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By using different exon combinations, alternatively spliced genes may contain dual-

coding regions, where more than one reading frame encodes amino acid sequences.

These special coding regions generate functionally related but distinct protein products

and evolve under unusual selective forces.

Introduction

A stretch of deoxyribonucleic acid (DNA) sequence con-
tains six possible reading frames (three on each strand) and
thusmay have the potential to encodemultiple proteins. In
most cases, a coding sequence only contains one valid
reading frame, within which every nonoverlapped nucleo-
tide triplet specifies a particular amino acid residue ac-
cording to the genetic code. In contrast, a dual-coding
region is defined as a stretch of DNA that encodes amino
acids in overlapping reading frames. In these coding re-
gions, codon positions in one reading frame are shifted
relative to the other reading frame. Therefore, although the
DNA sequence is exactly the same within the region of
overlap, the two encoded peptide sequences are completely
different. See also: Genetic Code: Introduction

Dual-codingregionsarequite common insomebacterioph-
ages and viruses, such as human immunodeficiency virus
(HIV), influenza or hepatitis, where the limited genome size is
amain constraint ongenetic information storage (Normark et
al., 1983). In these tiny genomes, all the genetic information is
not encoded in a sequential manner, so that two genes often
share a stretch of coding sequence but employ different read-
ing frames (sometimes even on different strands). In complex
eukaryotes,dual-codingregionsmainlycomefromalternative
splicing, a major mechanism that can increase genome com-
plexity through generating multiple protein products from a
single gene locus. See also: Alternative Splicing: Cell-type-
specific and Developmental Control

In the human genome, 40� 60% of gene loci are esti-
mated to produce alternatively spliced transcripts, but the
vast majority of splicing events would not generate dual-
coding regions because constitutively spliced exons (exons
shared among different alternative transcripts) usually
share the same reading frame. A dual-coding region arises
when there is a reading frame switch in a constitutively
spliced exon, thereby encoding amino acids in different
reading frames on the same strand. See also: Messenger
RNA in Eukaryotes

Long thought to be the realm of compact viral or
streamlined microbial genomes, the description of several
dual-coding regions in complex eukaryotes, including
humans, has attracted substantial recent attention
(Veeramachaneni et al., 2004; Liang and Landweber,
2006). The study of such regions is biologically important
for decoding the complement of genes in the human
genome and other eukaryotes for several reasons. First,
dual-coding regions highlight the complexity of genetic
information processing. Precise characterization of sev-
eral well-studied dual-coding genes can improve gene
prediction and annotation, unveiling more secondary
reading frames when appropriate. Second, genes that
contain a dual-coding region generate patches of distinct
amino acid sequences in related protein products, pro-
viding crucial insights into the biological function of
these proteins. Lastly, from an evolutionary point of
view, dual-coding regions evolve under unusual selective
forces and may display some special evolutionary pat-
terns. See also: Gene Feature Identification
In this article, we will first present several well-

characterized examples of dual-coding regions in human
alternatively spliced genes, to provide an intuitive view of
the concept. Then we will discuss how to identify dual-
coding regions in the human genome andhow these regions
evolve at the molecular level. Finally, we will examine
the functionality of potential dual-coding regions and the
possible selective advantages of this special coding
arrangement.

Examples of Alternatively Spliced
Genes with a Dual-coding Region

Several human alternatively spliced genes with a dual-
coding region have been reported in recent years. Here we
discuss three diverse examples that influence unique as-
pects of biology.

Advanced article

Article Contents

. Introduction

. Examples of Alternatively Spliced Genes with a Dual-

coding Region

. Systematic Identification of Dual-coding Regions in the

Human Genome

. Evolution of Dual-coding Regions in Humans

. Assessing the Functionality of Proteins Encoded by Dual-

coding Regions

. Selective Advantages of Dual-coding Regions

. Concluding Remarks

doi: 10.1002/9780470015902.a0020780

ENCYCLOPEDIA OF LIFE SCIENCES & 2008, John Wiley & Sons, Ltd. www.els.net 1



This first example is the GNAS1 locus, which encodes
the stimulatory G-protein subunit a, a key signal trans-
duction element that links receptor–ligand interactions
with a variety of cellular responses (Kozasa et al., 1988).
As shown in Figure 1a, the major transcript from this
locus contains two completely overlapping reading
frames on the same strand, with codon positions 1, 2
and 3 of the first reading frame overlapping codon po-
sitions 3, 1 and 2 of the second reading frame, respec-
tively. The first reading frame encodes a 736-residue
protein XLas, while the second reading frame encodes a
322-residue protein ALEX. Binding essays showed that
ALEX regulates the intracellular cAMP level through the
specific interaction with XLas, which is essential for nor-
mal human phenotypes. Disruption of the interaction
between these two proteins can lead to mental retarda-
tion and growth deficiency. As an interesting conse-
quence of reading-frame overlap and direct physical
interaction, XLas and ALEX evolve in an oscillatory
fashion that constantly balances the rates of amino acid
replacements in the two reading frames (Nekrutenko
et al., 2005). See also: G Proteins

A second example is the XBP1 locus, which regulates
genes involved in a process called unfolded protein re-
sponse (UPR), a complex mechanism that mitigates endo-
plasmic reticulum (ER) stress (Calfon et al., 2002). As
shown in Figure 1b, the XBP1 mRNA (messenger ribonu-
cleic acid) contains two overlapping reading frames A and
B. Under normal physiological conditions, only frame A is
translated into XBP1U, an ‘unspliced’ version of XBP1.
Upon sensing misfolded proteins in the ER, a 26-bp spacer
is removed by IRE1, a multifunctional kinase and end-
oribonuclease, producing XBP1S, the spliced form of
XBP1. XBP1S has been shown to have a key effect on
UPR progression. Meanwhile, evolutionary analyses indi-
cate the reading frame in the unspliced version, XBP1U, is

also under strong selective constraint, suggesting that it
encodes a functional protein product (Nekrutenko and
He, 2006).
Finally, the best-studied case of dual coding so far is

the INK4A/ARF locus. This locus resides on the human
chromosome 9q21, and is among the most frequent sites
of genetic loss in human cancer. Deletion of this locus is
associated with a variety of malignancies. As shown in
Figure 1c, two tumour suppressor proteins p16INK4A and
ARF are juxtaposed in this 30-kb locus: each has a
unique first exon that splices to a common second exon,
but in different reading frames. These two proteins have
distinct biological functions: p16INK4A inhibits cdk4/6
activity, leading to RB hypophosphorylation, while ARF
mainly inhibits MDM2-mediated degradation of P53.
Due to this intriguing structure of overlapping reading
frames, an initial supposition was that only p16INK4A was
the true tumour suppressor at 9q21 and that loss of ARF
was merely coincidental in cancer. However, recent hu-
man and mouse genetic data have indicated that both
proteins possess significant but distinct in vivo tumour
suppressor activity (Sharpless, 2005).

Systematic Identification of Dual-
coding Regions in the Human Genome

Recently bioinformatic studies have examined human dual-
coding regions in a systematicmanner. One straightforward
way to identify dual-coding regions is to analyse phaseusage
based on annotated transcript data. In this approach, all
available transcript isoforms fromthe samegenetic locus are
first aligned against the genomic sequence. Then nucleotide
positions in the coding region are annotated as first, second
or third codon positions according to the reading frame of

Figure 1 Three known examples of dual-coding genes in mammals. (a) A transcript of the Gnas1 gene contains two reading frames and produces two

structurally unrelated proteins, XLas and ALEX, using different translation start sites. (b) A newly transcribed XBP1mRNA can only produce protein XBP1U from

ORF A. Removal of a 26-bp spacer (dark gray rectangle) joins the beginning of ORF A with ORF B and translation produces a different product, XBP1S. (c) Ink4a

generates two splice variants that use different reading frames within exon E2 to produce the proteins p16Ink4a and p19ARF. Reproduced with permission from

Chung et al. (2007).
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each annotated transcript. A dual-coding region can easily
be identified as aDNA stretch inwhich nucleotide positions
are annotated asmore than one type of codon position.Not
surprisingly, two key factors strongly influence the identi-
fication of dual-coding regions: the completeness of tran-
scriptome data and the accuracy of reading frame
annotation. Based on a set of high-quality and well-
annotated transcripts, we originally estimated that approx-
imately 7%of human alternatively spliced genes (179 out of
2585 alternatively spliced gene loci) contain a dual-coding
region (Liang and Landweber, 2006). Furthermore, this
number is probably an underestimate, because not all
spliced versions of every alternatively spliced gene are avail-
able. More recently, Tress and colleagues examined alter-
natively spliced patterns in the ENCODE project
comprising close examination of 1%of the human genome.
The authors found that 23 out of 214 alternatively spliced
loci contain a dual-coding region, suggesting an even higher
proportion (� 11%) (Tress et al., 2007). See also: Tran-
scriptomics and Proteomics: Integration?

Complementing the aboveapproach,dual-coding regions
may also be identified by comparative genomic analysis,
which depends less on transcriptome data. Chung and col-
leagues developed a set of novel statistical tests to search for
alternative reading frames that overlap known (or canon-
ical) reading frames. Their predictions are based on two
simple observations: first, given a coding sequence and a
known reading frame, a second long reading frame (i.e.
more than 500 bp) is unlikely to arise purely by chance; and
second, functional dual-coding regions tend to be conserved
in evolution.Using a set of conservative criteria, the authors
identified 40 novel candidate genes with a frame-overlap-
ping coding region. Interestingly, many of these regions
show unusual substitution patterns that are consistent with
the prediction of dual-coding regions (Chung et al., 2007).

Evolution of Dual-coding Regions in
Humans

Given the observation of dual-coding regions in humans,
we may ask when the second reading frames arose in evo-
lution. In general, this question cannot be effectively
addressed by examining transcript data for orthologous
sequences in mammals, because of the limited availability
of experimental transcript data for other species and oc-
casional biases. As an alternative, one can trace the evo-
lutionary origin of a dual-coding region by examining the
presence of in-frame stop codons in orthologous se-
quences, since the presence of in-frame stops usually indi-
cates that the reading frame does not encode a protein.
Using this approach, we found that most secondary read-
ing frames (the reading frames that arose later in evolution)
in human dual-coding regions evolved recently in mam-
mals (Liang and Landweber, 2006). For example, about
half of long dual-coding regions (i.e. 4100 bp) in mice
contain one or more stop codons in one of the two reading

frames that overlap in humans. Thismethod is intrinsically
conservative for inferring nondual-coding regions, since
the absence of in-frame stop codons does not guarantee
that the reading frame is transcribed. See also: Homo-
logous, Orthologous and Paralogous Genes
Dual-coding regions in alternatively spliced genes are

certainly not unique to humans or mammals, andmay also
occur in Drosophila and Caenorhabditis (Liang and
Landweber, 2006). Thus, it seems that dual-coding regions
are a widespread phenomenon in multicellular eukaryotes,
but only a small proportion of these regions are conserved
over long periods of evolutionary time.
Based on the presence of in-frame stop codons in or-

thologous genes, one can further classify the overlapping
reading frames in dual-coding regions as ‘ancestral’ or
‘derived’, since the former should be maintained (i.e. lack
in-frame stop codons) for a longer period of evolution
(Figure 2). With this classification, we showed that features
of ancestral reading frames, such as GC codon-position
bias and amino acid composition, are very similar to con-
ventional coding regions in the genome; whereas the
derived reading frames show greater variation in these
properties (Liang and Landweber, 2006). See also: Base
Composition Patterns

Assessing the Functionality of Proteins
Encoded by Dual-coding Regions

While a relatively large number of candidate dual-coding
genes have been identified based on mRNA data, a crucial
question remains: what proportion of dual-coding regions
encodes functional protein products in both reading
frames?Currently, this topic has beenunder debate (Chung
et al., 2007; Tress et al., 2007). One sceptical view is that
some mRNAs containing an alternative reading frame
might not encode functional proteins andmay instead rep-
resent biological noise at the transcription level (i.e. incor-
rectly spliced forms or random products with a very low
expression level). While experimental data for protein ex-
pression and genetic studies will ultimately answer this
question, several types of computational studies may pro-
vide evidence for the functionality of a protein product.
Here we summarize them as follows:

1. Bioinformatic analysis of homologous functional fea-
tures. If a reading frame arises purely by chance, it is
unlikely that the encoded amino acid sequence will
share specific functional features with known proteins.
(a) One can search for the presence of putatively ho-

mologous proteins in the database, using as a query
the translated peptide sequences from the dual-
coding region.

(b) One can search for well-folded secondary structure
elements (at the level of a helices and b sheets), since
a randomamino acid sequence is almost impossible
to fold. See also: Protein Secondary Structures:
Prediction
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(c) One can use sequence-3D-structure comparisons
(e.g. threading) to infer distantly related protein
homology. See also: Protein Tertiary Structures:
Prediction from Amino Acid Sequences

(d) One can search for known functional motifs or
conserved domains within a peptide sequence.

For example, Figure 2 shows a bioinformatic analysis of
the human ITGB4BP gene. The peptide sequences in both
reading frames from the dual-coding region contain a well-
defined domain and show sequence similarity to known
protein sequences. This itself suggests that both reading
frames encode functional products.
2. Evolutionary and statistical analysis. If both reading

frames are functional, they should be maintained by
selection.
(a) Sometimes the length of a dual-coding region can

provide suggestive evidence, since most nonfunc-
tional reading frames are frequently disrupted by
stop codons. Indeed, given the pattern of human

codon usage in one reading frame, simulations in-
dicate that fewer than 0.1% of randomly generated
second reading frames would extend more than
500 bp (Chung et al., 2007).

(b) If both reading frames are constrained by similar
levels of purifying selection, then they would dis-
play averaged nonsynonymous substitution rates
(KA). Thus a similar KA between the two reading
frames would suggest ‘dual functionality’ of a
dual-coding region (Chung et al., 2007). See also:
Purifying Selection: Action on Silent Sites; Synon-
ymous and Nonsynonymous Rates

3. mRNA expression data analysis. Additional expression
data, such as expressed sequence tag (EST) abundance
or tissue-specific annotation, may provide some confi-
dence in the functionality of a protein product.See also:
Expressed-sequence Tag (EST)
(a) If both transcript isoforms are expressed at a

relatively high level, they are likely to encode
functional protein products, since the level of
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Figure 2 Schematic representation of a dual-coding region in the human ITGB4BP gene. Exons are represented by boxes and introns by connecting lines.

Numbers inside the boxes refer tobase pairs. Romannumerals indicate intronphases. Thedual-coding region ismarkedby a black horizontal arrow.Orthologous

sequences for this region are shown in other species, and in-frame stop codons are marked by an underlined X. Bioinformatic supporting evidence for the use of

both reading frames in humans is shown in the table on the left. The table on the right summarizes the presence of stop codons in orthologous sequences in two

reading frames. White arrows indicate direction of data flow for bioinformatics analysis. NM_181466 and NM_181467 are RefSeq accession numbers.

Reproduced from Liang and Landweber (2006) by permission of Cold Spring Harbor Laboratory Press.
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transcriptional noise should be much lower (Shao
et al., 2006).

(b) If two transcript isoforms from a dual-coding gene
locus are preferentially expressed in different tis-
sues, this tissue specificity also suggests that both
proteins may be functional.

Selective Advantages of Dual-coding
Regions

Since two reading frames overlap in a dual-coding region, a
synonymous substitution change in one reading frame al-
most always leads to an amino acid change in the other
frame. This is a costly way to encode genetic information,
because it severely limits the sequence space that either
protein product can explore. Thus it is natural to ask, what
are the potential selective advantages of a dual-coding re-
gion? There are several possible benefits. First, dual coding
packs genetic information efficiently (i.e. double informa-
tion density). However, unlike bacterial or viral genomes,
information storage efficiency alone is unlikely to have a
significant influence on mammalian genomes, because
dual-coding regions only occupy a modest proportion of
the human genome, which is replete with noncoding in-
formation. There are a few exceptional eukaryotes with
many overlapping genes; however, these intriguing cases
are compacted microbial genomes or relict nuclei of
eukaryotic endosymbionts (Williams et al., 2005). Second,
a recent theoretical study suggests that when dual-coding
regions involve important residues, the number of vulner-
able points in the DNA sequence will actually be reduced,
making the encoded genetic information more robust
against mutations (Peleg et al., 2004). Third, dual coding
may help to achieve tight co-expression of the overlapped
protein products. For example, at the GNAS1 locus, two
partner proteins have to bind to each other to perform their
biological functions (Nekrutenko et al., 2005). By using
nested reading frames, two proteins can be expressed at the
same time and at the same place. Lastly, the products en-
coded in different reading frames may perform separate
functions, accomplishing multitasking at the mRNA level.

Concluding Remarks

Dual-coding regions encode genetic information in an un-
usualmanner and represent oneof themost fascinating and
unexpected aspects of eukaryotic genomes. Although
much progress has been made in recent years, more effort
is needed to characterize dual-coding regions at the func-
tional level. The answers to the following questions will
significantly advance our understanding of dual-coding
regions. (1) Which dual-coding genes really produce func-
tional protein products in both reading frames? (2)What is
the functional and evolutionary connection between the
two related but distinct protein products? Do they work in

a coordinated or complementarymanner? (3)What are the
molecular mechanisms that regulate expression of dual-
coding genes? In the next few years, we can hope to see in-
depth examination of hundreds of cases of overlapping
genes, helping us to understand this feature of our
genomes.
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