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Antisense oligonucleotides can regulate gene expression in living cells. As such, they regulate cell

function and division, and can modulate cellular responses to internal and external stresses and stimuli.

Although encouraging results from preclinical and clinical studies have been obtained and significant

progress has been made in developing these agents as drugs, they are not yet recognized as effective

therapeutics. Several major hurdles remain to be overcome, including problems with efficacy, off-target

effects, delivery and side effects. The lessons learned from antisense drug development can help in the

development of other oligonucleotide-based therapeutics such as CpG oligonucleotides, RNAi and

miRNA.
Historical perspective
The development of the antisense approach started in the late

1970s after the discovery that the expression of a specific gene

product could be inhibited using a short complementary DNA

sequence [1]. Since then, the antisense strategy has enjoyed

exponential gains in interest and has been the subject of more

than 16,000 publications. Between the appearance of the first

publication about the antisense strategy in 1978 and the begin-

ning of intensive antisense research (commencing in the early

1990s) very few studies were published. The increase in antisense

research was largely a result of improvements in the methods

used for DNA sequencing and synthesizing oligonucleotides

[2,3]. Other major milestones in the development of antisense

strategies include numerous discoveries about antisense chem-

istry. The most notable discovery was the addition of a phos-

phorothioate backbone to the oligonucleotides, leading to a

significant increase in their stability without major changes in

their ability to hybridize with their target mRNA [3]. Other

chemical modifications, including the development of DNA/

RNA mixed-backbone oligonucleotides [4] and other oligonu-

cleotides barely resembling DNA (such as peptide nucleic acid

(PNA) and locked nucleic acid (LNA) structures) [3], have been
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made to increase the efficacy, stability and patentability of the

antisense molecules.

One antisense oligonucleotide, VitraveneTM (Fomivirsen), was

approved in 1998 for use against cytomegalovirus-induced retini-

tis by local injection [5]. However, although many antisense

oligonucleotides targeting several genes that are important to

severe human diseases such as cancer and infectious diseases have

been in clinical trials for many years; some of them even in

multiple clinical Phase III trials, none of these systemically admi-

nistered antisense oligonucleotides have won marketing approval

from regulatory bodies such as the FDA. Unfortunately, interest

and investment in this area appears to be declining.

Proposed mechanisms of action for antisense
oligonucleotides
Although antisense oligonucleotides have long been recognized as

a naturally occurring gene regulation approach, the precise

mechanisms of action for antisense molecules remain unclear.

This is one of the major criticisms that many antisense researchers

face. Two major mechanisms are widely accepted, namely physical

blockage and RNase H activation [3,6]. Other mechanisms

observed for the antisense oligonucleotides include interference

with mRNA processing and transport, and formation of a triplex

directly with DNA [7,8]. Other types of antisense oligonucleotides
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with different chemical modifications [for example: morpholino,

PNA or LNA modified oligonucleotides] are capable of acting by

other mechanisms, but primarily rely on translation arrest [9,10].

The mechanism by which the oligonucleotides exert their effects

largely depends on their structure and chemistry.

Other mechanisms of action
While in vitro studies suggested that modifying the oligonucleo-

tides would lead to differences in stability, uptake and activity,

there were many other sequence-specific and structure-specific

non-antisense effects in vivo that were not anticipated. Many of

the structure-specific (but sequence-independent) effects were

owing to the modifications made to the oligonucleotides. Because

of their negative charge, the phosphorothioate oligonucleotides

have a tendency to bind serum proteins. As a result of this, these

oligonucleotides were found to affect coagulation because they

bind thrombin [11]. In addition to coagulopathies, the phosphor-

othioate-modified oligonucleotides have a tendency to accumu-

late in the liver, and their administration leads to elevated

transaminases, indicative of liver damage [12]. Although the

effects are relatively modest, modified oligonucleotides have also

been shown to stimulate the immune system [13]. Despite these

unforeseen effects, the oligonucleotides are relatively safe, and

have been administered at doses of up to 15 mg/kg to non-human

primates [14], and Oblimersen (Genasense) has been given to

patients for up to six cycles of 7 days at a 3 mg/kg/day dose with

no severe adverse effects [15].

While the structure-specific effects were relatively moderate, a

major unexpected sequence-dependent side effect of certain anti-

sense oligonucleotides was intense immune system stimulation.

In the mid-late 1990s it was discovered that certain motifs within

the nucleotide sequences, containing either unmethylated CG

motifs or GGGG motifs, were capable of stimulating an immune

response – including stimulation of B cells and dendritic cells, and

increased secretion of inflammatory cytokines [16,17]. Although

somewhat detrimental to the development of antisense oligonu-

cleotides because of their unforeseen activity, oligonucleotides

containing an immunostimulatory sequence have since been

developed specifically to stimulate the immune system. The

CpG oligonucleotides (also called immunostimulatory or immu-

nomodulatory oligonucleotides) are currently being used in clin-

ical trials for cancer, asthma and allergies, and as vaccine adjuvants

[18,19]. These unexpected and non-targeted effects of the anti-

sense oligonucleotides have been partially responsible for their

lack of success in the clinic, and explain why only one oligonu-

cleotide has gained FDA approval.

Table 1 gives examples of first-generation antisense oligonu-

cleotides under clinical development. The severity of the side

effects of first-generation antisense ODNs is mostly dependent

on the presence of certain sequence motifs, such as CpG dinucleo-

tides [44]. Almost all of these oligoncleotides contain at least one

CpG motif. The safety and efficacy of several second-generation

mixed-backbone antisense ODNs, without CpG motifs, are pre-

sently being evaluated in clinical trials [45,46].

Antisense therapy: hype versus reality
When the antisense strategy was first introduced, it was recognized

that it could represent a specific, systemic gene silencing strategy.
514 www.drugdiscoverytoday.com
Successful development of such a strategy could allow an almost

endless variety of human diseases to be treated, provided that a

particular gene had been identified and characterized for the

disease. Once the synthetic chemistry of the oligonucleotides

had been simplified, making the oligonucleotides more readily

available, the strategy gained favor as the new ‘hot’ technology.

Antisense oligonucleotides have been used for a variety of pur-

poses, including target validation, gene function studies and as

experimental therapy for different diseases. The antisense oligo-

nucleotides have been used most frequently for cancer-related

targets including oncogenes, signaling molecules and mutant

tumor suppressor genes [47–49], although pathogen-associated

and other disease-related gene products such as ICAM-1 and

TNF-a (for Crohn’s disease and rheumatoid arthritis, respectively)

have also been targeted [50,51].

Hundreds of antisense oligonucleotides have been examined in

preclinical studies (generally in rodents) and preliminary clinical

trials, and many have shown significant activity, both against the

target gene product and against the disease [6,52,53]. However, the

overall results of clinical trials of antisense oligonucleotides have

been mixed. There have been clinical trials of more than thirty

antisense oligonucleotides (Table 1), with the vast majority being

developed for cancer therapy. While many of the oligonucleotides

did not make it past Phase I trials, several have been in more

advanced trials, even up to filing an NDA (new drug application

with the US FDA). Box 1 contains case studies of two of these

oligonucleotides; Vitravene and Oblimersen.

Clinical trials of antisense oligonucleotides
Many oligonucleotides were designed to decrease the expression of

oncoproteins such as Bcl-2, c-Raf, H-Ras, c-Myc, c-Myb and XIAP

[6,62,63]. Others have focused on cell signaling molecules impli-

cated in cancer initiation or progression, including the tumor

suppressor p53 (mutant), VEGF, IGF-1R, TGF-BII, PKA, and PKCa

[6,62,63]. Still other cancer-related molecules have been targeted

including survivin, clusterin, ribonucleotide reductase, and DNA

methyltransferase [6,62,63].

The results of the studies with these agents have varied widely,

and numerous antisense oligonucleotides are still being evaluated

in human clinical trials. Those that are no longer in development

were discontinued for various reasons, including toxicity (Affini-

tak/Aprinocarsen) and low efficacy (GEM 91, LErafAON). Others

have been shelved temporarily until a systemic antisense agent

gains FDA approval (facilitating their application process). The

failure of some of the oligonucleotides could have been owing to

the selection of patients, study endpoints or because of the

sequence or chemistry of the oligonucleotides.

Several antisense oligonucleotides have a promising future,

including GEM231 and AVI4658. These two oligonucleotides

are of particular interest because their target-specific and thera-

peutic effects can be monitored easily by a blood test or biopsy,

respectively [64,65], facilitating clinical trials. As noted in Box 1,

Genasense has been under investigation in the clinic for many

years, and may also still have a bright future. Its target (Bcl-2) has

been implicated in numerous cancers, and the agent has shown

promise in several clinical trials [57]. It is possible that this drug

could eventually gain approval by the FDA. However, there are a

few issues, including its ‘second generation’ chemistry and the
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BOX 1

Case study: Vitravene and Oblimersen

Drug name: GenasenseTM (Oblimersen sodium/G3139)

Target: Bcl-2

Rationale: Blc-2 is an oncogene that has been implicated in
a variety of human cancers [54]

Disease target(s): Solid tumors and hematological cancers

Pre-clinical forecast: Positive: G3139 demonstrated significant

decreases in Bcl-2, led to anti-tumor effects
and was well-tolerated in animals [55,56]

Clinical trials: Some positive: suggesting that Genasense

was well-tolerated and could exert
anti-cancer effects, and that it may be

especially useful for purging bone

marrow of lymphoma patients. There

were also some negative trial results,
indicating that the agent was not effective

and that it had toxic side effects [55–57].

FDA experience: An NDA filed in 2004 for melanoma was

rejected, but is being appealed.
Future forecast: Trials are still ongoing, and even if the appeal

is unsuccessful, it is still likely that another

NDA will be filed (for a different cancer type)

Drug name: VitraveneTM (Fomivirsen/ISIS 2922)

Target: HIV-associated cytomegalovirus retinitis

(CMV-Intermediate Early gene (IE55))

Rationale: Inhibiting the proliferation of CMV can
preserve the sight of patients

Disease target(s): CMV

Pre-clinical forecast: Potent anti-viral effects with no retinal toxicity
at up to 5 uM (rabbits, pigs, primates) and

an acceptable pharmacokinetic profile [58–60].

Clinical trials: Positive

FDA experience: Vitravene was approved by the FDA in 1998
Future forecast: Although effective, the applications of Vitravene

are limited because of its target and its route

of administration (intravitreal). Moreover, it is

possible that some CMV mutants may be innately
resistant (or others may develop resistance) to

the antisense oligonucleotide owing to

different IE sequences [61]
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presence of a CpG motif that may be thwarting its success. Santaris

Pharma has designed an anti-Bcl-2 antisense oligonucleotide with

LNA modifications, which may be superior to Genasense in terms

of decreased side effects [30].

Improving clinical trials of antisense oligonucleotides
Other improvements made to new trials are changes to the meth-

ods and endpoints of the clinical trials themselves. Following

demonstration of activity in animal models, most early clinical

trials of antisense oligonucleotides focused solely on the toxicity

of the compounds, and did not evaluate the expression of the

target in patients. In agreement with the push for novel agents to

fail early, many Phase I studies are now examining both toxicity

and target expression. There is also now a push to be able to

examine the target either directly (e.g. in biopsy specimens

before/after treatment) or via biomarkers. Certain targets have

serum biomarkers that can be easily measured to determine the

effects of the antisense oligonucleotide (see Box 1 [65,66]). While

biomarkers do not exist (or are as yet unknown) for many targets,

validation of the effects of the antisense oligonucleotide in tissue
can be accomplished by methods commonly used by pathologists

and molecular biologists. For example, immunohistochemistry

can be used to assess the expression and localization of most

oncogenes or signaling molecules. For those that are more difficult

to detect because of compartmentalization or low expression, cell

preparations can be made to separate/concentrate the specific

organelles or compartments, then Western blotting and RT-PCR

can be done to evaluate expression of the target.

Because many clinical trials failed in Phase II/III due to a lack of

observed efficacy, monitoring expression of the target during

Phase I trials would allow investigators to determine whether

the oligonucleotide was ineffective because it was not reaching

the target tissue in human patients (which could be a result of

stability or delivery issues) or whether the inhibition of the target

was not causing the desired effect (e.g. owing to overlapping,

complementary, or mutated pathways), thus preventing the con-

tinued administration of an ineffective agent.

Perhaps the most important improvement that is being made to

antisense oligonucleotide trials is that they are now being com-

bined with other agents. Given the heterogeneous nature of

tumors, it is preferable to have more than one target for therapy.

This helps to prevent the escape of cancer cells that have inherent

mutations or develop new mutations to a single targeted pathway.

Moreover, numerous preclinical studies suggest that targeting

signaling molecules or oncogenes (e.g. MDM2) with antisense

oligonucleotides can sensitize tumors to treatment with che-

motherapeutic agents or radiation [67,68]. It is possible that the

oligonucleotides that produced underwhelming results in clinical

studies as single agents might produce better anticancer effects if

given in combination with another agent. It may be of interest to

examine this possibility, at least at the preclinical level, before an

antisense drug is considered ineffective.

It also bears mentioning that much is being learned about

carcinogenesis and cancer progression. Targeting a single onco-

gene may inhibit growth of cells or even induce apoptosis, but

most advanced tumors have numerous issues that have to be

addressed in order to effectively eradicate the tumor. Targeting

multiple oncogenes or pathways may be required to make any

headway in tumor destruction. In addition, there are other emer-

ging theories that discount targeting of oncogenes completely. For

example, it has been postulated that chromosomal damage under-

lies most tumor initiation, progression and drug resistance [69]. In

this case, therapies that repair or replace defective DNA would be

required for optimal tumor destruction and long-term patient

survival, while targeting oncogenes would be a temporary fix, at

best. Nevertheless, as has been evidenced by successful treatment

of numerous patients with agents targeting oncogenes (Hercep-

tin1, Gleevec1, Tarceva1, among others), oncogenes still appear

to represent valid targets for patient therapy, and can produce

some long-lasting anti-cancer effects.

Other nucleic-acid-based therapeutics: can lessons from
antisense therapy help?
Although only Vitravene has been approved by the FDA, its

approval opened the door for other oligonucleotide-based thera-

pies, including ribozymes, RNA interference, aptamers and other

types of gene therapy to enter the clinic. These strategies, while

working by different mechanisms, are all based upon the principle
www.drugdiscoverytoday.com 515
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TABLE 1

Examples of antisense oligonucleotides in clinical trials

Drug Developer Chemistry Target Disease Highest
clinical
phase

Verdict Refs

GEM 231 Hybridon (Idera) MBO PKA R1a subunit Cancer II Still in trials [20]

Affinitak (Aprinocarsen,
ISIS 3521/LY900003)

ISIS/Lilly PS PKC-a Cancer III NSCLC- low
efficacy, toxicity

(epistaxis,

thrombosis)

[21,22]

Aezea (OL(1)p53/EL-625) Eleos Pharma PS p53 Cancer (AML) II Still in trials [23]

Alicaforsen (ISIS 2302) ISIS/Atlantic
Healthcare

PS ICAM-1 Crohn’s Disease,
IBD

Phase II Still in trials [24,25]

ISIS 104838 ISIS/Orasense PS TNF-a Rheumatoid

arthritis

II Completed,

awaiting

publication

[24,25]

GEM 91 (Trecorvirsen)/92 Hybridon (Idera) PS/MBO Gag HIV Phase II/I Low efficacy,
decreased

platelets

[26]

Vitravene (Fomivirsen) ISIS/Novartis PS CMV IE CMV retinitis Marketed FDA approved [25]

ISIS 2503 ISIS PS H-Ras Cancer Phase II Still in trials [24]

EZN-2968 Enzon
Pharmaceuticals

LNA Hif-1a Cancer I Still in trials [24,27]

G4460/LR 3001 Inex/Genta PS c-Myb Cancer II Orphan drug

for CML

[24,28]

LErafAON NeoPharm PS c-Raf Cancer I/II Being re-

designed owing
to toxicity

[29]

ISIS 5132 ISIS PS c-Raf Cancer II Still in trials [25]

Genasense
(Oblimersen/G3139)

Genta PS Bcl-2 Cancer III/NDA; I/II Still in trials [24,28]

SPC2996 Santaris Pharma LNA Bcl-2 CLL (chronic
lymphocytic

leukemia)

I/II Still in trials [24,30]

OGX-427 ISIS/OncoGeneX MBO Hsp27 Cancer Phase I Phase I planned

to begin in 2007

[24,25]

LY2181308 Lilly MOE gapmer Survivin Cancer Phase I/II Still in trials [25]

LY2275796 Lilly MOE eIF-4E Cancer Phase I Still in trials [25]

OGX-011 ISIS/OncoGeneX MBO Clusterin Cancer Phase II Still in trials [24,25]

Veglin VasGene

Therapeutics

PS VEGF Cancer Phase I/II Still in trials [31]

AP12009 Antisense

Pharma

PS TGF-bII Cancer Phase II Still in trials [32]

GTI-2501 Lorus

Therapeutics

PS Ribonucleotide

Reductase R1

Cancer Phase II Still in trials [33]

GTI-2040 Lorus

Therapeutics

PS Ribonucleotide

Reductase R2

Cancer Phase II Still in trials [24,33]

AEG 35156 Aegera
Pharma

MBO XIAP Cancer Phase I/II Still in trials [24,34]

MG 98 MethylGene/

MGI

Pharma/
British Biotech

MBO DNA

methyltransferase

Cancer Phase II No longer

in trials

[24,35]

EPI-2010 (RASON) Epigenesis/Genta PS Adenosine A1

receptor

Asthma Phase II No longer in

trials because

of low efficacy

[36,37]
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TABLE 1 (Continued )

Drug Developer Chemistry Target Disease Highest
clinical
phase

Verdict Refs

ISIS 301012 ISIS MOE Apo-B100 Cardiovascular

disease (High

cholesterol)

Phase II Still in trials [25]

ISIS 113715 ISIS MOE PTP-1B Diabetes Phase II Still in trials [25]

ISIS 14803 ISIS/Merck PS HCV IRES HCV Phase I No longer in

development

[38]

ISIS 325568 ISIS/Ortho-McNeil MOE Glucagon receptor Type II diabetes Phase I/II Still in trials [24,25]

AVI-4065 AVI Biopharma Phosphoroamidate-

Morpholino (PMO)

HCV HCV Phase II Still in trials [24,39]

AVI-5126 AVI Biopharma PMO CABG Phase I Still in trials [39]

AVI-6001 AVI Biopharma PMO Influenza/avian flu Phase I Still in trials [39]

AVI-6002 AVI Biopharma PMO Ebola virus Phase I Still in trials [39]

Resten-NG/MP AVI Biopharma PMO c-Myc Restenosis Phase II Still in trials [39]

AVI-4557 AVI Biopharma PMO Cyp 3A4 Cancer/metabolism Phase Ib No longer in trials [39]

AVI-4658 AVI Biopharma PMO Dystrophin

(exon-skipping)

Duchenne’s

Muscular
Dystrophy

Phase I/II Still in trials [24,39]

ATL1102 ISIS/Antisense

Therapeutics Ltd

MOE VLA-4 (CD49d) Multiple Sclerosis Phase II Still in trials [25,40]

Not yet named University of

Pittsburgh

Phosphorothioate CD40, CD80, CD86

in dendritic cells

Diabetes type I Phase I Still in trials [24]

VRX496 VIRxSYS

corporation

Not published CD4+ T cells with a

lentiviral vector

expressing an

anti-env oligo

HIV Phase II Still in trials [24,41]

ASM8-003 Topigen

Pharmaceuticals

Phosphorothioate CCR3 and common

beta chain of IL-3/5

and GM-CSF receptors

Allergies/asthma Phase I/II Still in trials [24,42]

iCo-007 iCo Therapeutics

Inc

Phosphorothioate c-Raf Diabetic

retinopathy

Phase I Still in trials [24,43]
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that administration, or plasmid-driven expression, of exogenous

DNA or RNA can be used to regulate the type and extent of

expression of targeted gene products. Figure 1 shows the timeline

for the development of these different strategies by denoting the

number of PubMed publications focusing on them each year.

Ribozymes
Ribozymes are based upon catalytic RNA originally found in the

protozoan tetrahymena [70]. While the naturally occurring ribo-

zymes are self-splicing, modifications have yielded catalytic oli-

gonucleotides that can cleave a targeted RNA sequence or revise

the mRNA to generate correct sequences that can be translated

into normal proteins [71]. Much like antisense oligonucleotides,

ribozymes can be targeted to a variety of molecules, and have been

developed as experimental therapeutics for cancer, infectious dis-

eases and other human diseases, such as sickle cell anemia

[48,72,73]. Although ribozymes can be manipulated somewhat,

their catalytic nature is highly dependent upon their structure,

decreasing the ability to modulate their chemistry to improve

pharmacokinetics, efficacy or toxicity. There have been several

ribozymes evaluated in clinical trials, and two ribozymes, one for

HIV (OZ1) and another for cancer (Angiozyme) were recently
examined in clinical trials in the USA [24]. No ribozymes have

been approved by the FDA.

Aptamers
While aptamers, like antisense oligonucleotides and ribozymes,

are short stretches of RNA or DNA, they work by a distinct

mechanism of action. Unlike the other nucleotide-based strate-

gies, complementarity is not important for the activity of apta-

mers; their tertiary and quaternary structures determine their

binding [74]. Aptamers have specific three-dimensional structures

that can form complexes with target proteins and inhibit their

activity [74]. For this reason, aptamers can be considered ‘chemical

antibodies’. Although they can bind proteins like antibodies,

aptamers are not immunogenic, even at doses up to 1000 times

the therapeutic dose in primates [75]. Combining the properties of

nucleotide-based therapies and antibodies, aptamers can be used

to target extracellular and cytoplasmic proteins. Moreover, apta-

mers are amenable to all of the modifications that can be made to

other nucleotide therapeutics, although care must be taken to

preserve the structure, particularly the binding region [76].

With the recent improvements in HTS, it is possible to screen

libraries of aptamers using systematic evolution of ligands by
www.drugdiscoverytoday.com 517
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FIGURE 1

Ups and downs of RNA/DNA-based therapeutics and gene therapy. The
number of publications are on the basis of PUBMED citations.
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exponential enrichment (SELEX) to rapidly determine the best

aptamer for a particular target [77]. Aptamers can theoretically be

targeted to almost any molecule and, like other nucleotide-based

therapies, have been examined in preclinical models of cancer and

other diseases [74,78]. Several aptamers have been in recent clin-

ical trials (i.e. REG1 targeting factor IXa and EYE001 targeting

VEGF) and MacugenTM (Pegatinib), which targets VEGF, was

approved by the FDA for use against wet macular degeneration

in 2004.

RNA interference
Although it was discovered only a decade ago [79], RNA inter-

ference (RNAi) has since become a standard for various types of

laboratory research, and its pioneers were awarded the 2006 Nobel

Prize in Medicine for their work. Like the antisense and ribozyme

strategies, RNAi relies on complementarity between the RNA and

its target mRNA to bring about destruction of the target. In vivo,

long stretches of dsRNA can interact with the DICER endoribo-

nuclease to be cleaved into short (21–23 nt) dsRNA with 30 over-

hangs [80]. Then, the endogenous or synthetic short stretches of

dsRNA enter the multinuclease-containing RNA-induced silencing

complex (RISC) and these enzymes lead to specific cleavage of

complementary targets [80]. While short (<23 nt) segments of

RNA are generally considered optimal for gene silencing [81], it

has also been shown that longer (<30 nt) sequences can lead to

efficient, and perhaps even more potent, gene silencing. Rose et al.

demonstrated that a 27-mer siRNA was able to achieve 100-fold

stronger gene silencing than a similar shorter sequence (although

processing of the blunt 27-mer led to production of various siRNA

of 19–23 nt) [82]. Although longer sequences lead to generation of

an interferon response by cells, it is not clear whether this response

will be stronger for a 27-mer than a 21-mer sequence, thus 27-mers

should still be considered for future applications.

At present, there are several different types of commonly used

RNAi: short-interfering RNA (siRNA), short-hairpin RNA (shRNA)

and micro RNA (miRNA), all of which can inhibit expression of the
518 www.drugdiscoverytoday.com
target gene product. The siRNA and shRNA (generally 20–22 nt in

length, but they can be up to 30 nt) were designed to overcome

issues with immune system stimulation and complete translation

arrest observed when longer RNA sequences were used for RNAi,

and to optimize the silencing effects [81]. Despite the recent

discovery of RNAi, several siRNA molecules have already been

evaluated in human clinical trials [83]. These include a siRNA

targeting IL-10 for treatment of pre-eclampsia, VEGF and VEGFR-1

for macular degeneration, and BCR–ABL for CML [24]. Other RNAi

molecules are likely to be in clinical trials soon.

Another type of RNAi, miRNA, is a naturally occurring mam-

malian post-transcriptional gene regulatory system [84]. It has

been suggested that miRNA-mediated regulation of gene products

may account for various disease states, including cancer [85,86]. A

miRNA expressed by the Kaposi’s sarcoma virus was recently

shown to mimic an endogenous human miRNA (miR-155) that

regulates cell growth, promoting B cell transformation [87]. Thus,

naturally occurring endogenous and exogenous miRNAs represent

targets for therapy [88]. Similarly, it will probably be possible to use

miRNAs like siRNA or antisense oligonucleotides to target endo-

genous gene regulation.

In fact, a recent study demonstrated that an array of miRNAs

(although not a single miRNA sequence) could be used to inhibit

the BCR–ABL oncogene implicated in leukemia [89]. It is also

possible to use antisense oligonucleotides to knockdown expres-

sion of miRNAs, inhibiting their function in vivo. One research

group demonstrated that the use of a PNA or LNA/2-O-methyl

oligonucleotide could decrease expression of miRNA-122 in

human and rodent cell lines [90]. These findings suggest that

miRNA can be successfully targeted or can be used to regulate

gene expression. A related type of RNAi, piRNA/rasiRNA (Piwi-

associated interfering RNA/repeat-associated siRNA), has also been

discovered. The piRNAs are only starting to be characterized, but

appear to regulate gene silencing, cell differentiation and game-

togenesis, and could also represent targets for therapy [91,92].

While no miRNAs or piRNAs have been examined in clinical trials

(as targets or for therapy) it is likely that, given the rapid advances

made in RNAi, they will be in the near future.

Gene therapy
Although all of these approaches can loosely be considered gene

therapy, the topic often refers to strategies meant to increase

expression of normal (wildtype) gene products. Chief among these

strategies are those using viral vectors (adenoviruses, adeno-asso-

ciated viruses, retroviruses, pox viruses, among others) to deliver

the gene of interest, although other strategies, such as nanopar-

ticles, are also being used. Gene therapy can theoretically be used

for any gene with a known sequence, and has been examined

extensively for cancer therapy. Gene therapy is especially attrac-

tive for genetic disorders such as muscular dystrophy, cystic fibro-

sis and severe combined immunodeficiency (SCID); because they

are well-characterized, the mutations responsible for most cases of

the disease are known, and because there are no existing treat-

ments that are sufficiently effective. There are currently more than

650 ongoing gene therapy clinical trials [24] but, despite the

number of clinical trials, no gene therapy strategies that introduce

genetic material to replace or supply missing or faulty genes have

been approved by the FDA.
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Thus, while antisense oligonucleotides were among the first

nucleotide-based therapies to be investigated, a variety of other

strategies exist. The lessons learned from antisense oligonucleo-

tides, the problems encountered in their clinical development and

the forecast for their future success will have a major impact on the

future development of the other related strategies. Likewise, the

findings from trials of the nucleotide-based agents representing

other strategies are likely to influence the future development of

antisense oligonucleotides.

Concluding remarks: can the antisense oligonucleotide
strategy be salvaged?
In the past three decades, many lessons have been learned in the

development of antisense oligonulceotides as a novel class of ther-

apeutics. Table 2 briefly summarizes the major obstacles encoun-

tered during the various steps in their development, some of which

still need tobeaddressed. Itmightbearguedthat these obstacles also

apply to other agents, such as small molecule inhibitors (e.g: Glee-

vec1 targeting the BCR–ABL translocation). The development of

Gleevec1 is a success story for rational drug design; a single target

was selected, an agent that inhibited it was developed, tested and

transitionedwithout major issues to the clinic. However, comparing

the clinical failures of the various antisense agents tested with a
TABLE 2

Lessons learned during antisense drug development

Stage/goals Appr

1. Design of oligonucleotides Watso
Off-ta

Purity

SAR m

2. Target validation Speci
Off-ta

Feedb

Comp

3. In vitro/in vivo activity The m
mRNA

The m

An in

4. Pharmacology Pharm
Studie

In vitr

Appro
Drug

Drug–

5. Toxicology The s

Toxico

Speci
Studie

Studie

6. Clinical trials Pharm

Bioma
Pharm

Pharm

Phase

7. Chemical synthesis Oligo
Impur

8. Regulatory issues Unde

Novel

Stand
single small molecule skews the perception of the success of the

antisense strategy. Numerous small molecule inhibitors of various

targets have been designed, and most have failed in the clinic. Thus,

it is not surprising that of the few antisense oligonucleotides that

have been examined in clinical trials, only one has gained FDA

approval. Moreover, the early trials of antisense strategies were not

properly designed to test the agents, and it is possible that better-

designed trials might have revealed activity that was not apparent

using the existing methods.

Similarly, investigators have been writing off gene therapy as a

whole, including antisense oligonucleotide-based strategies, as

ineffective, dangerous and too difficult to develop. While this

might be the case for individual agents, it may be possible to

overcome the reputation that this has earned the class as a whole.

Several improvements have been, and are still being, incorporated

into the antisense agents themselves, as well as to the clinical trials

examining them. In addition to the improvements already men-

tioned (e.g. changes in the chemistry and structures of the oligo-

nucleotides, elimination of sequences causing side effects, better

clinical study endpoints and combination therapy) there are also

improvements being made to the selection of targets. Compared

with the initial studies of antisense molecules, there are now more

known targets, the targets are better characterized and it is possible
oaches and requirements

n–Crick pairing rules do not guarantee specificity
rget effects may not be avoidable

is an important factor

ay not be apparent

fic downregulation of target genes may not be sufficient
rget effects may not be fully identified

ack regulation may minimize the efficacy of down-regulation

ensation by other pathways may offset the antisense effects

RNA level may not reflect gene expression
level may not correlate with protein level

RNA or protein level may not correlate with activity

vitro/in vivo relationship may be lacking

acokinetics and pharmacodynamic studies are largely lacking
s of oligonucleotide metabolism are lacking

o and in vivo uptake can be completely different

aches to study off-target effects are lacking
delivery approaches are lacking

drug interaction studies are lacking

afety of oligos has not been confirmed in humans

kinetic profiles of oligonuleotides are lacking

es differences are unknown
s of drug-drug interactions in relation to toxicity are lacking

s of mechanisms of toxicity are lacking

acokinetic studies are limited

rkers for monitoring drug and responses are lacking
acodynamic studies are extremely limited

acogenomic approaches are not well developed or applied

III trials are largely limited

synthesis on a large-scale and GMP-quality is limited, expensive
ity is still an issue

rstanding of the novel class of therapeutics is limited

clinical trial approaches are lacking

ards for combination therapy for safety and efficacy are not well established
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to select better sequences to decrease expression of the target.

Moreover, although these improvements have been demonstrated

to improve the preclinical efficacy and safety of the antisense

compounds, the original ‘second generation’ compounds with

phosphorothioate modified structures have demonstrated their

activity and efficacy both in preclinical and in clinical studies (e.g.

Genasense). Thus, while the traditional antisense molecules were

the forerunners of the more ‘evolved’ molecules, they are not

buried in the past, and many traditional antisense molecules

are still undergoing clinical evaluation. Moreover, the discovery

and design of novel strategies such as RNAi do not preclude the

utility of the antisense oligonucleotides. For example, it has been

shown that antisense oligonucleotides (that exert their functions

via RNase H) are as effective as siRNA [93], and in fact, well-

designed antisense molecules may be more effective, at least in

vitro, than siRNA targeting the same molecule [94].
520 www.drugdiscoverytoday.com
In conclusion, the antisense strategy is far from dead and,

although the results of clinical trials have been unimpressive, it

appears that the strategy still has a viable future. As more informa-

tion is uncovered about the human genome, its regulation and the

response of human cells to exogenous nucleotides, better agents

can be designed. Moreover, the improvements made to the strat-

egy should soon start to yield more favorable results in clinical

trials.
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