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Cancers claim millions of lives each year. Early detection that
can enable a higher chance of cure is of paramount importance
to cancer patients. However, diagnostic tools for many forms of
tumors have been lacking. Over the last few years, studies of
chimeric RNAs as biomarkers have emerged. Numerous reports
using bioinformatics and screening methodologies have
described more than 30,000 expressed sequence tags (EST) or
cDNA sequences as putative chimeric RNAs. While cancer cells
have been well known to contain fusion genes derived from
chromosomal translocations, rearrangements or deletions, recent
studies suggest that trans-splicing in cells may be another source
of chimeric RNA production. Unlike cis-splicing, trans-splicing
takes place between two premRNA molecules, which are in
most cases derived from two different genes, generating a
chimeric non-co-linear RNA. It is possible that trans-splicing
occurs in normal cells at high frequencies but the resulting
chimeric RNAs exist only at low levels. However the levels of
certain RNA chimeras may be elevated in cancers, leading to the
formation of fusion genes. In light of the fact that chimeric RNAs
have been shown to be overrepresented in various tumors,
studies of the mechanisms that produce chimeric RNAs and
identification of signature RNA chimeras as biomarkers present
an opportunity for the development of diagnoses for early tumor
detection. (BMB reports 2012; 45(3): 133-140)

INTRODUCTION

In 1971, President Richard Nixon of the United States signed
the National Cancer Act, which formally declared war on
cancers. Billions of dollars have since been invested in re-
search and development in order to better understand the
mechanisms of cancer biology and to find more effective diag-
nostics and treatments. As a result, great strides have been
made in every phase of cancer research, diagnosis and treat-
ment, in particular for several specific types of cancers. Among
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many achievements, early detections, new drug therapeutics,
surgical removal of tumors and other technologies have sig-
nificantly increased the survival rates of cancer patients.
However, despite this progress, the war has not yet been won
and cancers are still the number one killer in the United States.

With the rapid expansion of research in genomics and proteo-
mics during the last two decades, scientists now believe that can-
cer is close to being conquered. Genomics and proteomics are
the studies of entire genomes of organisms at DNA, RNA and
protein levels. Genomics at the DNA level is concerned with
studies such as sequencing entire genomes and identifying muta-
tions and single nucleotide polymorphisms (SNPs), which can be
used as biomarkers in disease diagnoses, personalized medicine
and treatments. On the other hand, proteomics involves inves-
tigation of proteins. Between DNA and proteins, the accumu-
lation of genome knowledge has incited studies into functional
genomics or gene expression at the RNA level. As a result of
these studies, microarray, antibody array, protein array and
next-generation sequencing have been developed in order to
meet the requirements for high throughput approaches that can
identify the bio-molecules that are specifically expressed in dis-
eases such as cancers. Consequently, methods such as the clas-
sic and commonly used blood tests for detection of just a few
proteins and biochemical molecules at a time have rapidly
evolved into modem molecular and cellular biology tools that
have spurred the discovery of biomarkers at several levels by a
parallel high-throughput approach. Publications on genome se-
quences, mutations, SNPs, mRNAs, microRNA, non-coding
RNAs and proteins have exploded in the last two decades. Even
chimeric RNAs, one particular domain of biomarkers that had
been until recently overlooked, seems to be gaining prominence.

A chimeric RNA is a RNA molecule that is made of two or
more pieces of RNAs from different loci that should not be
found on the same molecule. Chimeric RNAs are initially iden-
tified from transcripts of fusion genes due to chromosome
translation, inversion or deletion (Table 1). Further studies
have indicated that many other RNA chimeras are generated
from mechanisms such as transcription read-through and splic-
ing, transcription of short homologous sequence slippage or
from so called trans-splicing (Table 1) (1). In the aid of
high-throughput sequencing technology and bioinformatics
analysis, a growing number of chimeric RNAs have been iden-
tified and validated during the last two years (2-8), raising the
possibility that chimeric RNAs that are expressed specifically
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Table 1. Sources of chimeric RNAs production

Source Example

Fusion gene

Fusion RNA Disease associated

Chromosome translocation  Philadelphia chromosome  Bcr-Abl

Interstitial deletion Deletions at 11923

Chromosomal inversion Inv(2)(p21;p23) EML4-ALK
Trans-splicing Anti-Apoptotic protein

JAZF1-)JAZ1
SHS slippage transcription ~ DMRT1-CD5R

Read-through transcription ~ G-protein receptor P2Y1;

MLL-FOXR1 and
PAFAH1B2-FOXR1

Bcr-Abl (9) Chronic myelogenous
leukemia (CML)
MLL-FOXR1 and Neuroblastomas

PAFAH1B2-FOXR1 (10)

EML4-ALK (11) Non-small cell lung cancer
(NSCLQ)

JAZF1JJAZ1 (22) Endometrial stromal tumors

DMRT1-CD5R (32)

SSF1-P2Y1, (18)

SHS: short homologous sequence.

in diseases can be used as potentially valuable biomarkers in
diagnostics and prognostics.

CHIMERIC RNAs PRODUCED FROM FUSION GENES

A fusion gene is defined as a gene that is produced from two
previously separated genes. It has been demonstrated that
many cancers such as prostate cancers and hematological can-
cers involve fusion genes as a result of chromosomal trans-
location, interstitial deletions or chromosomal inversions. One
of the best known examples is the fusion Bcr-Abl gene that is
defined in the Philadelphia chromosome, a specific reciprocal
chromosomal translocation between chromosomes 9 and 22
that is responsible for chronic myelogenous leukemia (CML)
(9). This translocation results in an elongated chromosome 9
and a truncated chromosome 22. Consequentially, the fusion
gene is formed by the Abl gene on chromosome 9 (region q34)
to a part of the Bcr gene on chromosome 22 (region q11).
Depending on the precise fusion sites between the Bcr gene
and the Abl gene and on alternative splicing events, the onco-
genic fusion gene produces proteins with molecular weights
ranging from 185 to 210 kDa. Since more than 95% of CML
patients have the Philadelphia chromosome, the presence of
this translocation and the fusion Bcr-Abl gene has been widely
used as a test to detect the disease.

Fusion genes can be also formed from interstitial deletions.
For instance, in a recent study (10), Santo et al. analyzed a ser-
ies of neuroblastomas by comparative genomic hybridization
and single-nucleotide polymorphism arrays and identified
small interstitial deletions at 11g23, upstream of the fork-
head-box R1 transcription factor (FOXR1) gene. These dele-
tions lead to fusions between the genes at the proximal side of
the deletions and the FOXR1 gene. More significantly, in con-
trast to the normal expression pattern of the FOXR1 gene that
occurs in early embryogenesis, the resulting fusion transcripts
of MLL-FOXR1 and PAFAH1B2-FOXR1 are exclusively ex-
pressed in neuroblastomas, indicating that the fusion products
play a role in tumorigenesis of neuroblastomas.

Chromosome inversion is another source that can produce
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fusion genes. Chromosome inversion takes place when a seg-
ment of a chromosome is reversed end to end. Fusion genes
that are created from chromosome inversion have been de-
scribed in numerous tumors. For example, the chromosome
inversion inv(2)(p21;p23) that leads to the echinoderm micro-
tubule-associated protein-like 4-anaplastic lymphoma kinase
(EML4-ALK) fusion gene was identified in non-small cell lung
cancer (NSCLC) (11). Other examples of fusion genes that re-
sult from chromosome inversion include the MLL (Mixed-
Lineage Leukemia) gene (12) with an inversion of 11q (inv (11)
(q14q23)), producing a fusion gene of the MLL gene to the
CALM (Clathrin Assembly Lymphoid Myeloid Leukemia); the
inv(16) fusion gene CBFB-MYH11 (13); the NUP98- DDX10
fusion gene from the inversion (11) (p15922) (14) and many
others.

It is unclear how many fusion genes there are in the human
genome. But it appears that chromosome rearrangements that
lead to chromosome translocations, inversions or deletions oc-
cur quite frequently and that these events may play an im-
portant role in evolution. Most fusion loci may not be
transcribed. Therefore the direct effects of these translocations,
inversions or deletions would be minimal if any. However, it
has been shown that a fraction of fusion genes are transcribed
and produce chimeric RNA molecules that are made of RNAs
from two or more genes. In fact, many so-called “fusion genes”
in cancer cells (15) are initially discovered not based on the fu-
sion genes themselves at the genome DNA level but rather on
identification of their fusion RNA products using the RT-PCR
approach that detects fusion cDNAs in various cases, without
necessarily confirming the existence of a corresponding gene
in the cell genome (16, 17). With the expansion of expressed
sequence tag (EST) and cDNA databases and improvement of
next generation sequencing technologies, an increased num-
ber of fusion RNAs and fusion genes have been identified and
validated in recent years (2-4), especially in cancers. However,
although it is commonly understood that fusion genes in can-
cers play a role in tumorigenesis, the mechanisms of this re-
main unclear. One explanation as to why fusion genes can
cause tumors is that a fusion product from two or more genes
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can have oncogenic functions that its parent genes do not
possess. It is also possible that a pre-oncogene is fused to a
strong promoter so that its expression is up-regulated, inducing
tumors. Similarly, an anti-oncogene can be fused to a weaker
promoter, leading to its down-regulation, which results in
cancers. Nonetheless, the fact that many tumors have fusion
genes leads to the development of diagnostic tests to detect
cancers at their earliest stages.

CHIMERIC RNAs PRODUCED THROUGH RNA
PROCESSING EVENTS (Fig. 1)

Chimeric RNAs can be generated from fusion genes as de-
scribed above. It is also possible that some fusion RNAs may
simply be RNA chimeras derived from other events such as
transcription read-through, transcription of short homologous
sequence slippage, and/or trans-splicing (Fig. 1) (1, 18-22).
Interestingly, a growing number of studies have linked the
trans-splicing process in normal cells to the formation of fusion
genes in cancer cells, i.e., trans-splicing products may play a
role in forming fusion genes.

Although there is not currently a survey of the frequencies of
fusion RNAs occurring in cells, it is our impression that malig-
nancies such as prostate cancers, breast cancers and ovarian
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Fig. 1. RNA processing events that generate chimeric RNAs. (A)
Trans-splicing: spliceosome links Exon 2 in Gene A to Exon 3 in Gene
(B) producing chimeric mRNA-AB; (B) Short homologous sequence
(SHS) slippage model: a transcript from Gene A with a SHS sequence
in Exon A3b pairing with a SHS sequence in Exon B3b in Gene B
continues  transcription,  generating  chimeric  premRNA-AB. (O
Transcription reads through from Gene A to Gene B. Splicing then pro-
duces chimeric mRNA of Gene A and Gene B. Box: exon; line: intron.
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cancers are reported at high frequency to involve abnormal
RNA processing. For instance, a recent deep-sequencing analy-
sis supported this assumption by validating the presence of
more than 60 fusion RNAs in ovarian cancer tissues (23).
Based on these studies, it is hypothesized that a profile of ab-
normal RNA chimera species could become a diagnostic bio-
marker tool, which would have an impact on tumor detection
by making early diagnosis possible. This could lead to a sig-
nificant increase in cancer survival.

Mechanisms of Cis-RNA splicing (see a recent reviewer by
McManus & Graveley) (24)

In eukaryotes, an RNA segment with exons and introns is pro-
duced after transcription. The intron size is usually much larg-
er than the exon size. The introns must be removed for the
translation process to produce protein. Splicing varies in differ-
ent organisms. In humans, at least ~90% of genes are spliced,
whereas only ~4% of genes are spliced in yeast. The intron
size of higher metazoans is much larger than the size in lower
metazoans. The intron size is ten times larger than the exon
size in humans, whereas it is much smaller in yeast. Although
the regulation of splicing is varied in different organisms, the
core splicing machinery is conserved.

Pre-mRNA splicing occurs in the large RNA-protein com-
plex called spliceosome. Spliceosome is assembled on the
pre-mRNA through a step-wise process. The components of
spliceosome are divided into two parts. The first part is U1,
U2, U4, U5 and U6 snRNPs (small nuclear RNA protein com-
plexes); the second part comprises proteins including U2AF65
and SR proteins. The base pairing between U snRNA and
splicing signals play key roles in the catalysis step of splicing.

When the pre-mRNA splicing occurs within a single
pre-mRNA, it is considered to be cis-splicing. Cis pre-mRNA
splicing happens in two steps pathways through phospha-
diester bond formation. In the first step, a 2’-5" phosphodiester
bond is formed when the phosphate group at 5’ splice site at-
tacks the hydroxyl group of the adenine at branch. In the sec-
ond step, a 3’-5" phosphodiester bond is formed when the
phosphate group at 3’ splice site attacks the hydroxyl group of
5’ splice site. After cleavage, two exons are ligated to form a
mature RNA. The key sequences that are required for
pre-mRNA splicing include the 5" splice site, 3’ splice site,
branch point and polypyrimidine tract. The mechanisms by
which this occurs still need to be identified.

RNA trans-splicing to produce chimeric RNA

Cis-splicing is a normal biological process that generates a ma-
ture mMRNA from one single pre-mRNA. However, it has been
recently found that splicing can also occur between two
pre-mRNAs, which is known as trans-splicing (25). Trans-splic-
ing can take place between two copies of the same pre-mRNA,
resulting in an RNA containing duplicated exons. One exam-
ple of this is the 77 kD estrogen receptor alpha (ERa) (26-28).
Trans-splicing can also take place from two opposite strands of
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the DNA double helix of the same gene, resulting in an RNA
that contains oppositely oriented sequences (25). However, for
most trans-splicing events, the two pre-mRNAs are transcribed
from different genes, leading to a chimeric RNA (29). Trans-
splicing is common in unicellular organisms and Caenorbabdi-
tis elegans. Trans-splicing has been also found in Drosophila
and mammals. Astonishingly, the recent ENCODE pilot project
demonstrated that transcripts from about 65% of the genes in
human may be involved in the formation of chimeric RNAs
(29, 30). In addition, paired-end transcriptome sequencing (16,
17) and/or the bioinformatics approach (31) have identified
thousands more putative chimeric RNAs in human cells. For
example, one of the databases established by a recent study
contains more than 30,000 expressed sequence tags (EST) as
putative chimeric RNAs (32), raising a serious question as to
whether the concept of “gene” needs to be redefined (33).
While most of these chimeric RNAs are not validated, there
are many authentic examples that show the existence of
trans-spliced chimeric RNAs which include examples such as
the chimeric RNA between fatty-acid synthase (FAS) and ERa
from prostate cancer cells. The chimeric RNA between fat-
ty-acid synthase (FAS) and ERa has also been found to be ex-
pressed in cell lines of breast cancer and other cancer types
(34). However, since chromosomal rearrangement of either
FAS or the ERa gene is rare if it exists at all, its wide ex-
pression in many cell lines suggests that it is derived from RNA
processing, likely trans-splicing. For the same reason, many
other ERa-containing RNA chimeras that have been confirmed
or reported (35, 36) may be also derived from trans-splicing
events rather from fusion genes. Finally, as a better example of
trans-splicing, the mouse Msh4 gene on chromosome 3 pro-
duces several chimeras mRNAs with other transcripts from ei-
ther the same (chromosome 3) or different chromosomes in-
cluding chromosomes 2,10 or 16 (37).

How do trans-splicing and other RNA processing events
produce chimeric RNAs?

While cis-splicing occurs within the same pre-mRNA molecule
through the formation of spliceosome, which pulls two ad-
jacent exons together, it is not clear how trans-splicing could
take place between two or more different pre-mRNA molecules.
There have been numerous publications using both in vitro and
in vivo assays that support the notion that trans-splicing may be
responsible for the production of tens of thousands of chimeric
RNAs. However, the exact mechanisms of this event for the
majority of chimeric RNAs remain largely unconfirmed. In
fact, in contrast to the popular and logical hypothesis that
trans-splicing generates many chimeric RNAs, a recent paper
by Li et al. proposed a short transcriptional slippage model
(32). The authors conducted a large-scale search for chimeric
RNAs in yeast, fruit fly, mouse and human samples and identi-
fied 5 chimeric RNAs in yeast, 4,084 in fruit fly, 10,586 in
mouse, and more than 30,000 putative chimeric RNAs from
humans. They estimated that approximately 1/3 of these chi-
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meric RNAs are authentic based on small scale RT-PCR vali-
dation assay. Surprisingly, they found by further bioinformatics
analysis that 50% of these putative chimerical RNAs did not
possess the canonical GU-AU splice sites but rather had short
homologous sequences (SHSs) at the chimerical junction sites
of the source sequences. They hypothesized that this type of
chimeric RNAs is probably produced through transcriptional
slippage mediated by the pairing of short homologous se-
quences (SHSs) between two genes. As a result, they suggested
that “chimeric transcripts” rather than “trans-splicing” should
be used to define most chimeric RNAs. However, the authors
also confirmed the existence of chimeric RNAs that are prob-
ably produced by the classic trans-splicing model, since about
20% of putative chimeric RNAs have a typical GU-AG splicing
consensus sequence at the chimeric junctions. While the per-
centage (50%) of putative RNA chimeras that contain SHSs at
junctions is striking, there is a possibility that this number is
skewed because two thirds of the chimeric RNAs that the au-
thors used to draw this conclusion were false positives. If false
positives that contain SHSs sequences are disproportionally
distributed, the percentage of chimeric RNAs that are pro-
duced from trans-splicing may increase or decrease. This no-
tion is supported by a more recent paper by Kannan et al. (7),
which demonstrated that the majority of confirmed chimeric
RNAs in their studies contained the typical 5" and 3’
sequences. However this does not adequately explain how
two different pre-mRNAs come to join together. There is a pos-
sibility that two pre-mRNAs share common RNA binding pro-
teins in a spliceosome and therefore may be pulled together
for trans-splicing (Fig. 1). It is also possible that homologous
sequences play a role in trans-splicing. A case in point is the
fact that artificial trans-genes that have homologous sequences
with endogenous genes can undergo trans-splicing in cells to
replace endogenous exons. This strategy has been successfully
used in cells to target several genes including tau and SMN
with splicing defects for potential treatment of diseases such as
tauopathies and spinal muscular atrophy (SMA) (20, 38-41).
Nonetheless, it seems that there are at least three mechanisms
to explain how chimeric RNAs can be produced from RNA
processing events: trans-splicing; read-through transcription,
and SHSs mediation (Fig. 1). However, to elucidate the exact
mechanisms, a sufficient number of chimeric RNAs that are
generated from RNA processing events need to be validated
and analyzed. This is currently one of the major challenges in
the studies of chimeric RNA.

THE CHALLENGE OF IDENTIFYING AND VALIDATING
CHIMERIC RNAs

Sequencing transcriptomes and whole genomes has generated
an enormous amount of data with more results being rapidly
accumulated on a daily basis. As a result, mining these data-
bases has become a major challenge as well as an opportunity
for many scientists. Multiple software and platforms including
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defuse, fusionmap, fusionseq, fusionhunter, tophat-fusion, chi-
merascan and snowshoes have been designed specifically to
identify chimeric RNAs, leading to the discovery of tens of
thousands of putative chimeric RNAs in humans as well as in
other species from existing databases and newly acquired
deep-sequencing results (2, 4, 6, 23, 42-44). However, despite
this seeming progress, the number of chimeric RNAs that have
been independently confirmed or validated is surprisingly
small. Li et al. (32) predicted based on sequence analysis that
more than 30,000 ESTs are putative chimeric RNAs in humans,
but they only validated about one third of a small number of
candidates from yeast and Drosophila in their publication. In
another recent paper, only 60 chimeric RNAs were confirmed
as positive while 61 putative chimeric RNAs were proved to be
false chimeric RNAs from large amount of RNA-seq results of
40 ovarian cancer tissues (23). In another study of prostate
cancers, only 27 out of 42 putative chimeric RNAs were con-
firmed among more than 2000 candidates (7). Furthermore,
the situation is complicated because relatively few chimeric
RNAs have been cross-confirmed by different studies. For in-
stance, most chimeric RNAs identified by Edgren et al. (3)
were shown to be derived from fusion genes while Kannan et
al demonstrated that different sets of chimeric RNAs were
more likely generated from trans-splicing (7). Even in the same
study, different chimeric RNAs were most likely found in dif-
ferent samples (23), indicating that although we have the tech-
nologies to acquire chimeric RNA data, validation remains a
challenge.

There are several factors that may have hindered efforts to
identify and validate RNA chimeras. For one, the expression
levels of many chimeric RNAs, especially those from events
such as trans-splicing, SHS slippage (32) and transcription
read-through that occurs at RNA levels, are low. Conventional
Northern blot analysis has a low sensitivity which may not be
sufficient to detect these low level chimeric RNAs. On the oth-
er hand, fusion RNAs that are generated from fusion genes
would have an expression level that could be detectable by
Northern blot. Fusion RNAs that are generated from fusion
genes can be also validated on genome levels by methods
such as in situ hybridization. Alternatively, high sensitivity of
RT-PCR has been proven useful for validation of many known
chimeric RNAs (23, 32). However RT-PCR has its own limi-
tations and can sometimes introduce false results. Interestingly,
RNase protection assay, the method that we believe could pro-
vide a reliable approach to confirm the existence of chimeric
RNAs, has not yet been used in previous publications.

Another challenge for studies of chimeric RNA is what data-
bases and which technologies should be chosen for reliably
identifying these RNAs. With the rapid evolution of genomic
research, next generation sequencing has become widely
available. However, deep sequencing and existing databases
also have limitations. For example, the length of sequencing is
somewhat inadequate for complete analysis of exon junctions.
Alignment of sequences to specific regions is also occasionally

http://bmbreports.org

Chimeric RNAs as potential biomarkers for tumor diagnosis
Jianhua Zhou, et al.

problematic, especially when repeated sequences are present
or there are homologous fragments between chromosomal se-
quences and mitochondrial sequences. As a result, sequences
in databases or sequences directly from RNA-seq often contain
information that leads to false results when they are analyzed
with bioinformatics approaches. This problem would be ampli-
fied with sequences such as chimeric RNAs that span multiple
segments and/or that have low expression levels. Nevertheless,
in order to realize the potential for chimeric RNAs to be uti-
lized as biomarkers, it is essential to improve our technologies
for confirmation of these molecules.

CAN CHIMERIC RNAs BE USED FOR DIAGNOSIS AND
PROGNOSIS?

Chimeric RNA was discovered quite some years ago, but a
majority of studies have focused on RNA chimeras that are
produced from fusion genes. Next generation sequencing on
the whole genome has facilitated identification of fusion
genes. However it is estimated that only a small fraction of
identified fusion genes from genome sequencing are tran-
scribed into functional fusion RNAs, making this method in-
efficient for examining the roles of fusion genes in cancers. On
the other hand, more recently developed RNA-seq technology
has demonstrated that sequencing transcriptome can be effi-
ciently used to detect fusion RNAs, leading to the character-
ization of fusion genes in cancers (3). The continued improve-
ments of high-throughput sequencing technologies and bio-
informatics analytic tools have also spurred studies into the
roles of chimeric RNAs that are generated from RNA process-
ing such as trans-splicing in cancer biology and diagnostics. In
a recently published paper (7), Kannan et al. performed
high-throughput sequencing analysis of 10 prostate cancer
samples. They identified 2,349 chimeric RNA candidates and
found that a subset of these chimeric RNAs are not detectable
in primary human prostate epithelium control cells, indicating
that these chimeras are only associated with prostate cancers.
Specific chimeric RNAs that are produced through fusion
genes or trans-splicing have been also described in other re-
cent publications on tumors, including those relating to ovar-
ian cancers and breast cancers (3, 5, 7, 23). While we have
discussed the challenges involved in using chimeric RNAs as
biomarkers for diagnostics and prognostics, these recent stud-
ies provide encouraging evidence that with improvements in
sequencing technology and bioinformatics analytic tools, and
more effective validation approaches, signature RNA chimeras
could be identified for the early detection of tumors. In fact
Skotheim et al. have recently proved that we can monitor ex-
pression of RNA chimeras in cancers with technologies such
as microarray (45) if confirmed chimeric RNAs are available.
This will bring hope to cancer patients.
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