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Abstract Mammalian bicistronic mRNA is a recently

discovered mammalian gene structure. Several reported

cases of mammalian bicistronic mRNA indicated that

genes of this structure play roles in some important bio-

logical processes. However, a genome-wide computational

identification of bicistronic mRNA in mammalian genome,

such as human genome, is still lacking. Here we used a

comparative genomics approach to identify the frequency

of human bicistronic mRNA. We then validated the result

by using a new support vector machine (SVM) model. We

identified 43 human bicistronic mRNAs in 30 distinct

genes. Our literature analysis shows that our method

recovered 100 % (6/6) of the previously known bicistronic

mRNAs which had been experimentally confirmed by other

groups. Our graph theory-based analysis and GO analysis

indicated that human bicistronic mRNAs are prone to

produce different yet closely functionally related proteins.

In addition, we also described and analyzed three different

mechanisms of ORF fusion. Our method of identifying

bicistronic mRNAs in human genome provides a model for

the computational identification of characteristic gene

structures in mammalian genomes. We anticipate that our

data will facilitate further molecular characterization and

functional study of human bicistronic mRNA.

Keywords Bicistronic mRNA � Computational

identification � Domain–domain interaction � Open reading

frame fusion � Support vector machine

Introduction

It is widely accepted that polycistronic mRNA is a char-

acteristic of prokaryotes where operons are a common form

of gene organization (Lawrence 2002). By contrast, the

genes of eukaryotes are organized more individually, and

their transcripts are generally considered to be monocis-

tronic; however, it recently became clear that not all

eukaryotic genes are transcribed monocistronically.

Numerous instances of polycistronic transcription in
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eukaryotes have been reported [reviewed in (Blumenthal

2004)]. The first case of polycistronic transcription in

eukaryotes was found in 1988 in trypanosomes. Wide-

spread operons in an animal were first discovered in the

nematode Caenorhabditis elegans (Spieth et al. 1993).

More recently, the operons were also discovered in flat-

worms and primitive chordates (Davis and Hodgson 1997;

Ganot et al. 2004).

The operon was first described by Jacob et al. (1960)

and was defined as a cluster of genes that are under the

control of a single regulatory signal or promoter. We now

know that bacterial operons are generally transcribed from

a single promoter, and that they result in the formation of

a polycistronic mRNA that is translated by ribosomes that

re-initiate translation at the 50 ends of downstream genes,

having terminated translation at the 30 ends of upstream

genes [reviewed in (Blumenthal and Gleason 2003)].

Unlike bacterial operons, nematode operons are transcribed

to produce polycistronic initial transcripts, and then these

transcripts are processed by trans-splicing procedure to

create monocistronic mRNAs that are transported to the

cytoplasm and translated (Spieth et al. 1993). Another type

of polycistronic (bicistronic) mRNA was first found in

mouse nervous system (Lee 1991). Soon after that, several

genes were found to be able to produce bicistronic mRNAs

in mammalian genomes (Reiss et al. 1998; Stallmeyer et al.

1999; Gray et al. 1999; Hayward et al. 2003; Autio et al.

2008). Distinct from the polycistronic pre-mRNAs in C.

elegans, the bicistronic transcripts in mammals were

mature mRNAs, from which two distinct proteins could be

directly translated. Intuitively, they are very similar to the

bacterial operons. A small number of studies have also

shown that proteins encoded by mammalian bicistronic

mRNAs are functionally related. For instance, the bicis-

tronic mRNA of human gene MOCS2 encodes the small

and large subunits of the molybdopterin synthase (Stall-

meyer et al. 1999), and a human bicistronic mRNA

encodes MFRP and C1QTNF5, which are proteins that co-

localize and interact with each other (Mandal et al. 2006).

However, a large-scale study of the relationships between

bicistronic mRNA-produced proteins is still lacking. In

addition, since the bicistronic mRNAs found in mammals

were extremely rare, the frequency of them in mammalian

genomes also needs to be estimated.

In order to clarify these issues, we utilized a systematic

in silico approach to identify the polycistronic mRNAs in

mammals. We chose human genomes as our initial data set

owing to its ability to provide reliable mRNA sequences,

gene structures, and functional information. To make our

prediction more reliable, we used a comparative genomics

strategy to find the evolutionarily conserved polycistronic

mRNAs. By using these methods, we successfully identi-

fied a set of conserved human polycistronic mRNAs. To

validate the final bicistronic mRNAs set, we used a fivefold

cross-validation support vector machine (SVM) learning

method, which can precisely distinguish the two classes of

open reading frames (ORFs): protein-coding ORF and

UTR pseudo ORF. We found that most of the mRNAs’

ORFs in the final set were assigned as protein-coding ORFs

by the SVM model. We next studied the functional rela-

tionships of these polycistronic mRNA-produced proteins

using a graph-based method. Interestingly, during these

studies, we also found the appearance of another phe-

nomenon in our final set: several mRNAs fused their two

ORFs into one and produced single proteins with multiple

domains. Literature studies suggested that different mech-

anisms might take part in these fusion processes.

Results

Identification of functional bicistronic mRNAs

in human genome

We developed a systematic, in silico, predictive approach

that uses evolutionary information to estimate the fre-

quency of bicistronic mRNAs in the human genome. We

used the NCBI RefSeq mRNA database (Pruitt et al. 2007)

as the initial mRNA sequence data. All of the ORFs were

derived from the entire human mRNAs in three potential

frames. To filter the non-functional degraded pseudo ORFs

which would contain in-frame stop codons (Harrison et al.

2002), all ORFs were subsequently filtered using a mini-

mum ORF length of 50 codons, which can filter out more

than 91.5 % pseudo ORFs and can retain 99.8 % protein-

coding ORFs on the basis of previously known coding ORF

and pseudo ORF length (see ‘‘Methods’’). Because the

structural and functional domains are the most important

characteristics of functional proteins, we examined the

functionalities of these ORFs by assessing the existence of

protein domains, using publicly available protein domain

databases. These public databases enabled us to detect

domains with high accuracy and broad coverage (Basu

et al. 2009). Six sequence- and/or structure-based protein

signature databases in the InterPro suite (Zdobnov and

Apweiler 2001) were employed to comprehensively and

reliably identify protein domains. The resulting domain

information was parsed by Python scripts to make sure it is

integrated and non-redundant for each ORF.

In our studies, a bicistronic mRNA candidate was

defined as an mRNA with two domain-containing ORFs,

which is consistent with the former description of bicis-

tronic mRNA (Blumenthal 2004). According to this defi-

nition, we identified 1,813 total human bicistronic mRNA

candidates that were distributed across 1,037 genes (one

gene may produce more than one bicistronic mRNA
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isoforms) (Supplementary Table 1). Considering that a

portion of these domain-containing ORFs may still not be

functional, this number is probably an overestimate of the

frequency of bicistronic mRNAs in human genome. To

address this issue, we used a comparative genomics

approach to further filter the potential non-functional ORFs

and make our final set more conservative. We assumed that

the probability of randomly generating an ORF with

functional domains, and within the reading frame of an

mRNA sequence, is very low. Furthermore, we assumed

that the detection of ORF pairs with identical domains in

the similar positions of two orthologous mRNAs strongly

suggests that they are functional bicistronic mRNAs. We

used a similar approach on the entire mouse mRNAs as we

did on human mRNAs and found 1,871 bicistronic mRNA

candidates in 1,389 genes (Supplementary Table 2). We

then compared these candidates with the human bicistronic

mRNA candidates using an integrated human–mouse

orthologous gene data. According to several conservation

criteria (see ‘‘Methods’’), we identified 45 human bicis-

tronic mRNAs from 31 distinct genes that are highly

conserved between human and mouse (Supplementary

Tables 3, 4). Their conserved protein domains as well as

gene structures suggest that they are subject to natural

selection, and therefore are very likely to be functional

bicistronic mRNAs.

Confirmation of human bicistronic mRNAs set using

an SVM model and literature analysis

The conservation criteria and thresholds employed in our

method may introduce some bias in the result. Therefore, to

confirm the result and to eliminate the possible bias, we

adopted a new parameter-threshold-free machine learning

method by using an SVM classifier model. Since this

model is completely independent of the former identifica-

tion method, it can be used to further verify the result. The

SVM was designed to classify two different kinds of ORFs:

protein-coding ORFs and UTR pseudo ORFs. We used two

different classes of ORFs to train the SVM model: the

protein-coding ORFs and 30-UTR pseudo ORFs. To

robustly classify the two kinds of ORFs, we selected three

mutually independent features of ORFs: ORF length,

domain number, and codon composition. These features

were selected because their value distributions in two

ORFs classes are significantly different, ensuring that the

model can achieve high accuracy. Using these features, we

constructed a 63-dimension SVM classifier model. In these

63 dimensions, 61 dimensions are contributed by 61 codon

compositions (removing three stop codons), one dimension

is contributed by domain number, and another dimension is

contributed by ORF length, so this machine learning

method is very independent of the former method. A

fivefold cross-validation procedure was repeated 50 times

to examine the performance of this SVM classifier (see

‘‘Methods’’). After that, we found that the overall sensi-

tivity and specificity of this model are 99.52 and 99.29 %,

and the average accuracy is up to 99.13 %. The perfor-

mance of this SVM classifier demonstrates that it has been

well trained and can classify protein-coding ORFs and

UTR pseudo ORFs very precisely.

We next applied this SVM model to classify the 25 ORFs in

human bicistronic mRNAs which have not been confirmed as

encoding proteins. In this procedure, the SVM model will

assign each ORF a class label and give the corresponding

probability based on the training result in the previous step.

The result shows that most of the ORFs were assigned as

protein-coding ORFs with very high probabilities (Table 1).

For example, 17 ORFs were assigned as protein-coding ORFs

with probabilities larger than 0.9, among which 10 ORFs were

assigned with probabilities larger than 0.99. Despite no ORF

being assigned as pseudo ORF, two ORFs in PRKCB and

ZNF808 were assigned as protein-coding ORFs with related

low probabilities (0.6215 and 0.6704). By removing these two

less reliable ORFs, we finally acquired 43 highly confident

human bicistronic mRNAs in 30 genes.

Although we did not validate the protein expression

directly in experiments, we found that an analysis of cur-

rent literature could provide some support for the result.

We did a thorough literature analysis by searching for the

previously known bicistronic mRNAs that had been

experimentally confirmed. We found that so far there are

altogether six experimentally confirmed human genes

producing bicistronic mRNAs, which are GDF1 (LASS1)

(Lee 1991), MOCS1 (Reiss et al. 1998), MOCS2 (Stall-

meyer et al. 1999), SNRPN (SNURF) (Gray et al. 1999),

MFRP (C1QTNF5) (Hayward et al. 2003), and RPP14 (Autio

et al. 2008). Although they were found individually in dif-

ferent experiments, all of them were successfully recovered by

our method and included in the final set, which indicates that

our method has a good coverage as well as a high accuracy in

detecting functionally bicistronic mRNAs.

A typical example of highly conserved human

bicistronic mRNAs

One example of the highly conserved human bicistronic

mRNA set is CHTF8 (chromosome transmission fidelity

factor 8 homolog), which produced three potential bicis-

tronic mRNA transcripts through alternative splicing.

These three transcripts only differ in the 50 untranslated

region (50 UTR) and/or the first alternative exon. Two of

the transcripts encode the same 121 amino acid (aa) pro-

tein, whereas the other one encodes an isoform of 102 aa.

These proteins form a part of the Ctf18 replication factor C

(RFC) complex that plays a role in sister chromatid
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cohesion and DNA replication and repair. Interestingly, an

additional ORF was identified by our method in each 30

UTR of these three transcripts, the protein sequences of

which are identical. This novel ORF is 1,575 bp long and is

predicted to encode a 524 aa protein (Fig. 1). A BLAST

search of this 524 aa ORF in the UniProt Consortium

Table 1 A summary of 43 identified human bicistronic mRNAs

Gene mRNA ORF length (aa) Probability

ORF1 ORF2

CDKN2A NM_058195 173 105 0.991798

DIO1 NM_000792 125 120 –

DIO2 NM_000793 132 51 –

NM_013989 132 51 –

DIO3 NM_001362 169 131 –

GNAS NM_016592 245 363 0.9999878

GPX1 NM_000581 74 145 –

GPX3 NM_002084 72 53 –

GPX4 NM_001039847 72 99 –

NM_001039848 109 69 –

NM_002085 72 69 –

GRM1 NM_001114329 906 378 0.999943

MOCS1 NM_001075098 385 249 0.9987236

NM_005943 385 249 0.9987236

MOCS2 NM_176806 88 188 –

SNRPN NM_003097 71 240 –

NM_022805 67 240 0.8258974

NM_022806 67 240 0.8258974

NM_022807 67 240 0.8258974

NM_022808 67 240 0.8258974

SNURF NM_005678 71 240 –

LDB2 NM_001130834 331 74 0.8619329

LASS1 NM_021267 350 372 –

RPP14 NM_001098783 124 168 –

NM_007042 124 168 –

PEG10 NM_001040152 325 357 0.9970375

NM_015068 325 357 0.9970375

PLCB1 NM_182734 1,173 119 0.9525629

LRRC29 NM_001004055 132 223 0.9199278

TBX22 NM_001109879 127 400 0.9744221

DUSP13 NM_001007271 188 327 0.9999813

CHTF8 NM_001039690 121 524 –

NM_001040144 102 524 –

NM_001040146 121 524 –

ZFP2 NM_030613 76 461 0.902209

MFRP NM_031433 579 243 –

C1QTNF5 NM_015645 579 243 –

COG8 NM_032382 612 108 0.9586719

XIRP2 NM_152381 3,549 527 0.9999194

ZNF827 NM_178835 1,077 259 0.9999476

ZNF780A NM_001010880 641 320 0.8209796

NM_001142577 642 320 0.8209796

NM_001142578 641 320 0.8209796

– in ‘probability’ column means encoding known proteins
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(2010) database produced a hit with a 524 aa protein

named ‘chromosome transmission fidelity protein 8

homolog isoform 20 (UniProt ID: P0CG12) with 100 %

identity. Sequence analysis shows that this protein has a

high sequence similarity (83 %) with the known 533 aa

protein encoded by the rat Chtf8 gene. A TBLASTN search

of the reference genomic sequences revealed that this ORF

is also highly conserved in several other mammals, but not

in birds or reptiles. More interestingly, we also found that a

four-nucleotide overlap AUGA (the start codon is in bold

and the stop codon is underlined) forms a stop-start codon

between these two consecutive ORFs, which joins the

downstream ORF to the upstream ORF in the -1 frame

phase. The overlapping stop-start codon is essential for

bicistronic mRNA translational coupling in non-long ter-

minal repeat (non-LTR) retrotransposons, which are widely

distributed in mammals (Kojima et al. 2005). In addition,

this protein contains a domain that belongs to the SWI/

SNF-related, matrix-associated, actin-dependent regulator

of chromatin-related gene family. The domain present in

this protein suggests that both proteins may play roles in

the process of chromatin structure modification. Further

experimental studies are needed to confirm protein

expression and to fully characterize the function of this

novel protein (Fig. 1).

Functional relationship between bicistronic

mRNA-produced proteins

Although a small number of studies have shown that

mammalian bicistronic mRNA-produced proteins are

functionally related, in most cases the functions of both

proteins are unknown, which makes their functional

relationships difficult to determine. Since protein domains

are the functional units of proteins, the interactions

between proteins are often reflected by the interactions

between their domains (Pandey et al. 2008). Therefore, we

further examined the domain interactions of the bicistronic-

encoded proteins by constructing a domain–domain inter-

action (DDI) network using a publicly available DDI

database named DOMINE (Raghavachari et al. 2008),

which is a comprehensive database of protein domain

interactions collating known and predicted DDI from 10

different sources. In our DDI network, each node repre-

sents a kind of protein domain, each edge that links two

nodes represents an ‘‘interaction’’ between two kinds of

domains, and the distance between two nodes is defined as

the number of edges in the shortest path between them. The

closeness of the relationship between two kinds of domains

can be measured by the graph distance of the two corre-

sponding nodes which can be calculated by a graph-based

algorithm (see ‘‘Methods’’).

We divided the identified human bicistronic mRNA into

two sets: the bicistronic mRNA candidates set and the

high-quality bicistronic mRNA set (43 highly conserved

bicistronic mRNAs), and domain pairs were derived from

the two ORFs of these mRNAs. We deleted the identical

domains presenting in the same mRNA to avoid the

potential impact of ORFs generated due to tandem dupli-

cation. The control data also contained two sets: 1,000,000

randomly sampled domain pairs from the 3,915 nodes in

the DDI network and 3,022 genomically adjacent (\20 kb),

non-bicistronic domain pairs from 5,000 randomly selected

gene pairs. We then calculated the graph distances of these

domain pairs in different sets. We find that the distances in

two bicistronic mRNA sets (highly conserved set and

0 2903

133 441
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ORF1

ORF2

ORF1 is conserved in:
Homo sapiens
Pan troglodytes
Canislupus familiaris
Bos taurus
Mus musculus
Rattusnorvegicus
Danio rerio
Drosophila melanogaster
Anopheles gambiae
Caenorhabditiselegans

ORF2 is conserved in:
Homo sapiens
Pan troglodytes
Canis lupus familiaris
Bos taurus
Mus musculus
Rattus norvegicus
Danio rerio

121 aa 524 aa

CHTF8 Protein

CHTF8 mRNA

…auga…

5’ 3’

Fig. 1 Bicistronic structure of

one human CHTF8 gene

transcript. The two consecutive

ORFs encode two proteins of

121 aa and 524 aa, respectively.

The previously known 121 aa

protein is highly conserved in

mammals, birds, reptiles,

invertebrates, and drosophila;

the predicted 524 aa protein is

highly conserved in mammals,

but not in birds or reptiles
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candidates set) are significantly different from those of the

random domain pair set. The average distances of the

random domain pair set and genomically adjacent, non-

bicistronic set are 4.0158 and 2.443, whereas those of the

high-quality set and candidates set are 1.2824 and 1.4348

(Fig. 2). This result suggests that the functional relation-

ship between the proteins produced by a bicistronic mRNA

is much closer than what is expected between two random

proteins. In addition, the average distances of the bicis-

tronic mRNA sets are close to 1, and more than 70 % of

domain pairs of the high-quality set have graph distances

equal to 1 (more than 60 % in bicistronic candidates set),

indicating that the relationship between proteins produced

by bicistronic mRNA is prone to be a direct interaction, for

only those domain pairs having direct interactions in the

DDI network have graph distances equal to 1. Interestingly,

the average distance of genomically adjacent, non-bicis-

tronic ORF pairs was also significantly smaller than the

completely random ORF pairs, although still much larger

than that of bicistronic ORF pairs. This phenomenon may

be related to the existence of gene clusters in human gen-

ome, for in gene clusters functionally related genes are

prone to be arranged in adjacent locations in the chromo-

some (Hurst et al. 2004).

To further confirm this result, we used gene ontology

(GO) (Ashburner et al. 2000) to analyze those protein

domains’ functional categories. GO analysis of these

domains shows that 73.6 % of the bicistronic mRNAs

contain domain pairs that belong to the same GO terms,

and this observation is consistent with our former result in

the DDI network. Consequently, we can conclude that

human bicistronic mRNAs are prone to produce different

yet closely functionally related proteins. This is under-

standable from an evolutionary point of view: although

having two ORFs in one mRNA is a costly arrangement

under evolutionary pressure, this arrangement may be

advantageous for the co-expression of functionally related/

interacting proteins in mammals.

ORF fusion events in human bicistronic mRNA set

Thorough investigation of the highly conserved human

bicistronic mRNA set shows that 13 of the 43 bicistronic

mRNAs (present in 8 genes) fused both their ORFs into a

larger ORF (Table 2) (Mandel et al. 1992; Berry et al.

1991; Salvatore et al. 1995, 1996; Mullenbach et al. 1987;

Schuckelt et al. 1991; Chu et al. 1992; Gray and Nicholls

2000; Shigemoto et al. 2001). In other words, instead of

producing two functionally related proteins each with a

start and stop codon, they produce relatively long and

multi-domain proteins by overcoming the first ORF’s stop

codon. Sequence and literature analyses show that three

distinct mechanisms are involved in these ORF fusion

events: (1) selenocysteine suppression of the UGA stop

codon, where six bicistronic mRNAs (DIO1, DIO2, DIO3,

GPX1, GPX3, and GPX4) fused their two consecutive

ORFs by selenocysteine suppression of the UGA stop

codon, which requires sec insertion sequences (SECISs)

(Mandel et al. 1992; Berry et al. 1991; Salvatore et al.

1995, 1996; Mullenbach et al. 1987; Schuckelt et al. 1991;

Chu et al. 1992); (2) avoidance of a stop codon by alter-

native splicing where only MOCS1 fused its two ORFs by

employing alternative splicing to skip the non-coding

region that contains the stop codon (Gray and Nicholls

2000); and (3) stop codon read-through by a -1 ribosomal

frameshift where PEG10 fused its two ORFs by a -1

ribosomal frameshift mechanism (Fig. 3) (Shigemoto et al.

2001).

We then wanted to see if these ORF junctions including

the stop codons were conserved in other species. Therefore,

we did multiple sequence alignments (MSA) on the

homologous sequences of these bicistronic mRNAs in

other organisms, including mouse, rat, cow, zebrafish,

fruitfly, nematode, yeast, etc. We found that nearly all the

ORF junctions including the stop codons are preserved

quite well in mammals, chicken, and zebrafish, but most of

them are not conserved in fruitfly, nematode, and yeast

(Supplementary Table 5). Part of the result shows that the

stop codons were created as a result of mutations (in the

third position of the codon) (Supplementary Fig. 2). For

example, the ‘TGT’ of GPX3 in yeast was mutated to

‘TGA’ in mammals, the ‘TGC’ in GPX4 in fruitfly was

mutated to ‘TGA’ in mammals. In addition, we found that

MOCS1 is the only gene which is also conserved in fruitfly

and nematode.

Three conditions must be satisfied before an ORF fusion

can occur. The first condition is that the two ORFs cannot

overlap. MOCS2 does not fulfill this criterion because its

two ORFs slightly overlap (Stallmeyer et al. 1999). The

second condition is that the original functions of two donor

proteins must be maintained after ORF fusion. For exam-

ple, two mRNA transcripts of MOCS1 fuse their ORFsFig. 2 Graph distance distribution of four groups of domain pairs
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whereas the other two transcripts express the individual

ORFs, for the well-conserved C-terminal motif: isoleucine-

glycine glycine-stop (IGG*) in different species (Reiss

et al. 1998; Wilson et al. 1994) suggests its necessity for

the biological functions of the upstream protein. The third

condition is the frame phase restriction: ORF fusion by

selenocysteine suppression of UGA stop codon requires the

two ORFs to be in-frame, and the ribosomal -1 frameshift

mechanism fusion requires a -1 frameshift between two

ORFs.

Discussion

A small fraction (13/43) of the human bicistronic mRNA

set fused two ORFs into a relatively long and multi-domain

ORF. This phenomenon suggests that mammalian bicis-

tronic mRNAs are not evolutionarily stable and that there

are evolutionary forces that select for the creation of a new

multi-domain ORF from two ORFs in one transcript

(Enright et al. 1999). The evolutionary advantages of

protein fusion have been described in several articles

including spatial and temporal co-regulation of related

gene expression, protein multi-functionalization and the

creation of new genes (Long 2000; Long et al. 2003). ORF

fusion is a key step in the evolution of novel fusion proteins

from bicistronic transcripts. Two donor genes should be

close enough genomically (which could be achieved by

gene duplication, gene translocation or de novo origination

of a new gene) so that they can be transcribed into one

transcript, followed by the removal of the non-coding

region between the two ORFs or reading-through this

region, so that the ORFs can successfully fuse. Our analysis

shows that three distinct mechanisms can lead to ORF

fusion and thereafter the creation of multi-domain proteins.

Although protein evolution is a dynamic process, in

most cases we can only observe the final product. Many

details of this evolutionary process, such as how proteins

with new functions originate and evolve, are unknown.

Fortunately, the traces that remain in several important

genes can still be observed and studied, such as the

mammalian bicistronic mRNA structure. As an interme-

diate evolutionary state of protein fusion, the bicistronic

mRNAs may provide a rare opportunity to observe how

two individual proteins became one multi-domain protein.

Such observations may allow us to understand the molecular

mechanisms underlying the creation of novel multi-domain

proteins in mammals. Clearly, additional experiments are

necessary to study the function of these novel proteins, which

will enhance our knowledge of the evolutionary forces that

underlie protein evolution. In the future, it will be helpful to

combine computational genomic analyses and biochemical

characterization of the novel fusion proteins to better

understand the molecular mechanisms and patterns of pro-

tein evolution.

Conclusions

In this report, a comparative genomics approach was

applied to identify the frequency of human bicistronic

mRNA. By validating the result using an independent SVM

classifier model and performing thorough literature analy-

ses, we finally identified 43 human bicistronic mRNAs in

30 distinct genes. Our graph theory-based analysis and GO

analysis indicated that human bicistronic mRNAs are prone

to produce different yet closely functionally related pro-

teins. In addition, we also described and analyzed three

different mechanisms of ORF fusion.

Methods

Computational identification of human bicistronic

mRNAs

We developed a systematic, in silico, predictive approach

to reliably identify the bicistronic mRNAs in the human

genome. We used the human mRNA reference sequence

data (Pruitt et al. 2007) as our initial mRNA sequence data

set. Approximately 770,000 ORFs, in three possible read-

ing frames, were derived from the whole human mRNA

sequences using the ‘sixpack’ application in the EMBOSS

suite (Rice et al. 2000). To determine a threshold length

within which to identify truly functional ORFs, we inves-

tigated the length distributions of our ORF set and the

Table 2 List of the 13 human ORF-fused bicistronic mRNAs and

their corresponding mechanisms

ORF fusion mechanisms GeneID Gene mRNA

Selenocysteine suppression of

UGA stop codon

1733 DIO1 NM_213593

1734 DIO2 NM_000793

NM_013989

1735 DIO3 NM_001362

2876 GPX1 NM_000581

2878 GPX3 NM_002084

2879 GPX4 NM_001039847

NM_001039848

NM_002085

Avoidance of stop codon by

alternative splicing

4337 MOCS1 NM_001075098

NM_005943

Stop codon reading through

by -1 ribosomal frameshift

23089 PEG10 NM_001040152

NM_015068
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currently known functional ORFs in humans. We found

that a threshold of 50 codons could provide a good cov-

erage of functional ORFs and efficiently filter the randomly

generated ORFs. Using this threshold, we selected about

200,000 functional ORF candidates. To comprehensively

and reliably identify protein domains in these functional

ORF candidates, we employed a locally installed sequence-

and/or structure-based protein signature database named

InterPro (Zdobnov and Apweiler 2001), which provides an

integrated layer on top of the most commonly used

signature databases by creating a unique, non-redundant

characterization of a given protein family, domain, or

functional site. Using our previous testing data, we found

six databases (hmmpfam, hmmsmart, hmmpanther, super-

family, profilescan, and fprintscan) that could accurately

identify the majority of the previously annotated protein

domains. We chose to use these six InterPro databases to

examine the significant protein domains of the functional

ORF candidates. Each database gives E values to represent

the significance of the domains; we chose an E value

0 1876
5’ 3’

ORF 1 ORF 2

UGA

…CTUPS…

249 aa

DIO1 mRNA

DIO1 Protein

SECIS(A)

5’

Splice type I
(bicistronic)

3’

MOCS1A MOCS1B

1 385 1 223

5’

Splice type II
(monocistronic):
15-nt deletion

3’

MOCS1A MOCS1B

1 383 414 636

5’

Splice type III
(monocistronic):
63-nt deletion

3’

MOCS1A MOCS1B

1 367 398 620

MOCS1 mRNA

in-frame 
stop-codon

exon 8 exon 9 exon 10

MOCS1 genomic DNA

III II I

(B)

480 14541532 2602
ORF1 ORF2

708 aaPEG10 Protein

PEG10 mRNA

…gggc…0 6628

(C)

Fig. 3 Diagrams of three

possible mechanisms of ORF

fusion events. a Selenocysteine

suppression of the UGA stop

codon where the bicistronic

transcript of the DIO1 gene

fused its two consecutive ORFs

by selenocysteine suppression

of the UGA stop codon, which

requires the existence of sec

insertion sequences (SECISs);

b avoidance of the stop codon

by alternative splicing, where

the MOCS1 protein fused its

two ORFs by employing

alternative splicing to skip a

non-coding region that contains

the stop codon; and c stop codon

read-through by a -1 ribosomal

frameshift where the PEG10

protein fused its two ORFs by a

-1 ribosomal frameshift

mechanism
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threshold of 0.01 to remove the insignificant protein

domains. The InterPro suite also enabled us to look up the

corresponding GO terms of a known domain using the non-

redundant InterPro terms. Additionally, each ORF

sequence was used as a query to search the human protein

reference sequence data. The BLASTP program was used

to examine whether an ORF encodes a previously known

protein. Only when an ORF and a protein were equal in

length and 100 % matched did we consider that this ORF

encoded a previously known protein. We subsequently

integrated the domain-detecting results, the BLASTP

results, and the gene information using Python scripts. The

human and mouse bicistronic mRNA candidates were

identified according to the integrated information and our

definition of bicistronic mRNA candidates. We then com-

pared these human and mouse bicistronic mRNA candi-

dates according to the human–mouse orthologous gene

data integrated from the NCBI Homologene database

(http://www.ncbi.nlm.nih.gov/homologene/) and the MGI

Mammalian Orthology database (http://www.informatics.

jax.org) (Bult et al. 2008). We only selected the ortholo-

gous bicistronic mRNA pairs that satisfied the following

three conditions: (1) each mRNA in the orthologous

mRNA pair contains two ORFs (called an ORF pair); (2) in

one certain orthologous mRNA pair, each ORF of an ORF

pair contains the same domain(s) with the corresponding

ORF in another pair; (3) ORFs containing the same

domains should be in the similar position of the corre-

sponding mRNA. The entire workflow can be seen in

Supplementary Fig. 1.

Application of SVM model

We used the ‘e1071’ package (Chang and Lin 2001;

Meyer 2006) in R (Ihaka and Gentleman 1996) for SVM

modeling. The training data set contains two classes: the

protein-coding ORFs and 30-UTR pseudo ORFs, both of

which were derived from RefSeq mRNAs. Altogether,

we derived 21,878 protein-coding ORFs and 444,597 30-
UTR pseudo ORFs. In order to balance the two classes of

the training data, we randomly sampled 15,000 ORFs in

each class. To robustly classify the two kinds of ORFs,

three mutually independent features of ORFs, namely

ORF length, domain number, and codon composition,

were selected as the training features. Using these fea-

tures, we constructed a 63-dimension SVM classifier. In

these 63 dimensions, 61 dimensions are contributed by

61 codon compositions (removing three stop codons),

one dimension is contributed by domain number, and

another dimension is contributed by ORF length. A

fivefold cross-validation procedure was repeated 50

times to robustly estimate the performance of this SVM

classifier.

Calculation of the domain–domain interaction network

distances based on graph theory

We constructed a DDI network using a compiled domain

interaction database which integrated 10 protein domain

interaction databases. The resulting network is a 3,915-

node graph, in which each node represents a kind of protein

domain, each edge that links two nodes represents an

‘‘interaction’’ between two kinds of domains, and the dis-

tance between two nodes is defined as the number of edges

in the shortest path between them. We then derived domain

pairs from the ORF pairs of mRNAs in human bicistronic

mRNA candidates set and high-quality bicistronic mRNA

set, and we deleted the identical domains presenting in the

same mRNA to avoid the potential impact of ORFs gen-

erated as a result of tandem duplication. To generate the

random domain pair set, 1,000,000 domain pairs were

randomly sampled from the entire 9,204,891 domain pairs

that can be linked by paths from the graph. To generate the

genomically adjacent, non-bicistronic ORF pairs, we ran-

domly selected 5,000 adjacent gene pairs in human chro-

mosomes within a window of 20 kb. The Floyd–Warshall

algorithm (Floyd 1962) was employed to find the shortest

path between each pair of domains and calculate the cor-

responding distances.
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