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1. ABSTRACT 
 

Recent transcriptomic studies revealed that 
extensive proportions of genomes are transcribed, despite 
the limited fraction of protein-coding gene loci in the whole 
genome. Most transcripts are considered to be ‘cryptic’ 
output of the genome because of the lack of functional 
evidence; however, recent progress in molecular analyses 
has revealed that some of these transcripts at least have 
functional significance. This review article examines 
evidence of the functional significance of endogenous cis-
antisense transcripts, which are the transcriptional output 
from the opposite strand of annotated genes. These 
transcripts are one of the most common types of transcripts 
that do not correspond to any protein-coding loci. 
Historical molecular studies revealed the existence of 
antisense transcripts associated with dozens of gene loci, 
whereas more recent genome-wide studies have shown that 
many genes have an antisense counterpart thus stimulating 
investigations into the functional significance of 
endogenous antisense transcripts. Here, we summarize the 
recent progress in the genome-wide characterization of the 
antisense transcriptome, and discuss the biological 
mechanisms that underlie the regulatory machinery of 
eukaryotic gene expression with respect to the potential 
roles of endogenous cis-antisense transcripts.  

 
 
 
 
 
 
 
 
 
2. INTRODUCTION 
 
The eukaryotic genome produces gene products in a 
complex regulatory manner. In the last decade, genomic 
and transcriptomic studies have revealed that eukaryotic 
gene expression regulation is more complex than 
previously thought. For example, approximately 90% of 
human genes are subjected to regulation by alternative 
splicing (1), which can lead to the generation of a variety of 
proteins. Diversity in the position of transcription start sites 
and termination sites within protein-coding gene loci also 
reflects the complexity of the regulation of gene expression 
(2). Protein-coding gene loci comprise only a small part of 
the whole genome, approximately 2–3%, but the actual 
fraction of the genome contributing to transcriptional 
output is now known to be much larger. A pilot study 
targeting 1% of the human genome revealed that more than 
90% of the targeted genomic region is transcribed (3). The 
transcriptional output from outside of the protein-coding 
gene loci includes the well-characterized structural and 
functional RNA molecules, such as ribosomal RNA and 
transfer RNA, as well as the more newly characterized 
categories of small RNA molecules, including microRNA 
(miRNA), small-interfering RNA (siRNA), and piwi-
interacting RNA (piRNA), which have been shown to play 
important roles in the regulation of gene expression. These
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Table 1. Endogenous antisense transcripts in mammals 
Genes Organisms References 
Dhfr Mouse 7 
Surf-2/Surf-4 Mouse, Human 8,9 
c-Myc Mouse, Human 10 
GnRH Rat 11 
c-Myb Mouse 12 
Ribosomal protein L27 Mouse 13 
p53 Mouse, Human 14 
THRA Human, Rat 15 
ERCC1 Human 16 
N-Myc Mouse, Human 17 
eIF2 alpha Human 18 
SC35 Human 19 
CD3 zeta/eta/theta Mouse 20 
TYMS Human 21 
BCMA Human 22 
bFGF Human, Rat 23 
WT1 Human 24 
Hoxd3 Mouse 25 
Hoxa11 Mouse, Human 26 
pMCH Rat 27 
Hsp70.2 Mouse 28 
Pkn Mouse 29 
MHC Rat 30 
Tgf beta2 Mouse, Rat, Human 31 
SMAD5 Human 32 
HIF1 alpha Human 33 
UCN Rat 34 
HFE Human 35 
Msx1 Mouse, Rat, Human 36 
Raf1 Mouse, Human 37 
cTN1 Human, Rat 38 
Emx2 Mouse, Human 39 
IgH region Mouse 40 
Rfp2/Leu5 Mouse, Human 41 

 
RNA molecules are well-characterized with respect to their 
functional role in cells as well as the pathways or factors by 
which they are generated. By comparison, the function of 
most of the non-protein-coding transcriptome remains 
uncharacterized. Functionally uncharacterized transcripts 
are named ‘transcripts of unknown function’ (TUF) (4), 
and can be classified into three categories (5). The first 
category includes transcripts known as antisense transcripts 
that are complementary to another transcript and can thus 
form natural double-stranded RNA (dsRNA) molecules. There 
are two major types of antisense transcripts, cis-antisense 
transcripts (Figure 1A), which are those transcribed from the 
opposite DNA strand as their target but within the same 
chromosomal region and form perfect pairs, and trans-
antisense transcripts (Figure 1B), which are those transcribed 
from a different location to their targets and generally pair with 
multiple transcripts with some mismatches (6). The second 
category of TUF includes non-annotated transcripts that 
correspond to annotated protein-coding gene loci. They 
include novel alternative isoforms or transcripts arising with an 
alternative transcriptional start/end site. The third category 
includes transcripts mapped to the intronic region of annotated 
protein-coding genes and those mapped to intergenic regions. 
This category includes both structural and functional RNA 
molecules. This review article focuses on the current 
understanding of endogenous cis-antisense transcripts. Recent 
analyses of the transcriptome in eukaryotes have revealed that 
endogenous antisense transcription occurs in many regions of 
the genome and arises from numerous genes and have led to 
the identification of many cis-antisense transcripts 
associated with specific gene loci.  

The presence of antisense transcripts in 
mammals was first reported by Farnham et al. when they 
found RNA expression from the antisense strand of the 5′ 
region of Dhfr, the gene encoding dihydrofolate reductase 
(7). This antisense transcript was shown to originate from 
the protein-coding region in the opposite strand of Dhfr 
according the current genomic annotation. Another report 
described transcriptional feature of Surf-2 and Surf-4 in 
mouse and suggested that the transcripts from both DNA 
strands was complementary (8,9). Antisense transcription 
also arises from the first exon and first intron in the c-Myc 
locus (10). This antisense transcript was shown to not code 
for protein because it localized to the nucleus and its 
expression was independent of c-Myc expression. 
Historically, molecular studies revealed the existence of 
antisense transcripts associated with dozens of gene loci 
(see Table 1 and references therein). In addition, regulatory 
roles of antisense transcripts have revealed in various 
cellular events (Figure 2).  

 
In this review article, we describe the 

historical background to the genome-wide identification of 
endogenous antisense transcripts over the last decade and 
discuss the molecular evidence supporting functional roles 
of endogenous antisense transcripts in the regulation of 
eukaryotic gene expression.  
11-41) 
 
3. GENOME-WIDE IDENTIFICATION OF 
ENDOGENOUS ANTISENSE TRANSCRIPTS 
 
3.1. Transcriptome sequencing-based identification of 
endogenous antisense transcripts 

The first computational identification of 
endogenous antisense transcripts was performed based on 
an annotated set of mRNAs and a draft human genome 
sequence (42). To avoid the use of transcripts in the 
incorrect orientation, the analysis excluded expressed 
sequence tags (ESTs) and included only those mRNAs 
annotated with complete CDS (coding sequence) (42). The 
study identified 87 pairs of sense and antisense transcripts 
overlapping in cis.  
 

Another computer-based study included full-
length mRNA sequences and ESTs that had been corrected 
for transcriptional orientation based on the intronic splice-
junction signal (GT and AG) (43). This study identified 144 
pairs of sense and antisense transcripts in human and 73 
pairs in mouse (43). Some of these pairs have been 
validated based on confirmation of their expression in cells 
by RT-PCR (43). Because of incomplete transcriptome 
data, these studies identified only a small subset of the total 
number of sense-antisense transcript pairs. Subsequent 
studies used a more comprehensive dataset of mouse full-
length cDNAs and identified ten-fold more cis-antisense 
pairs than previously identified (44,45). By using the full-
length cDNA dataset, the study by Kiyosawa et al. 
provided an estimation of the actual number of sense and 
antisense overlapping transcript pairs in the mouse genome 
as well as their overlapping patterns relative to the 
exon/intron structure of the genes; a total of 2481 exon-
overlapping pairs that could potentially make natural 
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double-stranded RNA molecules and 899 non-exon-

 
 

Figure 1. Cis- and trans-encoded antisense transcript. (A) Cis-antisense transcripts. Transcription occurs from the opposite DNA 
strand as their target but within the same chromosomal region and form perfect pairs. (B) Trans-antisense transcripts. 
Transcription occurs from a different location to their targets and generally pair with multiple transcripts with some mismatches. 

 
 

Figure 2. Gene expression regulation mediated by antisense transcripts. There are several antisense-mediated regulatory 
pathways in cells. Transcription from the opposite strand induces DNA methylation alteration and chromatin remodeling of the 
surrounding region. Double-stranded RNA (dsRNA) formation in nucleus possibly triggers splicing regulation (by masking target 
transcript) and RNA editing which converts adenosine to inosine in a site-specific manner mediated by ADAR (adenosine 
deaminase acting on RNA) family. On the other hand, cytosolic dsRNA formation potentially leads to the translational silencing 
and RNA stability control by blocking entry of ribosomal complex, microRNA, or exonuclease. It also becomes a template for 
siRNA generation moderated by RNAi machinery.  
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Figure 3. Genome-wide distribution of sense and antisense gene loci in mouse.Location of the pairs of sense and antisense genes 
on each chromosome. Green lines indicate exon-overlapping pairs that could potentially form natural double-stranded RNA (see 
example in A), whereas blue lines indicate non-exon-overlapping pairs (see example in B). Known imprinted regions are colored 
by red with the numbering as follows: Wt1 (1); Nnat (2); Gnas, Gnasxl, Nespas (3); p73 (4); Sgce (5); Copg2, Mit1/lb9 (6); 
Peg3/Pw1, Usp29, Zim1, Zim3, Zfp264 (7); Frat3, GABRA5, GABRB3, GABRG3, Magel2, Mkrn3/Zfp127, Ndn, Snrpn, Snurf, 
Ube3a (8); H19, Igf2, Igf2as, Ins2, Ipl/Tssc3, Kvlqt1, Mash2, Nap1l4, Obph1, p57KIP2/Cdkn1c, Slc22a1l, Tapa1/Cd81, Tssc4 
(9); Rasgrf1 (10); Zac1 (11); Dcn (12); Meg1/Grb10 (13); U2af1-rs1 region1, U2af1-rs1 region2 (14); Dlk, Meg3/Gtl2 (15); 
Htr2a (16); Ata3 (17); Igf2r, Mas1, Slc22a2, Slc22a3 (18); Impact (19); Ins1 (20). 

 
overlapping pairs were identified (44). This study also 
revealed that while endogenous cis-antisense transcription is 
widespread throughout the autosomal regions in mammals, it 
does not appear to be associated with the X chromosome and 
is not always enriched within imprinted gene loci (Figure 3) 
(44). Several studies followed to update the number of the 
sense-antisense transcript pairs both in humans and mice (46-
49). Transcriptome sequencing has revealed the widespread 
presence of sense-antisense transcript pairs in other model 
organisms: for example, 1027 pairs in Drosophila (50), 902 
in rice (51), and 1340 in Arabidopsis (52). Different 
approaches to transcriptome sequencing, such as long SAGE 
(serial analysis of gene expression), have also identified 
widespread and abundant antisense transcription from gene 
loci (53,54). 
 
3.2. Microarray-based identification of endogenous 
antisense transcripts 

Microarrays are an efficient tool for 
transcriptomic studies and can be used to analyze transcript 

abundance, by using a set of probes each of which is 
designed to target a specific gene locus. Several studies 
have used microarrays to detect endogenous antisense 
transcripts using probes designed to target cDNA (55-59). 
A custom microarray platform targeting sense and 
antisense transcripts based on the full-length cDNA 
collection described above (44), revealed that sense-
antisense transcripts are frequently detected in the cDNA 
pool generated by random primers rather than in the oligo-
dT selected cDNA pool (60,61). Together with the finding 
that some endogenous antisense transcripts localize to the 
nucleus, the tendency for the sense–antisense transcripts to 
be poly(A)-negative suggested that a subset of the 
transcripts in the full-length cDNA collection forms a 
unique category of RNA molecules distinct from the well-
known protein-coding mRNA population. Poly(A)-
avoidance of the transcripts is also described in the human 
transcriptome (as discussed below), as well as in the mouse 
non-protein-coding transcripts (62). Detailed characteristics 
of the mammalian transcriptome remain to be elucidated.  



Antisense transcriptome in eukaryotes 

304 

Custom microarrays have the potential to 
detect novel antisense transcripts not within the full-length 
cDNA collection. A study using a custom microarray 
approach to target the complementary strand of annotated 
genes identified novel antisense transcripts arising from 
cancer-related genes that had an altered pattern of 
expression in tumor tissue (63). This approach also 
identified antisense transcripts that had been detected by EST 
analyses in the human transcriptome, but not in the mouse 
transcriptome. These antisense transcripts might be 
functionally conserved between human and mouse, but are 
unable to be identified solely on the basis of cDNA and EST 
analyses. 

 
The microarray approach for transcriptome 

studies usually uses one probe (or one set of probes) designed 
for each gene locus, whereas the tiling microarray approach 
uses probes to achieve more widespread coverage of genomic 
regions, such as whole chromosomes, and can detect at high-
resolution the transcriptional activity of the target region in a 
strand-specific manner (64-66). The benefit of the tiling array 
approach is its ability to detect transcriptional activity in any 
part of the genome without being dependent on the 
completeness of the transcriptome data, and genomic 
annotation of computationally predicted genes. Tiling array 
expression profiling studies targeting non-mammalian model 
species, including yeast, Arabidopsis, and rice, revealed that a 
significant proportion of their genomes are transcribed both 
from sense and antisense strands (67-69). In humans, 
chromosome-wide tiling array analyses showed that 
transcription, generating both polyadenylated and non-
polyadenylated transcripts, was widespread throughout the 
genome (64,70). These studies also showed that more than 
half of the transcripts are located in the nucleus, suggesting 
that they are most likely non-protein-coding transcripts 
(64,70). Another important finding was that more than half 
of all human genes are expressed from the opposite strand.  

 
In summary, microarray analysis has been 

used to determine the relative expression levels of 
endogenous antisense transcripts but because of limited 
probe coverage their transcription start and stop sites have 
not been identified. One approach to address this issue is 
transcriptome sequencing, either by full-length cDNA 
Sanger sequencing or the recently developed strand-
specific deep sequencing (71,72).  

 
4. ANTISENSE TRANSCRIPTS AS EPIGENETIC 
REGULATORS 
 
The best known role of endogenous antisense transcripts is 
the control of gene expression by transcriptional repression. 
In eukaryotes, the regulation of gene expression is 
controlled by transcription factors as well as by epigenetic 
changes in the surrounding structure either by covalent 
histone modifications or by DNA cytosine methylation. 
Endogenous antisense transcription sometimes influences 
the epigenetic remodeling of the neighboring genomic 
region (73). This section introduces typical examples of 
antisense transcripts that act as epigenetic regulators.  
 

4.1. X-chromosome inactivation 
The most studied example of endogenous 

antisense transcripts, as well as long non-protein-coding 
RNA, as epigenetic regulators are those arising from the 
Xist–Tsix locus, a key regulator of mammalian X-
chromosome dosage compensation. In mammals, to avoid 
the dosage differences of X-linked genes between male and 
female, one of the two X-chromosomes in female cells is 
transcriptionally inactivated. This process, called X-
inactivation, occurs through X chromosome 
heterochromatin formation, which is initiated by Xist, a 
long non-protein-coding RNA initially identified as an 
inactive X-specific transcript (74,75). Xist is encoded on 
the X chromosome and is a 17 kb transcript in humans and 
a 15 kb transcript in mouse (76,77). Xist is upregulated at 
the blastocyst stage of early embyogenesis and inactivates 
the X chromosome in cis by spreading over the entire 
chromosome (78). Because cells lacking Xist do not exhibit 
X-inactivation, and because expression of Xist from an 
autosomal region inactivates the expression of surrounding 
genes (79), Xist expression is considered to be sufficient to 
achieve X-inactivation. Xist expression, and hence the 
transcriptional activity of the X chromosome, is controlled 
by the expression of Tsix, the antisense counterpart of Xist. 
Xist expression is repressed by Tsix on the future active X 
chromosome, whereas on the future inactive X 
chromosome Tsix expression is repressed thereby allowing 
Xist to be expressed and initiate X inactivation. The Tsix-
mediated repression of Xist expression is accomplished by 
modulation of chromatin structure through covalent histone 
modification within the neighboring genomic region, 
especially within the promoter region of Xist. Mutation of 
Tsix causes changes in the methylation status of histone H3 
lysine 9 (H3K9), H3 lysine 4 (H3K4), H3 lysine 27 
(H3K27), and also of DNA cytosine methylation of the Xist 
region (80-83). The premature termination of Tsix 
transcription across the Xist promoter leads to activation of 
Xist expression and loss of X inactivation thus indicating 
that the Tsix is crucial to X-inactivation (84). 
 
4.2. Antisense transcripts in imprinted loci 

Genomic imprinting is the phenomenon whereby 
one of the two alleles of the diploid genome are expressed 
in a parental origin-specific manner (85). Because 
differences in DNA methylation status between two alleles 
are often observed in imprinted regions, the regulation of 
imprinted gene expression is thought to occur via 
epigenetic molecular machinery. In the mouse genome, 
approximately 90 imprinted gene loci have been identified 
thus far 
(http://www.har.mrc.ac.uk/research/genomic_imprinting/). 
 

Endogenous antisense transcription in 
commonly observed in imprinted gene loci; 10–15% of 
them are associated with antisense transcripts (85). At 
present, 11 of those in human, and 13 of those in mouse are 
listed in the ncRNAimprint database, a comprehensive 
database of mammalian imprinted noncoding RNAs (86). 
Functional analyses of antisense transcripts in imprinted 
regions have been carried out in depth for sense-antisense 
pairs, especially for the Igf2r–Air and Kcnq1–Kcnq1ot1 
sense-antisense pairs.  

 



Antisense transcriptome in eukaryotes 

305 

One of the most intensely studied imprinted 
antisense transcripts is Air, the noncoding RNA that is 

 
 

Figure 4. Genomic structure of the region controlled by Air. The region controlled by Air is illustrated (chromosome 17 in 
mouse). Expression of Air (black bar) represses three genes (Igf2r, Slc22a2, and Slc22a3; gray-colored) on the paternally (P) 
inherited chromosome. These three genes are expressed only from the maternal (M) allele, where Air transcription is repressed. 
White-colored genes are expressed in a bi-allelic manner.  

 
antisense to the insulin-like growth factor 2 receptor (Igf2r) 
gene. In mouse, Igf2r is maternally expressed in most tissues, 
but biallelically expressed only in brain (87). Air is 
transcribed from the opposite strand of the intronic region of 
Igf2r, and consists of a 100 kb unspliced transcript (88-90). 
This widespread transcription occurs only from the paternal 
allele, suggesting that Air represses paternal Igf2r expression 
in cis. Because premature truncation of the Air transcript, 
such as promoter deletion or polyadenylation cassette 
insertion, leads to upregulation of the paternal expression of 
Igf2r/Slc22a2/Slc22a3 (88,91,92), Air probably represses the 
paternal alleles of those genes in cis (Figure 4). Details of the 
molecular mechanism underlying the Air-mediated 
repression of Igf2r, and the nearby imprinted genes Slc22a2 
and Slc22a3, remain unclear. However, alterations to the 
chromatin structure are most likely involved because Air 
accumulates at the promoter of Slc22a3 and co-localizes with 
the methylation of H3K9 (93).  

 
Similar antisense-mediated regulation is also 

reported for Kcnq1 (potassium voltage-gated channel, 
subfamily Q, member 1) and its antisense partner, Kcnq1ot1 
(Kcnq1 overlapping transcript). Kcnq1 exhibits maternal-
specific expression, whereas Kcnq1ot1 is expressed only 
from the paternal allele. Transcription of Kcnq1ot1 arises 
from the opposite strand of the intronic region of Kcnq1, and 
suppresses several genes within a 780 kb span (94). 
Truncation of Kcnq1ot1 results in alteration of the allele-
specific expression of adjacent genes (95-97). At the 
promoter region of these genes, the trimethylation of both 
H3K27 and H3K9 is enriched (98,99), suggesting that 
Kcnq1ot1 modifies the chromatin structure of the target 
genes. Moreover, Kcnq1ot1 interacts with methyltransferase 
G9a, which methylates histone H3, as well as with the PRC2 
complex (100), suggesting that this antisense transcript acts 
as a suppressor of gene expression in cis. 

 
The ubiquitin protein ligase E3A (Ube3a) 

gene antisense transcript, Ube3a-ATS (also known as 
LNCAT) (101,102), is another well-known example of an 
antisense transcript in an imprinted loci; however, the 

chromatin structure and the effect of truncation of this 
antisense transcript are not known. Ube3a is the causative 
gene in Angelman syndrome, and is maternally expressed 
only in brain, both in mouse and human (103,104). The 
tissue-specific allele-specific expression of Ube3a is 
concomitant with its brain-specific antisense transcript, 
started from the neighboring Snrpn locus, which is the 
region responsible for Prader-Willi syndrome (101,102). 
Transcription of the opposite DNA strand spans 
approximately 1000 kb, and the region contains repeat 
elements and individual snoRNA (small nucleolar RNA)-
encoding units (102,105,106) (Figure 5), suggesting that 
allele-specific expression of this region might be 
regulated by a very complex mechanism. 

 
In mammals, mono-allelic gene expression 

can occur not only in a parent-of-origin specific manner but 
also in random (107). The recently developed high-
throughput transcriptome sequencing approach has 
identified many gene loci exhibiting parent-of-origin allelic 
expression (108) as well as strain-biased allelic imbalance 
of expression (109). Further experimental analyses are 
needed to understand the relationships between mono-
allelic gene expression, antisense transcription, and 
epigenetic modification. 

 
4.3. Antisense transcripts associated with epigenetic 
alteration in disease 

Antisense transcript also affects epigenetic 
alterations in diseases. For example, in alpha-thalassemia 
patients transcriptional read-through of the human LUC7-
derived antisense transcript induces methylation of the 
promoter of the hemoglobin alpha 2 (HBA2) gene, which 
abolishes HBA2 expression (110). In leukemia, epigenetic 
silencing of the tumor suppressor gene p15 (cyclin-
dependent kinase inhibitor 2B) is caused by the upregulation 
of its antisense RNA couterpart, which leads to 
heterochromatin formation within the p15 gene and a 
subsequent decrease in its expression (111). Since antisense 
transcripts have also been identified in other human disease 
gene loci encoding transcription factors, including p21 
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Figure 5. Antisense transcript of Ube3a and the surrounding region. Ube3a is maternally expressed in the brain. This allele-
specific expression is associated with the antisense transcript, the transcription of which is a part of widespread transcription of 
this region, named LNCAT (dashed line), starting upstream of the Snurf/Snrpn gene locus on the paternally inherited 
chromosome. In most tissues, except brain, Ube3a is bi-allelically expressed in the absence of LNCAT expression. Snurf/Snrpn is 
expressed paternally in most tissues. Grey lines indicate the region of the snoRNA (small nucleolar RNA)-encoded cluster. 

 
(112), PU.1 (113), p53 (14), c-Myc (10), and HIF (33), 
expression analysis of both strands of gene loci is crucial in 
investigations of disease transcriptomes. Indeed, 
microarray and strand-specific deep sequencing have 
identified several gene loci in which sense and antisense 
expression is reversely correlated between normal and 
tumor conditions (63,72).  
 
5. MEDIATION OF SMALL RNA FORMATION 
BY ANTISENSE TRANSCRIPTION 
 

The simultaneous transcription of both DNA 
strands can lead to the formation of double-stranded RNA 
(dsRNA). Major pathways involving dsRNA are the RNA 
interference (RNAi) pathway and the RNA editing pathway 
(114). Several RNAi-related events associated with 
endogenous antisense transcript have been recently 
identified. In this section, we describe how cis-encoded 
antisense transcript triggers the formation of endogenous 
siRNAs. We also describe a new class of short RNA 
molecules that frequently occur near the boundary region of 
protein-coding gene loci and whose function was 
previously unknown, until now. 
 
5.1. Endogenous siRNA formation in plants 

In plants, it is well known that endogenous 
siRNA, which is capable of dsRNA formation, is generated 
by transcription from both DNA strands. For example, in 
Arabidopsis, two types of siRNA (21 nt and 24 nt) are 
generated from a pair of natural cis-antisense transcripts 
arising from the overlapping region between 1-pyrroline-5-
carboxylate dehydrogenase (P5CDH), a stress-related gene, 
and SRO5, a gene of unknown function, which is annotated 
as a stress-related gene. Expression of SRO5 is induced by 
salt stress, and triggers siRNA production, which promotes 
the degradation of P5CDH mRNA. The siRNA-induced 
reduction in the level of P5CDH mRNA leads to a decrease 
in proline degradation and thus an increase in the salt stress 
tolerance of Arabidopsis (115). Two endogenous siRNAs, 
derived from natural cis-antisense transcripts from the 

reversely overlapping gene pairs ATGB2/PPRL and 
SRRLK/AtRAP, are reported in plants with bacterial 
infections (116,117). This finding suggests that endogenous 
siRNAs are induced in response to the stress of bacterial 
infection. Formation of these siRNAs involves the dicer-
like (DCL) ribonuclease type III enzyme (75,116,117). 
 

Moreover, several genome-wide studies 
revealed that small RNAs are often located within the 
overlapping region of two genes (118), suggesting that 
there might be other examples of siRNAs derived by 
endogenous antisense transcription. One study estimated 
that more than half of sense-antisense transcript loci are 
capable of forming siRNAs, suggesting that the formation 
of siRNAs from natural cis-antisense transcripts is a 
common mechanism of gene expression regulation in 
plants. 
 
5.2. Endogenous siRNA formation in animals 

The formation of endogenous siRNAs from cis-
encoded sense-antisense transcripts is also observed in 
animals. In Drosophila, 21-nt-long siRNAs are derived 
from a region enriched with overlapping sense and 
antisense transcripts (119). High-throughput sequencing of 
the mouse oocyte small RNA also revealed the existence of 
two classes of endogenous small RNAs: that is, piRNA and 
siRNA (120,121). piRNAs are associated with repeat 
sequences and act as retrotransposon regulators in germline 
development (122), whereas siRNAs, also found in germ 
cells, are generated from the natural cis-antisense 
transcripts, which are naturally occurring dsRNA 
molecules (120). This study found 17 loci in which 
endogenous siRNAs could potentially be processed from 
the natural dsRNA molecules generated by cis-encoded 
antisense transcripts; for example, from the overlapping 
Pdzd11 and Kif4 gene pair on the X chromosome (88). The 
level of these siRNAs is decreased with the concomitant 
loss of Dicer activity, and the loss of Dicer activity also 
leads to the upregulation of the host genes, suggesting that 
these siRNAs are generated by a cytoplasmic Dicer-
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Figure 6. Schematic illustration of sense and antisense transcripts sharing the same splice junction. In several gene loci, cDNA 
derived from the antisense strand has the same exon/intron structure as that of the sense gene. This type of antisense transcript 
might be spliced in the same region as the sense transcript at the splicing signal CT/AC or it might be newly synthesized from the 
mRNA template of the sense strand using an as yet unknown RdRp-like RNA copying mechanism (see main text). 

 
dependent pathway. Cawlile et al. also identified 
endogenous siRNA generated from the Slc34a1 
(Na/phosphate cotransporter) locus in mouse kidney and 
testis (123). Intriguingly, the orientation of siRNAs differs 
among tissues, suggesting that different regulatory 
pathways for the generation of siRNAs exist in different 
tissues. Endogenous siRNAs are generated not only from 
cis-antisense transcript loci, but also from expressed 
pseudogenes and inverted repeats that are capable of 
forming natural dsRNA molecules (120). A Dicer-
dependent small RNA is also detected in the Xist–Tsix 
region in murine ES cells; this study revealed that an 
endogenous siRNA represses Xist expression from the 
active X chromosome suggesting that this siRNA is 
generated through cis-antisense transcription and mediates 
the epigenetic modifications regulating Xist expression 
(124). 

 
Taken together, these molecular findings 

support the existence of endogenous siRNAs associated 
with sense and antisense transcript pairs, and suggest that a 
subset of the large amount of cis-encoded antisense 
transcripts that have been identified but have no known 
function play a role in the generation of regulatory siRNA 
molecules. 
 
5.3. Short RNA molecules of unknown function 
Biochemically well-characterized small RNAs (siRNA, 
miRNA, and piRNA) are usually processed into 20–40 nt 
long molecules. However, recent genome-scale studies 
revealed that a distinct population of the short RNA 
molecules is likely to be expressed from the genome, 
although the molecular association with endogenous 
antisense transcript remains to be elucidated.  
 

In humans, tiling arrays and deep sequencing 
targeting the short RNA fraction (≤200 nt) revealed that 
short RNAs of various sizes (22 to 200 nt) are likely to be 
expressed specifically from the promoter and terminator 
region of protein-coding genes. These short RNAs are 

named promoter-associated short RNAs (PASR) and 
termini associated short RNAs (TASR) (70,125). Deep 
sequencing of the murine ES cell transcriptome detected a 
similar size range of short RNAs that are enriched near the 
boundary region of the protein-coding genes, which 
comprise more than half of the total genes of the genome 
(126). These short RNAs are transcribed from both DNA 
strands and co-localize with RNA polymerase II and H3K4 
trimethylation, suggesting that they are expressed from 
transcriptionally active regions. Lack of Dicer activity does 
not lead to the loss of these short RNAs, suggesting that 
they are not generated through an RNAi-dependent 
pathway.  

 
Although their biological role and the 

pathway by which these short RNAs are generated is still 
uncharacterized, it is possible that they are associated with 
strand-specific transcription of the surrounding region 
because Northern blot analyses of target regions of the 
sense-antisense transcript pairs detected a similar size range 
of short RNAs (60,61). Some were detected only in the 
cytosolic RNA fraction, suggesting that the short RNAs 
have diverse biological roles.  
 
6. EXPLANATION OF UNEXPECTED 
ENDOGENOUS ANTISENSE TRANSCRIPTS IN 
MAMMALS 
 

Although a subset of the endogenous antisense 
transcriptome appears to be unprocessed, like Air, the 
genomic alignment pattern suggests that many of these 
transcripts are likely to be spliced (44). These spliced 
antisense transcripts are thought to arise from discrete 
protein-coding gene loci on the opposite strand of other 
gene loci. However, several loci show an intriguing pattern 
in which the exon/intron structure of both strands is 
identical (22,34,38,127). In such cases, the donor and 
accepter sites for splicing of the antisense transcript are 
reciprocally complementary to that of the sense gene 
(GT/AG in the sense and CT/AC in antisense) (Figure 6). 
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There are two possible mechanisms underlying the 
generation of these antisense transcripts. First, the antisense 
transcript could be spliced in the same region as the sense 
transcript through reorganization of unusual splice site 
signals (CT/AC) by the spliceosomal complex. Second, the 
antisense transcript could be newly synthesized from the 
mRNA template of the sense strand. The latter mechanism 
premises the presence of RNA-dependent RNA 
polymerase (RdRp) activity, and such activity has not 
been reported in mammals, except for in the telomeric 
region (128).  
 

In the beta-globin locus, antisense 
transcripts are still stable, even though treatment with 
actinomycin D inhibits de novo transcription (127). In 
addition, the antisense transcript to the Troponin I gene 
possesses a poly(U)-stretch in its 5′ region, suggesting 
that it might be generated from the poly(A)-tail of 
Troponin I (129). Taken together, these findings suggest 
that some antisense transcripts might be generated using 
the sense mRNA counterpart as a template.  

 
Recently, massively parallel, single-

molecule sequencing has revealed that a subset of short 
RNA molecules (≤ 200 nt) have a poly(U) tail at their 5′ 
end (130). These short RNAs tend to be enriched within 
the opposite strand of the 3′ end of annotated gene loci, 
and thus are likely to be generated by RdRp-like activity 
that reverse transcribes using the 3′ poly(A)-tail of mRNA 
as a template. Although the biological significance of 5′ 
poly(U) RNA molecules remains unclear, it is possible that 
they act as a primer, or that they are simply an incomplete 
product of an unknown RNA copying mechanisms that 
generates antisense transcripts from the sense mRNA 
template. These observations suggest that endogenous 
antisense transcripts are generated through similar RNA-
copying mechanisms in humans.  
 
7. CONCLUSION 
 

This article reviews current knowledge of 
eukaryotic endogenous antisense transcripts including their 
identification by recent genome-wide computer-based 
studies and biological roles revealed by analyses of 
individual loci. We focus on two categories of functional 
antisense transcripts, those which induce epigenetic 
changes and endogenous small RNA molecules. Both 
categories of antisense transcripts have a role in repression 
of gene expression. A recent study has revealed another 
category of antisense transcripts that affects the stability of 
the sense mRNA counterpart (131,132). This finding 
suggests that the antisense transcriptome in eukaryotic cells 
contains antisense transcripts with a repressive role but also 
another category with a regulatory role yet to be elucidated. 
Because several aspects of the mechanisms underlying the 
function of antisense transcripts are unclear, for example 
poly(A)-avoidance and a possible RNA-copying 
mechanism, a variety of approached are required (genetic, 
biochemical, and genomic) to fully understand the 
functions of the eukaryotic transcriptome, especially that of 
the endogenous antisense transcripts and non-protein-
coding transcripts. 
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