancer [70–77], it is possi-

ble that the processing machinery required for siRNA activity

is not functionally normal in some tumor cells. Hence, depend-

ing on the nature of the oncogenic defect, it is possible that

therapeutically delivered siRNAs may not be as effective in

these cells. On a positive note, preliminary studies have dem-

onstrated the effectiveness of siRNAs in multiple cancer mod-

els. Yet, the role miRNAs play in oncogenesis and how this

might impact siRNA processing is an area that needs to be fur-

ther investigated.
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3.3.2. Incomplete inhibition. Although RNAi is more potent

than other gene silencing methods [19–23] (reviewed in [18,24]),

when designing RNAi-based therapeutics it is necessary to

consider the quantitative limitations inherent in this technol-

ogy. Specifically, RNAi knocks-down gene expression, but

generally does not eliminate it. For some conditions, partial

down regulation of a pathogenic gene appears to be sufficient

to produce clinically relevant improvement, however this is not

‘‘cure’’. In the case of genetic diseases, a ‘‘cure’’ is not necessar-

ily expected, but for other conditions such as cancer or infec-

tious disease, the ideal goal of therapy would be to rid the

patient of the disease. This limitation has been illustrated in

several xenograph mouse tumor models in which siRNA

silencing of oncogenes in vivo has been shown to slow the rate

of tumor progression and prolong survival, but the tumors

were not cleared [88,89]. Hence, in many cases, RNAi treat-

ment strategies may only be effective if designed in the context

of a synergistic combinatorial therapy approach.

3.3.3. Duration. Also related to efficacy is the duration of

the therapeutic effect. When delivered as a drug, siRNAs and

shRNA-expressing DNA templates function transiently.

When transfected into cells in culture, the inhibitory effect

usually peaks at day 2 post-transfection and fades thereafter.

Alterations in siRNA stability (see below) may prolong this

effect, but in the absence of any endogenous RNAi mecha-

nism for amplification or spread in mammalian cells, the

activity of these delivered nucleic acids is expected to remain

transient in nature. If the delivered siRNAs are part of an

acute curative treatment, then transient activity might be suf-

ficient, but in cases where RNAi suppression is part of a

long-term treatment protocol it will require frequent dosing

probably at significant cost. Notably, the desire to develop
Table 2
Inhibition of viral gene expression and replication by RNAi

Virus In vitro In vivo

Reference Model system Delivery

Vehicle

West Nile Virus [95] Mouse infection None
Hepatitis C Virus [97] Reporter transcript None
Coxsakievirus B3 – Mouse infection None
RSVa [87] Mouse infection None/TransIT

Parainfluenza – Mouse infection None/TransIT
Influenza [95,100] Mouse infection PEI-complex

Mouse infection Oligofectamin
Hepatitis B virus [103–105] Hydrodynamic None

Hydrodynamic None
Transgenic Mouse Adenovirus
Hydrodynamic Stabilized

SARS-CoVc [108]
Rhinovirus [109]
Poliovirus [110]
HIVd [111]
Papillomomavirus [112]
Cytomegalovirus [113]

hd, hydrodynamic injection; i.v., intravenous injection; i.n., intranasal admin
aRSV, respiratory syncytial virus.
bTransgenic mice constitutively express and replicate HBV, therefore this is
time of viral delivery.
cSARS-CoV, severe-acute respiratory syndrome-coronavirus.
dHIV, human immunodeficiency virus.
RNAi-based therapeutics for chronic conditions, such as ge-

netic defects, is one of the main motivations for developing

gene therapy delivery techniques, which presumably would al-

low for constitutive intracellular expression of the therapeutic

shRNA.

3.3.4. Stability. Although some data indicate that siRNAs

are more stable in serum and mammalian cells than antisense

oligonucleotides and ribozymes [19], multiple approaches are

being investigated to alter the pharmacokinetic properties of

siRNAs to increase their half-life in vivo. Not only are protec-

tive vehicles, such as liposomes, being designed to escort and

target intact siRNA effectors for cellular uptake, but chemical

modification of the siRNAs is also being investigated as a

means of directly stabilizing the molecules. Importantly, sev-

eral groups have shown that inhibition of gene expression by

siRNAs is compatible with a broad spectrum of chemical mod-

ifications [26,42,90–93]. Most recently, Morrissey et al. demon-

strated that a combination of direct modifications improved

stability, and thus in vivo efficacy of intravenously adminis-

tered siRNAs [40]. However, as determined by the authors, less

than 1% of the injected siRNA reached their target organ indi-

cating that modifications to improve targeting and/or cellular

uptake will also be necessary.

Importantly, despite these challenges, a wide variety of dis-

ease-relevant genes have been specifically inhibited with

siRNAs and shRNAs in vitro and in small animal models

(Tables 2–4). Additionally, planned and ongoing clinical trials

will soon provide valuable information regarding efficacy,

dosing, delivery, and safety, which should be useful in the con-

tinued advancement of RNAi-based drugs and in the analysis

of issues such as compliance which factor into the success of

any therapeutic regimen.
Reference

Route Time of treatment

hd Prophylactic (at 4 h) [96]
hd Co-transfection [98]
hd Therapeutic (at 6 h) [99]
i.n. Prophylactic (at 4 h) [36]

Therapeutic (at 1–3 days)
i.n. Prophylactic (at 4 h) [36]

lentivirus i.v./i.n. Prophylactic (at 12 h) [101]
Therapeutic (at 5 h)

e hd/i.n. Prophylactic (at 24 h) [102]
hd Co-transfection [106]
hd Co-transfection [107]
i.v. Therapeuticb [25]
i.v. Therapeutic (at 3 days) [42]

istration.

a model of chronic HBV, therefore time of treatment is not related to



Table 3
Therapeutic targets of RNAi tested in vivo

Field Disease Target Route Vehicle References

Neurological Amyotrophic lateral sclerosis SOD1 i.m. Lentivirus [126]
SOD1 Intraspinal Lentivirus [127]

Spinocerebellar ataxia Ataxin1 i.c. AAV [40]
Huntington�s disease Huntingtin i.c. AAV [128]
Neuropathic pain P2X3 cation channel Intrathecal None [39]

Ocular Inflammation in eye TGFb RII Local None [129]
AMD VEGF Local Transit TKO [130]
Herpetic stromal keratitis VEGF/R i.v. Ligand directed [131]

Hearing Autosomal dominant Gap junction b2 Local Liposome [132]

Inflammation Rheumatoid arthritis TNFa Local None [133]
Sepsis TNFa i.p. None [44]

Apoptosis Acute liver failure Fas hd None [134]
Caspase 8 hd/p.v. None [135]

Liver ischemia/reperfusion Caspase 8/3 hd 10%lipiodol [136]
Renal ischemia/reperfusion Fas hd None [137]
Lung ischemia/reperfusion Heme oxygenase1 i.n. None [37]

Metabolism Obesity AGRP i.c None [38]
Cholestrol ApoB i.v. Modified [41]

hd, hydrodynamic injection; i.v., intravenous; i.n., intranasal; i.c., intracranial; i.m., intramuscular; AAV, adeno-associated virus; AMD, age-related
macular degeneration; AGRP, agouti related peptide.

Table 4
Anti-cancer RNAi targets tested in vivo

Target Route Vehicle References

Bcl-2 i.v. Liposome [145]
Cxcr4 i.v. None [146]
Focal adhesion kinase i.v. None [147]
EphA2 i.v. None [148]
Polo-like kinase 1 i.v. ATA-treated [149]
Colony-stimulating factor i.t. None [150]
survivin hd DNA [151]
CEACAM6 i.v. None [152]
EGFR i.v. Ligand-targeted [49]
Erbb2/neu (HER2)R i.p. PEI-complex [47]
Skp-2 i.t. Adenovirus [153]
Spingosine-1 phosphate-R i.t. Liposome [154]
RhoA i.t. None [155]
VEGF-R i.v. Ligand-targeted [46]
VEGF i.t./i.v. Atelocollagen [156]
FGF4 i.t. Atelocollagen [157]

i.v., intravenous; i.t., intratumoral; hd, hydrodynamic injection; ATA,
aurintricarboxylic acid; CEACAM6, carcinoembryonic antigen-related
adhesion molecule 6.
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4. Therapeutic applications

4.1. Viral infection

One of the earliest proposed therapeutic uses of RNAi was

to inhibit viral infection, and several companies developing

RNAi-based therapies have ongoing programs focused on vir-

al targets (Table 1).

Targeting viral RNAs. Many reports have shown that pre-

treatment or co-treatment with virus-specific siRNAs can be

used to inhibit the expression and/or replication of numerous

viruses in vitro and in vivo (reviewed in [94]) (Table 2). In par-

ticular, investigations into the potential antiviral benefits of

RNAi have focused heavily on HIV (reviewed in [111]) and
the hepatitis viruses (reviewed in [97,114,115]), as currently

available treatment options against these viruses are inade-

quate. Furthermore, the availability of multiple well-defined

HBV mouse models [116,117] has made this virus a popular

target for in vivo proof-of-concept studies. Initial in vivo

hydrodynamic transfection experiments demonstrated that

simultaneous delivery of HBV expression plasmids and

HBV-specific siRNAs (or shRNA expression vectors) to the

mouse liver can prevent the induction of HBV gene expression

and replication [106,107,118]. To expand on those studies, we

and others have further examined the therapeutic potential of

RNAi for the treatment of chronic HBV infection using mouse

models in which ongoing viral gene expression and replication

are established in the liver prior to siRNA delivery [25,42].

Although it has been shown that some viral RNAs are resis-

tant to silencing [85–87] and some mammalian viruses, like

HIV, may encode proteins that interfere with RNAi activity

[7], in the case of HBV, significant inhibition of viral gene

expression and replication was achieved by therapeutic admin-

istration of RNAi effectors in 2 different mouse models. Like-

wise, inhibition of influenza virus [35], coxsackievirus B3 [99],

and respiratory syncytial virus (RSV) [36] infections have been

inhibited by siRNAs delivered after the establishment of infec-

tion in mice.

Targeting host cell genes. Because viruses can rapidly gen-

erate escape mutations when siRNAs are targeted directly to

their genome [78–82,110], another potential RNAi antiviral

strategy is to inhibit the expression of cellular factors that

perpetuate the infection. In particular, HIV cellular recep-

tors, such as CD4 and CCR5, are appealing targets for inhi-

bition as this could significantly block initial viral entry into

susceptible cell types [119–123]. Before implementing this

type of indirect inhibition approach, however, it would be

important to determine what other effects might occur as a

result of down regulating the particular host gene in ques-
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tion, and this could limit the feasibility of this strategy

against some viruses.

In terms of the potential for viral clearance, RNAi knock

down of viral RNAs alone is unlikely to completely eliminate

viral infection, however, it may still prove to be an effective

antiviral if viral replication and spread can be reduced suffi-

ciently to allow the endogenous host immune response to suc-

cessfully combat the infection. For example, in the case of

HBV, even chronically infected patients maintain a virus-

specific cytotoxic T lymphocyte (CTL) response throughout

the course of infection. Although that immune response is

not strong enough to independently clear the virus, it does con-

tinue to destroy cells expressing HBV antigens meaning that

any cells in which HBV has been silenced would have a sur-

vival advantage and may be selected over time to repopulate

the liver.
4.2. Neurological disease

Parkinson�s disease, Huntington�s disease (HD), fragile X

syndrome, amyotrophic lateral sclerosis (ALS), and spinobul-

bar muscular atrophy, are just some of the prominent neuro-

logical diseases for which RNAi-based therapies might prove

useful (reviewed in [124,125]) (Table 3). The germane common-

ality among these neurodegenerative disorders is that they re-

sult from dominant mutations in a single allele. Hence, in all

cases, the sequence specificity offered by RNAi may provide

a means of inhibiting expression of the mutant target gene

while allowing the essential wild type allele to be expressed.

Recent examples of the ability of siRNAs to distinguish sin-

gle nucleotide differences between wildtype and mutant RNAs

have been demonstrated in models of ALS, which is a lethal

motor neuron degenerative disease for which there is currently

no treatment [138]. ALS results from single nucleotide muta-

tions in the gene encoding Cu/Zn superoxide dismutase

(SOD1). In 2003, Ding et al. [14] reported that siRNAs and

PolIII-driven shRNAs could be designed to selectively silence

a dominant mutant ALS allele. More recently, two reports

have confirmed the effectiveness of this approach in a trans-

genic SOD1(G93A) mouse model of ALS [126,127]. In both

studies, lentiviral vectors were used to deliver shRNAs specific

for the mutant SOD1. Both intramuscular and intrasplenic

injection resulted in reduction of mutant SOD1(G93A) expres-

sion leading to a prolonged survival of motor neurons, a delay

in the onset of ALS symptoms, and an increase in lifespan.

Although the in vivo delivered shRNAs in these experiments

were specific for the human transgene due to sequence differ-

ences between the mouse and human genes, the previous study

by Ding et al., demonstrate the feasibility of distinguishing

more closely related human SOD1 alleles. In terms of general

clinical application however, the bigger issue may be that ALS

can be caused by more than 100 distinct SOD1 mutations. To

address this issue, Xia et al. [139], have tested a ‘‘replacement

RNAi strategy’’ in which they target inhibition of all mutant

and wildtype forms of SOD1, while simultaneously delivering

a functional SOD1 gene that is resistant to their siRNAs due

to the presence of a silent mutation. If gene therapy ap-

proaches, such as lentivirus, are developed for the delivery

SOD1-specifc siRNA, it should also be possible to use this type

of replacement RNAi strategy.

Another class of dominant negative mutant targets is found

in at least 8 progressive neurogenerative disorders, which in-
clude HD and spinocerebellar ataxia (SCA1). These diseases

are caused by polyglutamine expansions in which CAG trinu-

cleotide repeats are found in the mutant allele. In disease mod-

els of both HD and SCA1 the mutant protein has been shown

to be toxic to neurons and that repression of the mutant gene is

clinically beneficial in reversing motor dysfunction [140–142].

Two recent reports have used AAV vectors to express dis-

ease-specific shRNAs in the brain of transgenic mice that model

HD [128] and SCA1 [40]. In both cases, expression of the mu-

tant gene was reduced resulting in an improvement in behavior

and neuropathological abnormalities. One caveat the authors

acknowledge in both studies is that due to the nature of the

transgenic model, the in vivo delivered shRNAs were by de-

fault specific for the mutant human transgene based on se-

quence differences between the mouse and human genes.

However once again, previous in vitro studies have demon-

strated that allele-specific targeting of genes containing poly-

glutamine expansions is possible [15]. Interestingly however,

while it was determined that siRNA targets within the CAG

repeat region do not necessarily result in allele-specific inhibi-

tion, the authors demonstrated that siRNAs could be designed

to distinguish these alleles based on associated single-nucleo-

tide polymorphisms (SNPs), which may or may not function-

ally contribute to the disease phenotype [15].

In addition to targeting dominant mutant alleles, RNAi-

based approaches could also prove useful for the treatment

of other forms of neurological disease in which inhibition of

specific processing/regulatory pathways is required. For exam-

ple, Alzheimer�s is caused by an increase in b-amyloid produc-

tion, which requires cleavage by b-secretase (BACE1), an

enzyme that is up regulated in the brain of Alzheimer�s pa-

tients. Hence, siRNAs targeting the downregulation of BACE1

may be able to halt the progression of Alzheimer�s. As proof of

concept, Kao et al. have used RNAi to inhibit BACE1 expres-

sion in primary mouse cortical neurons and observed the ex-

pected decrease in b-amyloid production [143]. Similarly, as

more is learned about the molecular mechanisms that mediate

neurotoxicity in acute adverse neurological events, such as

stroke and spinal cord injury, it is likely that targets can be

identified for minimizing the events that lead to neuron dam-

age and facilitating restorative processes.
4.3. Oncology

While conventional chemotherapy has proven to be an effec-

tive means of killing cancerous cells, it lacks the selectivity re-

quired to distinguish tumor cells from normal cells resulting in

a significant degree of collateral cell death. Therefore, a ther-

apy that could be targeted specifically to cancer cells would

provide a more attractive treatment option. While efficient

delivery and targeting are ongoing issues for the development

of RNAi-based drugs, the potential utility of RNAi in inhibit-

ing cancer cell proliferation has recently been demonstrated in

many in vitro as well as in vivo studies (Table 4) (reviewed in

[144]).

Direct targeting of oncogenes. Again, the ability of siRNAs

to discriminate between mutant and wild type alleles presents

the same advantages in the field of oncology as it does for

the dominant mutant neurodegenerative disorders discussed

above. Multiple oncogenic gene fusions formed by chromo-

somal translocation in leukemia and lymphoma have been

readily inhibited by RNAi approaches in vitro (reviewed in
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[144]), while more stringent allele-specific targeting has been

achieved for several single nucleotide mutant forms of ras

and p53, which are both prevalent in human cancers

[12,89,158,159].

Drug sensitization. Although direct inhibition of an onco-

gene may slow tumor growth, it does not eliminate the cancer-

ous cells. Furthermore, reducing the rate of tumor cell

proliferation might be expected to reduce the effectiveness of

traditional therapies that preferentially target actively dividing

cells. Hence, the potential use of RNAi to facilitate the effects

of traditional cancer therapeutics has been proposed. For

example, targeted suppression of the anti-apoptotic bcl-2 gene

sensitizes cells to chemotherapy agents, such as etopodise and

daunorubicin [158,160,161]. Likewise, siRNA silencing of dou-

ble-strand break repair proteins, such as the DNA-dependent

protein kinase catalytic subunit, confer enhanced radio and

chemosensitivity to tumor cells [162,163]. RNAi might also

complement chemotherapy in the treatment of patients that

have developed multidrug resistance. While over 30% of cancer

patients develop resistance to chemotherapeutic agents due to

an over expression of the multidrug resistance gene (MDR1)

[164], RNAi-mediated suppression of MDR1 has been shown

to re-sensitize cells to the effects of chemotherapy [165,166].

Hence, if RNAi effectors could be specifically delivered to

tumors, these cells could be made preferentially sensitive to

traditional cancer therapies.

Inhibition of invasion and migration. Finally, another cancer

treatment approach being investigated is the use of RNAi to

indirectly control tumor growth by inhibition of processes re-

quired for tumor spread. For example, in the case of breast

cancer, transformed cells express the chemokine receptor

CXCR4, which promotes metastasis to organs abundant in

CXCR4 ligand [167]. Several groups have shown RNAi-med-

iated inhibition of CXCR4 results in reduced cell invasion

in vitro, as well as a block in breast cancer metastasis in xeno-

graph animal models [146,167,168]. As a more general ap-

proach, members of the vascular endothelial growth factor

(VEGF) family, which are involved in the generation of new

blood vessels required for tumor growth, are being tested as

a potential anti-cancer treatment targets (reviewed in [169]).

After transplanting tumor cells subcutaneously into mice,

two groups have shown that intratumoral injections of

VEGF-specific siRNAs, either naked or complexed with atelo-

collagen, blocked angiogenesis and limited tumor growth

[156,170]. More recently, Schiffelers et al. [46] achieved similar

results delivering VEGF receptor-specific siRNAs to xeno-

graph tumors by intravenous injection of ligand-targeted, sta-

bilized nanoparticles.
4.4. Ocular disease

Angiogenesis additionally has a causal role in several ocu-

lar diseases including age-related macular degeneration

(AMD), herpetic stromal keratitis, and diabetic retinopathy

[171]. VEGF has been found to be directly involved in the

destructive vascularization associated with these ocular dis-

ease. The ability of VEGF-specific siRNAs to reduce

VEGF-dependent vascular invasion of the eye has not only

been demonstrated in animal models [130,131] (Table 3),

but phase I AMD clinical trials in patients is ongoing as well

[34]. Notably, however, there is a competing technology in

this area, as an anti-VEGF aptamer therapeutic, Pegaptanib
sodium, was approved for the treatment of AMD in Decem-

ber 2004 [172].
4.5. Inflammation and apoptosis

In some diseases, the pathology observed is caused by the

activation of innate cellular processes. Hence, by targeting

key molecules involved in these pathways, RNAi therapeu-

tics may provide a means of controlling the cellular pro-

cesses responsible. For example, tumor necrosis factor

(TNF)a is a proinflammatory cytokine involved in the

chronic pathogenesis of rheumatoid arthritis (RA). While

drugs currently being used to block the action of TNFa
have been shown to be effective in reducing inflammation

and slowing RA progression, several risks, such as conges-

tive heart failure, demyelinating diseases, systemic lupus ery-

thematosus, lymphoma, and serious infections, have been

associated with the use of systemic TNFa-blockers [173].

In a preclinical mouse model of collagen induced arthritis,

Schiffelers and colleagues recently demonstrated that local

injection and electroporation of TNFa-specific siRNAs effec-

tively inhibited paw inflammation in mice [133]. Further-

more, using an intravenously injected luciferase reporter,

the authors subsequently showed that joint injection and

electroporation of luciferase-specific siRNAs only inhibited

the reporter gene locally. These studies suggest that in lieu

of conventional anti-TNFa blockers, local delivery of

TNFa-specific siRNAs might provide a safer means of

reducing inflammation in RA patients.

While many proposed RNAi therapeutic targets are related

to chronic and/or progressive diseases, it is important to note

that RNAi could also potentially serve a valuable function in

limiting acute responses as well. In a mouse model of sepsis,

it has been shown that pretreatment with TNFa-specific siR-

NAs injected intraperitoneally was able to increase survival

rate sixfold after lethal lipopolysaccharide challenge [44]. Sim-

ilarly, one of the first experiments to demonstrate the thera-

peutic potential of RNAi used fas-specific siRNAs to protect

mice against fulminant hepatitis [134], and another study re-

ported that caspase 8-specific siRNA treatment also prevented

acute liver failure [135]. These studies illustrate the concept

that siRNAs might be used effectively to control acute re-

sponses whether that means limiting dangerous, uncontrolled

inflammation or preventing hepatocyte apoptosis and preserv-

ing liver function (Table 3).
5. Conclusion

Although not complete, the above list of potential therapeu-

tic applications of RNAi is intended to illustrate how the

advantages inherent in RNAi technology (Specificity, Potency,

and Versatility) could possibly translate into significant pro-

gress in molecular medicine. However, it is important to also

revisit the sobering challenges that face all sequence-specific

gene silencing technologies (Delivery, Safety, and Efficacy) be-

fore making any predictions about the future of this promis-

ing, yet immature, technology. Fortuitously, the development

of RNAi technology has been facilitated by the many years

of previous research into antisense drug delivery and the enor-

mous amount of genetic information recently obtained from

the Human Genome Project. With the convergence of all these
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events, momentum alone seems to be providing the extra push

that could make a leap forward possible.

References

[1] Kurreck, J. (2003) Antisense technologies. Improvement through
novel chemical modifications. Eur. J. Biochem. 270 (8), 1628–
1644.

[2] Elbashir, S.M., Harborth, J., Lendeckel, W., Yalcin, A., Weber,
K. and Tuschl, T. (2001) Duplexes of 21-nucleotide RNAs
mediate RNA interference in cultured mammalian cells. Nature
411 (6836), 494–498.

[3] Elbashir, S.M., Lendeckel, W. and Tuschl, T. (2001) RNA
interference is mediated by 21- and 22-nucleotide RNAs. Genes
Dev. 15 (2), 188–200.

[4] Novina, C. and Sharp, P. (2004) The RNAi revolution. Nature
430 (6996), 161–164.

[5] Li, W. and Ding, S. (2001) Viral suppressors of RNA silencing.
Curr. Opin. Biotechnol. 12 (2), 150–154.

[6] Sullivan, C. and Ganem, D. (2005) A virus-encoded inhibitor
that blocks RNA interference in mammalian cells. J. Virol. 79
(12), 7371–7379.

[7] Bennasser, Y., Le, S., Benkirane, M. and Jeang, K. (2005)
Evidence that HIV-1 encodes an siRNA and a suppressor of
RNA silencing. Immunity 22 (5), 607–619.

[8] Nakahara, K. and Carthew, R. (2004) Expanding roles for
miRNAs and siRNAs in cell regulation. Curr. Opin. Cell. Biol.
15 (2), 127–133.

[9] Xu, P., Guo, M. and Hay, B. (2004) MicroRNAs and the
regulation of cell death. Trends Genet. 20 (12), 617–624.

[10] Ambros, V. (2004) The functions of animal microRNAs. Nature
431 (7006), 350–353.

[11] Beal, J. (2005) Silence is golden: can RNA interference thera-
peutics deliver? Drug Discov. Today 10 (3), 169–172.

[12] Brummelkamp, T., Bernards, R. and Agami, R. (2002) Stable
suppression of tumorigenicity by virus-mediated RNA interfer-
ence. Cancer Cell 2 (3), 243.

[13] Martinez, J., Patkaniowska, A., Urlaub, H., Luhrmann, R. and
Tuschl, T. (2002) Single-stranded antisense siRNAs guide target
RNA cleavage in RNAi. Cell 110 (5), 563–574.

[14] Ding, H., Schwarz, D., Keene, A., Affarel, B., Fenton, L., Xia,
X., Shi, Y., Zamore, P. and Xu, Z. (2003) Selective silencing by
RNAi of a dominant allele that causes amyotrophic lateral
sclerosis. Aging Cell 2 (4), 209–217.

[15] Miller, V., Xia, H., Marrs, G., Gouvion, C., Lee, G.,
Davidson, B. and Paulson, H. (2003) Allele-specific silencing
of dominant disease genes. Proc. Natl. Acad. Sci. USA 100
(12), 7195–7200.

[16] Wilda, M., Fuchs, U., Wossmann, W. and Borkhardt, A. (2002)
Killing of leukemic cells with a BCR/ABL fusion gene by RNA
interference (RNAi). Oncogene 21 (37), 5716–5724.

[17] Gonzalez-Alegre, P., Miller, V., Davidson, B. and Paulson, H.
(2003) Toward therapy for DYT1 dystonia: allele-specific
silencing of mutant TorsinA. Ann. Neurol. 53 (6), 781–787.

[18] Achenbach, T., Brunner, B. and Heermeier, K. (2003) Oligonu-
cleotide-based knockdown technologies: antisense versus RNA
interference. Chembiochem 4 (10), 928–935.

[19] Bertrand, J., Pottier, M., Vekris, A., Opolon, P., Maksimenko,
A. and Malvy, C. (2002) Comparison of antisense oligonucle-
otides and siRNAs in cell culture and in vivo. Biochem. Biophys.
Res. Commun. 296 (4), 1000–1004.

[20] Miyagishi, M., Hayashi, M. and Taira, K. (2003) Comparison of
the suppressive effects of antisense oligonucleotides and siRNAs
directed against the same targets in mammalian cells. Antisense
Nucleic Acid Drug Dev. 13 (1), 1–7.

[21] Xu, Y., Zhang, H., Thormeyer, D., Larsson, O., Du, Q., Elmen,
J., Wahlestedt, C. and Liang, Z. (2003) Effective small interfering
RNAs and phosphorothioate antisense DNAs have different
preferences for target sites in the luciferase mRNAs. Biochem.
Biophys. Res. Commun. 306 (3), 712–717.

[22] Kretschmer-Kazemi Far, R. and Sczakiel, G. (2003) The activity
of siRNA in mammalian cells is related to structural target
accessibility: a comparison with antisense oligonucleotides.
Nucleic Acids Res. 31 (15), 4417–4424.
[23] Grunweller, A., Wyszko, E., Bieber, B., Jahnel, R., Erdmann, V.
and Kurreck, J. (2003) Comparison of different antisense
strategies in mammalian cells using locked nucleic acids, 2 0-O-
methyl RNA, phosphorothioates and small interfering RNA.
Nucleic Acids Res. 31 (12), 3185–3193.

[24] Zhang, Y., Taylor, M., Samson, W. and Phillips, M. (2005)
Antisense inhibition: oligonucleotides, ribozymes, and siRNAs.
Methods Mol. Med. 106, 11–24.

[25] Uprichard, S., Boyd, B., Althage, A. and Chisari, F. (2005)
Clearance of hepatitis B virus from the liver of transgenic mice
by short hairpin RNAs. Proc. Natl. Acad. Sci. USA 102 (3), 773–
778.

[26] Harborth, J., Elbashir, S., Vandenburgh, K., Manninga, H.,
Scaringe, S., Weber, K. and Tuschl, T. (2003) Sequence,
chemical, and structural variation of small interfering RNAs
and short hairpin RNAs and the effect on mammalian gene
silencing. Antisense Nucleic Acid Drug Dev. 13 (2), 83–105.

[27] Reynolds, A., Leake, D., Boese, Q., Scaringe, S., Marshall, W.
and Khvorova, A. (2004) Rational siRNA design for RNA
interference. Nat. Biotechnol. 22 (3), 326–330.

[28] Amarzguioui, M. and Prydz, H. (2004) An algorithm for
selection of functional siRNA sequences. Biochem. Biophys.
Res. Commun. 316 (4), 1050–1058.

[29] Peyman, A., Helsberg, M., Kretzschmar, G., Mag, M., Grabley,
S. and Uhlmann, E. (1995) Inhibition of viral growth by
antisense oligonucleotides directed against the IE110 and the
UL30 mRNA of herpes simplex virus type-1. Biol. Chem. Hoppe
Seyler 376 (3), 195–198.

[30] Scherer, L. and Rossi, J. (2003) Approaches for the sequence-
specific knockdown of mRNA. Nat. Biotechnol. 21 (12), 1457–
1465.

[31] Paddison, P.J., Caudy, A.A., Bernstein, E., Hannon, G.J. and
Conklin, D.S. (2002) Short hairpin RNAs (shRNAs) induce
sequence-specific silencing in mammalian cells. Genes Dev. 16
(8), 948–958.

[32] Brummelkamp, T.R., Bernards, R. and Agami, R. (2002) A
system for stable expression of short interfering RNAs in
mammalian cells. Science 296 (5567), 550–553.

[33] Vitravene-Study-Group (2002) A randomized controlled clinical
trial of intravitreous fomivirsen for treatment of newly diag-
nosed peripheral cytomegalovirus retinitis in patients with
AIDS. Am. J. Ophthalmol. 133(4), 467–474.

[34] Check, E. (2005) A crucial test. Nat. Med. 11 (3), 243–244.
[35] Ge, Q., Filip, L., Bai, A., Nguyen, T., Eisen, H. and Chen, J.

(2004) Inhibition of influenza virus production in virus-infected
mice by RNA interference. Proc. Natl. Acad. Sci. USA 101 (23),
88676–88681.

[36] Bitko, V., Musiyenko, A., Shulyayeva, O. and Barik, S. (2005)
Inhibition of respiratory viruses by nasally administered siRNA.
Nat. Med. 11 (1), 50–55.

[37] Zhang, X., Shan, P., Jiang, D., Noble, P., Abraham, N., Kappas,
A. and Lee, P. (2004) Small interfering RNA targeting heme
oxygenase-1 enhances ischemia-reperfusion-induced lung apop-
tosis. J. Biol. Chem. 279 (11), 10677–10684.

[38] Makimura, H., Mizuno, T., Mastaitis, J., Agami, R. and Mobbs,
C. (2002) Reducing hypothalamic AGRP by RNA interference
increases metabolic rate and decreases body weight without
influencing food intake. BMC Neurosci. 3 (1), 18.

[39] Dorn, G., Patel, S., Wotherspoon, G., Hemmings-Mieszczak,
M., Barclay, J., Natt, F., Martin, P., Bevan, S., Fox, A., Ganju,
P., Wishart, W. and Hall, J. (2004) siRNA relieves chronic
neuropathic pain. Nucleic Acids Res. 32 (5), e4.

[40] Xia, H., Mao, Q., Eliason, S., Harper, S., Martins, I., Orr,
H., Paulson, H., Yang, L., Kotin, R. and Davidson, B.
(2004) RNAi suppresses polyglutamine-induced neurodegener-
ation in a model of spinocerebellar ataxia. Nat. Med. 10 (8),
816–820.

[41] Soutschek, J., Akinc, A., Bramlage, B., Charisse, K., Constien,
R., Donoghue, M., Elbashir, S., Geick, A., Hadwiger, P.,
Harborth, J., John, M., Kesavan, V., Lavine, G., Pandey, R.,
Racie, T., Rajeev, K., Rohl, I., Toudjarska, I., Wang, G.,
Wuschko, S., Bumcrot, D., Koteliansky, V., Limmer, S.,
Manoharan, M. and Vornlocher, H. (2004) Therapeutic silencing
of an endogenous gene by systemic administration of modified
siRNAs. Nature 432 (7014), 173–178.



6004 S.L. Uprichard / FEBS Letters 579 (2005) 5996–6007
[42] Morrissey, D., Blanchard, K., Shaw, L., Jensen, K., Lockridge,
J., Dickinson, B., McSwiggen, J., Vargeese, C., Bowman, K.,
Shaffer, C., Polisky, B. and Zinnen, S. (2005) Activity of
stabilized short interfering RNA in a mouse model of hepatitis B
virus replication. Hepatology 41 (6), 1349–1356.

[43] Sioud, M. and Sorensen, D. (2003) Cationic liposome-mediated
delivery of siRNAs in adult mice. Biochem. Biophys. Res.
Commun. 312 (4), 1220–1225.

[44] Sorensen, D., Leirdal, M. and Sioud, M. (2003) Gene silencing
by systemic delivery of synthetic siRNAs in adult mice. J. Mol.
Biol. 327 (4), 761–766.

[45] Lorenz, C., Hadwiger, P., John, M., Vornlocher, H. and
Unverzagt, C. (2004) Steroid and lipid conjugates of siRNAs
to enhance cellular uptake and gene silencing in liver cells.
Bioorg. Med. Chem. Lett. 14 (19), 4975–4977.

[46] Schiffelers, R., Ansari, A., Xu, J., Zhou, Q., Tang, Q., Storm, G.,
Molema, G., Lu, P., Scaria, P. and Woodle, M. (2004) Cancer
siRNA therapy by tumor selective delivery with ligand-targeted
sterically stabilized nanoparticle. Nucleic Acids Res. 32 (19),
e149.

[47] Urban-Klein, B., Werth, S., Abuharbeid, S., Czubayko, F. and
Aigner, A. (2005) RNAi-mediated gene-targeting through sys-
temic application of polyethylenimine (PEI)-complexed siRNA
in vivo. Gene Ther. 12 (5), 461–466.

[48] Zhang, Y., Boado, R. and Pardridge, W. (2003) In vivo
knockdown of gene expression in brain cancer with intravenous
RNAi in adult rats. J. Gene Med. 5 (12), 1039–1045.

[49] Zhang, Y., Zhang, Y., Bryant, J., Charles, A., Boado, R. and
Pardridge, W. (2004) Intravenous RNA interference gene
therapy targeting the human epidermal growth factor receptor
prolongs survival in intracranial brain cancer. Clin. Cancer Res.
10 (11), 3667–3677.

[50] Pardridge, W. (2004) Intravenous, non-viral RNAi gene therapy
of brain cancer. Expert Opin. Biol. Ther. 4 (7), 1103–1113.

[51] Song, E., Zhu, P., Lee, S., Chowdhury, D., Kussman, S.,
Dykxhoorn, D., Feng, Y., Palliser, D., Weiner, D., Shankar, P.,
Marasco, W. and Lieberman, J. (2005) Antibody mediated
in vivo delivery of small interfering RNAs via cell-surface
receptors. Nat. Biotechnol. 23 (6), 709–717.

[52] Tomanin, R. and Scarpa, M. (2004) Why do we need new gene
therapy viral vectors? Characteristics, limitations and future
perspectives of viral vector transduction. Curr. Gene Ther. 4 (4),
357–372.

[53] Zentilin, L. and Giacca, M. (2004) In vivo transfer and
expression of genes coding for short interfering RNAs. Curr.
Pharm. Biotechnol. 5 (4), 341–347.

[54] Clayton, J. (2004) RNA interference: the silent treatment.
Nature 431 (7008), 599–605.

[55] Jackson, A., Bartz, S., Schelter, J., Kobayashi, S., Burchard, J.,
Mao, M., Li, B., Cavet, G. and Linsley, P. (2003) Expression
profiling reveals off-target gene regulation by RNAi. Nat.
Biotechnol. 21 (6), 635–637.

[56] Ma, Z., Li, J., He, F., Wilson, A., Pitt, B. and Li, S. (2005)
Cationic lipids enhance siRNA-mediated interferon response in
mice. Biochem. Biophys. Res. Commun. 330 (3), 755–759.

[57] Heidel, J., Hu, S., Liu, X., Triche, T. and Davis, M. (2004) Lack
of interferon response in animals to naked siRNAs. Nat.
Biotechnol. 22 (12), 1579–1582.

[58] Semizarov, D., Frost, L., Sarthy, A., Kroeger, P., Halbert, D.
and Fesik, S. (2003) Specificity of short interfering RNA
determined through gene expression signatures. Proc. Natl.
Acad. Sci. USA 100 (11), 6347–6352.

[59] Chi, J., Chang, H., Wang, N., Chang, D., Dunphy, N. and
Brown, P. (2003) Genomewide view of gene silencing by small
interfering RNAs. Proc. Natl. Acad. Sci. USA 100 (11), 6343–
6346.

[60] Kariko, K., Bhuyan, P., Capodici, J. and Weissman, D. (2004)
Small interfering RNAs mediate sequence-independent gene
suppression and induce immune activation by signaling through
toll-like receptor 3. J. Immunol. 172 (11), 6545–6549.

[61] Sledz, C., Holko, M., de Veer, M., Silverman, R. and Williams,
B. (2003) Activation of the interferon system by short-interfering
RNAs. Nat. Cell Biol. 5 (9), 834–839.

[62] Robbins, M. and Rossi, J. (2005) Sensing the danger in RNA.
Nat. Med. 11 (3), 250–251.
[63] Hornung, V., Guenthner-Biller, M., Bourquin, C., Ablasser, A.,
Schlee, M., Uematsu, S., Noronha, A., Manoharan, M., Akira,
S., de Fougerolles, A., Endres, S. and Hartmann, G. (2005)
Sequence-specific potent induction of IFN-alpha by short
interfering RNA in plasmacytoid dendritic cells through
TLR7. Nat. Med. 11 (3), 263–270.

[64] Kim, D., Longo, M., Han, Y., Lundberg, P., Cantin, E. and
Rossi, J. (2004) Interferon induction by siRNAs and ssRNAs
synthesized by phage polymerase. Nat. Biotechnol. 22 (3), 321–
325.

[65] Hutvagner, G. and Zamore, P. (2002) A microRNA in a
multiple-turnover RNAi enzyme complex. Science 297 (5589),
2056–2060.

[66] Holen, T., Amarzguioui, M., Wiiger, M.T., Babaie, E. and
Prydz, H. (2002) Positional effects of short interfering RNAs
targeting the human coagulation trigger tissue factor. Nucleic
Acids Res. 30 (8), 1757–1766.

[67] McManus, M., Haines, B., Dillon, C., Whitehurst, C., van
Parijs, L., Chen, J. and Sharp, P. (2002) Small interfering RNA-
mediated gene silencing in T lymphocytes. J. Immunol. 169 (10),
5754–5760.

[68] Dostie, J., Mourelatos, Z., Yang, M., Sharma, A. and Dreyfuss,
G. (2003) Numerous microRNPs in neuronal cells containing
novel microRNAs. RNA 9 (2), 180–186.

[69] Carthew, R. (2002) RNA interference: the fragile X syndrome
connection. Curr. Biol. 12 (24), R852–R854.

[70] Gong, H., Liu, C., Liu, D. and Liang, C. (2005) The role of small
RNAs in human diseases: potential troublemaker and therapeu-
tic tools. Med. Res. Rev. 25 (3), 361–381.

[71] Calin, G., Liu, C., Sevignani, C., Ferracin, M., Felli, N.,
Dumitru, C., Shimizu, M., Cimmino, A., Zupo, S., Dono, M.,
Dell�Aquila, M., Alder, H., Rassenti, L., Kipps, T., Bullrich, F.,
Negrini, M. and Croce, C. (2004) MicroRNA profiling reveals
distinct signatures in B cell chronic lymphocytic leukemias. Proc.
Natl. Acad. Sci. USA 101 (32), 11755–11760.

[72] Karube, Y., Tanaka, H., Osada, H., Tomida, S., Tatematsu, Y.,
Yanagisawa, K., Yatabe, Y., Takamizawa, J., Miyoshi, S.,
Mitsudomi, T. and Takahashi, T. (2005) Reduced expression of
Dicer associated with poor prognosis in lung cancer patients.
Cancer Sci. 96 (2), 111–115.

[73] Eis, P., Tam, W., Sun, L., Chadburn, A., Li, Z., Gomez, M.,
Lund, E. and Dahlberg, J. (2005) Accumulation of miR-155 and
BIC RNA in human B cell lymphomas. Proc. Natl. Acad. Sci.
USA 102 (10), 3627–3632.

[74] Johnson, S., Grosshans, H., Shingara, J., Byrom, M., Jarvis, R.,
Cheng, A., Labourier, E., Reinert, K., Brown, D. and Slack, F.
(2005) RAS is regulated by the let-7 microRNA family. Cell 120
(5), 635–647.

[75] Lu, J., Getz, G., Miska, E., Alvarez-Saavedra, E., Lamb, J.,
Peck, D., Sweet-Cordero, A., Ebert, B., Mak, R., Ferrando, A.,
Downing, J., Jacks, T., Horvitz, H. and Golub, T. (2005)
MicroRNA expression profiles classify human cancers. Nature
435 (7043), 834–838.

[76] O�Donnell, K., Wentzel, E., Zeller, K., Dang, C. and Mendell, J.
(2005) c-Myc-regulated microRNAs modulate E2F1 expression.
Nature 435 (7043), 839–843.

[77] He, L., Thomson, J., Hemann, M., Hernando-Monge, E., Mu,
D., Goodson, S., Powers, S., Cordon-Cardo, C., Lowe, S.,
Hannon, G. and Hammond, S. (2005) A microRNA polycistron
as a potential human oncogene. Nature 435 (7043), 828–833.

[78] Boden, D., Pusch, O., Lee, F., Tucker, L. and Ramratnam, B.
(2003) Human immunodeficiency virus type 1 escape from RNA
interference. J. Virol. 77 (21), 11531–11535.

[79] Das, A., Brummelkamp, T., Westerhout, E., Vink, M., Madi-
redjo, M., Bernards, R. and Berkhout, B. (2004) Human
immunodeficiency virus type 1 escapes from RNA interference-
mediated inhibition. J. Virol. 78 (5), 2601–2605.

[80] Gitlin, L., Stone, J. and Andino, R. (2005) Poliovirus escape
from RNA interference: short interfering RNA-target recogni-
tion and implications for therapeutic approaches. J. Virol. 79 (2),
1027–1035.

[81] Wu, H., Huang, L., Huang, C., Lai, H., Liu, C., Huang, Y., Hsu,
Y., Lu, C., Chen, D. and Chen, P. (2005) RNA interference-
mediated control of hepatitis B virus and emergence of resistant
mutant. Gastroenterology 128 (3), 708–716.



S.L. Uprichard / FEBS Letters 579 (2005) 5996–6007 6005
[82] Wilson, J. and Richardson, C. (2005) Hepatitis C virus replicons
escape RNA interference induced by a short interfering RNA
directed against the NS5b coding region. J. Virol. 79 (11), 7050–
7058.

[83] Pancoska, P., Moravek, Z. and Moll, U. (2004) Efficient RNA
interference depends on global context of the target sequence:
quantitative analysis of silencing efficiency using Eulerian graph
representation of siRNA. Nucleic Acids Res. 32 (4), 1469–1479.

[84] Schubert, S., Grunweller, A., Erdmann, V. and Kurreck, J.
(2005) Local RNA target structure influences siRNA efficacy:
systematic analysis of intentionally designed binding regions. J.
Mol. Biol. 348 (4), 883–893.

[85] Hu, W., Myers, C., Kilzer, J., Pfaff, S. and Bushman, F. (2002)
Inhibition of retroviral pathogenesis by RNA interference. Curr.
Biol. 12 (15), 1301.

[86] Chang, J. and Taylor, J. (2003) Susceptibility of human hepatitis
delta virus RNAs to small interfering RNA action. J. Virol. 77
(17), 9728–9731.

[87] Bitko, V. and Barik, S. (2001) Phenotypic silencing of cytoplas-
mic genes using sequence-specific double-stranded short inter-
fering RNA and its application in the reverse genetics of wild
type negative-strand RNA viruses. BMC Microbiol. 1 (1), 34.

[88] Verma, U., Surabhi, R., Schmaltieg, A., Becerra, C. and Gaynor,
R. (2003) Small interfering RNAs directed against beta-catenin
inhibit the in vitro and in vivo growth of colon cancer cells. Clin.
Cancer Res. 9 (4), 1291–1300.

[89] Yang, G., Thompson, J., Fang, B. and Liu, J. (2003) Silencing of
H-ras gene expression by retrovirus-mediated siRNA decreases
transformation efficiency and tumorgrowth in a model of human
ovarian cancer. Oncogene 22 (36), 5694–5701.

[90] Hall, A., Wan, J., Shaughnessy, E., Ramsay Shaw, B. and
Alexander, K. (2004) RNA interference using boranophosphate
siRNAs: structure–activity relationships. Nucleic Acids Res. 32
(20), 5991–6000.

[91] Chiu, Y. and Rana, T. (2003) siRNA function in RNAi: a
chemical modification analysis. RNA 9 (9), 1034–1048.

[92] Braasch, D., Jensen, S., Liu, Y., Kaur, K., Arar, K., White, M.
and Corey, D. (2003) RNA interference in mammalian cells by
chemically-modified RNA. Biochemistry 42 (26), 7967–7975.

[93] Czauderna, F., Fechtner, M., Dames, S., Aygun, H., Klippel, A.,
Pronk, G., Giese, K. and Kaufmann, J. (2003) Structural
variations and stabilising modifications of synthetic siRNAs in
mammalian cells. Nucleic Acids Res. 31 (11), 2705–2716.

[94] Joost Haasnoot, P., Cupac, D. and Berkhout, B. (2003)
Inhibition of virus replication by RNA interference. J. Biomed.
Sci. 10 (6 Pt 1), 607–616.

[95] McCown, M., Diamond, M. and Pekosz, A. (2003) The utility of
siRNA transcripts produced by RNA polymerase i in down
regulating viral gene expression and replication of negative- and
positive-strand RNA viruses. Virology 313 (2), 514–524.

[96] Bai, F., Wang, T., Pal, U., Bao, F., Gould, L. and Fikrig, E.
(2005) Use of RNA interference to prevent lethal murine west
nile virus infection. J. Infect. Dis. 191 (7), 1148–1154.

[97] Randall, G. and Rice, C. (2004) Interfering with hepatitis C virus
RNA replication. Virus Res. 102 (1), 19–25.

[98] McCaffrey, A.P., Meuse, L., Pham, T.T., Conklin, D.S.,
Hannon, G.J. and Kay, M.A. (2002) RNA interference in adult
mice. Nature 418 (6893), 38–39.

[99] Merl, S., Michaelis, C., Jaschke, B., Vorpahl, M., Seidl, S. and
Wessely, R. (2005) Targeting 2A protease by RNA interference
attenuates coxsackieviral cytopathogenicity and promotes sur-
vival in highly susceptible mice. Circulation 111 (13), 1583–1592.

[100] Ge, Q., McManus, M., Nguyen, T., Shen, C., Sharp, P., Eisen,
H. and Chen, J. (2003) RNA interference of influenza virus
production by directly targeting mRNA for degradation and
indirectly inhibiting all viral RNA transcription. Proc. Natl.
Acad. Sci. USA 100 (5), 2718–2723.

[101] Ge, Q., Eisen, H. and Chen, J. (2004) Use of siRNAs to prevent
and treat influenza virus infection. Virus Res. 102 (1), 37–42.

[102] Tompkins,S.,Lo,C.,Tumpey,T.andEpstein,S. (2004)Protection
against lethal influenza virus challenge by RNA interference
in vivo. Proc. Natl. Acad. Sci. USA 101 (23), 8682–8686.

[103] Ying, C., De Clercq, E. and Neyts, J. (2003) Selective inhibition
of hepatitis B virus replication by RNA interference. Biochem.
Biophys. Res. Commun. 309 (2), 482–484.
[104] Hamasaki, K., Nakao, K., Matsumoto, K., Ichikawa, T.,
Ishikawa, H. and Eguchi, K. (2003) Short interfering RNA-
directed inhibition of hepatitis B virus replication. FEBS Lett.
543 (1–3), 51–54.

[105] Shlomai, A. and Shaul, Y. (2003) Inhibition of hepatitis B virus
expression and replication by RNA interference. Hepatology 37
(4), 764–770.

[106] McCaffrey, A., Nakai, H., Pandey, K., Huang, Z., Salazar, F.,
Xu, H., Wieland, S., Marion, P. and Kay, M. (2003) Inhibition
of hepatitis B virus in mice by RNA interference. Nat.
Biotechnol. 21 (6), 639–644.

[107] Giladi, H., Ketzinel-Gilad, M., Rivkin, L., Felig, Y., Nussbaum,
O. and Galun, E. (2003) Small interfering RNA inhibits hepatitis
B virus replication in mice. Mol. Ther. 8 (5), 767–769.

[108] Zhang, Y., Li, T., Fu, L., Yu, C., Li, Y., Xu, X., Wang, Y.,
Ning, H., Zhang, S., Chen, W., Babiuk, L. and Chang, Z. (2004)
Silencing SARS-CoV Spike protein expression in cultured cells
by RNA interference. FEBS Lett. 560 (1–3), 141–146.

[109] Phipps, K., Martinez, A., Lu, J., Heinz, B. and Zhao, G. (2004)
Small interfering RNA molecules as potential anti-human
rhinovirus agents: in vitro potency, specificity, and mechanism.
Antiviral Res. 61 (1), 49–55.

[110] Gitlin, L., Karelsky, S. and Andino, R. (2002) Short interfering
RNA confers intracellular antiviral immunity in human cells.
Nature 418 (6896), 430–434.

[111] Berkhout, B. (2004) RNA interference as an antiviral approach:
targeting HIV-1. Curr. Opin. Mol. Ther. 6 (2), 141–145.

[112] Jiang, M. and Milner, J. (2002) Selective silencing of viral gene
expression in HPV-positive human cervical carcinoma cells
treated with siRNA, a primer of RNA interference. Oncogene 21
(39), 6041–6048.

[113] Wiebusch, L., Truss, M. and Hagemeier, C. (2004) Inhibition of
human cytomegalovirus replication by small interfering RNAs.
J. Gen. Virol. 85 (Pt 1), 179–184.

[114] Radhakrishnan, S., Layden, T. and Gartel, A. (2004) RNA
interference as a new strategy against viral hepatitis. Virology
323 (2), 173–181.

[115] Arbuthnot, P., Carmona, S. and Ely, A. (2005) Exploiting the
RNA interference pathway to counter hepatitis B virus replica-
tion. Liver Int. 25 (1), 9–15.

[116] Guidotti, L.G., Matzke, B., Schaller, H. and Chisari, F.V. (1995)
High level hepatitis B virus replication in transgenic mice. J.
Virol. 69, 6158–6169.

[117] Yang, P.L., Althage, A., Chung, J. and Chisari, F.V. (2002)
Hydrodynamic injection of viral DNA: a mouse model of acute
hepatitis B virus infection. Proc. Natl. Acad. Sci. USA 99 (21),
13825–13830.

[118] Klein, C., Bock, C., Wedemeyer, H., Wustefeld, T., Locarnini,
S., Dienes, H., Kubicka, S., Manns, M. and Trautwein, C. (2003)
Inhibition of hepatitis B virus replication in vivo by nucleoside
analogues and siRNA. Gastroenterology 125 (1), 9–18.

[119] Novina, C.D., Murray, M.F., Dykxhoorn, D.M., Beresford,
P.J., Riess, J., Lee, S.K., Collman, R.G., Lieberman, J.,
Shankar, P. and Sharp, P.A. (2002) siRNA-directed inhibition
of HIV-1 infection. Nat. Med. 8 (7), 681–686.

[120] Qin, X., An, D., Chen, I. and Baltimore, D. (2003) Inhibiting
HIV-1 infection in human T cells by lentiviral-mediated delivery
of small interfering RNA against CCR5. Proc. Natl. Acad. Sci.
USA 100 (1), 183–188.

[121] Song, E., Lee, S., Dykxhoorn, D., Novina, C., Zhang, D.,
Crawford, K., Cerny, J., Sharp, P., Lieberman, J., Manjunath,
N. and Shankar, P. (2003) Sustained small interfering RNA-
mediated human immunodeficiency virus type 1 inhibition in
primary macrophages. J. Virol. 77 (13), 7174–7181.

[122] Arteaga, H., Hinkula, J., van Dijk-Hard, I., Dilber, M., Wahren,
B., Christensson, B., Mohamed, A. and Smith, C. (2003)
Choosing CCR5 or Rev siRNA in HIV-1. Nat. Biotechnol. 21
(3), 230–231.

[123] Martinez, M., Gutierrez, A., Armand-Ugon, M., Blanco, J.,
Parera, M., Gomez, J., Clotet, B. and Este, J. (2002) Suppres-
sion of chemokine receptor expression by RNA interference
allows for inhibition of HIV-1 replication. AIDS 16 (18), 2385–
2390.

[124] Buckingham, S., Esmaeili, B., Wood, M. and Sattelle, D. (2004)
RNA interference: from model organisms towards therapy for



6006 S.L. Uprichard / FEBS Letters 579 (2005) 5996–6007
neural and neuromuscular disorders. Hum. Mol. Genet. 13 (2),
R275–R288.

[125] Wood, M., Trulzsch, B., Abdelgany, A. and Beeson, D. (2003)
Therapeutic gene silencing in the nervous system. Hum. Mol.
Genet. 12 (2), R279–R284.

[126] Ralph, G., Radcliffe, P., Day, D., Carthy, J., Leroux, M., Lee,
D., Wong, L., Bilsland, L., Greensmith, L., Kingsman, S.,
Mitrophanous, K., Mazarakis, N. and Azzouz, M. (2005)
Silencing mutant SOD1 using RNAi protects against neurode-
generation and extends survival in an ALS model. Nat. Med. 11
(4), 429–433.

[127] Raoul, C., Abbas-Terki, T., Bensadoun, J., Guillot, S., Haase,
G., Szulc, J., Henderson, C. and Aebischer, P. (2005) Lentiviral-
mediated silencing of SOD1 through RNA interference retards
disease onset and progression in a mouse model of ALS. Nat.
Med. 11 (4), 423–428.

[128] Harper, S., Staber, P., He, X., Eliason, S., Martins, I., Mao, Q.,
Yang, L., Kotin, R., Paulson, H. and Davidson, B. (2005) RNA
interference improves motor and neuropathological abnormal-
ities in a Huntington�s disease mouse model. Proc. Natl. Acad.
Sci. USA 102 (16), 5820–5825.

[129] Nakamura, H., Siddiqui, S., Shen, X., Malik, A., Pulido, J.,
Kumar, N. and Yue, B. (2004) RNA interference targeting
transforming growth factor-beta type II receptor suppresses
ocular inflammation and fibrosis. Mol. Vis. 10 (10), 703–711.

[130] Reich, S., Fosnot, J., Kuroki, A., Tang, W., Yang, X., Maguire,
A., Bennett, J. and Tolentino, M. (2003) Small interfering RNA
(siRNA) targeting VEGF effectively inhibits ocular neovascu-
larization in a mouse model. Mol. Vis. 9, 210–216.

[131] Kim, B., Tang, Q., Biswas, P., Xu, J., Schiffelers, R., Xie, F.,
Ansari, A., Scaria, P., Woodle, M., Lu, P. and Rouse, B. (2004)
Inhibition of ocular angiogenesis by siRNA targeting vascular
endothelial growth factor pathway genes: therapeutic strategy
for herpetic stromal keratitis. Am. J. Pathol. 156 (6), 2177–2185.

[132] Maeda, Y., Fukushima, K., Nishizaki, K. and Smith, R. (2005)
In vitro and in vivo suppression of GJB2 expression by RNA
interference. Hum. Mol. Genet. 14 (12), 1641–1650.

[133] Schiffelers, R., Xu, J., Storm, G., Woodle, M. and Scaria, P.
(2005) Effects of treatment with small interfering RNA on joint
inflammation in mice with collagen-induced arthritis. Arthritis
Rheum. 52 (4), 1314–1318.

[134] Song, E., Lee, S., Wang, J., Ince, N., Ouyang, N., Min, J., Chen,
J., Shankar, P. and Lieberman, J. (2003) RNA interference
targeting Fas protects mice from fulminant hepatitis. Nat. Med.
9 (3), 347–351.

[135] Zender, L., Hutker, S., Liedtke, C., Tillmann, H., Zender, S.,
Mundt, B., Waltemathe, M., Gosling, T., Flemming, P.,
Malek, N., Trautwein, C., Manns, M., Kuhnel, F. and
Kubicka, S. (2003) Caspase 8 small interfering RNA prevents
acute liver failure in mice. Proc. Natl. Acad. Sci. USA 100
(13), 7797–7802.

[136] Contreras, J., Vilatoba, M., Eckstein, C., Bilbao, G., Anthony
Thompson, J. and Eckhoff, D. (2004) Caspase-8 and caspase-3
small interfering RNA decreases ischemia/reperfusion injury to
the liver in mice. Surgery 136 (2), 390–400.

[137] Hamar, P., Song, E., Kokeny, G., Chen, A., Ouyang, N. and
Lieberman, J. (2004) Small interfering RNA targeting Fas
protects mice against renal ischemia-reperfusion injury. Proc.
Natl. Acad. Sci. USA 101 (41), 14883–14888.

[138] Rowland, L. and Shneider, N. (2001) Amyotrophic lateral
sclerosis. N. Engl. J. Med. 344 (22), 1688–1700.

[139] Xia, X., Zhou, H., Zhou, S., Yu, Y., Wu, R. and Xu, Z. (2005)
An RNAi strategy for treatment of amyotrophic lateral sclerosis
caused by mutant Cu,Zn superoxide dismutase. J. Neurochem.
92 (2), 362–367.

[140] Burright, E., Clark, H., Servadio, A., Matilla, T., Feddersen, R.,
Yunis, W., Duvick, L., Zoghbi, H. and Orr, H. (1995) SCA1
transgenic mice: a model for neurodegeneration caused by an
expanded CAG trinucleotide repeat. Cell 82 (6), 937–948.

[141] Mangiarini, L., Sathasivam, K., Seller, M., Cozens, B.,
Harper, A., Hetherington, C., Lawton, M., Trottier, Y.,
Lehrach, H., Davies, S. and Bates, G. (1996) Exon 1 of the
HD gene with an expanded CAG repeat is sufficient to cause
a progressive neurological phenotype in transgenic mice. Cell
87 (3), 493–506.
[142] Zu, T., Duvick, L., Kaytor, M., Berlinger, M., Zoghbi, H.,
Clark, H. and Orr, H. (2004) Recovery from polyglutamine-
induced neurodegeneration in conditional SCA1 transgenic
mice. J. Neurosci. 24 (40), 8853–8861.

[143] Kao, S., Krichevsky, A., Kosik, K. and Tsai, L. (2004) BACE1
suppression by RNA interference in primary cortical neurons. J.
Biol. Chem. 279 (3), 1942–1949.

[144] Fuchs, U., Damm-Welk, C. and Borkhardt, A. (2004) Silencing
of disease-related genes by small interfering RNAs. Curr. Mol.
Med. 4 (5), 507–517.

[145] Yano, J., Hirabayashi, K., Nakagawa, S., Yamaguchi, T.,
Nogawa, M., Kashimori, I., Naito, H., Kitagawa, H., Ishiyama,
K., Ohgi, T. and Irimura, T. (2004) Antitumor activity of small
interfering RNA/cationic liposome complex in mouse models of
cancer. Clin. Cancer Res. 10 (22), 7721–7726.

[146] Liang, Z., Yoon, Y., Votaw, J., Goodman, M., Williams, L. and
Shim, H. (2005) Silencing of CXCR4 blocks breast cancer
metastasis. Cancer Res. 65 (3), 967–971.

[147] Duxbury, M., Ito, H., Benoit, E., Zinner, M., Ashley, S. and
Whang, E. (2003) RNA interference targeting focal adhesion
kinase enhances pancreatic adenocarcinoma gemcitabine chemo-
sensitivity. Biochem. Biophys. Res. Commun. 311 (3), 786–792.

[148] Duxbury, M., Ito, H., Zinner, M., Ashley, S. and Whang, E.
(2004) EphA2: a determinant of malignant cellular behavior and
a potential therapeutic target in pancreatic adenocarcinoma.
Oncogene 23 (7), 1448–1456.

[149] Spankuch, B., Matthess, Y., Knecht, R., Zimmer, B., Kauf-
mann, M. and Strebhardt, K. (2004) Cancer inhibition in nude
mice after systemic application of U6 promoter-driven short
hairpin RNAs against PLK1. J. Natl. Cancer Inst. 96 (11), 862–
872.

[150] Aharinejad, S., Paulus, P., Sioud, M., Hofmann, M., Zins, K.,
Schafer, R., Stanley, E. and Abraham, D. (2004) Colony-
stimulating factor-1 blockade by antisense oligonucleotides and
small interfering RNAs suppresses growth of human mammary
tumor xenografts in mice. Cancer Res. 64 (15), 5378–5384.

[151] Caldas, H., Holloway, M., Hall, B., Qualman, S. and Altura, R.
(2005) Survivin-directed RNA interference cocktail is a potent
suppressor of tumor growth in vivo. J. Med. Genet.

[152] Duxbury, M., Matros, E., Ito, H., Zinner, M., Ashley, S. and
Whang, E. (2004) Systemic siRNA-mediated gene silencing: a
new approach to targeted therapy of cancer. Ann. Surg. 240 (4),
667–674.

[153] Sumimoto, H., Yamagata, S., Shimizu, A., Miyoshi, H.,
Mizuguchi, H., Hayakawa, T., Miyagishi, M., Taira, K. and
Kawakami, Y. (2005) Gene therapy for human small-cell lung
carcinoma by inactivation of Skp-2 with virally mediated RNA
interference. Gene Ther. 12 (1), 95–100.

[154] Chae, S., Paik, J., Furneaux, H. and Hla, T. (2004) Requirement
for sphingosine 1-phosphate receptor-1 in tumor angiogenesis
demonstrated by in vivo RNA interference. J. Clin. Invest. 114
(8), 1082–1089.

[155] Pille, J., Denoyelle, C., Varet, J., Bertrand, J., Soria, J., Opolon,
P., Lu, H., Pritchard, L., Vannier, J., Malvy, C., Soria, C. and
Li, H. (2005) Anti-RhoA and anti-RhoC siRNAs inhibit the
proliferation and invasiveness of MDA-MB-231 breast cancer
cells in vitro and in vivo. Mol. Ther. 11 (2), 267–274.

[156] Takei, Y., Kadomatsu, K., Yuzawa, Y., Matsuo, S. and
Muramatsu, T. (2004) A small interfering RNA targeting
vascular endothelial growth factor as cancer therapeutics.
Cancer Res. 64 (10), 3365–3370.

[157] Minakuchi, Y., Takeshita, F., Kosaka, N., Sasaki, H., Yamam-
oto, Y., Kouno, M., Honma, K., Nagahara, S., Hanai, K., Sano,
A., Kato, T., Terada, M. and Ochiya, T. (2004) Atelocollagen-
mediated synthetic small interfering RNA delivery for effective
gene silencing in vitro and in vivo. Nucleic Acids Res. 32 (13),
e109.

[158] Cioca, D., Aoki, Y. and Kiyosawa, K. (2003) RNA interference
is a functional pathway with therapeutic potential in human
myeloid leukemia cell lines. Cancer Gene Ther. 10 (2), 125–133.

[159] Martinez, L., Naguibneva, I., Lehrmann, H., Vervisch, A.,
Tchenio, T., Lozano, G. and Harel-Bellan, A. (2002) Synthetic
small inhibiting RNAs: efficient tools to inactivate oncogenic
mutations and restore p53 pathways. Proc. Natl. Acad. Sci. USA
99 (23), 14849–14854.



S.L. Uprichard / FEBS Letters 579 (2005) 5996–6007 6007
[160] Zangemeister-Wittke, U. (2003) Antisense to apoptosis inhibi-
tors facilitates chemotherapy and TRAIL-induced death signal-
ing. Ann. NY Acad. Sci. 1002, 90–94.

[161] Futami, T., Miyagishi, M., Seki, M. and Taira, K. (2002)
Induction of apoptosis in HeLa cells with siRNA expression
vector targeted against bcl-2. Nucleic Acids Res. Suppl. 2002 (2),
251–252.

[162] Collis, S., Swartz, M., Nelson, W. and DeWeese, T. (2003)
Enhanced radiation and chemotherapy-mediated cell killing of
human cancer cells by small inhibitory RNA silencing of DNA
repair factors. Cancer Res. 63 (7), 1550–1554.

[163] Peng, Y., Zhang, Q., Nagasawa, H., Okayasu, R., Liber, H. and
Bedford, J. (2002) Silencing expression of the catalytic subunit of
DNA-dependent protein kinase by small interfering RNA
sensitizes human cells for radiation-induced chromosome dam-
age, cell killing, and mutation. Cancer Res. 62 (22), 6400–6404.

[164] Tsuruo, T., Naito, M., Tomida, A., Fujita, N., Mashima, T.,
Sakamoto, H. and Haga, N. (2003) Molecular targeting therapy
of cancer: drug resistance, apoptosis and survival signal. Cancer
Sci. 94 (1), 15–21.

[165] Nieth, C., Priebsch, A., Stege, A. and Lage, H. (2003) Modu-
lation of the classical multirug resistance (MDR) phenotype by
RNA interference (RNAi). FEBS Lett. 545 (2–3), 144–150.

[166] Yague, E., Higgins, C. and Raguz, S. (2004) Complete reversal
of multidrug resistance by stable expression of small interfering
RNAs targeting MDR1. Gene Ther. 11 (14), 1170–1174.
[167] Lapteva, N., Yang, A., Sanders, D., Strube, R. and Chen, S.
(2005) CXCR4 knockdown by small interfering RNA abro-
gates breast tumor growth in vivo. Cancer Gene Ther. 12 (1),
84–89.

[168] Chen, Y., Stamatoyannopoulos, G. and Song, C. (2003) Down-
regulation of CXCR4 by inducible small interfering RNA
inhibits breast cancer cell invasion in vitro. Cancer Res. 63
(16), 4801–4804.

[169] Lu, P., Xie, F. and Woodle, M. (2005) Modulation of
angiogenesis with siRNA inhibitors for novel therapeutics.
Trends Mol. Med. 11 (3), 104–113.

[170] Filleur, S., Courtin, A., Ait-Si-Ali, S., Guglielmi, J., Merle, C.,
Harel-Bellan, A., Clezardin, P. and Cabon, F. (2003) SiRNA-
mediated inhibition of vascular endothelial growth factor
severely limits tumor resistance to antiangiogenic thrombospon-
din-1 and slows tumor vascularization and growth. Cancer Res.
63 (14), 3919–3922.

[171] Ng, E. and Adamis, A. (2005) Targeting angiogenesis, the
underlying disorder in neovascular age-related macular degen-
eration. Can. J. Ophthalmol. 40 (3), 352–368.

[172] Fine, S., Martin, D. and Kirkpatrick, P. (2005) Pegaptanib
sodium. Nat. Rev. Drug Discov. 4 (3), 187–188.

[173] Hochberg, M., Lebwohl, M., Plevy, S., Hobbs, K. and Yocum,
D. (2005) The benefit/risk profile of TNF-blocking agents:
findings of a consensus panel. Semin. Arthritis Rheum. 34 (6),
819–836.


	The therapeutic potential of RNA interference
	Introduction
	Advantages of RNAi therapeutics
	Specificity
	Potency
	Versatility

	Challenges of RNAi therapeutics
	Delivery
	RNAi effectors
	Local delivery
	Systemic delivery

	Safety
	Off-target effects
	Non-specific effects
	Saturation of RNAi machinery

	Efficacy
	Resistance
	Incomplete inhibition
	Duration
	Stability


	Therapeutic applications
	Viral infection
	Neurological disease
	Oncology
	Ocular disease
	Inflammation and apoptosis

	Conclusion
	References


