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Natural antisense and noncoding RNA
transcripts as potential drug targets
Claes Wahlestedt

The Scripps Research Institute (Scripps Florida), 5353 Parkside Drive, RF-2, Jupiter, FL 33458, USA

Information on the complexity of mammalian RNA transcription has increased greatly in the past few

years. Notably, thousands of sense transcripts (conventional protein-coding genes) have antisense

transcript partners, most of which are noncoding. Interestingly, a number of antisense transcripts

regulate the expression of their sense partners, either in a discordant (antisense knockdown results in

sense-transcript elevation) or concordant (antisense knockdown results in concomitant sense-transcript

reduction) manner. Two new pharmacological strategies based on the knockdown of antisense RNA

transcripts by siRNA (or another RNA targeting principle) are proposed in this review. In the case of

discordant regulation, knockdown of antisense transcript elevates the expression of the conventional

(sense) gene, thereby conceivably mimicking agonist–activator action. In the case of concordant

regulation, knockdown of antisense transcript, or concomitant knockdown of antisense and sense

transcripts, results in an additive or even synergistic reduction of the conventional gene expression.

Although both strategies have been demonstrated to be valid in cell culture, it remains to be seen

whether they provide advantages in other contexts.

R
ev
ie
w
s
�
G
E
N
E
T
O

S
C
R
E
E
N

Recent transcriptomics advances
The past few years have seen a significant increase in our under-

standing of the complexity of mammalian transcription and many

previously undetected RNA transcripts have been described. This

has come as a surprise because the total number of conventional

(protein coding) genes in the human genome (�20,000–25,000) is

much lower than anticipated a few years ago, and of the same

magnitude as the number of genes in simpler organisms, such as

Drosophila melanogaster and Caenorhabditis elegans [1].

Two major transcriptomics efforts have led the way in establish-

ing a modified view of mammalian transcription in different but

complementary directions. First, the international Functional

Annotation of the Transcriptome of Mouse/Mammals (FANTOM)

consortium has produced and analyzed massive amounts of cDNA

sequencing data over the past decade, primarily from mouse but

also from human cells and tissues [2,3]. Second, high-density

(‘tiling’) microarray experiments have provided evidence that

transcription occurs extensively throughout the human genome
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and that there are many transcripts of unknown function [4,5].

Thus, the available data reveal the remarkable complexity of the

mammalian transcriptional landscape.

Basic RNomics
RNAs can be classified into messenger RNAs (mRNAs), which are

translated into proteins, and non-protein-coding RNAs (ncRNAs).

Until recently, it was thought that there are only small numbers of

ncRNAs (e.g. transfer RNAs, ribosomal RNAs and spliceosomal

RNAs) that relate to protein synthesis or function. Therefore, until

a few years ago, no systematic efforts were made to identify novel

ncRNA transcripts and elucidate their functions.

The concept of noncoding RNA
For more than half a century, the central dogma of molecular

biology has stated that genetic information encoded in DNA is

transcribed to form intermediary molecules of RNA that are, in

turn, translated into amino acids that make up proteins. The

assumption has been that proteins are directly related to genes

(one gene = one protein). In the past few years, we have come to
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BOX 1

How do noncoding RNA transcripts differ from conventional coding RNA transcripts?

Table I General differences (and similarities) between coding transcripts and some categories of noncoding RNA transcriptsa

Coding RNA Noncoding RNA

mRNA mRNA-like noncoding RNA
(e.g. natural antisense transcripts)

stRNA,miRNA, snoRNA rRNA, tRNA

Function Encode for proteins Regulatory, catalytic or structural roles in the cell

Polyadenylation Yes Yes No No

Splicing Yes Yes or no No No

Cap structure Yes Yes or no No No

Translation Yes No No No

Open reading frame Yes No No No

Localization Cytoplasmic Predominantly nuclear Nuclear or cytoplasmic Cytoplasmic

aAbbreviations: mRNA, messenger RNA; miRNA, microRNA; stRNA, small temporal RNA; snoRNA, small nucleolar RNA; rRNA, ribosomal RNA; tRNA, transferRNA.
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realize that complexity at the RNA level is far greater than pre-

viously assumed. This complexity is largely due to abundance of

noncoding transcripts, as well as alternative splicing phenomena,

and is particularly apparent in eukaryotes [6,7].

ncRNAs comprise microRNAs (miRNAs), antisense transcripts

and other transcriptional units containing a high density of stop

codons and lacking any extensive open reading frame. Many

ncRNAs start from initiation sites in 30 untranslated regions of

protein-coding loci and at least half of the ncRNAs that have been

sequenced by the FANTOM consortium appear not to be poly-

adenylated [2]. Recently, Gingeras and colleagues [4,5] have inde-

pendently shown that the number of nonpolyadenylated nuclear

RNAs might be very large, and that many such transcripts arise

from intergenic regions. Box 1 contains a summary of some key

features that distinguish ncRNA from coding transcripts. Although

this field is certainly only at the very beginning stage of associating

ncRNA with human diseases, Table 1 shows some representative

examples. Further examples of the possible impact of ncRNA on

eukaryotic biology can be found in Ref. [6].
TABLE 1

Examples of human diseases possibly relating to natural anti-
sense transcripts and/or noncoding transcriptsa

Noncoding RNA Human Disease ncRNA Type Ref

HIF1a and aHIF Breast and
renal cancer

NAT [33]

Survivin and EPR1 Colon cancer NAT [34]

LUC7L and a-globulin a- Thalassemia NAT [35]

KvLQT1 Beckwith–Wiedemann

Syndrome

NAT [36]

SNURF-SNRPN

and UBE3A

Prader–Willi and

Angelman Syndrome

NAT [37]

BCL2 and IgH Follicular B-cell

lymphoma

NAT [38]

mir-17–92, mir-155 Lymphoma miRNA
(ncRNA)

[39]

RMRP Cartilage hair

hypoplasia

ncRNA [40]

a Abbreviations: miRNA, microRNA; NAT, natural antisense transcripts; ncRNA, noncoding

RNA; tRNA, transferRNA.
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Like coding RNAs, the vast majority of ncRNAs analyzed by

Carninci et al. [2] displayed positional conservation across species.

It even appears that some ncRNAs are highly conserved between

evolutionary distant species. In considering function, it is con-

ceivable that the act of transcription from the particular genomic

location is either functionally important or a consequence of

genomic structure or sequence. The noncoding transcript might

indeed function by a sequence-specific interaction with the DNA

sequence from which it is derived, or it might have another target

or targets. Interestingly, ncRNA transcripts appear to be evolving

rapidly, but the fact that they are not as well conserved as coding

transcripts does not necessarily mean that they lack function [7].

There are at least four online databases of different categories of

ncRNA (Table 2). It should be noted that much information

relating to miRNA has appeared in the past few years and that

there are several databases devoted exclusively to miRNA [8].

Although miRNA is an important and established category of

ncRNA, this review will not specifically deal with it. Instead, this

review will focus on the emerging multitude of mammalian nat-

ural antisense transcripts, most of which are made up of ncRNA.

Like miRNA, natural antisense transcripts have the potential to

exert widespread impact on conventional gene expression.

The vast majority of ncRNAs have not been functionally anno-

tated. We predict that the coming years will see an avalanche of

studies demonstrating function not only for miRNA and natural

antisense transcripts, but also for various other categories of ncRNAs

whose existence has recently been demonstrated (for example, see

Ref. [2]). Notably, Willingham et al. [9] recently selected 512 ncRNA

sequences whose only characteristic is that they display significant

mouse-to-human conservation, and targeted them with siRNAs in
TABLE 2

Databases containing noncoding RNA sequences

Name URL

RNAdb http://research.imb.uq.edu.au/RNAdb

Rfam http://www.sanger.ac.uk/Software/Rfam/
and http://rfam.wustl.edu/

NONCODE http://noncode.bioinfo.org.cn

ncRNADB http://biobases.ibch.poznan.pl/ncRNA/

http://research.imb.uq.edu.au/RNAdb
http://www.sanger.ac.uk/Software/Rfam/
http://rfam.wustl.edu/
http://noncode.bioinfo.org.cn/
http://biobases.ibch.poznan.pl/ncRNA/
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BOX 2

Some characteristics of mammalian natural antisense
transcripts (NATs).

� NATs are much more abundant than previously postulated.

� NATs represent a gene regulation phenomenon possibly invoking

thousands of conventional genes.

� NATs can represent coding or, more commonly, noncoding RNA.

� NATs can occur is cis (same locus as corresponding sense transcript)

or trans (at a distance from corresponding sense transcript).

� Very few NATs have been functionally annotated.

� There are some examples of NAT involvement in physiology or

pathophysiology.

� NATs could constitute a novel class of drug targets enabling up- or

down-regulation of (conventional) sense genes and/or transcripts. R
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different cell-based screening assays, resulting in the identification

of eight functional ncRNAs.

Antisense transcription
Antisense transcripts can derive from coding RNA and noncoding

RNA, which includes genic, intronic and intergenic sequences. In

general, natural antisense transcripts can be subdivided into (i) cis-

antisense transcripts that are encoded at the same genetic location

but on the opposite strand to the RNAs that they act on, and (ii)

trans-antisense transcripts that are encoded at a chromosomal

location distinct from the RNAs that they act on. This review will

focus on cis-antisense transcripts with functional examples. Strik-

ingly, antisense transcription in mammals is far more prevalent

than anticipated only a few years ago. Very recently, Katayama

et al. [3] provided evidence that, in mice, >72% of all genome-

mapped transcriptional units (43,553) overlap with some cDNA, 50

or 30 expressed sequence tag (EST) sequence, or tag or tag-pair

region mapped to the opposite strand. There is currently no reason

to assume that the situation would be very different in humans.

This study supports and significantly extends observations made

previously [10–14] about the occurrence of antisense transcription

in the mammalian genome It appears that large numbers of multi-

ple-sized transcripts are expressed from the sense–antisense loci

(regions of the genome that express sense as well as antisense RNA

transcripts) and that these tend to lack polyadenylated tails and

exhibit nuclear localization [2,3,15].

There are three basic types of sense–antisense pairs: head-to-

head (or divergent), tail-to-tail (or convergent) and fully over-

lapping. The divergent classes are the most prevalent (for example,

see Ref. [3]). Expression analyses using strand-specific [15] and

conventional [3] microarrays have indicated marked fluctuation in

expression levels of sense–antisense pairs between various mouse

tissues.

It has been argued that noncoding transcriptional activity is

largely ‘unintentional’, representing ‘leakage’ of the RNA tran-

scription machinery. To this end, it has been demonstrated that

defined antisense transcript pairs are considerably more likely to

preserve their genomic organization throughout evolution com-

pared with non-antisense pairs [14].

It will here be assumed that by hybridizing with their sense-

transcript partners, antisense transcripts modulate whether the

sense transcript will pursue its function (i.e. to encode for pro-

teins). This might lead to RNA-masking, or steric inhibition. In

addition, other mechanisms could be invoked, such as competi-

tive transcriptional interference (for RNA polymerase II) within

the same locus, as well as altered methylation pattern, for example,

as a result of a chromosome deletion [13]. The mechanisms that

have been suggested apply particularly to cases of cis-antisense.

A key question is whether natural antisense pairs could form a

basis for endogenous RNA interference (RNAi). The widespread

occurrence of RNAi-based mechanisms in different biological

systems and recent evidence demonstrating that, at least in some

species, part of the RNAi pathway can occur in the nuclear com-

partment [16], suggests a possible role for this process in antisense-

mediated gene repression. According to this theoretical (but never

experimentally validated) view, double-stranded RNAs (dsRNAs)

(formed by the hybridization of a sense and an antisense tran-

script) would be cleaved into siRNAs by DICER or other RNase III
family members. However, this hypothesis has been contradicted

by our finding that RNA regulation by natural antisense transcripts

occurs through a pathway that is independent of DICER-associated

RNAi in human cells [17], a finding that is consistent with

observations in Arabidopsis thaliana [18,19]. Indeed, even when

sense and antisense transcripts were overexpressed in human cells,

there was no evidence of the formation of DICER-generated short

double-stranded RNA fragments [17].

Antisense–sense interaction phenomena affect different types

of genes and are unevenly distributed across the genome

(for example, see Ref. [3]). Several antisense transcripts have been

shown to be functional, meaning that they regulate their respec-

tive genes. A few review articles on this topic have recently

appeared [12,20–22]. Some general characteristics of natural anti-

sense transcripts are summarized in Box 2.

RNA targeting
Drug discovery efforts have historically focused on the search for

compounds that modulate the protein products of genes. The vast

majority of drugs available today either act at the protein level, or

the drugs themselves are proteins. These compounds are usually

agonists or antagonists of receptors, or they inhibit or stimulate

enzymes or protein–protein interactions. However, the interest in

specifically targeting RNA is increasing, both for target validation

and/or therapeutic purposes, not least with the introduction of

RNAi a few years ago. In addition, there are many ongoing efforts

aimed at targeting mRNA with small molecules, antisense oligo-

nucleotides, ribozymes or aptamers. When it comes to ncRNA as a

potential new drug target category, with no protein being pro-

duced there is obviously no alternative but to attempt to find ways

to affect the RNA transcript itself.

Current drug therapy targets only a few hundred endogenous

targets, mainly proteins, such as receptors and enzymes [23].

Genomics and transcriptomics efforts have identified many novel

candidate drug targets that need to be validated. Although target

validation studies help to set priorities in the drug discovery

process, they do not directly produce drug candidates. Thus, there

is good reason to keep a focus on the well-established targets. If

these turn out to be subjected to natural antisense regulation then

it could be possible to try to address these ‘old’ targets in a novel

way, particularly if no drugs for these targets are available.
www.drugdiscoverytoday.com 505
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For protein-coding genes, in energetic terms, post-transcriptional

regulation is an expensive mechanism to control gene expression.

The mRNA is only an intermediate in the multistep process from

gene to active protein. If a cell would regulate this processonly at the

beginning, at the transcriptional level, it would save the energy

needed to accommodate, degrade and recycle the mRNA mole-

cules that are not used to synthesize proteins [24,25]. When

functional, ncRNA trancripts will exert regulatory actions by

themselves, not having to do so by way of encoding for proteins,

and could therefore prove to constitute drug targets that, when

manipulated, will be linked to distinct phenotypic changes in the

organism. To modulate the actions of ncRNA directly, the

RNA level is naturally the only targeting option because these

transcripts do not encode for proteins.

Knockdown of antisense transcripts
With the recent realization that the phenomenon of antisense

transcription, most of which involves ncRNA, is extremely com-

mon in mammals, it follows that a new category of drug targets

might have to be considered (see Box 2). Moreover, because ncRNA

transcripts by definition do not produce proteins, direct manip-

ulation can only occur at the RNA level, leaving no alternative but

RNA-targeting. In the present context, the only approach to affect

antisense transcript levels has been by use of siRNA aimed at

achieving efficient transcript knockdown. It is fully recognized

that although siRNA molecules are excellent experimental tools at

present, and many other contexts, they have shortcomings as

potential pharmaceutical agents in most circumstances.

Transcript expression profiling experiments using gene micro-

array platforms revealed frequent concordant (similar expression

pattern) or discordant (opposite expression pattern) regulation of

sense–antisense pairs [3]. This review focuses on what happens to

the sense transcript when an antisense transcript is perturbed.

Using siRNA, we [3,17,26] have provided direct experimental

evidence that perturbation of an antisense RNA by siRNA can

alter the expression of the corresponding sense mRNAs. We have

found that the consequence of antisense knockdown is not pre-

dictable and can result in either sense transcript elevation (dis-

cordant regulation) or, seemingly more commonly, in sense

transcript reduction (concordant regulation).
TABLE 3

Effects of siRNA-induced antisense transcript knockdown on sense

Sense Antisense

(coding)

Antisense

(non-coding)

CD97 Ddx-39 N/Aa

TS-a rTS-a N/A

C/EBP delta I530027A02 N/A

CDC23 Kif20a N/A

HIF1a N/A aHIF1a

Gnbp3 g N/A Gnbp3 g-AS

Adrenomedullin AM1 receptor N/A AdmR-AS

6330439J10 (3-oxoacid CoA transferase) N/A A230019L24

CtpW85 (Cathepsin W) N/A CtpW-AS

aN/A, not applicable.
bCells were treated for 48 h with 2–40 nM siRNA targeted to non-overlapping regions of the an

and Ref. [3] for further information on experimental details.
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Coding and non-coding antisense transcripts have been success-

fully targeted by siRNA and appear equally capable of regulating

the corresponding sense transcripts; in other words, the sense

transcript does not seem to ‘know’ if it is being regulated by a

coding or non-coding antisense transcript. This means that there is

no way of predicting the result of natural antisense knockdown on

sense transcript levels based on knowledge about these transcripts

representing coding or non-coding RNA.

Table 3 shows a range of human and mouse antisense transcripts

that have been targeted by siRNA directed to a non-overlapping

part of the antisense sequence, excluding the possibility of simul-

taneous targeting of the corresponding sense transcript. The data

in Table 3 have been generated as a part of a larger effort in our

laboratory to systematically achieve functional annotation of

human and mouse ncRNA, including natural antisense transcripts.

Interestingly, we have observed that knockdown of the sense

transcript does not result in alterations of the corresponding

antisense transcript level in human or mouse cells [3,17]. We

therefore conclude that the regulation seems unidirectional in

that antisense transcripts can regulate sense transcripts, but not

vice versa. In general, mechanisms of antisense regulation in

mammals are complex and mostly remain to be elucidated

[3,15,12,17,27,28]. Nevertheless, it might already be possible to

start making pharmacological use of empirical findings that spe-

cific antisense transcripts regulate therapeutically relevant sense

transcripts (conventional genes), as outlined below.

Potential pharmacological principles invoking natural
antisense transcripts
Here we propose two new pharmacological strategies based on the

knockdown of antisense RNA transcripts by siRNA. It should be

noted that the other RNA-targeting approaches, such as antisense

oligonucleotides, ribozymes or perhaps small molecules, might be

equally applicable to these strategies.

Strategy 1. By knocking down only the antisense transcript

one can elevate the expression of the conventional (sense) gene

in the case of discordant regulation. If the sense gene encodes

for a known or putative drug target, then knockdown of its

antisense counterpart could conceivably mimic the action of a

receptor agonist or an enzyme stimulant. Table 3 gives
transcript expression

Discordant regulation

(sense increase)

Concordant regulation

(sense decrease)

Species and

cell Lineb

Yes No [3] Mouse; N2A

Yes No [3,12] Human; HeLa

No Yes [3] Mouse; Hepa1–6

No Yes [3] Mouse; Hepa1–6

No Yes [12] Human; HeLa

No Yes [26] Mouse; N2A

No Yes [26] Mouse; N2A

No Yes [26] Mouse; N2A

No Yes [26] Mouse; N2A

tisense transcript. Antisense and sense levels were measured by use of RT–PCR. See the text
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FIGURE 1

Perturbation of cis-antisense transcript by siRNA can affect the cis-sense

transcript partner in ways that could be exploited pharmacologically. (1)
A case where regulation is discordant, meaning that reduction in antisense

transcript concentration results in an increase in sense transcript

concentration. (2) Two different scenarios involving concordant regulation,
referring to cases where knockdown of an antisense transcript will result in an

increased sense transcript concentration. The two different scenarios in (2)

represent targeting of the antisense transcript only, and the concomitant

knockdown of the sense and corresponding antisense transcript. The latter
scenario could be achieved either by two different siRNA or by a single siRNA

designed so that the two siRNA strands will be efficacious in knocking down

antisense and sense transcript simultaneously. Apart from the latter case,

transcript reduction could in principle be achieved by other RNA-targeting
principles, such as antisense oligonucleotides, ribozymes and perhaps small

molecules.
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examples where knockdown of antisense (coding as well as

noncoding) transcripts was demonstrated to discordantly

regulate sense expression. For example, to stimulate angio-

genesis in some circumstances [29], enhanced signaling

through the G-protein-coupled receptor (GPCR), CD97, might

be achieved by targeting of its (coding) antisense partner,

DDX39 [3].

Strategy 2. In the case of concordant regulation, one could

either target the antisense transcript alone, resulting in

reduction of sense mRNA, or concomitantly knock down both

antisense and sense transcripts and thereby achieve additive or

even synergistic reduction of the conventional (sense) gene

expression. These concepts are illustrated in Figure 1. If, like in
our studies, siRNA is used to achieve knockdown, then this

strategy would be tested further by applying one siRNA targeted

to the sense transcript and another siRNA to the corresponding

antisense transcript, or a single energetically symmetric siRNA

[30] that simultaneously targets overlapping sense and anti-

sense transcripts by invoking efficacy of both siRNA strands. As

follows from Table 3, such dual concomitant targeting might,

for example, be relevant to pursue in the case of hypoxia-

inducible factor 1 a, a target whose inhibition can be beneficial

in various medical conditions (for example, see Ref. [31] and

Table 1). Another example in Table 3 is the Adrenomedullin 1

receptor, a GPCR whose reduced signaling could also prove to

be of therapeutic benefit (for example, see Ref. [32]).

Conclusion
There are numerous new potential drug targets to be considered in

an emerging functional RNA world. Among these are thousands of

naturally occurring antisense transcripts with a capacity to reg-

ulate the expression of sense transcripts, including those that

encode for conventional human drug targets. Because the majority

of these antisense transcripts represent noncoding RNA, there are,

by definition, no protein products that can be manipulated for

therapeutic purposes. It has been shown that, by using siRNA,

antisense transcript knockdown can result in increases (discordant

regulation) or decreases (concordant regulation) of sense tran-

script expression. RNA-targeting strategies other than siRNA might

be equally applicable. These findings and concepts could form the

basis for novel pharmacological strategies aimed at either stimu-

lating or inhibiting the expression of specific genes that are

influenced by natural antisense regulation.
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