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Abstract Chimeric RNAs have been reported in varieties

of organisms and are conventionally thought to be pro-

duced by trans-splicing of two or more distinct transcripts.

Here, we conducted a large-scale search for chimeric

RNAs in the budding yeast, fruit fly, mouse, and human.

Thousands of chimeric transcripts were identified in these

organisms except in yeast, in which five chimeric RNAs

were observed. RT-PCR experiments for a sample of yeast

and fly chimeric transcripts using specific primers show

that about one-third of these chimeric RNAs can be

reproduced. The results suggest that at least a considerable

amount of chimeric RNAs is unlikely from aberrant tran-

scription or splicing, and thus formation of chimeric RNAs

is probably a widespread process and can greatly contribute

to the complexity of the transcriptome and proteome of

organisms. However, only a small fraction (\20%) of these

chimeric RNAs has GU-AG at the junction sequences

which fits the classical trans-splicing model. In contrast,

we observed that about half of the chimeric RNAs have

short homologous sequences (SHSs) at the junction sites of

the source sequences. Our sequence mutation experiments

in yeast showed that disruption of SHSs resulted in the

disappearance of the corresponding chimeric RNAs, sug-

gesting that SHSs are essential for generating this kind of

chimeric RNA. In addition to the classical trans-splicing

model, we propose a new model, the transcriptional slip-

page model, to explain the generation of those chimeric

RNAs synthesized from templates with SHSs.
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Introduction

Chimeric RNAs refer to three kinds of transcripts, i.e.,

transcripts encoded by two or more loci, transcripts enco-

ded by two different stands of the same locus, and

transcripts with shuffled exon order compared to genomic

DNA sequences. Conceivably chimeric RNAs can increase

the complexity of transcriptomes and proteomes and, thus,

contribute to evolution of organisms. Chimeric RNAs have

sporadically been reported in varieties of eukaryotes

(Horiuchi et al. 2003; Mayer and Floeter-Winter 2005), but

whether chimeric RNAs occur widely is still unknown. By

taking advantage of enormous expression data for those

model organisms, we extensively searched for chimeric

RNAs in the budding yeast, fruit fly, mouse, and human in

this study and identified many chimeric RNAs.

Trans-splicing is conventionally thought to be the pro-

cess that produces chimeric RNAs (Horiuchi and Aigaki

2006; Mayer and Floeter-Winter 2005). This process can

currently be classified into two types based on the molec-

ular process of generation: SL (spliced leader)-addition
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trans-splicing and non-SL-addition trans-splicing. SL-

addition trans-splicing does not contribute to proteomic

diversity since the SL sequence at the 50 termini of their

mRNAs is a noncoding sequence. So far, SL-addition

trans-splicing has been observed in some protozoa, nem-

atodes, and chordates (Horiuchi and Aigaki 2006; Maniatis

and Tasic 2002; Mayer and Floeter-Winter 2005; Nilsen

2001), but no evidence has been found for this type of

trans-splicing in yeast, fruit fly, and vertebrates. For non-

SL-addition trans-splicing, several early in vitro experi-

ments using cell-free system have shown that mammalian

cells have the ability to join RNA segments from two

separate precursor molecules by trans-splicing, suggesting

that this kind of trans-splicing reaction could take place in

vivo in eukaryotic cells (Konarska et al. 1985; Solnick

1985). Later, in vivo trans-splicing was reported in plant

organelles (Chapdelaine and Bonen 1991; Kück et al. 1987;

Koller et al. 1987). In the early 1990s, chimeric transcripts

were discovered in mammalian cells, and trans-splicing

was proposed to account for them (Joseph et al. 1991;

Shimizu et al. 1989, 1991; Sullivan et al. 1991; Vellard

et al. 1992). Subsequently such so-called ‘‘trans-splicing’’

events have been reported in many plant and animal spe-

cies including rice, fruit fly, mosquito, chicken, mouse, rat,

and human (Dorn et al. 2001; Fitzgerald et al. 2006; Hirano

and Noda 2004; Horiuchi et al. 2003; Kawasaki et al. 1999;

Robertson et al. 2007; Zhao et al. 2006). Some of these

‘‘trans-splicing’’ events have been shown to be essential

and biologically significant (Horiuchi et al. 2003; Monge-

lard et al. 2002).

The process of non-SL-addition trans-splicing is thought

to be similar to that of canonical cis-splicing, and both of

them are proposed to use the same splicing machinery to

generate mature mRNA molecules (Horiuchi and Aigaki

2006; Maniatis and Tasic 2002; Mayer and Floeter-Winter

2005). However, it is still far from clear how the spliceo-

some can join exons from different pre-mRNA molecules

during trans-splicing process. It has been proposed that the

individual trans-splicing precursors may interact through

specific base pairing or through interactions among pro-

teins binding to each of the precursors (Maniatis and Tasic

2002). The former proposal has been supported by some

studies through analysis of the sequences involved (Dixon

et al. 2007). This classical trans-splicing model can explain

the reported intragenic trans-splicing cases by which exons

from independently transcribed pre-mRNA molecules from

one or different alleles of one gene are joined together,

because all these cases of intragenic trans-splicing have the

canonical splice sites (GU-AG) at the junction of the

hybrid mRNA (Caudevilla et al. 1998; Frantz et al. 1999;

Horiuchi et al. 2003; Takahara et al. 2000). Similarly, a few

intergenic trans-splicing events occurring between closely

linked genes are also consistent with this model (Finta and

Zaphiropoulos 2000, 2002; Tasic et al. 2002; Zaphiropo-

ulos 1999). However, a lot of other reported ‘‘trans-

splicing,’’ especially interchromosomal ‘‘trans-splicing’’

cases, does not conform to the classical splicing model that

needs the canonical GU-AU splice sites. This absence of

canonical splice sites at the junction positions of these

chimeric RNAs suggests that other splicing-unrelated

molecular mechanisms may be involved in these so-called

‘‘trans-splicing’’ events (Mayer and Floeter-Winter 2005;

Unneberg and Claverie 2007). So it is prudent not to use

the term ‘‘trans-splicing’’ for those chimeric RNAs without

clear canonical splice sites at their junctions. Hereafter in

this paper, we use ‘‘chimeric transcripts’’ instead of ‘‘trans-

splicing’’ unless the splice site is clear.

In this study, we first performed a genome-wide screen

for chimeric transcripts in budding yeast, fruit fly, mouse,

and human. Surprisingly, we found that a high proportion

(up to 25–49%) of total genes was involved in the forma-

tion of chimeric transcripts, except in the yeast, which has

very low expressed sequence tag (EST) coverage. The

numbers of detected chimeric RNAs are 5 in yeast, 4084 in

fruit fly, 10,586 in mouse, and 31,005 in human. Our

experimental data show that at least a considerable pro-

portion of these chimeric RNAs is real rather than from

artifacts. We also discovered that the classical trans-

splicing model can only explain \20% of the formation of

chimeric RNAs. However, we observed that about half of

the inspected chimeric RNAs have short homologous

sequences (SHSs) at the junction sites between the two

source DNA sequences that encode them. These SHSs exist

in a direct repeat manner, and sequence mutation experi-

ments in yeast show that disruption of SHSs results in the

disappearance of the corresponding chimeric transcripts,

suggesting that SHSs are essential for generating chimeric

RNAs. Therefore, to explain this result, we proposed that

this kind of chimeric RNAs is probably produced by

transcriptional slippage mediated by these SHSs rather than

by ‘‘trans-splicing.’’

Materials and Methods

Identification of Chimeric Transcripts

We downloaded genome sequences and mRNAs/Refseqs/

ESTs of yeast (sacCer1), fruit fly (dm2), mouse (mm7),

and human (hg18) from UCSC (http://hgdownload.cse.

ucsc.edu/downloads.html) and mapped these transcrip-

tional sequences (mRNAs/Refseqs/ESTs) to their

corresponding genomic sequences using BLAT with the

default parameters (Kent 2002). EST library information

and EST annotation were downloaded from NCBI ftp site

(ftp://ftp.ncbi.nlm.nih.gov/repository/UniLib/library.report
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and ftp://ftp.ncbi.nih.gov/repository/UniGene/). We then

parsed the raw BLAT results with a series of Perl scripts.

First, to remove parologous and random spurious hits, we

only retained those hits which have alignable lengths

longer than 50 bp and sequence similarities in the aligned

regions [95%. Second, if [80% of aligned regions of one

hit overlap with that of another hit, we defined them as

overlapped hits. We put all overlapped hits of one query

sequence into one group, and thereby hits from a chimeric

RNA were divided into two or more groups if they resulted

from two or more source DNAs. To further remove para-

logous hits, we only retained the best hit with the highest

score within each group. If multiple hits within a group

have similar scores exceeding our threshold, this transcript

was excluded because of its ambiguous origin. Third, we

further scrutinized these sequences and only retained those

sequences which match one of the following three criteria:

(a) sequences with at least two hits located within one

chromosome but on different strands, (b) sequences with at

least two hits located on different chromosomes, or (c)

sequences which have exons with a different order from the

corresponding genomic DNA. Fourth, we removed those

chimeric sequences with poly(A) or poly(T) sequences

longer than 10 bp or recognition sites of restriction

enzymes used for their corresponding cDNA library con-

struction at their junction positions, because these chimeric

sequences may be generated by artificial processes during

cDNA library construction. We also removed those chi-

meric sequences generated from mitochondrial genes.

Finally, only sequences passing the above filtration process

were considered as candidate chimeric RNAs. Then we

clustered chimeric RNAs into different groups based on

their mapping information, and each group contains chi-

meric RNAs from same source loci. We identify those

groups whose RNAs were from two or more different ESTs

library according to available EST annotation.

Confirmation of Chimeric mRNAs by RT-PCR

and Sequencing

We extracted total RNA from embryo, larva, pupa, and

adult of Drosophila melanogaster using the RNeasy Mini

RNA extraction kit (Qiagen). Yeast cells were harvested

from 20 ml of culture at OD600 = 1.0 and then resus-

pended in RNAlater solution (Ambion). We extracted yeast

total RNA using Trizol (Tiangen, China) and then sub-

jected it to DNase I (MBI) digestion. First-strand cDNA

was synthesized using Oligo-dT and SuperScript II RNase

H- reverse transcriptase (Invitrogen). Primers are designed

based on the sequences of the chimeric transcripts to make

the RT-PCR products cover the junction position. For fruit

fly, we performed RT-PCR using cDNA pooled from

developmental stages of egg, larva, pupa, and adult as

templates. All RT-PCR products were purified and

sequenced for verification.

Exclusion of the Possibility that Chimeric mRNAs

Resulted from RT-PCR Artifacts

To exclude the possibility that the chimeric mRNAs

resulted from RT-PCR artifacts, we amplified two DNA

fragments which contain sequences corresponding to the 50

and 30 parts of one chimeric mRNA. DNA fragments were

cut out from the gel and purified using TIANgel Purifica-

tion Kit (Tiangen, China). The two DNA fragments were

pooled and used as templates for RT-PCR.

We also conducted an in vitro transcription assay. The

two DNA fragments were each cloned into the pBluescript

II KS ? plasmid. RNAs representing the 50 and 30 parts of

one chimeric mRNA were then transcribed from the plas-

mids using the AmpliScribe T7 and T3-Flash Transcription

kits (Epicentre), and their cDNAs were synthesized using

gene-specific primers and SuperScript II RNase H- reverse

transcriptase (Invitrogen). cDNAs were then purified using

the QIAquick PCR Purification Kit (Qiagen). The two

fragments of cDNA were also pooled and used as templates

for RT-PCR.

If the chimeric product were a PCR artifact, we would

see successful amplification of the observed chimeric

cDNAs using the above two fragments of templates. If we

did not see this, production of the chimeric cDNA must

have been dependent on some cellular processes such as

trans-splicing or other mechanisms.

Allele Replacement in Yeast

To test whether the observed SHSs at the junction positions

of the two source DNAs of a chimeric RNA are essential to

the formation of the chimeric RNA, we mutated SHS sites

of the two yeast genes SPT7 and LYS12. Saccharomyces

cerevisiae strain BY4742 (MATa; his3; leu2; ura3; lys2)

and two deletion strains, SPT7 (spt7D::KanMX4) and

LYS12 (lys12D::KanMX4), were used for this study. The

two deletion strains were from the complete set of yeast

deletion strains in the BY4742 background purchased from

EUROSCARF (http://web.uni-frankfurt.de/fb15/mikro/

euroscarf/). Yeast strains were grown at 30�C on yeast-

peptone-dextrose (YPD) medium.

Site-directed mutagenesis was performed according to the

method of Ho et al. (1989). Specific alterations in nucleotide

sequence were introduced by incorporating nucleotide

changes into the overlapping oligonucleotide primers. The

oligonucleotide primers used were as follows: spt7_F_1,

TTGAACTTCGGATCAGTGAAAATTG; spt7_R_1, gctcc

TGTtgaacgcatagccACTAATATCATATTCCTGTAGGAA

TCTGGTAT; spt7_F_2, TggctatgcgttcaACAggagcTACGA
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GGGAGTAAATACTAAAACATTAG; spt7_R_2, gtgc

actctcagtacaatctTTATTGATTAAGGCGAGGAAGGC;

lys12_F_1, AGAAACTGAACTAATGGCAGCAAGG; lys12_

R_1, CTTtgcaagtgGtaaggtTCAATGTATGTTTTTTCAAT

TTTAATtgcaAttgaCTCAGTATTTTCTCTGACGATAA

CCA; lys12_F_2, ACATTGAaccttaCcacttgcaAAGAGT

TGCTGATGCCACAAAG; and lys12_R_2, gtgcactctcag-

tacaatctCTATAATCTCGACAAAACGTCGTCA (lower-

case letters indicate mutated sites). The mutations do not

change the coding ability of the two genes. The pRS306

plasmid was used as PCR template to amplify the cassette of

the URA3 marker. The mutant allele and URA3 marker were

fused by adaptamer-mediated PCR. The fusion DNA frag-

ment was transformed into the deletion strains to replace

the KanMax4 marker using a lithium acetate procedure.

Synthetic complete (SC) medium plates lacking uracil were

used for URA3? transformant selection.

Results

Identification of Chimeric Transcripts

We downloaded total transcripts (ESTs/mRNAs/Refseqs)

of budding yeast (a total of 35,140), fruit fly (a total of

572,146), mouse (a total of 4,987,242), and human (a total

of 8,205,899) from UCSC for our initial screen. We finally

identified 5 chimeric RNAs in yeast, 4084 in fruit fly,

10,586 in mouse, and 31,005 in human (chimeric RNAs

listed in Supplementary Table S1). The numbers of genes

involved in the formation of chimeric transcripts are 9 in

yeast, 3558 in fruit fly, 7922 in mouse, and 11,643 in

human, accounting for 0.13% (9/6697), 25% (3558/

14,039), 33% (7922/23,786), and 49% (11,643/23,686) of

the total genes based on the current annotation from the

Ensembl database (Release 47, October 2007) in yeast,

fruit fly, mouse, and human, respectively. It is interesting

that multiple chimeric transcripts were identified in S. ce-

revisiae although very few genes in S. cerevisiae have

introns, implying that a splicing-unrelated mechanism

might underlie the generation of the chimeric transcripts in

S. cerevisiae.

To characterize the chimeric RNAs identified in this

study, we used those nonredundant chimeric RNAs which

consist of only two distinct transcripts for all analyses

conducted thereafter. We did not include chimeric RNAs

containing more than two distinct transcripts due to the

difficulty of classifying them into a particular group when

we conducted statistical analysis. In fact, chimeric RNAs

consisting of two transcripts are the majority of our data

sets (all in yeast; fruit fly, 2700/2793 = 97%; mouse, 8685/

9131 = 95%; human, 26,493/27,067 = 98%).

First, we examined the chromosomal distribution of

these chimeric transcripts. We found that the number of

source genes for chimeric transcripts on one chromosome

is positively correlated with the gene number in that

chromosome (Fig. 1a–c). This result indicates that there is

no biased creation of chimeric mRNAs among

chromosomes.

Second, we found that 16–30% of the chimeric tran-

scripts (fruit fly, 430/2700 = 16%; mouse, 2645/8685 =

30%; human, 6848/26,493 = 26%) come from the same

locus. The two parts of these chimeric RNAs either come

from different strands of the same locus or have an exon

order different from that of genomic DNA. This amount of

intragenic chimeric RNAs suggests that the process of

generation of chimeric RNAs may be space-related and

most easily occurs between genomic regions that are in

close proximity to each other. This result that chimeric

RNAs prefer to be intragenic also suggests that at least

parts of identified chimeric RNAs are genuine transcripts in

the cell rather than artificial products during cDNA library

construction. Because if chimeric RNAs are artificial

products from recombination events during cDNA library

construction, we would expect that two segments of these

artificial chimeric sequences would come from different

loci randomly rather than one locus preferably.

Third, we examined how many of these chimeric RNAs

can encode chimeric proteins. If a putative protein encoded

Fig. 1 Correlation between total gene number and source gene

number of chimeric RNAs on a chromosome. a Fly; b mouse; c
human
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by a chimeric RNA covers through the junction position

and each of the two distinct transcripts can encode more

than 10 amino acids, we considered it a chimeric protein.

Our results show that many of these chimeric RNAs (fruit

fly, 362/2700 = 13%; mouse, 874/8685 = 10%; human,

2069/26,493 = 8%) can encode chimeric proteins, sug-

gesting that these chmeric RNAs could contribute

remarkably to the diversity of the proteome.

To confirm whether or not the identified chimeric RNAs

are genuine transcripts in cells, we randomly picked 25

candidates from those in fruit fly and all candidates in yeast

for RT-PCR confirmation. For fly, we used the pooled

cDNA from embryo, larva, pupa, and adult of Drosophila

melanogaster as the PCR template. In all, 8 of the 25

candidates in fruit fly and two of five candidates in yeast

can be confirmed by our experiments (Fig. 2a, c). Because

we identified a large number of chimeric RNAs in fly,

mouse, and human, even if only one-third of the chimeric

RNAs are real, the amount of chimeric RNAs in these

organisms is still more than what we had appreciated.

Furthermore, using the available EST and cDNA library

annotation, we identified a considerable proportion of

chimeric RNAs which occurred in at least two different

EST libraries in mouse and human, suggesting the

authenticity of these chimeric RNAs (see Supplementary

Table S2).

To exclude the possibility that these chimeric transcripts

were artifacts of random mismatching during the PCR

processes, we picked five RT-PCR-confirmed cases for

further verification. First, we amplified two DNA frag-

ments which contained the source sequences corresponding

to the 50 and 30 parts of one chimeric mRNA. Then the two

DNA fragments were pooled and used as templates for RT-

PCR. Second, we transcribed two RNAs which contained

the corresponding 50 and 30 part of a chimeric RNA and

synthesized their corresponding cDNAs by reverse tran-

scription in vitro. We also pooled these two cDNAs and

used them as templates for RT-PCR. If these chimeric

mRNAs were RT-PCR artifacts, we would expect that we

could also amplify them in these RT-PCR experiments

using above two RT-PCR approaches. But our results

showed that no such products were detected in any of the

five cases tested (data not shown), suggesting the authen-

ticity of these chimeric RNAs in cells.

Short Homologous Sequences are found at the Junction

Sites of Many Chimeric RNAs

The classical trans-splicing model for generating chimeric

RNAs requires splice sites (GU-AG) at the junctions of

the source sequences (Fig. 3a). However, only a few

reported interchromosomal chimeric RNAs are consistent

with this prediction. We collected all the reported

interchromosomal chimeric transcripts and analyzed

the junction sequences of these cases in detail (Table 1).

Only 3 of 13 (23%) reported chimeric RNAs (ABP-HDC,

M38759; Burs, AY735442; and DMRT1-CENP C1,

AY448020) have canonical splice sites (GU-AG) at the

junctions (Fig. 4a–c). Interestingly, SHSs, which exist in a

direct repeat manner, are present at the junction sites

between the two source sequences of a chimeric RNA in

four reported cases (31%) (Oaz3, DQ431007; Msh4-Hspa,

AY351588; DMRT1-CD5R, AY448021; and DMRT1-

37LRP/p40, AY448022) (Fig. 4d–f).

To assess the generality of the above observations, we

manually scrutinized the junction sites for all the chimeric

RNAs in yeast and the 200 junction sequences of the chi-

meric RNAs with the highest supported transcript numbers

in each species of fruit fly, mouse, and human. We also

considered CU-AC as canonical splice sites because some

ESTs were deposited in the public databases as reverse

complementary sequences. Only 9.5% (19/200), 18% (36/

200), and 17.5% (35/200) of examined chimeric sequences

Fig. 2 RT-PCR results for verification of identified chimeric tran-

scripts and experimental test for the transcriptional slippage model in

yeast. M, DNA size marker. Minus signs represent negative controls

of RT-PCRs. a RT-PCR results for CO327830 (lane 1), AI135867

(lane 2), EC067642 (lane 3), CO269652 (lane 4), CO281322 (lane 5),

AI064259 (lane 6), EC243729 (lane 7), and CO187473 (lane 8),

respectively. Amplified fragments were confirmed by sequencing. b
RT-PCR results of SPT7 (lane 1) and LYS12 (lane 2) in the wild-type

strain BY4742. RT-PCR results of SPT7 (lane 3) and LYS12 (lane 4)

in each mutant strain. C RT-PCR results for chimeric transcripts of

LYS12 (lane 1) and SPT7 (lane 3) in the wild-type strain BY4742. RT-

PCR results for the chimeric transcripts of LYS12 (lane 2) and SPT7
(lane 4) in each mutant strain, showing disappearance of the chimeric

RNAs
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have canonical splice sites in fruit fly, mouse, and human,

respectively (Fig. 5). To our surprise, about half of these

sequences (fruit fly, 65.5%, 131/200; mouse, 52%, 104/

200; human, 51.5%, 103/200) have SHSs (C4 bp) between

two source sequences at their junctions (Fig. 5 and Sup-

plementary Table S3). In yeast, none of the identified

chimeric sequences has canonical splice sites, while all of

them have SHSs between the two source sequences at their

junctions (Supplementary Table S3). All these SHSs are

directly repeated, and the majority of them are short

(\10 bp). Some of these chimeric RNAs with SHSs are

intragenic (fruit fly, 28%, 37/131; mouse, 57%, 59/104;

human, 46%, 47/103) (from the same genomic locus but

with different orientation or have a different exon order

from that of genomic DNA) while many others are inter-

genic or interchromosomal (fruit fly, 72%, 94/131; mouse,

43%, 45/104; human, 54%, 56/103).

Short Homologous Sequences are Essential

for Generating SHS-Containing Chimeric RNAs

Our analysis shows that SHSs exist widely at the very

junction sites of chimeric RNAs. Because most of these

kinds of chimeric RNAs do not have canonical splice sites,

we speculated that SHSs may play a role in the process of

generating chimeric RNAs. To test our hypothesis that

SHSs may be necessary for the generation of the himeric

transcripts, we used budding yeast for further experimental

investigation due to convenient genetic tools in this

organism. The above RT-PCR experiments confirmed the

existence of chimeric transcripts at both the SPT7 and the

LYS12 loci in yeast. The 50 and 30 parts of each of these two

chimeric RNAs are located at the same genomic locus,

respectively, but with a different orientation, and they have

SHSs at the junctions of the two source sequences. We

replaced the wild-type SPT7 and LYS12 loci with alleles

mutated at the SHS junctions in the haploid yeast strain,

BY4742, but without disrupting the two genes’ coding

ability. RT-PCRs were conducted for the wild-type and

mutant strains to investigate whether the mutant strains still

produce chimeric transcripts. Experimental results show

that the regular SPT7 and LYS12 were both expressed in the

wild-type and mutant strains (Fig. 2b), but the chimeric

transcripts were detected only in the wild-type strain

(Fig. 2c). These results provide direct evidence that

mutation of SHSs can destroy the formation of the

observed chimeric transcripts, strongly supporting our

hypothesis that SHSs are essential for the formation of

these kinds of chimeric RNAs.

Discussion

Our results here show that SHSs are essential for gener-

ating a novel kind of chimeric RNAs and about half of the

chimeric RNAs may be generated through a SHS-depen-

dent mechanism. This prompts us to propose a new

molecular model, the ‘‘transcriptional slippage model’’

(Fig. 3b), to explain the generation of these chimeric

transcripts. This model is different from the previous trans-

splicing model (Fig. 3a). The new model proposes that

when a pre-mRNA molecule is being transcribed, in some

cases it dissociates from the template strand, and then the

SHS at its 30 end of pre-mRNA ‘‘misaligns’’ with the SHSs

at another position of the same locus or another locus. A

chimeric RNA can then be generated if the transcription

process continues on the new template. This model has the

following features. (1) It does not rely on canonical splice

sites (GU-AG) at the junctions of source transcripts. The

spliceosome is not required for generation of chimeric

RNAs and thus it is much simpler than the trans-splicing

Fig. 3 Two models to explain the generation of chimeric transcripts.

Exons and introns are shown as boxes and lines, respectively. Blue

and orange represent different genes. a Trans-splicing model. Pre-

RNA A and pre-RNA B provide the 50 and 30 splice sites,

respectively. The two precursor pre-RNAs generate a chimeric

transcript through the splicing process. b Transcriptional slippage

model. Red boxes represent short homologous sequences (SHSs).

Locus A and locus B are active and share one transcription factory.

Locus A first transcribes a pre-RNA and then misaligns to the DNA

template of locus B through the SHSs. Transcription continues at the

locus B and the chimeric transcript is finally generated after intron

removal
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model. (2) For transcriptional slippage to occur, two loci

involved in the generation of chimeric RNAs should be

simultaneously active and close enough to occupy the same

transcription factory. (3) SHSs between two loci are nec-

essary for efficient template-switching to generate the

mature chimeric RNAs.

Indeed many previous results suggest that this tran-

scriptional slippage is possible. A study has shown that

multiple genes can occupy the same transcription factory

(Jackson et al. 1998). Another study showed that active

Table 1 Reported interchromosomal chimeric mRNAs

Species 50 gene 30 gene 50 location 30 location Accession No. Have

GU-AG?

Fit our slippage

model?

Reference

Rat Shbg Hdc Chr10 Chr3 M38759 Yes Sullivan et al. (1991)

Human CAMK2G SRP72 Chr10 Chr4 U81554 Breen and Ashcroft (1997)

Human KCND2 SOTA1 Chr7 Chr1 L21934 Li et al. (1999)

Rat Ptprf noncoding Chr5 Chr1 X83546 Zhang et al. (2003)

Mouse noncoding Msh4 Chr16 Chr3 AY351586 Hirano and Noda (2004)

Mouse Bcbp3 Msh4 Chr10 Chr3 AY351589 Hirano and Noda (2004)

Mouse Hspa5 Msh4 Chr2 Chr3 AY351588 Yes Hirano and Noda (2004)

Rat Oaz3 noncoding Chr2 Chr4 DQ431007 Yes Fitzgerald et al. (2006)

Rice Os06g0726600 Os03g0128700 Chr6 Chr10 D13436 Kawasaki et al. (1999)

Mosquito burs124 burs3 Chr2L Chr2R AY735442 Yes Robertson et al. (2007)

Chicken DMRT1 Cenp C1 ChrZ Chr4 AY448020 Yes Zhao et al. (2006)

Chicken DMRT1 CD5R chrZ Chr5 AY448021 Yes Zhao et al. (2006)

Chicken DMRT1 37LRP/p40 chrZ Chr2 AY448022 Yes Zhao et al. (2006)

Fig. 4 Junction sequence analysis of reported interchromosomal

chimeric mRNAs. Uppercases and lowercases represent exon and

intron sequences, respectively. a–c Cases with canonical splice sites

(underlined) at the junction. b AY735442 chimeric RNA is from two

rounds of trans-splicing and thus has two junctions. Underlined letters

represent splice sites. d–g Cases with homologous sequences at the

junctions. Stars represent short homologous sequences (SHSs)

Fig. 5 Contribution of different molecular mechanisms to chimeric

RNA formation in fly, mouse, and human
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genes are dynamically organized into shared nuclear sub-

compartments and even distal genes can colocalize at the

same transcription factory at high frequencies (Osborne

et al. 2004). Later studies showed that genes from different

chromosomes can also occupy the same transcription fac-

tory (Chuang and Belmont 2006; Ling et al. 2006). We

speculate that colocalization of active genes to the same

transcription factory is a prerequisite for the occurrence of

generation of a SHS-dependent chimeric RNA. Most

importantly transcriptional slippage has been reported in

viruses, bacteria, and yeasts and some examples have been

shown to have great functional significance (Baranov et al.

2005; Fabre et al. 2002; Wagner et al. 1990). Some human

diseases are also proposed to be caused by transcriptional

slippage (van Leeuwen et al. 1998; van den Hurk et al.

2001).

Alternatively it is also possible that these SHS-depen-

dent chimeric RNAs were produced by trans-splicing

reactions through sequence pairing or binding proteins, but

the following two observations do not support this specu-

lation. First, these SHSs exist in a direct repeat manner and

thus cannot directly link the two precursor RNAs through

complementary base pairing and mediate the trans-splicing

reaction. Second, the SHSs are different in different chi-

meric RNAs (Supplementary Table S3), thus it is unlikely

that cells produce enough specific binding proteins to bind

to different SHSs to link two precursor RNAs together.

Therefore, based on our data and previous studies, we

speculate that transcriptional slippage model may be the

most likely mechanism to generate SHS-dependent chi-

meric RNAs in vivo. Although the molecular mechanism

and the key components of the ‘‘transcription factory’’

involved in this model still require further investigation, it

is the most parsimonious explanation for the formation of

related chimeric RNAs based on the current evidence.

It is noteworthy that about one-third of the chimeric

RNAs in fruit fly, mouse, and human still can be explained

neither by the trans-splicing model nor by our transcrip-

tional slippage model (Fig. 5), indicating that there may be

other, unknown molecular mechanisms leading to the

generation of some chimeric RNAs. Alternatively, those

chimeric RNAs may simply have resulted from aberrant

transcription or splicing.

It is also noteworthy that our RT-PCR could confirm

only about one-third of the cases tested. Four explanations

may exist for this result. First, some chimeric RNAs may

be under strict regulation and exist only at some specific

stages or under conditions which were not collected in our

RNA samples. Second, some chimeric RNAs may be

present at a low abundance and our RT-PCR approach may

be unable to detect them, but a large-scale cDNA

sequencing approach such as emulsion PCR in 454

sequencing (Leamon et al. 2006) could detect them. Third,

it is also possible that some of the chimeric RNAs may be

‘‘noise’’ from aberrant splicing or transcription, which has

been reported in some previous studies (Tasic et al. 2002).

Fourth, some of these chimeric RNAs could be from arti-

facts of cDNA library construction. Further experiments,

for example, using northern blot to detect chimeric RNAs

using junction sequences as the probes or, for some chi-

meric RNAs which may have the ability to encode

chimeric proteins, using western blot to detect the exis-

tence of putative proteins in the cells, could provide the

solid piece of evidence to verify the authenticity of the

chimeric RNAs.

Despite these possibilities, some of the chimeric RNAs

may be real and have important functional and evolution-

ary significances as revealed by the mod (mdg4) and lola

genes in Drosophila (Horiuchi et al. 2003; Mongelard et al.

2002). It has also been reported that some chimeric RNAs

are conserved among species (Gabler et al. 2005; Robert-

son et al. 2007). These cases may reflect functional

constraint during long-term evolution.

The widespread existence of such chimeric RNAs sug-

gests that the formation of chimeric RNAs might have

important functional significance during the evolution of

organisms. The discrepancy among the complexity of

organisms and the relatively conserved gene numbers have

been puzzling biologists for many years (Venter et al.

2001). In addition to alternative splicing (Boue et al. 2003;

Graveley 2001), we have demonstrated that the origin of

new exons in orthologous genes is also an important

mechanism contributing to the complexity of the proteome

in higher animals (Li et al. 2007; Wang et al. 2005). In this

study, we identified a large number of chimeric transcripts

in yeast, fly, mouse, and human. Considering that some

chimeric RNAs have been shown to have important func-

tions (Horiuchi et al. 2003; Mongelard et al. 2002), the

large number of the chimeric transcripts identified in this

study may also have important functional significance in

cells and organisms, although such chimeric RNAs have

not been sufficiently appreciated so far. These kinds of

chimeric RNAs not only increase the complexity and

diversity of the transcriptome and proteome of higher

eukaryotes, but also enrich the concept of the gene, sup-

porting the recently updated definition for genes that

disjointed sets of genomic sequence also belong to one

gene (Gerstein et al. 2007). In a sense, it also expands the

concept of exon shuffling (Gilbert 1978) from the genomic

DNA level to the transcriptional level.
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