
Abstract. Bioinformatic analysis of the transcriptomes 
of diverse eukaryotes has demonstrated the ubiquity and 
structural diversity of complementary antisense RNAs. 
These include both trans-encoded microRNAs and a 
large population of cis-encoded antisense RNAs that en-
compasses both coding and non-coding RNAs. Antisense 
regulation has previously been characterized primarily as 
a post-transcriptional response affecting RNA stability, 
nuclear processing, export, or translation. However, the 
formation of double-stranded (ds) RNAs by base-pair-
ing between complementary RNAs may elicit regulatory 

responses at the transcriptional level as well. Analysis 
of antisense transcription at several imprinted loci has 
suggested a number of other mechanisms that may not 
require formation of dsRNA. Understanding the integra-
tion of transcriptional and post-transcriptional regulatory 
mechanisms represents a major challenge for understand-
ing antisense regulation in eukaryotes. Such insight is also 
essential for understanding general principles of genetic 
regulation within the complex genomes characteristic of 
mouse and man as well as those of other eukaryotes.
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Introduction

Although 5 years have passed since the first sequences of 
the human genome were published [1, 2], efforts to un-
derstand its large-scale organization are only now begin-
ning to yield novel insights [3]. Perhaps the most remark-
able and unexpected finding thus far is the discovery of 
a large class of small RNAs known as microRNAs (miR-
NAs) that directly modulate gene expression in many 
animals and plants. Within the human genome hundreds 
of miRNAs regulate expression of mRNAs coding for 
many important functions [4]. Stunning in its own right, 
this finding is best viewed as part of a larger emerging 
theme: the unexpected diversity of RNA-directed control 

mechanisms [5–8]. Ongoing studies of eukaryotic ge-
nomes have revealed surprising levels of transcriptional 
complexity. While the mammalian genome appears to 
comprise far fewer protein-coding genes than anticipated 
[9, 10], regions of the genome that previously appeared 
non-functional are now known to be actively transcribed 
to yield thousands of non-coding RNAs (ncRNAs) whose 
functions, if any, are unknown [11–13].
Here we focus on one particular characteristic of eukary-
otic genomes, the presence of complementary RNAs 
known as antisense RNAs. Antisense RNAs are tran-
scribed either from separate, non-overlapping loci that 
share complementary sequences (trans-antisense RNAs; 
Fig. 1) or from overlapping loci on opposite strands of the 
DNA (cis-antisense RNAs; Fig. 2). Each antisense RNA 
may potentially base-pair with its complementary ‘sense’ 
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RNA; the two together comprise a ‘sense/antisense pair’ 
or SAP. Cis-antisense pairs form extended regions of per-
fectly matched double-stranded RNAs (dsRNAs), while 
trans-antisense pairs, including miRNAs (Fig. 1a), usu-
ally form relatively short regions of base pairing that are 
frequently interrupted by mismatches. Although the dis-
tinction between antisense regulator and its sense target is 
sometimes unclear, we use the term antisense RNA gen-
erally to refer to the non-coding transcript when only one 
is an ncRNA. When both are either non-coding or coding, 
the distinction between antisense and sense is sometimes 
arbitrary [14], However, the antisense transcript is usually 
the presumptive regulatory RNA, while the sense RNA 
is more abundant, more widely expressed or has a bet-
ter characterized or more direct function [15–18]. In this 
review we describe the properties and possible regulatory 
roles of antisense RNAs that are found in many diverse 
eukaryotes, focusing especially on recent results based on 

genome-wide surveys of mouse and human transcripts. A 
large number of other excellent reviews are available that 
discuss characteristics of many antisense RNAs that are 
not discussed here [15, 16, 19–23].

Historical overview

In their classic 1961 study outlining models for molecular 
regulation, Jacob and Monod [24] proposed that RNAs as 
well as proteins may directly regulate expression of in-
dividual genes. This and similar speculations that RNAs 
play a direct role in regulating gene expression [25, 26] 
were vindicated some years later by the discovery of en-
dogenous antisense RNA regulation in 1981, with the im-
portant distinction that the regulatory RNA base-paired 
with the functional transcript of the gene and not with 
the gene itself. The first antisense RNAs to be rigorously 

Figure 1. Examples of trans-sense/antisense pairs (trans-SAPs). (a) MicroRNAs. The biosynthesis of miRNAs requires the sequential 
action of two type III endoribonucleases. Drosha (or Pasha in Drosophila) cleaves the primary transcript yielding a pre-miRNA hairpin 
structure that is processed by Dicer. Three distinct antisense mechanisms are indicated: target cleavage mediated by perfect pairing of the 
miRNA with its target, translational repression mediated by mismatched pairing and chromatin remodeling. (b) Inverted region within a 
transcribed pseudogene yields trans-antisense RNA. Expression of neuronal nitric oxide synthase (nNOS) is blocked in specific neurons 
by an anti-α RNA transcribed from a partially inverted pseudogene [89, 207].
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characterized were ones that regulated replication of bac-
terial plasmids, but other antisense RNAs were soon iden-
tified that controlled expression of endogenous bacterial 
mRNAs (reviewed in [7, 27, 28–30]). Further studies fo-
cused on potential antisense RNAs in various eukaryotic 
organisms. Subsequently, a detailed understanding of an-
tisense-mediated gene expression regulation in bacteria 
emerged [7, 31], but the regulatory action of endogenous 
antisense RNAs in eukaryotes has remained unclear, with 
only a few notable exceptions [15, 16, 20, 23, 32, 33]. 
This remains the case despite the widespread use of arti-
ficial antisense RNA (and DNA) to block expression of 
targeted genes in eukaryotes, and even in such use the 
molecular mechanisms are often unclear [34, 35].
MicroRNAs represent a particularly important example 
of eukaryotic antisense regulation. In 1993 the laborato-
ries of Victor Ambros and Gary Ruvkun reported the dis-
covery of an unusual small RNA associated with the lin-4 
gene in the nematode, C. elegans. The lin-4 gene prod-
uct was only 21 nucleotides (nts) long, and was shown 
to repress translation of its mRNA target by base-pairing 
to a complementary element within the 3′ untranslated 
region (3′UTR) [36, 37]. It was not until 8 years later, 
following the discovery of a second miRNA, let-7, in C. 
elegans [38], that several groups demonstrated that these 
two RNAs were, in fact, prototypes for a large family of 
miRNAs [39–42] that appear to regulate expression of 
a significant fraction of mRNAs in many animals and 
plants.
MicroRNAs share a number of specific characteristics 
(reviewed in [4, 8]). They are typically 21–22 nts in length 
and are processed in two steps from a double-stranded 
hairpin structure located within a longer precursor, as 
shown in Figure 1a [43]. Although hundreds of miRNAs 
have been identified, only a relatively small number of 
targets have been confirmed to date. Other targets are the 
subject of intense ongoing investigations in many differ-
ent physiological contexts, including cell differentiation, 
embryonic development [44, 45] and cancer cell biology 
[46].
In addition to the miRNAs, by 2002 approximately 40 
pairs of eukaryotic cis-antisense RNAs had been identi-
fied in a variety of eukaryotic organisms [14]. Genome-
level bioinformatics surveys [14, 19, 47] soon revealed 
that antisense transcription is exceedingly common in 
mammals and many other eukaryotes [48, 49]. These 
findings, together with a growing appreciation of the var-
ied roles played by dsRNA in regulating gene expression, 
raise a number of important questions. For example, if a 
large fraction of chromosomal loci is bidirectionally tran-
scribed, do the resulting complementary RNAs base-pair 
efficiently and activate various cytoplasmic or nuclear re-
sponses of the cell to dsRNA? If so, then how do these re-
sponses impact on other regulatory pathways? And if not, 
what factors, circumstances or competing pathways block 

base-pairing or otherwise prevent dsRNA from triggering 
such specific responses?

Cellular responses to dsRNA

Since dsRNAs are often associated with viral infection 
or transposable elements, eukaryotes possess a number 
of responses to control such challenges to normal cellu-
lar function [50–52]. One of these, the interferon-medi-
ated response, involves the shutdown of protein synthesis 
and induction of interferon. This general, non-targeted 
response is triggered by the introduction of any dsRNA 
more than 30 base pairs into mammalian cells. This is a 
highly sensitive response that may be triggered by a sin-
gle molecule of dsRNA [16, 51]. The interferon response 
ultimately culminates in programmed cell death, and thus 
does not regulate normal gene expression. However, in-
dividual components of the signaling pathways involved 
mediate responses to other physiological stressors.
In contrast to the interferon-mediated response, RNA 
interference, or RNAi, is a highly specific response 
in which dsRNA molecules are cleaved into discrete 
21–23 nt dsRNA fragments known as small interfering 
RNAs  (siRNAs). These siRNAs target the destruction 
of homologous single-stranded RNAs [53, 54]. RNAi 
is found in plants, fungi and animals. The processing of 
the lin-4 miRNA from a dsRNA hairpin [36] was a criti-
cal observation regarding small RNAs in two respects. 
Not only is lin-4 processing representative of that of all 
known  miRNAs [43, 55], it is also mechanistically related 
to other pathways that require the production of small 
dsRNAs [4, 56]. The common feature of these pathways 
is that they involve endonucleolytic processing of small 
dsRNA. In each pathway a type III endoribonuclease, 
known as Dicer, makes one or more staggered double-
stranded cuts that determine the length of the miRNA or 
other small RNA product (cf. Fig. 1a). miRNAs are dis-
tinguished from siRNAs in that mature miRNAs are sin-
gle-stranded RNAs formed by cleavage of intramolecular 
hairpins, and selected with a strand-specific bias. siRNAs 
are formed by cleavage of longer, intermolecular dsRNAs 
by Dicer into a series of short dsRNAs, also about 21 nts 
long, which in turn direct the cleavage and subsequent 
destruction of any homologous single-stranded RNAs 
(Fig. 1a) [57]. Thus, miRNAs, in contrast to siRNAs, 
are encoded by individual genes that give rise to defined 
singled-stranded antisense RNAs.
The formation of miRNAs and siRNAs are just two ex-
amples of a variety of regulatory pathways involving 
small RNAs. Components of the RNAi pathway are also 
required for other cellular processes, including chroma-
tin-mediated silencing, DNA rearrangements and the 
processing of miRNAs [58, 59]. These pathways involve 
both transcriptional gene silencing (TGS) and post-tran-
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scriptional gene silencing (PTGS) [60, 61]. PTGS in-
cludes siRNA- and miRNA-mediated regulation in which 
the small RNAs are associated with a specialized RNA-
induced silencing complex (RISC complex). For centro-
meric heterochromatin formation in fission yeast, plants 
and Drosophila, TGS is mediated by repeat-associated 
small RNAs (rasRNA) that are produced by Dicer from 
transcripts of centromeric repetitive sequences. rasRNAs 
act in association with the RNA-induced transcriptional 
silencing complex (RITS complex) to direct chromatin 
modification and transcriptional silencing of centromeric 
DNA [62]. They may also act in mammals and other ver-
tebrates where definitive evidence has proven elusive [63, 
64]. The RISC and RITS complexes are linked not only 
by the involvement of dsRNA and Dicer, but also by the 
presence of Argonaute proteins, which are present in both 
eukaryotes and archaebacteria [65, 66].
A third response to dsRNA is the deamination of adenosine 
residues within a double-stranded region. This process is 
mediated by a small family of enzymes known as ADARs 
(adenosine deaminases acting on dsRNA) and results in 
the conversion of adenosine to inosine [67]. One appar-
ent role of RNA editing is to modify the coding potential 
of the corresponding genes. In addition, A to I editing 
disrupts the pairing between adenine and uracil, since the 
purine base of inosine, like guanine, pairs with cytosine. 
In many instances ADARs modify intramolecular sec-
ondary structure, including inverted repeats embedded in 
the 3′UTRs of many mRNAs. In other instances, ADARs 
edit specific sites within mRNAs that are determined by 
formation of small intramolecular hairpins [68]. How-
ever, ADARs are also capable of non-specifically modi-
fying larger intermolecular dsRNAs, a process referred 
to as hypermutation. Such promiscuous editing plays an 
important role in the replication cycle of polyomavirus in 
infected mouse cells. Recent studies from Carmichael’s 
laboratory demonstrate that inosine-containing RNAs are 
specifically recognized in the cell nucleus, where they 
may trigger other signaling processes [50, 69–71]. Thus, 
ADAR modification, like RNAi, may play a role in medi-
ating cell signaling events triggered by dsRNA, and there 
are indications that these two dsRNA-directed pathways 
may interact [72, 73]. ADAR activity may also be impor-
tant for modifying endogenous dsRNAs that might trig-
ger the interferon-mediated response and apoptosis [74].

Regulation by trans-antisense RNAs

miRNAs repress expression of their target RNAs by base-
pairing with complementary elements, as shown in Fig-
ure 1a. In animal cells the target sites are usually located 
in the 3′UTRs of mRNAs, while in plants miRNA targets 
are often found within the coding region itself [75, 76]. 
In animal cells, imperfect base-pairing within the 3′UTR 

blocks translation, resulting in inactive but intact poly-
somes [77–80]. In plants, perfect or near-perfect base-
pairing leads to miRNA-directed cleavage and inactiva-
tion of the target mRNA [75]. The latter pathway appears 
similar or identical to siRNA-mediated cleavage of RNA 
by homologous siRNA during RNAi. Although these two 
mechanisms represent the major pathways of miRNA ac-
tion, it is clear that miRNAs are mechanistically versatile 
and can act through other mechanisms such as AU-rich 
element (ARE)-mediated destabilization of cytokine-re-
lated mRNAs [81].
While miRNAs represent a singularly well-studied class 
of trans-antisense RNA, they are by no means the only 
examples. Early studies described a specific translational 
repressor that apparently regulates myosin expression and 
muscle development in myoblasts [82]. A number of other 
small RNAs, including small nuclear RNAs (snRNA) and 
small nucleolar RNAs (snoRNAs), function primarily by 
base-pairing with target sites in larger RNAs. However, 
these trans-acting RNAs either form the catalytic core of 
RNA processing complexes (e.g. spliceosomal snRNAs) 
or serve as guide RNAs for site-specific editing or modi-
fication (e.g. snoRNAs) [7, 83] and hence are not consid-
ered further here.
A large number of trans-antisense RNAs may arise from 
bidirectional transcription of repetitive sequences that are 
especially abundant in the genomes of plants and verte-
brates. Repetitive sequences include both simple repeats, 
such as those present at centromeres, and transposons, 
retroelements and pseudogenes [1]. In mammalian ge-
nomes, the most abundant retroelements are short and 
long interspersed elements (SINEs and LINEs) that are 
transcribed in either orientation when embedded in a 
larger transcript or transcribed independently from their 
own promoters. Transcripts of repetitive elements are the 
major physiological targets of the RNAi pathways [64]. 
Several examples of embedded SINEs were described 
in early studies of mammalian antisense RNA [84–86]. 
However, further evidence for a role in antisense regula-
tion is lacking. Although pseudogenes are often transcrip-
tionally silent, they can be transcribed in either sense or 
antisense directions if they become active. Pseudogene 
transcripts that include a partially inverted segment have 
been shown to serve as a functional antisense repressor 
that regulates expression of the parent gene [87–89]. One 
of these, the antisense RNA repressor of neuronal nitric 
oxide synthase in pond snails, is shown in Figure 1b.
The recent discoveries of miRNAs as a large conserved 
class of functionally unique RNAs has energized ongo-
ing efforts to discover other types of structurally related 
ncRNAs through bioinformatics and biochemical studies 
[7, 90]. Given the complexity of eukaryotic genomes and 
the subtlety of RNA structure, it seems quite likely that 
such investigations will uncover other families of antisense 
RNAs dispersed within annotated and intergenic regions.
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Abundance and ubiquity of cis-antisense transcripts

Large-scale sequencing and bioinformatics analysis has 
revealed that cis-antisense RNAs are abundant and ubiq-
uitous in many diverse eukaryotic organisms, including 
mammals (e.g. humans and mouse [14, 17–19, 49, 91]), 
insects [92], plants [93, 94], fungi [95, 96], protozoans (P. 
falciparum) [97, 98] and diplomonads (G. lamblia) [99]. 
Representative studies depicting transcriptome-level 
analysis of cis-overlapping transcripts in plants, mam-
mals and fungi are summarized in Table 1. Several differ-
ent approaches are represented here, including large-scale 
sequencing of full-length cDNAs [12], bioinformatic 
analysis of multiple EST libraries [17, 18] and bioinfor-
matic analysis of annotated protein-coding genes [95]. 
The FANTOM3 transcript dataset, from which the mouse 
antisense pairs are drawn, is comprised of more ncRNAs 
than coding transcripts, while the opposite is true of two 
surveys of human transcripts that include bioinformatic 
analysis of partially sequenced EST clones [12, 17, 49]. 
These differences largely reflect the different methods 
used to compile the databases, since the two mammalian 
transcriptomes are likely to be far more similar than these 
differences suggest.
Different organisms vary in their specific characteristics 
in several ways that are relevant to antisense expression. 
Plants, fission yeast (S. pombe) and nematodes have one 
or more RNA-dependent RNA polymerases (RdRPs), 
which are entirely lacking in mammals, drosophila and 
budding yeast (S. cerevisiae). Consequently, plants, fis-
sion yeast and nematodes can convert single-stranded 
RNA molecules into dsRNA using siRNAs as prim-
ers, and thereby amplify the initial RNAi response. Al-
though both yeasts have very small genomes, they differ 
in other respects. Dicer, Argonaute proteins and other 

factors required for RNAi-related responses are present 
in S. pombe but missing in S. cerevisiae [62, 100, 101]. 
Nonetheless, as shown in Table 1, hundred of antisense 
transcripts have been identified in S. cerevisiae [95, 96, 
102]. Co-expression of convergently arrayed genes has 
also been shown to lead to repression of both transcripts 
through transcriptional interference in S. cerevisiae [103, 
104]. Since S. cerevisiae lacks some of the features as-
sociated with antisense transcription in other eukaryotes, 
while retaining others, this model organism may prove 
useful for selectively studying different possible roles of 
antisense transcription.
Since the RIKEN Institute’s FANTOM3 database of full-
length cDNAs provides the largest collection of unique 
transcripts, it provides an exceptionally comprehensive 
view of the mammalian transcriptome. The use of a large 
number of rigorously subtracted full-length cDNA librar-
ies and multiple expression tag strategies is equivalent 
to about 12 million randomly selected cDNA clones [12, 
49]. The FANTOM3 antisense collection includes 4520 
pairs of overlapping full-length cDNA transcripts with 
exon-exon overlaps and another 4129 pairs that include 
only exon-intron overlaps [49]. These numbers refer to 
representative transcript pairs of full-length cDNAs. If 
transcripts represented by expression tags are also con-
sidered, 72% of the 43 553 identified transcription units 
have at least one overlapping antisense transcripts [49].
Analysis of the FANTOM antisense collection reveals that 
cis-antisense SAPs are found in every possible configu-
ration (Fig. 2). Pairs containing coding and non-coding 
RNAs are most common, although overlaps between two 
mRNAs are also abundant [49, 105]. 3′ overlaps are the 
most common type of overlap found between two spliced 
mRNA molecules. In many compilations of SAPs these 
are the most frequent pairings [17, 18, 106]. However, the 

Table 1. Abundance of cis-overlapping transcription units in diverse eukaryotes.

Organism Number of SAPs Comments Year Reference

Mammals
 Human 2667 EST bioinformatics 2003 [18]

2940 EST bioinformatics 2004 [17]

 Mouse 4520 cDNA, exon-exon overlaps 2005 [49]
4129 cDNA, intron-exon overlaps 2005 [49]

Plants
 A. thaliana 6598 Predicted genes 2003 [94]

(includes intron-exon overlaps)
 957 Confirmed by FL cDNA 2005 [154]

 Rice  601 Exon-exon overlaps 2004 [93]
 86 Intron-exon overlaps 2004 [93]

Fungi
 S. cerevisiae  369 Overlapping ORFs only 2005 [95]

 88 Exon-exon overlaps 2005 [96]

 S. Pombe  20 Overlapping ORFs only 2005 [95]

SAPs refer to exon-exon overlaps only unless noted otherwise.
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preferred orientation of sense/antisense pairs may differ 
according to other features including the absence of in-
trons or lack of coding potential. Among pairs containing 
unspliced ncRNAs in the FANTOM2 database [105], 5′ 
overlaps predominate.

Genomic context of cis-antisense RNAs

Although coding sequences comprise only a small frac-
tion (1.2%) of the total genome in humans, this figure un-
derstates the likelihood of gene overlaps for several rea-
sons. First, introns, not exons, comprise the greater part 
of most transcription units [12, 107]. Second, transcrip-
tion units are often clustered, and these clusters may be 
separated by large transcriptional deserts [1, 12]. Within 
clusters adjacent transcripts are often co-regulated [108–
111]. Regions of high gene density are often enriched for 
highly expressed genes [108, 112]. Individual transcrip-
tion units themselves consist of clusters of overlapping 
transcripts differing in 3′ and 5′ ends and internal splicing 
[113, 114]. This hierarchical clustering of transcripts and 
transcription units greatly increases the possibilities for 
overlap between genes on opposite strands.
A third important feature of mammalian genomes is the 
abundance of ncRNAs and repetitive sequences. These 
sequences, sometimes dismissed as junk or transcrip-
tional noise, may in fact play essential roles in regulating 

expression [12, 115]. Both human and mouse genomes 
contain substantially more non-coding transcription units 
than those that include at least one mRNA [10, 12]. Many 
ncRNAs are transcribed by RNA polymerase II, capped 
at their 5′ ends and polyadenylated. While the sequences 
of these mRNA-like ncRNAs are often not conserved be-
tween the human and mouse genomes [116], the rapid 
evolution of ncRNAs does not necessarily imply a lack 
of function [13, 117]. Transcription of ncRNAs is often 
regulated through conserved promoter elements [12, 
111, 118]. Furthermore, the presence of such mRNA-like 
ncRNAs is supported by the comprehensive full-length 
cDNA libraries [12], expression tag libraries [12] and mi-
croarray tiling studies [49, 94, 111, 119, 120].
These abundant mRNA-like ncRNAs contribute to the 
transcriptional complexity of the mammalian genome. 
While some ncRNAs are transcribed from intergenic re-
gions, others overlap other coding regions in the sense 
or antisense orientation (see Fig. 2c, d). A majority of 
the SAPs in the FANTOM3 antisense database consist 
of pairs of coding and non-coding RNAs, with relatively 
few overlaps between two ncRNAs [49]. Repetitive se-
quences, comprising, for instance, over 50% of the hu-
man genome, also contribute to the overall complexity 
of the genomes of mammals [121]. Some repetitive se-
quences, such as SINEs and LINES, are often embedded 
in the introns and exons of mRNAs and ncRNAs, while 
other elements are independently transcribed. In addition 

Figure 2. Examples of cis-sense/antisense pairs (cis-SAPs). (a) SAPs classified by overlap orientation. (b) Overlaps between spliced and 
unspliced RNAs. (c) Overlaps involving coding and untranslated regions of mRNAs. (d) Other features related to antisense overlaps: non-
overlapping bidirectional pairs, chains of two or more different overlaps and transcriptal clusters (see [49, 128, 208]).
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to providing a source of trans-encoded antisense (Fig. 1), 
repetitive elements influence the expression of host genes 
in many other ways [122–126].

Coordinate patterns of cis-antisense expression

The abundance, structural organization and other proper-
ties of overlapping transcripts suggest that they may play 
one or more central roles in formatting gene expression 
in the genomes of diverse eukaryotes. The nature of these 
roles, however, is unclear. In contrast to observations of 
many individual sense/antisense pairs in bacterial cells 
that display reciprocal patterns of expression under a va-
riety of conditions, increased expression of one member 
of a sense/antisense pair in eukaryotic cells is frequently 
not accompanied by a reciprocal decrease the other, al-
though such a relationship is seen in certain cases [49, 
114]. In fact, recent studies strongly suggest that comple-
mentary transcripts from overlapping transcription units 
are most often co-expressed [49, 114, 127], as are many 
adjacent but non-overlapping transcription units [128]. 
Manipulating the expression of one member of a pair ei-
ther by siRNA or transient overexpression gives various 
results. In only a few instances did a change in one RNA 
lead to a reciprocal change in the expression of the other 
complementary overlapping RNA [49].
The issue of co-expression versus reciprocal expression, 
however, is not straightforward. Although genes that are 
structurally adjacent tend to be co-regulated, it is well 
established that regulation occurs at many different lev-
els, with one type of regulation often affecting another. 
Transcription itself is subject to both local and long-range 
controls. Expression patterns observed for complemen-
tary RNAs are probably subject to multiple regulatory 
inputs and ultimately dependent on the balance between 
synthesis and degradation.
Recent studies by Chen and his colleagues [106, 127] 
are important in demonstrating that transcripts sharing 
a complementary overlap exhibit statistically significant 
non-random patterns of co-expression, when evaluated 
in terms of tissue specificity and inverse expression and 
when a large number of paired conditions are examined. 
These patterns are apparent in a set of 1498 transcript 
pairs that are each represented at minimal threshold lev-
els in SAGE tag libraries from 16 tissues. Co-expression 
of transcripts within a pair was substantially greater than 
that expected for randomly paired transcripts (p < 10–5). 
The same 1498 pairs were then examined for evidence of 
reciprocal expression, defined as at least two instances 
(out of 43 pair-wise comparisons) of inverse expression, 
in which the change in the expression ratio of the two 
RNAs is greater than expected by chance. The compari-
son included normal tissues versus related tumors, two re-
lated tissue or tumor cell types, or the same cells cultured 

under different conditions. Although the significance of 
the inverse expression (p < 0.005) is smaller than that 
observed for co-expression, it is notable that many pairs 
of transcripts exhibit both co-expression with respect to 
tissue specificity and inverse expression with respect to 
the comparison cases. Most interestingly, cells displaying 
either co-expression or inverse expression patterns exhib-
ited higher conservation between human and mouse than 
did most sense/antisense pairs [127].
In further studies, Chen and coworkers [129, 130] make 
two other significant observations regarding functionally 
relevant properties of antisense RNAs. First, the introns 
of antisense RNAs are much shorter than those of the 
sense targets. This appears to reflect a specific require-
ment for rapid expression of such potential regulatory 
RNAs, rather than a negative selection against longer 
primary transcripts. A second observation concerns the 
predominance of 3′ overlapping pairs among their SAP 
dataset [106] Careful analysis of such pairs shows that 
such pairing is non-random and therefore likely to be 
functionally important, and is consistent with the hypoth-
esis that such overlaps impose functionally important 
evolutionary constraints [106, 131].
Microarray tiling studies provide an independent source 
of information on the distribution of antisense overlaps 
within the human genome [111, 119, 132–134]. In til-
ing studies, oligonucleotide probes are distributed at even 
intervals across the genome or chromosomal segment be-
ing studied. These studies permit a large-scale examina-
tion of RNA expression levels unbiased by selection of a 
particular library of sequences on which the probe design 
is based. Tiling arrays avoid many of the technical limita-
tions of expression tag analysis [106, 127] and provide 
exon-by-exon expression data. Although the relationship 
between a series of presumptive exons or ‘transcribed 
fragments’ (transfrags) is usually unclear when they map 
to unannotated regions of chromosomes, tiling arrays 
provide an unbiased view of RNA expression across large 
regions of the genome [119, 133, 134].
When combined with RT-PCR to extend and clone novel 
transfrags, tiling arrays provide a direct method for the 
targeted discovery of novel transcription units [113, 
119]. Gingeras and his colleagues [111] also used chro-
matin immunoprecipitation to demonstrate that expres-
sion of non-coding antisense RNAs is often regulated by 
many of the same transcription factors that are known to 
regulate protein coding genes. Other tiling studies from 
Gingeras’ group have shown that non-polyadenylated 
transcripts [poly(A)– RNA] comprise a substantial frac-
tion of the total complexity of RNA in a human cell line, 
with about 30% attributable to nuclear RNA alone [119]. 
These data provide striking evidence for a large pool 
of poly(A)– RNA that may be independent of poly(A)+ 
RNAs. Although poly(A)– RNAs are often overlooked, the 
RIKEN group has also identified many highly expressed 
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poly(A)– RNAs among the antisense and ncRNAs in the 
FANTOM3 database. Tiling studies, together with novel 
tagging methodologies [12, 113, 119], promise to open a 
new door on the study of the mammalian transcriptome.

Models and mechanisms for antisense regulation

A fundamental question relating to antisense regulation 
concerns whether a given antisense transcript plays a di-
rect role in mammalian gene expression. Given the di-
versity, ubiquity and regulated expression observed for 
antisense transcription, it seems clear that at least some 
antisense RNAs are actively involved in gene expression 
control. Although antisense regulation is often presumed 
to depend on base-pairing between complementary tran-
scripts, it is important to consider both transcriptional and 
post-transcriptional mechanisms, as recently described 
for the expression of imprinted genes [135]. Some of 
the most fascinating examples of antisense transcription 
come from the study of X chromosome inactivation and 
imprinted genes in mammals, which share a common 
characteristic of monoallelic expression. Such studies are 
likely to hold general lessons for understanding the role 
of antisense RNA in regulating biallelically expressed 
genes. Below, we consider five possible models (Fig. 3). 
The first three involve transcriptional regulation and 
the last two post-transcriptional regulation by antisense 
RNA.

Class I model: Transcriptional regulation 
independent of overlapping antisense transcription
Cis-antisense transcription may regulate expression of 
overlapping genes by competing for (or sharing) tran-
scriptional factors. This is especially apparent for SAP 
transcripts with juxtaposed promoters (e.g. 5′-5′ overlaps; 
Fig. 3a). It is also possible for 3′-3′ or fully overlapped 
transcripts to compete for or share common transcrip-
tional factor binding sites, since genomic regions harbor-
ing regulatory elements can stretch as much as 1 Mb in 
either direction from the transcription unit [136]. For ex-
ample, results from DNase I footprinting suggest that im-
printed Igf2R and Air promoters appear to share common 
cis-regulatory elements [137]. In addition, one recent ge-
nome-scale study showed that about 4% of CREB bind-
ing sites are located at the 3′ end of the target genes, many 
of which have known antisense transcripts [138]. Sharing 
of common trans-acting factor may lead to co-expression 
of overlapping transcripts, whereas negative correlation 
is expected if distinct transcriptional factors compete for 
overlapping binding sites (Fig. 3a). This model is similar 
to that proposed for non-overlapping divergently tran-
scribed gene pairs, which represent more than 10% of the 
genes in the human genome [128].

Class II model: Transcriptional regulation mediated 
by active transcription without direct involvement of 
antisense RNA
Concurrent transcription emanating from opposite strands 
may introduce topological constraint to DNA molecules 
[139], which in turn leads to transcription repression. 
RNA polymerases, on the other hand, may collide in con-
vergent 3′ overlapping SAPs [103]. This model, shown 
in Figure 3b, has been invoked for inversely expressed 
genes at imprinted loci [140]. Conversely, the initiation 
of transcription of one strand may help activate transcrip-
tion on the opposite strand, by altering local chromatin 
structure [141] or drawing adjacent promoters into an 
active transcriptional ‘factory’ [142]. Although the ac-
tual RNA transcripts are incidental to regulation, active 
transcription per se is instrumental and distinguishes the 
current model from the aforementioned sharing/competi-
tion model.

Class III model: Transcriptional regulation mediated 
by the antisense RNA transcript itself
There are several ways by which the antisense transcript 
itself may play a role in transcriptional level regulation. In 
principle, these may involve either single-stranded RNA 
or dsRNA. The nascent or mature antisense transcripts 
may feed back directly to the overlapping gene [24], or 
act indirectly by recruiting factors that promote or inhibit 
transcription of overlapping genes (Fig. 3d). In addition, 
emerging evidence supports the idea that duplex forma-
tion between sense and antisense transcripts may trigger 
epigenetic alteration through DNA methylation or chro-
matin remodeling. This can be achieved by a mechanism 
similar to heterochromatin formation at repetitive seg-
ments in the genomes (e.g. centromeric repeat), which 
depends on Dicer, an RNase III endonuclease, and RISC 
complex [64, 143, 144]. On the other hand, duplex RNAs 
can be recognized by RNA editing enzymes, known as 
ADARs, which convert adenosine residues to inosine. 
Edited dsRNA recruits several distinct protein complexes 
as shown in Figure 3d. One of them contains vigilin, 
which appears to induce heterochromatin formation by 
promoting HP1 phosphorylation [70]. Both models re-
quire dsRNA and postulate a reverse information flow to 
genomic DNA and may be related to those observed at 
imprinted loci [145].

Class IV model: Post-transcriptional regulation 
mediated by sense/antisense base-pairing that 
directly blocks binding of factors to the target 
transcript
Antisense RNA can act post-transcriptionally by blocking 
the binding of specific factors to the sense RNA (Fig. 3c), 
thereby masking sites required for its expression [20]. 
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This could happen at any step in the RNA life cycle, in-
cluding splicing [146, 147], export [148], stability [149], 
and translational control [150]. In addition, pairing based 
on complementarity could effectively titrate out func-
tional ncRNA, if there is any, within a sense-antisense 
pair [135]. This might explain why Tsix is in 10–100-fold 
molar excess over Xist RNA, and the overlap region co-
incides with the functional domain of the Xist gene [151, 
152]. In both scenarios, antisense RNA acts stoichiomet-
rically by forming a 1:1 complex with the complemen-
tary target site without triggering downstream signaling 
events.

Class V model: Post-transcriptional regulation 
mediated by antisense/sense base-pairing that 
recruits factors that alter downstream expression
In contrast to model IV, RNA duplex formation may also 
recruit factors that alter its expression (Fig. 3d). There are 
several examples of this type of post-transcriptional regu-
lation, including ADAR modification of intermolecular 
dsRNA duplexes that are retained in the cell nucleus [71, 
153]. In this case, the antisense regulator acts stoichio-
metrically in that both regulator and target are modified in 
the duplex. The formation of RNA duplex between sense-
antisense transcripts might also induce PTGS through 
siRNA-related pathways [64]. In this case, an antisense 
RNA triggers the production of siRNA, resulting in the 
downstream cleavage of many homologous transcripts. 
Several siRNAs have been identified that originate from 

the overlapping transcripts in Arabidopsis thaliana [154]. 
siRNA formation from natural antisense transcript re-
mains to be established in mammals.
The distinction between these models is not always clear. 
For example, miRNAs appear to act in several ways: 
stoichiometrically to block cap-dependent initiation of 
translation [78, 79]; catalytically to direct cleavage of 
complementary transcripts [155]; and stoichiometrically 
to promote degradation of transcripts through AREs [81]. 
Each of these trans-antisense mechanisms shares com-
mon mechanistic features, including the involvement of 
Argonaute proteins. However, translational inhibition is 
categorized as a Class IV mechanism, while cleavage and 
ARE-mediated degradation are Class V. Thus, multiple 
pathways might work in concert under physiological con-
ditions to achieve coordinated gene expression.

Antisense regulation in imprinting and 
X inactivation

Genomic imprinting involves monoallelic expression 
of diploid genomes in a parent-of-origin-specific man-
ner. Genome-wide prediction and large-scale microarray 
studies suggest that up to 2000 genes are imprinted in 
mammalian genomes [156, 157], although only about 
100 imprinted transcription units are confirmed at present 
(http://www.mgu/har.mrc.ac.uk/research/ imprinting). As 
a special example of monoallelic expression, one of the 
two parental X chromosomes has to be silenced in female 

Figure 3. Models for antisense regulation. Key features for five classes of mechanisms similar to those proposed for antisense regulation 
at imprinted loci [135]. Class III and class V may involve similar components working at the level of transcriptional gene silencing (class 
III) or post-transcriptional events (Class V). These are indicated in green and violet for Class III and Class V, respectively. Core components 
that may be shared by both mechanisms are indicated in black.
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cells to achieve dosage compensation. Sense-antisense 
transcripts are often found in imprinted loci [158], and 
they themselves are reciprocally expressed [135]. Some 
regions may consist of multiple SAPs, such as Rtl1/an-
tiRtl1 and Dio3/anti-Dio3 in the Dlk/Gtl2 region [159]. In 
addition, a high proportion (30%) of imprinted transcrip-
tion units are ncRNAs, including snoRNAs, microRNAs, 
pseudogenes and other RNAs of unknown function [12, 
158, 160]. As a result, antisense ncRNAs appear to be a 
recurring theme in all well-characterized imprinted loci 
that are involved in human genetic disease. Among them, 
several antisense pairs have been shown to be required for 
silencing their reciprocally imprinted counterparts. These 
include Xist/Tsix expression during X inactivation and 
imprinting of Igf2r/Air and Kcnq1/Kcnq1ot1 on mouse 
chromosome 7 [161–163]. Other imprinted loci such as 
PWS/AS and Dlk/Gtl2 remain to be further characterized 
[164, 165].
Monoallelic expression of imprinted genes involves sev-
eral epigenetic modifications, such as DNA methylation 
and chromatin remodeling, that differentially mark the 
paternal allele [166]. It further requires that commu-
nication between antisense RNA and genomic DNA is 
restricted in cis. Both differentially methylated regions 
(DMRs) within the 5′ CpG islands and antisense tran-
scripts play an important role in these processes. Mice 
lacking DNA methyltransferase 1 (Dnmt1), an enzyme 
for methylation maintenance, show variable degrees of 
defects in imprinting. Although the SNRPN gene became 
biallelically expressed in Dnmt1-deficient mice, partial or 
full imprinting was retained at Igf2r and Kcnq1 loci [167, 
168]. Apparently, DMRs may contain sequence features 

other than CpG islands that are critical for gene silencing, 
some of which presumably are able to communicate with 
antisense RNAs. Several studies have employed mouse 
genetics to uncouple DMR activity and antisense effects. 
Strategic knockouts and exogenous promoter insertions 
in Igf2r loci showed that the Air antisense transcript, 
other than Igf2r promoter, is essential for gene silencing 
at this locus [169]. In contrast, both DMR and antisense 
regulation are required for bidirectional silencing and 
methylation spreading at the Kcnq1/kcnq1ot locus. [163, 
170]. These studies illustrate the complexity of underly-
ing mechanisms by which imprinted genes are regulated, 
and suggest that partially redundant pathways may co-
evolve during natural selection to ensure precise control 
of mammalian gene expression.
The role of two complementary overlapping ncRNAs, 
Xist and Tsix, in X chromosome inactivation has been 
investigated in some detail as shown in Figure 4a and b. 
Tsix repression is required at the onset of random X in-
activation for the up-regulation of Xist RNA, which coats 
the future Xi [135, 171]. Targeted disruption of Tsix 
skews the Xi choice in cis, resulting in preferential in-
activation (Fig. 4b) [161, 162]. However, overexpression 
of Tsix does not suffice to influence choice [172, 173], 
suggesting that other features at the X inactivation center 
may also required. Interestingly, early termination of Tsix 
transcript disrupts random X inactivation in heterozygous 
cells. Restoration of Tsix RNA in cis without concurrent 
transcription across Xist failed to rescue X choice [174]. 
These results suggest that antiparallel transcription be-
tween Tsix and Xist may serve as a feedback mechanism 
to ‘lock’ the X chromosome in an active state and restrict 

Figure 4. Examples of antisense-mediated gene regulation. (a) X chromosome inactivation. Transcription of Tsix (blue) from future ac-
tive X chromosome blocks the accumulation of Xist (red) in cis. The overlap between Xist and Tsix transcripts (asterisks) is required for 
repression of Xist and may reinforce the X choice [174]. (b) Eliminating overlap with Xist by truncation of Tsix transcript with or without 
insertion of an inverted, but actively transcribed, Tsix cDNA into chromosome skews X chromosome choice [174]. (c) A deletion at the 
α-globin locus results in extension of transcription from Luc7L (blue) antisense to the HBA2 gene (red). This antisense overlap elicits DNA 
methylation (black asterisks) and repression of HBA2 [182]. (d) Left panel: The Dlk1/Gtl2 locus. The Rtl1/Peg11 (blue) and its antisense 
transcript, anti-Peg11 (red), are paternally and maternally imprinted, respectively. MicroRNAs are shown as orange boxes embedded in the 
anti-Peg11 gene. Right panel: (top) a paternally inherited (Pat) CLPG mutation results in overexpression of Rtl1/Peg11 and gives rise to 
the CLPG phenotype; (bottom) Both anti-Peg11 and Rtl1/Peg11 are overexpressed in CLPG homozygotes. MiRNAs from the maternally 
expressed anti-Peg11 transcripts inhibit the expression of Rtl1/Peg11 gene from the paternal allele carry CLPG mutation and produce a 
normal phenotype [209].
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the antisense regulation locally. Although the molecular 
detail for cis-regulation is largely unknown, the spatio-
temporal coordination of sense-antisense transcription is 
likely to be involved. Almost nothing is known regard-
ing the cis/trans-relationship for antisense regulation at 
biallelically expressed genes. However, it is possible that 
some antisense RNAs transcribed in cis from non-im-
printed loci may also act in cis through regulatory mecha-
nisms similar to those found at imprinted genes.

Antisense regulation: development and disease

Given the ubiquity and diversity of antisense transcrip-
tion, one would expect that such transcription is tightly 
regulated under physiological conditions. In addition to 
X inactivation and autosomal imprinting, antisense regu-
lation has been demonstrated in a plethora of biological 
processes, such as the circadian clock [175], cardiac de-
velopment [176], and brain and cognitive function [177, 
178]. Defects in antisense regulation often lead to disease. 
Examples include spinocerebellar ataxia [179], hairy cell 
leukemia [180], and many additional loci that are dis-
cussed in recent reviews [20, 181]. Here we highlight two 
intriguing studies that suggest a widespread involvement 
of antisense transcripts in human disease.
Aberrant gene silencing mediated by antisense tran-
scription provides an alternative mechanism underlying 
genetic disorders. Higgs and colleagues [182] showed 
that an 18-kb genomic deletion juxtaposes an otherwise 
distant Luc7 region to a structurally intact hemoglobin 
α2 (HBA2) gene. Abnormal overlap between these two 
genes leads to transcriptional silencing of HBA2 and 
ultimately α-thalassemia, as shown in Figure 4c. This 
phenomenon may be generalized to other inherited dis-
orders, especially for those disease-related loci that lie in 
gene-dense regions. In addition, the mechanism may hold 
for acquired disorders as well. It is possible that hypo-
methylation in malignant cells could generate bulk aber-
rant antisense transcripts, some of which may randomly 
induce epigenetic alterations at key tumor suppressors or 
oncogenes [183].
Embedded miRNAs within antisense transcripts might 
provide an additional dimension of intricacy to fine tune 
host gene expression and related disease severity. For the 
DLK/GTL2 imprinted locus, at least five miRNAs are ex-
clusively processed from maternally expressed anti-Peg11 
precursor, but not from its complement, the Rtl1/Peg11 
transcript (Fig. 4d). These miRNAs have been shown to 
inhibit Rtl1/Peg11 expression in trans via site-specific 
RNA cleavage [184]. This finding provides a molecular 
basis for the polar overdominant CLPG mutation encom-
passed in the DLK/GTL2 locus, which shows diseased 
phenotype only in paternally transmitted heterozygous 
individuals (Fig. 4d) [185]. Although intramolecular 

stem loops are the sole source of miRNA in this particu-
lar example, duplex formation between SAPs may act in a 
similar fashion and needs to be further characterized.

Requirement for dsRNA formation in vivo

Although regulation can be effected by processes in which 
antisense transcription is not directly involved (e.g. class I 
or class II mechanisms), the formation of dsRNA through 
sense/antisense duplex formation is central to known an-
tisense regulatory mechanisms (e.g. classes III, IV and 
V). Thus, factors that affect intermolecular base pairing 
are likely to be important for antisense regulation.
Genetic and biochemical approaches have provided 
ample evidence for base-pairing between antisense and 
sense RNAs for a variety of small RNAs, including bac-
terial antisense regulators, miRNAs, rasRNAs, guide 
RNAs and specialized RNAs such as spliceosomal sn-
RNAs. In each of these cases base-pairing is mediated by 
specific protein factors that are closely associated with 
the regulatory RNA. For example, miRNAs bind to their 
complementary sequences as part of the RISC complex, 
and rasRNAs as part of the RITS complex. However, sur-
prisingly little is known about the formation of dsRNA 
from large, independently transcribed RNAs that com-
prise the bulk of antisense complexity in cells.
In some cases, the cellular response to dsRNA gives clear 
evidence for dsRNA formation. The identification of vi-
ral defense mechanisms against the interferon-mediated 
response, such as VA RNA in adenovirus, that thwart 
dsRNA-dependent responses of host cells provides fur-
ther evidence for dsRNA in vivo, as does hypermodifica-
tion by ADAR [16, 50, 67, 71]. An example of this is ex-
tensive ADAR editing of polyomavirus early mRNA dur-
ing the early-late phase transition [16, 148] that indicates 
that a class V antisense mechanism is responsible for si-
lencing early mRNA through nuclear retention. However, 
extensive analysis of EST sequences from mammalian 
sources provides little evidence for other intermolecular 
duplexes. Most ADAR modifications in EST sequences 
correspond to limited editing of intramolecular hairpin 
structures [186]. There are few examples of hypermodifi-
cation of endogenous RNAs aside from those associated 
with repetitive sequences [71, 187].
Intriguing evidence for dsRNA formation comes from the 
characterization of endogenous siRNAs and rasRNAs in 
eukaryotes. One comprehensive study involves the use of 
massively parallel signature sequencing of small RNAs 
from A. thaliana [188]. Over 1.5 million small RNAs, 
20–24 nts long, were sequenced, yielding about 75 000 
distinct sequences, most of which may be siRNAs pro-
duced by Dicer. The distribution of these small RNAs 
within the genome is informative. RNAs that form dense 
clusters are disproportionately derived from transposons 
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and other repetitive sequences known to be associated 
with dsRNA production. Sparsely distributed RNAs map 
to possible miRNA genes. Although many of these small 
RNAs appear to reflect the formation of longer dsRNAs, 
there are other possible sources, including intramolecu-
lar duplexes formed by transcribing inverted repeat se-
quences and the amplification of repetitive transcripts by 
RdRPs in plants.
The study of Lu et al. [188] found no correlation between 
the presence of known SAPs and small RNA production 
and thus does not provide direct evidence for base-pair-
ing between large independently transcribed non-repeti-
tive RNA molecules. Another recent study in A. thali-
ana, however, provides just such evidence [189]. Under 
conditions of salt-induced stress, expression of pyrroline 
5-carboxylation dehydrogenase (P5CDH) is silenced by 
expression of an overlapping cis-antisense mRNA. The 
silencing of P5CDH mRNA is accompanied by appear-
ance of siRNA from the overlap region, suggesting a class 
V mechanism. Genetic analysis implicates RdRPs, Dicer 
and other RNAi proteins in this response [189].
Efforts have also been made to characterize dsRNA by 
single-strand specific nuclease digestion. These include 
a number of important studies of individual SAPs such as 
N-myc, myelin basic protein, neural nitric oxide synthase, 
troponin I and subunits of the neural nicotinic acetylcho-
line receptor [87, 89, 190–192]. Such approaches have 
also been adapted for qualitative screening and quanti-
tative analysis [193, 194]. In each case the presence of 
RNase-resistant dsRNA was reported. However, thus far 
relatively few examples of dsRNA formation between 
sense and antisense RNAs have been obtained and further 
studies of the efficiency and stability of duplex formation 
are needed. RNAs that are transiently associated may be 
captured during isolation allowing more stable duplex to 
form, as proteins associated in vivo are removed during 
the course of isolation. Thus, while it is clear that dsRNA 
is present within cells, if only from specialized sequences 
such as transcripts of repetitive elements, inverted repeats 
and viruses, little at present is known regarding condi-
tions that promote formation of intramolecular base-pair-
ing between large transcripts such as found in most cis-
SAPs.

Integration of transcriptional and 
post-transcriptional riboregulation

Accumulating evidence suggests that transcription is 
tightly associated with many post-transcription events in 
the nucleus, including splicing, polyadenylation, mRNP 
formation, export and turnover [195–198]. The co-tran-
scriptional integration of nuclear RNA metabolism is me-
diated by interactions between the transcriptional appara-
tus and the processing, packaging, export and degradative 

machinery. The co-transcriptional deposition of packag-
ing proteins associated with hnRNP and mRNP assembly 
is mediated by a highly conserved mRNA metabolism 
and export (THO-TREX) complex found in yeast, flies 
and mammals [196]. The formation of protein-RNA com-
plexes may restrict or facilitate RNA-RNA interactions 
[199]. Other factors have been implicated in mediating 
RNA-RNA and RNA-protein interactions. Helicases are 
associated with many different steps in RNA metabolism 
and appear to play a catalytic role in remodeling both 
RNA and RNP structure [200–202]. Many RNA binding 
proteins also mediate or chaperone RNA-RNA interac-
tions [203–205]. This coordinated network of activities 
may either restrict or facilitate intermolecular interac-
tions between complementary transcripts. Further insight 
into mechanisms of antisense regulation will require a 
better understanding of each step in the biogenesis and 
metabolism of the sense and antisense strands, from the 
initiation of transcription to repression or degradation of 
each RNA [206]. In exploring the diverse mechanisms by 
which antisense RNAs regulate gene expression we will 
gain a far more comprehensive understanding of gene ex-
pression in complex genomes.
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