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Abstract

Fusion genes are hybrid genes that combine parts of two or more original genes. They can form as
a result of chromosomal rearrangements or abnormal transcription, and have been shown to act as
drivers of malignant transformation and progression in many human cancers. The biological
significance of fusion genes together with their specificity to cancer cells has made them into
excellent targets for molecular therapy. Fusion genes are also used as diagnostic and prognostic
markers to confirm cancer diagnosis and monitor response to molecular therapies. High-
throughput sequencing has enabled the systematic discovery of fusion genes in a wide variety of
cancer types. In this review, we describe the history of fusion genes in cancer and the ways in
which fusion genes form and affect cellular function. We also describe computational
methodologies for detecting fusion genes from high-throughput sequencing experiments, and the
most common sources of error that lead to false discovery of fusion genes.

1. Introduction

1.1. Fusion genes in cancer

Somatic fusion genes are regarded as one of the major drivers behind cancer initiation and
progression (reviewed in [1]). The first signs of fusion genes in human cancer were
identified in 1960 when a reciprocal translocation between the g-arms of chromosomes 9
and 22 was discovered in over 95% of chronic myelogenous leukemia patients [2, 3]. After
two decades the translocation was understood to produce a chimeric BCR-ABL 1 transcript
that encoded a constitutively active form of the ABL kinase [4]. At the same time, Burkitt’s
lymphoma was found to harbor activating fusions between immunoglobulin genes and MYC
[5, 6, 7]. These initial findings were promptly followed by the discovery of dozens of new
fusion genes in human cancers (Table 1). Among hematological malignancies, the
identification of a PML-RARA fusion in acute promyelocytic leukemia paved the way for
an effective tretinoin-based molecular therapy [8, 9], while a RUNXZ-ETO chimeric protein
was found to characterize a subtype of acute myeloid leukemia with prolonged median
survival [10]. Success stories among solid cancers included the early discovery of fusions
between EWSR1 and members of the £7S transcription factor family in Ewing’s sarcoma
[11, 12], and the discovery of characteristic SS18-SSX fusions in synovial sarcoma [13, 14,
15]. In myxoid liposarcoma, FUS-DDIT3and EWSR1-DDIT3 fusions were found to be
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pathognomonic for the disease [16, 17, 18]. Despite these discoveries, fusion positive cases
only accounted for a tiny fraction of all solid cancers. This changed in 2005 when fusion
genes juxtaposing 7MPRSS2and members of the £7S transcription factor family were
found in 70% of prostate cancers [19]. Subsequent discoveries in solid cancers included the
discovery of EML4-ALK fusions and CHD7 rearrangements in non-small cell lung cancer
[20, 21, 22], KIAA1549-BRAF fusions in pediatric glioma [23], FGFR3-TACC3fusions in
glioblastoma [24, 25], and R-spondin fusions in colon cancer [26]. Some cancers were found
to associate with multiple fusion genes that presented in a mutually exclusive manner. For
instance, the fusions TMPRSS2-ERG and TMPRSS2-ETV1 are common in prostate cancer,
but almost never co-occur in a single tumor [19]. Similarly, the fusion genes SS18-SSX1
and SS18-SSX2 are found in 70% and 30% of synovial sarcoma patients, but never co-occur
[27]. In some cases, fusion genes also exhibit mutual exclusivity or co-occurrence with other
types of genomic aberrations, as exemplified by the mutual exclusivity of £75 fusions and
SPINKZ overexpression in prostate cancer [28]. Mutual exclusivity between two genomic
alterations usually implies that the two alterations confer similar contributions to the
malignant phenotype, and therefore oncogenic selection ceases after one alteration has been
acquired.

Some fusion genes are found recurrently in multiple cancers. The BCR-ABL 1 fusion gene is
found recurrently in both chronic myelogenous leukemia [3] and acute lymphocytic
leukemia [29], and isolated cases have been reported in other leukemias. TPM3-ALK
fusions provide an example of a fusion gene found in cancer cells of completely different
lineages. TPM3-ALK is found in 15% of cases of anaplastic large cell lymphoma, a
hematological malignancy of T-cell origin [30], and in 50% of inflammatory
myofibroblastic tumors, solid cancers of myofibroblast origin [31]. More fusion genes
involving alternative fusion partners of ALK are found in other cancers, including EML4-
ALK in non-small cell lung cancer [32] and NPM1-ALK in anaplastic large cell lymphoma
[33].

Because somatic fusion genes are only found in cancer cells, they are excellent targets for
therapeutics and personalized medicine. Indeed, many known fusion genes are already used
as drug targets. Examples include the treatment of BCR-ABL 1 positive leukemia patients
with the ABL kinase inhibitor imatinib [34], and the treatment of EML4-ALK positive non-
small cell lung cancer patients with ALK inhibitor crizotinib [32]. However, it must be
noted that existing drugs do not target fusion proteins specifically, but instead only target
protein domains of one of the genes participating in a fusion. This means that even the latest
targeted drugs can have off-target effects on healthy cells that express the target proteins.
Fusion genes have also been employed as diagnostic and prognostic markers. For example,
detection of BCR-ABL 1 transcripts is used to confirm chronic myelogenous leukemia
diagnoses, and transcript levels are followed throughout treatment to monitor for loss of
therapeutic response [35].

1.2. Biological impact of fusion genes

Fusion genes can affect cell function through a number of mechanisms. One common
mechanism is the overexpression of an oncogene through promoter exchange. In such cases,
the 3" gene participating in the fusion is overexpressed when a chromosomal rearrangement
brings the 3" gene’s expression under the control of the 5" gene’s promoter. For example, the
overexpression of ETS transcription factors in prostate cancer is caused by their fusion with
the androgen regulated 7TAPRSS2 promoter [19]. The overexpressed ETS proteins migrate
to the nucleus and drive an anaplastic transformation by dysregulating the expression of
genes associated with normal prostate epithelial differentiation [36]. Similarly, B cell
lymphomas are characterized by chromosomal abnormalities where the promoter of an
immunoglobulin heavy locus is fused with the MYC proto-oncogene [7]. A fusion event can
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also change the expression level of an oncogene by replacing its 3'-UTR, leading to altered
regulation of the 5’ gene when the original 3'-UTR microRNA binding sites are lost. MYB-
NFIB fusions in adenoid cystic carcinoma produce elevated MY B protein levels due to the
loss of miR-15a/16 and miR-150 binding sites in MYB-NFIB transcripts, and ultimately
lead to the activation of MYB target genes and oncogenic pathways [37]. In glioblastoma,
the loss of miR-99a binding sites in FGFR3-TACC3transcripts allows for significantly
higher expression of FGFR3-TACC3than wild type FGFR3[25].

Another mechanism by which fusion genes alter cellular function is through the formation of
chimeric proteins. Altered protein structure may render a chimeric protein constitutively
active, lead it to activate alternative downstream targets, or sabotage a critical cellular
function. For example, ALK fusion genes in anaplastic large cell lymphoma involve 5’
partner genes that harbor dimerization domains that promote ALK dimerization and
autophosphorylation, rendering ALK constitutively active. The autophosphorylated ALK
kinases then activate oncogenic pathways such as the MAPK, JAK3-STAT3 and PI3K-AKT
pathways (reviewed in [38]). In leukemias, BCR-ABL 1 fusions constitutively activate the
ABL1 kinase by enabling BCR-ABL1 oligomerization via the coiled coil domain present in
BCR [39]. In glioblastoma, chimeric FGFR3-TACC3 proteins display constitutive
phosphorylation and trigger aneuploidy by interfering with mitotic fidelity [24].

Not all fusion genes necessarily have biological impact. Cancer genomes are often heavily
rearranged and contain pairs of genes that have fused together at random. Fusions involving
an inactive 5’ promoter create fusion genes that are not transcribed. Such fusions can be
phenotypically neutral if the 3" gene is inactive or encodes a redundant protein.
Alternatively, a fusion event between two genes can disrupt the structure or expression of a
gene, leading to significant loss of function [40, 41].

2. Characteristics of fusion genes

2.1. Formation of fusion genes through chromosomal rearrangement

The formation of fusion genes in cells can occur through multiple mechanisms. In the most
common scenario, a fusion gene is formed via somatic chromosomal rearrangement. The
four basic types of chromosomal rearrangement are deletions, translocations, tandem
duplications, and inversions (Fig. 1). A fusion gene can arise via deletion when a genomic
region between two genes located on the same strand is deleted (Fig. 1). The TMPRSS2-
ERG fusion in prostate cancer is an example of a fusion that results from a 2.7 Mb deletion
on chromosome 21 [42]. Interestingly, fusion genes can also arise from tandem duplication,
a type of chromosomal rearrangement where a genomic region is duplicated one or more
times, and the copies are tiled next to the original region. When the amplicon breakpoints
are situated near existing genes, this can result in the formation of a fusion gene at the
junction of the copied and original region (Fig. 1). Examples of fusion genes formed through
tandem duplication include KIAA1549-BRAF fusions in pilocytic astrocytoma [23],
FGFR3-TACC3fusions in glioblastoma [25], and C2orf44-ALK fusions in colorectal cancer
[43]. A tandem duplication or deletion is likely the cause when two genes located on the
same chromosomal strand are fused. The order of the two genes in the fusion transcript is
also a helpful clue, as tandem duplication creates chimeric transcripts where the genes are in
reverse order relative to their positions on the strand.

Occasionally fusion genes arise via inversion events where chromosomal segments are
flipped around (Fig. 1). For example, the EML4-ALK fusion gene in non-small cell lung
cancer results from a 12 Mb inversion on chromosome 2 [20]. If a fusion gene involves two
genes located on opposite strands of a chromosome, there is suitable cause to suspect an
inversion event. The genes can face inward or outward; an inversion in either scenario can
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lead to a fusion gene. A characteristic feature of this class of fusion is the formation of
reciprocal fusion genes at both ends of the inversion (Fig. 1) [20, 44]. However, depending
on the properties of the promoters involved, one or both reciprocal fusions may not be
transcribed, rendering them impossible to detect through transcriptome sequencing.

In addition to chromosomal rearrangements involving genes on the same chromosome,
many fusion genes involve genes located on separate chromosomes. Such fusions are always
caused by a translocation of some kind, whether it involves the translocation of a small
genomic fragment to a new locus, or a reciprocal translocation involving the swapping of
entire chromosome arms (Fig. 1). Examples of fusion genes caused by translocations include
the BCR-ABL 1 fusion, formed by a reciprocal translocation between 9q and 22q [4] More
complex rearrangements are also possible but less frequent [45].

The genomic breakpoints of fusion genes usually occur in intronic or intergenic regions, and
rarely disrupt coding sequences. This phenomenon may be partly explained by introns being
35 times longer than exons on average [46]. Oncogenic selection may also play a role, as
fusions that disrupt an exon have a two-in-three chance of creating a frameshifted protein
with little effect on cellular function. Conversely, intronic breakpoints often lead to in-frame
chimeric proteins because exons tend to terminate at codon boundaries [47, 48, 49]. Despite
this bias for intronic breakpoints, isolated cases of exon disrupting breakpoints have been
reported [25, 50, 51].

A characteristic feature of many fusion-generating chromosomal rearrangements is the
presence of sequence microhomology at rearrangement breakpoints. A study of 40 RAF
gene fusions in low-grade glioma found that 85% harbored microhomology at or near the
breakpoints [45]. The microhomologies ranged in length between 1-6 bp and were
significantly more common than expected by chance. This pattern is characteristic of
microhomology-mediated break-induced replication (MMBIR), implying that MMBIR may
be a major causative mechanism behind many fusion events [45]. Another study that looked
at TMPRSS2- ETS breakpoints in prostate cancer also found evidence of microhomology,
but implicated non-homologous end joining (NHEJ) as the driving mechanism behind the
chromosomal rearrangements [52].

2.2. Read-through fusions and splicing

A particular class of fusion genes known as read-through chimeras can arise in the absence
of any DNA level alterations. This type of fusion gene forms when an RNA polymerase
does not properly terminate transcription at the end of a gene, but instead continues
transcribing until the end of the next gene (Fig. 2). The chimeric pre-mRNA is spliced to
produce a fusion transcript. In almost all cases, the resulting chimeric mMRNA will lack the
last exon of the upstream gene, and the first exon of the downstream gene. This phenomenon
occurs because the last exon of a gene lacks a splicing donor site that is required for
spliceosome function. Similarly, the first exon of a gene lacks a splicing acceptor site (Fig.
2). Due to the lack of these splicing sites, both exons are spliced out of the mRNA transcript
[53]. Since the stop codon of a protein-coding gene is usually found in the last exon, the
splicing of the last and first exons can lead to the formation of a functional chimeric protein
(Fig. 2). The reason for the stop codon’s preferential localization to the last exon of a gene is
the avoidance of non-sense mediated decay, a cellular safety mechanism that degrades
mRNAs whose coding sequence terminates prematurely before the last exon [54].

Last and first exon skipping can also occur with fusion genes that arise from chromosomal
rearrangements. In this way a rearrangement can produce a functional fusion protein even
though one or both genomic breakpoints localize to intergenic regions. Consider a case
where two genes A and B are located on the same chromosomal strand, and a deletion event
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removes the region between the two genes. Further, consider that the breakpoint in the
upstream gene A is located in an intron, while the other breakpoint is located 20 kb upstream
of gene B. Surprisingly, such a fusion gene can encode a functional chimeric protein, as the
first exon of gene B is spliced out of the pre-mRNA (Fig. 3). Similar reasoning applies to the
case where one breakpoint is located downstream of gene A, and the other breakpoint in an
intron of gene B (Fig. 3). In fact, a functional fusion protein may arise even if both
breakpoints are located in intergenic regions outside genes A and B. Actual examples of
exon skipping in fusion genes caused by chromosomal rearrangement include first exon
skipping in BCR-ABL 1 fusions [55] and last exon skipping in FGFR3-TACC3 fusions [25].

3. Fusion gene discovery through sequencing

3.1. Identification of fusion genes via transcriptome sequencing

High throughput sequencing has transformed the field of cancer genomics by enabling
affordable sequencing of entire cancer genomes and transcriptomes. Current methods of
high throughput sequencing are based on an approach where DNA is sheared into short
fragments that are sequenced in millions of parallel chemical reactions. Highly accurate
instruments track the reactions and report them as millions of short nucleotide strings, also
known as reads. Computational algorithms are then used to assemble reads into longer
contiguous sequences, quantify reads originating from different genomic regions, or identify
evidence for putative genomic alterations. In 2009, Maher et al. published two reports on the
application of single end and paired end transcriptome sequencing to the problem of fusion
gene discovery in human cancers [56, 57]. In paired end sequencing, double stranded DNA
fragments are sequenced at both ends, producing paired end reads consisting of two mate
sequences. Paired end sequencing is great for identifying chromosomal rearrangements
because paired end reads have an effective length equal to the fragment size, which is often
far longer than the combined length of the mates. The initial reports by Maher et al. were
followed by a cascade of studies exploring the presence of fusion genes in cancers using
high throughput sequencing. The amount of interest on this topic has led to the development
of multiple open source software tools and pipelines that simplify the computational task of
identifying novel fusion genes amidst millions of sequencing reads [58, 59, 60, 61, 62, 63]
(Table 2).

Most algorithms for fusion gene discovery are based on the idea of using paired end reads to
identify cDNA fragments that combine parts from two genes. Such algorithms typically
begin with a pre-filtering step where paired end reads are aligned against a reference
genome and transcriptome. A paired end read is said to align concordantly when the mates
align within a short distance of one another and in the correct orientation relative to one
another (Fig. 4). When a paired end read aligns concordantly to the sequence of a
chromosome or transcript, the read is considered to originate from ordinary transcriptional
activity and is discarded from further analysis. The remaining discordantly aligned mate
pairs fall into two groups: ones where the mates align to distant sites, and ones where one or
both mates fail to align. Some algorithms then trim the unaligned mates to a shorter length
and realign them against the genome, with the goal of increased sensitivity [62] (Fig. 4).

At this point, the fusion gene discovery algorithm has compiled a list of discordantly aligned
mate pairs. The next step is to use the discordant pairs to nominate fusion candidates, and
then to validate them by searching for individual reads that overlap the fusion junction (Fig.
4). The implementation of the validation step varies between algorithms. The algorithms
Defuse [60] and Comrad [61] look at unaligned reads whose mate aligned near a putative
junction, and try to align these reads against the junction’s neighborhood using dynamic
programming. FusionSeq [58] builds a list of all possible junction sequences and realigns
against them. ChimeraScan [62] and ShortFuse [59] use existing transcriptome annotations
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to identify the most likely exon-exon junctions and then realign against their sequences.
Since ChimeraScan and ShortFuse look only at splice sites, they cannot find junction-
overlapping reads for fusion genes that disrupt exons. The identification of junction-
overlapping reads allows a junction’s location to be identified with single-base precision and
provides important evidence about the validity of a fusion candidate.

After refining the list of discordantly aligned mate pairs to a list of fusion candidates with
varying levels of supporting evidence, additional filtering steps are applied to discard
candidates that do not represent true fusion genes. Such filters are necessary because the
human genome contains vast amounts of repetitive sequence that can complicate read
alignment and result in thousands of falsely reported fusion genes. One approach is to filter
fusion candidates based on the number of mate pairs and reads that span a fusion junction, as
fusion candidates with few supporting reads often represent sequencing errors or
misalignment [62]. The number of supporting reads can also be compared with the
expression level of the involved genes, in order to filter out fusion candidates where the
fusion junction is supported by more reads than would be expected based on gene
expression [58]. Some algorithms filter out fusion candidates for which the supporting reads
are not aligned evenly on both sides of a fusion junction, or do not overlap a sufficiently
large region on one side of the junction [60, 63].

3.2. Identification of fusion genes via genome sequencing

Fusion genes arising from chromosomal rearrangements can also be identified using whole
genome sequencing, although this approach has not been widely adopted due to a
significantly higher cost per sample. A major benefit of whole genome sequencing is that it
can detect fusion genes where only the promoter region of one gene is fused to the exons of
another gene. However, this approach has the downside that it cannot detect read-through
fusions and cannot determine the level at which a fusion gene is transcribed into chimeric
transcripts. Some studies have adopted combined genome and transcriptome sequencing in
order to achieve the best of both worlds [64]. The fusion gene discovery software Comrad
[61] was designed for use with such combined sequencing data. The use of genome
sequencing enables the direct identification of genomic breakpoints, a task that previously
required careful primer design followed by capillary sequencing.

3.3. Technical artifacts that mimic fusion genes

The construction of a complementary DNA (cDNA) library for transcriptome sequencing is
a complex process that involves multiple steps. Some of the steps are known to cause
technical artifacts such as chimeric cDNA sequences that combine parts of two unrelated
RNA sequences. One source of false chimeras is the reverse transcription step where cDNA
is synthesized from RNA templates. Reverse transcriptase enzymes are prone to template
switching, an event where the enzyme jumps to another template without terminating DNA
synthesis [65]. Template switching has been proposed as an explanation for the anomalous
chimeric transcripts that show up in transcriptome sequencing but are not supported by DNA
level alterations [65]. Another potential source of false chimeras is the PCR amplification
step where cDNA fragments are amplified to increase the amount of DNA available for
sequencing. PCR chimeras have been proposed to arise when incomplete elongation occurs
during a PCR cycle and the incomplete product partially hybridizes with an unrelated
template, followed by chimeric elongation (Fig. 5) (reviewed in [66]). False chimeras are
enriched among highly transcribed genes such as ribosomal RNA (rRNA), small nuclear
RNA (snRNA), and small nucleolar RNA (snoRNA). For this reason, many fusion gene
discovery algorithms include a filtering step where fusions involving blacklisted, highly
expressed genes are filtered out [58]. Many algorithms also attempt to filter out PCR
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chimeras by discarding candidate fusions where all supporting mate pairs are identical PCR
duplicates and do not properly cover both sides of the fusion junction [58, 60].

3.4. Polymorphic fusion genes

Some fusion genes are present in the germline of a subset of the human population.
Examples of such fusion genes include the 7TFG-GPR128fusion that is formed by a 111 kb
tandem duplication and was found to be present in 2% of the healthy human population [67].
Such fusion genes are called polymorphic. 1t should be noted that even though polymorphic
fusion genes in the current population are rare, the literature contains numerous examples of
proteins that have originated from gene fusions somewhere along the evolutionary history of
humans [68, 69] and other species [70].

3.5. Inter-sample contamination

Another rare but potential issue in fusion gene discovery is the impact of nucleic acid
contamination between samples. One of our analyses using whole transcriptome sequencing
data from the Cancer Genome Atlas GBM project identified two FGFR3-TACC3 positive
samples and a batch of samples that had been contaminated with FGFR3-TACC3 transcripts
from one true fusion positive sample. Twenty-one samples in the batch presented reads
overlapping the fusion junction, but twenty of the samples showed thousand-fold less
FGFR3-TACC3expression than the one true fusion positive sample. None of the twenty
contaminated samples showed overexpression of FGFR3or TACC3exons, whereas the two
true fusion positive samples did (Fig. 6). Additionally, samples within the contaminated
batch exhibited evidence of only one fusion variant, although FGFR3-TACC3fusions are
known to exhibit heterogeneity with regards to fusion structure and involved exons [24, 25].
In line with the reported heterogeneity, the fusion positive sample in the non-contaminated
batch harbored an alternative, longer fusion variant (Fig. 6). If the level of contamination is
low, false fusion discoveries can be avoided by discarding fusion candidates with an
insufficient amount of overlapping reads.

4. Conclusions and future perspectives

The study of fusion genes in the context of human cancer has resulted in many important
discoveries, some of which have subsequently led to the development of novel and effective
molecular therapeutics. High throughput sequencing has made it possible to characterize all
DNA and RNA level alterations in cancer cells, enabling the efficient cataloging of fusion
genes that drive human cancers. The discovery of rare fusion genes in subpopulations of
cancer patients is paving the way for a more personalized form of medicine where
treatments are tailored to the molecular characteristics of each individual patient. Due to
their specificity to cancer cells, fusion genes represent ideal targets for such tailored
molecular therapy. Additionally, if a fusion gene is discovered in multiple cancers of
different lineages, existing drugs and molecular therapies can be quickly adopted for the
treatment of the new cancer.

Most current studies aimed at fusion gene discovery have based their results on whole
transcriptome sequencing, as this option is cheaper and more sensitive at identifying fusion
genes involving exons from two different genes. However, chromosomal rearrangements
that swap the promoter of a gene cannot be detected through transcriptome sequencing. Thus
considerable amounts of new biology may yet be discovered as the price of whole genome
sequencing falls to a level where more laboratories will begin employing it in large scale
characterization of cancers.
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Figure 1.

An illustration of the four basic types of chromosomal rearrangement and how they lead to
the formation of fusion genes. Original genomic layout is shown at the top, layout after
rearrangement is shown at the bottom. Scissors indicate genomic breakpoints. A
discontinuity in the black line indicates separate chromosomes.
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Figure2.

A read-through fusion transcript is formed when an RNA polymerase continues transcribing
beyond the end of a gene and transcription continues to an adjacent downstream gene. Exon
skipping due to missing splice sites can give rise to a fusion transcript encoding a functional
chimeric protein. Boxes indicate exons, thicker boxes indicate coding sequence.
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Figure 3.

A chromosomal rearrangement with intergenic breakpoints can result in a fusion gene
encoding a functional chimeric protein. Illustration depicts two example scenarios. Boxes
indicate exons, thicker boxes indicate coding sequence.
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Illustration of the typical workflow involved in fusion gene discovery. The process for mate
trimming is shown as performed by the ChimeraScan algorithm [57].
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An illustration of the “incomplete elongation” theory for the formation of PCR chimeras
[61]. According to this theory, a PCR chimaera is formed when an incomplete elongation
product (pink) of a PCR primer (red) hybridizes with an unrelated but partially homologous

template (orange), followed by chimeric elongation.
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