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Abstract

The advent of widespread cancer genome sequencing has accelerated our understanding of the
molecular aberrations underlying malignant disease at an unprecedented rate. Coupling the large
number of bioinformatic methods developed to locate genomic breakpoints with increased
sequence read length and a deeper understanding of coding region function has enabled rapid
identification of novel actionable oncogenic fusion genes. Using examples of kinase fusions found
in liquid and solid tumours, this review highlights major concepts that have arisen in our
understanding of cancer pathogenesis through the study of fusion proteins. We provide an
overview of recently developed methods to identify potential fusion proteins from next-generation
sequencing data, describe the validation of their oncogenic potential and discuss the role of
targetted therapies in treating cancers driven by fusion oncoproteins.
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Introduction

Cancer cells exhibit increased genomic instability and deficient DNA repair mechanisms,
resulting in an accumulation of genomic aberrations such as mutations and variations in
chromosomal structure. Chromosomal rearrangements arise from genomic deletions,
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duplications, inversions and translocations that can occur with or without additional gain or
loss of genetic material. Balanced chromosomal translocations give rise to chimeric fusion
proteins by end-to-end joining of coding segments from two normal genes. Based on the
functions of the gene-fusion partners, a given gene rearrangement can be classified as: (i) a
transcriptional enhancer fused to a transcription factor; (ii) a frame-shifted gene fused to a
tumour suppressor; (iii) a constitutive activator fused to a kinase or (iv) a kinase fused to a
new localisation signal. Gene fusions promote tumorigenesis by either functioning as a
hyper-activated oncogenic driver or by inactivating a tumour suppressor. Here, we will
broadly categorise gene fusions into either kinase fusions or transcription-factor fusions,
focusing further discussion primarily on kinase gene-fusion discovery, biology and
pharmacology.

Oncogenic kinase fusion proteins in cancer

Kinase fusions have played an important role in our ability to understand how cancer
develops, how to harness this understanding to inhibit progression or effectively ‘cure’ a
cancer, and how cancers develop mechanisms to escape therapeutic target-ting of specific
oncogenic lesions. A seminal example is the identification and subsequent characterisation
of the BCR-ABL.1 fusion protein resulting from a t(9;22)(g34;q11) translocation as an
oncogenic driver in chronic myeloid leukaemia. This provided a momentous paradigm shift
in our understanding of how cancer can be treated and ushered in the era of precision
medicine (Nowell and Hungerford, 1960). The specificity and potency of the ABL1 tyrosine
kinase inhibitor imatinib in BCR-ABL1-positive CML resulted in unprecedented anti-
leukaemic effects with minimal side effects for patients (Druker et al., 2006; Druker, 2009).
The study of BCR-ABL.1 also contributed to the field's understanding of how drug-resistant
mutations develop upon targetted therapy with kinase inhibitors. For example, the T315I
gatekeeper mutation in the BCR-ABL1 kinase domain, which compromises imatinib
binding, has been described as a frequent cause of therapeutic resistance (O'Hare et al.,
2007a,b; O'Hare et al., 2009; Lu et al., 2011; Gibbons et al., 2012; Mian et al., 2012;
Zabriskie et al., 2014). Studies of acquired resistance mutations have led to a fuller
understanding of the structure—function relationship of the inhibitor-bound kinase, including
binding mode and structural moieties required for inhibitory selectivity and efficacy
(Hantschel et al., 2012). These studies have facilitated the rational development of
alternative drugs with increased potency and efficacy against such resistance mutations.

A second example is the t(15;17)(q24;q21) translocation that results in the PML-RARa
transcription-factor fusion protein, a hallmark of acute promye-locytic leukaemia
(Takashima and Misawa, 1992). Fusion proteins of RARa act as potent transcriptional
repressors of retinoic acid signalling and contribute to leukaemogenesis by blocking myeloid
differentiation at the promyelocyte stage. Elucidation of the resultant biology of this fusion
protein informed the application of all-trans retinoid acid and arsenic trioxide, two agents
capable of inducing differentiation of promyelocytes, for the treatment of patients with acute
promyelocytic leukaemia. The results have been remarkable and represent an extremely
effective strategy for managing these patients (Huang et al., 1988; reviewed in De
Braekeleer et al., 2014).
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In contrast tothe relative exclusivity of BCR-ABL1 and PML-RARa in driving malignant
transformation of haematopoietic lineage cells, activating gene fusions of ALK, NTRK and
ROS1 are present in diverse subsets of adult and pediatric cancer patients, demonstrating the
capability to transform cells from multiple lineages. Similar transformation capacity for
multiple cell lineages is observed for oncogenic kinase fusions resulting from chromosomal
rearrangement of FGFR1, FGFRZ, FGFR3, RET, MET, EGFR, BRAFand RAFI1 (Suehara
etal., 2012; Drilon et al., 2013; Gainor and Shaw, 2013; Kohno et al., 2013; Parker and
Zhang, 2013; Shaw et al., 2013a; Stransky et al., 2014), but will not be discussed here.

The NTRK family comprises three members (NTRK1, NTRK2 and NTRK3) that are
primarily expressed in, but not limited to, the central and peripheral nervous system (Huang
and Reichardt, 2001). Recent studies have helped to identify multiple NTRK fusions in a
broad range of tumour types. NTRK1 fusions include NFASC-NTRK1, BCAN-NTRK1 and
TPM3-NTRK1 in glioblastoma multiforme (GBM); MPRIP-NTRK1 and CD74-NTRK1 in
non-small cell lung cancer (NSCLC); and TPM3-NTRKU1 in intrahepatic
cholangiocarcinoma (ICC) (Shah et al., 2013; Vaishnavi et al., 2013; Ardini et al., 2014; Wu
et al., 2014). NTRK2 fusions have been identified primarily in pediatric brain tumours,
including VCL-NTRK2 and AGBL4-NTRK?2 fusions in diffuse intrinsic pontine glioma
(DIPG); QKI-NTRK2 and NACC2-NTRK2 in midline pilocytic astrocytoma; and NAV-
NTRK?2 in low-grade glioma (Jones et al., 2013; Zhang et al., 2013; Wu et al., 2014). To
date, the diversity of NTRK3 fusion partners has been limited to BTBD1-NTRK3 in DIPG
and ETV6-NTRK3 in DIPG, low-grade glioma, acute myeloid leukaemia, congenital
fibrosarcoma (CFS), congenital mesoblastic nephroma (CMN), secretory breast carcinoma
(SBC), thyroid cancer and mammary-analogue secretory carcinoma of salivary glands
(Knezevich et al., 1998a,b; Tognon et al., 2002; Skalova et al., 2010; Kralik et al., 2011;
Leeman-Neill et al., 2014; Wu et al., 2014). Paediatric brain tumours frequently occur
during a highly active neural development period that includes processes of neuronal
differentiation, maturation, apoptosis and migration. The recurrent expression of NTRK
fusion proteins in pediatric neuroglial tumours suggests that aberrant constitutive activation
of NTRK signalling in neuroglial cells or progenitors drives unchecked proliferation and
survival, leading to cancerous phenotypes (Nakagawara, 2001). NTRK fusion kinases are
actionable oncogenes, and their discovery in treatment-refractory cancers like DIPG, GBM
and ICC, which pose a formidable clinical challenge, unveils a set of potentially more
effective therapeutic targets (Thiele et al., 2009).

ALK is a receptor tyrosine kinase that is mostly undetectable in adult human tissue, with low
levels observed in the developing central nervous system, suggesting a role in nervous
system maturation (Pulford et al., 1997). Recent studies also implicate ALK signalling in the
regulation of vascular morphogenesis (Cunha and Pietras, 2011; McDonald et al., 2011;
Larrivee et al., 2012). Chromosomal rearrangement of ALK resulting in the NPM-ALK
fusion protein was first identified in anaplastic large-cell lymphoma (ALCL) in 1994
(Morris et al., 1994; Shiota et al., 1994). Since this initial discovery, other ALK fusions that
have been discovered in ALCL patients include TFG-ALK, ATIC-ALK, CLTC-ALK,
TPM4-ALK, MYH9-ALK and MSN-ALK (Hernandez et al., 1999; Colleoni et al., 2000;
Meech et al., 2001; Tort et al., 2001; Cools et al., 2002; Lamant et al., 2003). Despite this
presentation in ALCL, it was the discovery of EML4-ALK in a subset of NSCLC patients
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that propelled aggressive preclinical drug discovery efforts and eventual implementation of
crizotinib as the first ALK inhibitor with demonstrated efficacy in ALK fusion-positive
patients (Soda et al., 2007; Kwak et al., 2010; Rodig and Shapiro, 2010; Casaluce et al.,
2013; Shaw et al., 2013b). Analogous to the clinical experience with ABL1 inhibitors in
BCR-ABL1-positive CML, resistance due to acquisition of kinase domain mutations that
disrupt drug binding has also emerged in ALK fusion-positive NSCLC patients (Doebele et
al., 2012; Awad and Shaw, 2014). Several other ALK fusion proteins have been identified in
other cancers, including CLTC-ALK and SQSTM1-ALK in diffuse large B-cell lymphoma
and inflammatory myofibroblastic tumour (IMT); TPM3/4-ALK, CARS-ALK, RANBP2-
ALK and SEC31L1 ALK in IMT; VCL-ALK in renal-cell carcinoma; C2orf44-ALK in
colorectal cancer; FN1-ALK in ovarian cancer; and KIF5B-ALK, KLC1-ALK and ALK-
PTPN3 in NSCLC (Lawrence et al., 2000; Bridge et al., 2001; De Paepe et al., 2003;
Debelenko et al., 2003; Panagopoulos et al., 2006; Takeuchi et al., 2011; Jung et al., 2012;
Lipson et al., 2012; Ren et al., 2012). It is likely that clinical ALK inhibitors will have
therapeutic value in patients harbouring these other ALK fusions as well.

The ROS1 fusion protein FIG-ROS1, resulting from an intrachromosomal deletion, was
identified initially in the U118MG glioblastoma cell line (Birchmeier et al., 1987; Sharma et
al., 1989; Charest et al., 2003a), and subsequently in ICC, ovarian cancer and NSCLC (Birch
etal., 2011; Gu et al., 2011; Rimkunas et al., 2012). Similar to the trajectory of ALK fusions
in NSCLC, the discovery of SLC34A2-ROS1 and CD74-ROS1 oncoproteins in NSCLC
fueled enthusiasm to investigate the occurrence of ROS1 fusions in other cancers and to
determine the potential of ROS1-targetted inhibitors to treat patients harbouring these
fusions (Rikova et al., 2007). ROS1 and ALK fusion proteins exhibit ~40% homology in
their kinase domains, implying that ALK inhibitors will be functionally effective inhibitors
for ROS1. Accordingly, crizotinib efficacy in ROS1 fusion-positive NSCLC has been
recently demonstrated (Awad et al., 2013; Davies et al., 2013; Chiari et al., 2014; Shaw et
al., 2014). ROS1 fusions have since been identified in several other cancers, including
CEP85L-ROS1 in GBM and angiosarcoma; SLC34A2-ROS1 in gastric adenocarcinoma and
colorectal cancer; YWHAE-ROS1 and TFG-ROSL1 in IMT; and TPM3-ROS1, SDC4-R0OS1,
EZR-ROS1, LRIG3-R0OS1, KDELR2-ROS1, CCDC6-ROS1, LIMA1-ROS1 and MSN-
ROS1 in NSCLC (Davies and Doebele, 2013; Gainor and Shaw, 2013; Giacomini et al.,
2013; Shah et al., 2013; Shaw et al., 2014).

The identification of multiple ALK, ROS1 and NTRK translocations across many different
tumour types helps to support the idea that aberrant tyrosine kinase function contributes to
transformative phenotypes. Table 1 summarises the most recent information on NTRK, ALK
and ROS1 fusions, identifies their fusion partners, annotates their associated cancers and
provides supporting references. To date, all oncogenic tyrosine kinase fusions retain the
exon(s) encoding the kinase domain that fuses in frame with an upstream partner. Typically,
the fusion partner contains a dimerisation domain resulting in constitutive kinase activity
and chronic upregulation of canonical downstream signalling pathways. Notably, kinase
fusions are generally observed to be mutually exclusive of one another, consistent with their
individual driving roles in oncogenesis. This is illustrated in thyroid cancer, which has one
of the highest frequencies of recurrent tyrosine kinase fusions. Approximately 13% of
thyroid cancer patients harbour a fusion involving ALK, BRAF, MET, NTRK1, NTRK2,
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RAF1 or RET, but these never co-occur in the same patient (Stransky et al., 2014). Despite
the potential differences in functional properties of this diverse group of somatic kinase
fusions, including enzyme kinetics, variable affinity for adaptor proteins to regulate
downstream effectors and subcellular localisation, the common denominator is their ability
to create a state of ‘oncogenic addiction’, thus making them highly suitable candidates for
rational targetted therapy. Furthermore, as patients harbouring a particular oncogenic fusion
generally represent a small subset of all patients diagnosed with that malignancy, such
targets may appear less attractive when considering the investment necessary to develop
robust diagnostic testing and therapeutic compounds. However, it is necessary to consider
that a family of fusion proteins harbouring the kinase domain of a specific gene (e.g.,
NTRK, ALK, ROS1, FGFR, RET) may be present both with multiple different binding
partners and across multiple malignancies, elevating the total number of patients eligible for
such therapies to a sufficiently compelling level to warrant further development.

Informing fusion protein discovery with cytogenetics and

phosphoproteomics

Fusion proteins have been difficult to detect and the process of identifying precise
breakpoints has historically been labour intensive. Until recently, the vast majority of fusions
were identified through recurrent observations of gross cytogenetic changes in specific
cancer subtypes. This approach was previously often restricted to large inter- or
intrachromosomal translocations or inversions that affected clear banding patterns. Due to
the available resolution at that time, detection was restricted to rearrangements that involved
>3 Mb of DNA. Chromosomal banding analysis was also further confounded by
cytogenetically complex samples. Paediatric samples have been used in the past to overcome
this problem, as they generally possess fewer gross chromosomal changes compared with
adult tumours, making it easier to identify recurrent translocations. A number of dominant
fusion proteins, such as the ETV6-NTRKS3 fusions first described in CFS and CMN, were
initially identified in cases of tumours affecting infants or children but have subsequently
been found in adult tumours (Knezevich et al., 1998a,b; Tognon et al., 2002; Skalova et al.,
2010; Kralik et al., 2011; Leeman-Neill et al., 2014; Wu et al., 2014).

The process of identifying specific fusion partners depended heavily on prior knowledge of
the genetic landscape and the availability of probes that could be used to map the area using
fluorescence in situ hybridisation (FISH). Locus-specific probes, used in chromosome
walking experiments required to identify the breakpoint location, often contained significant
amounts of genomic information (80 kb to 1 Mb) in large vectors such as P1-derived
artificial chromosomes, yeast artificial chromosomes or bacterial artificial chromosomes.
Due to its utility in studying chromosomal aberrations in nondividing cells and its high
sensitivity and specificity, FISH has attained broad clinical application for its ability to test
for known recurrent translocations. Newer techniques, such as chromosome painting,
multicolour FISH and spectral karyotyping, aided in the analysis of samples possessing
complex rearrangements and these methods have become invaluable diagnostic and research
tools. Using FISH, fusion-gene detection can be theoretically confirmed in less than 24 h,
allowing for its use in diagnostic pathology and as a decision-making tool in treatment
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strategies. FISH-based strategies cannot, however, be used as a screening tool since most
FISH methodologies only identify known chromosomal imbalances. This limitation reduces
the utility of this technique in biomarker-based patient selection strategies for clinical trials
aiming to identify fusion-positive patients across broad tumour types.

Methods other than FISH have successfully identified novel highly recurrent fusion proteins
in patient samples. One classic example is the initial identification of the TMPRSS2-ETV1
and TMPRSS2-ERG fusion proteins that were identified in over 50% of prostate cancers
using microarray-based techniques and cancer outlier profile analyses (Boehm and Hahn,
2011). Cancer outlier profile analysis ranked ERG and ETV/1, two Ets family transcription
factors, within the top 10 outlier genes in six independent cancer profiling studies and
established mutual exclusivity of expression for the two genes. TMPRSS2 was identified
using 5" rapid amplification of cDNA ends coupled with quantitative PCR-exon walking,
and FISH was then used to confirm the fusions. Androgen receptor binding to the TMPRSS2
promoter was shown to drive expression of the ££sfamily member fusion partner (Tomlins
et al., 2005). Although expression of the fusions is restricted to prostate cancer, the
prognostic significance of this finding is still controversial: a number of studies suggest that
the presence of the fusion is a good prognosticator (Petrovics et al., 2005; Winnes et al.,
2007; Saramaki et al., 2008; Taris et al., 2014), whereas others have come to the opposite
conclusion (Mehra et al., 2007; Nam et al., 2007a,b; Winnes et al., 2007). Monitoring fusion
protein levels in urine samples can now be used to determine response to hormone therapy
(Hessels et al., 2007), providing an important example of how fusion proteins can be used as
biomarkers for therapy response. How the £tsfamily fusions contribute to prostate cancer
progression and metastasis has been less clear. Recent insights have demonstrated that ERG
can block the expression of a number of genes responsible for neuroendocrine and luminal
cell differentiation (Mounir et al., 2014), and that it modulates the expression of specific
microRNAs with important roles in inducing epithelial-to-mesenchymal transitions (Kim et
al., 2014). Clinical targetting of these fusions has been difficult given the uncertainty
surrounding their prognostic value and the paucity of mechanistic data, and provides an
example of the complexity that can be faced when functionally validating transcription-
factor fusion proteins.

Constitutively activated tyrosine-kinase fusions typically drive a rather deterministic set of
variations in cellular signalling, including increased tyrosine phosphorylation of substrate
proteins and ensuing activation of downstream pathways that govern mitosis, cell survival
and metabolism. Cellular protein phosphorylation can be quantitatively assessed using mass
spectrometry-based phosphoproteomic techniques, including stable-isotope labelling
through chemical modification of peptides, stable-isotope labelling of amino acids in cell
culture and label-free methods (Nita-Lazar et al., 2008). Consequently, phosphoproteomics
may enable the detection and discovery of functional kinase gene fusions from primary
tumour samples or cancer cells. Highly successful implementation of a quantitative
phosphotyrosine proteomic strategy was demonstrated by Rikova et al. (2007) with their
discovery of ALK and ROS1 fusion proteins in lung cancer. In this study, quantitative
phosphoproteomic assessment of 41 NSCLC cell lines and >150 NSCLC tumours and
subsequent bioinformatics enrichment analyses revealed expression of oncogenic CD74-
ROS1 and SLC34A2-ROS1 in NSCLC patient samples and cell lines. This discovery of
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ROS1 fusions in the context of NSCLC launched a fervent and productive enquiry into the
frequency, relevance and targetability of oncogenic ROS1 fusions in several solid tumours
(see Table 1). This finding highlights the potential value of using phosphoproteomics to
identify kinase gene fusions and provides insight into cancer biology that is not accessible
via genomic or chromosomal analyses.

New opportunities for detecting fusion proteins using next-generation

sequencing

With the advent of massively parallel next-generation sequencing (NGS) technologies, we
have entered an era where large-scale mapping of tumour genomes is increasing at an
unprecedented rate. Large-scale NGS survey methodologies include whole-genome
sequencing (WGS), whole-exome sequencing and whole-transcriptome sequencing (RNA-
seq). NGS has also been utilised for more focussed sequencing of a subset of genes using
targetted sequencing libraries or sequence capture libraries. Although single-nucleotide
variants and small insertions and deletions (indels) can be reliably identified from tumour
DNA using current computational analysis pipelines, the ability to uncover gene fusions has
only recently become feasible with the development of novel algorithms that enable in silico
mining of fusion events. RNA-seq experiments generate a large number of short reads that
are either ‘single-end’ or ‘paired-end’, the result of sequencing of only one or both of the
two fragment strands, respectively. As listed in Table 2, there are now several bioinformatic
tools that utilise these NGS data to identify fusion breakpoints. Most of these computational
methods include the following steps: aligning or mapping reads to a designated reference
transcriptome library, identifying fusion junctions, filtering, and sequence assembly. The
initial step identifies a larger set of gene fusion candidates based on detection of discordant
read pairs aligning to two different genes. The precise junction of the fusion product is then
mapped, followed by application of a set of filters to cull false positives from the discovery
cohort and generate a more accurate set of fusion transcript calls for further validation. Most
of the software tools listed in Table 2 require input of paired-end RNA-seq data, with the
exception of TopHat, FusionFinder, Fusion-Map and the recently reported lvy Center fusion
discovery tool, each of which has successfully discovered novel gene-fusions from paired-
end as well as single-end sequencing reads (Kim and Salzberg, 2011; Shah et al., 2013).
Notably, another recently developed pipeline called Pegasus is an automated workflow tool
that provides a common interface between several gene-fusion detection tools, permits
reconstruction of chimeric transcripts, annotates functional domains based on reading frame
and predicts the oncogenic potential of gene fusions based on functionality of cognate
partners (Abate et al., 2014). An alternative approach is taken by the Comrad tool, which
requires both WGS and RNA-seq data from the same sample; by leveraging both sequencing
technologies, Comrad identifies gene fusions only if the fusion event is supported by both
sequencing platforms, thereby further reducing false-positive calls (McPherson et al.,
2011b).

Despite the improvements in gene-fusion calling contributed by these various detection
algorithms in the analysis of cancer genomes to date, challenges still remain, including
considerable variance in terms of sensitivity of fusion detection, and false discovery rates
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between different tools. Every tool has its own set of biases pertaining to sensitivity or
selectivity parameters. Typically, tools that are designed with a high sensitivity bias tend to
also exhibit more false positives, and vice versa. There are several areas of ongoing progress
that will further enhance the functionality of these tools, including improving the quality and
accuracy of NGS data with increased read depth and length, enhancing the accuracy of
mapping tools, and designing even more stringent filtering tools to improve the ratio
between true and false positives. Other limitations of current methods include the inability to
accurately predict genefusion transcripts present at low levels in the sample, due either to
tumour heterogeneity and subclonal expression or instability of fusion transcripts. Most
computational tools rely on alignment of RNA-seq reads to a reference genome and
mapping to a known transcriptome library. These mapping methods may impede the
discovery of novel gene fusions, especially if they harbour novel exons that are not
annotated in existing transcriptome libraries, or if they are composed of noncoding genes.
Optimisation of in silico fusion-finding tools will likely take these factors into account to
maximise the utility of detection and discovery of novel or poorly characterised gene fusions
in cancer. An in-depth analysis of the fusion-finding algorithms and a detailed outline for
improving these tools have been explored elsewhere (please refer to Beccuti M, 2013;
Carrara et al., 2013; Wang et al., 2013).

In contrast to mining for gene fusions from WGS or RNA-seq data sets, targetted sequencing
has also been used to identify fusion proteins. Several commercially available platforms use
targetted sequencing for capturing gene fusions by designing custom libraries and
sequencing at high depths in a smaller selection of genes. One such example is Nu-GEN's
Ovation fusion panel target enrichment system, promising detection of most rearrangements
using a panel of 500 genes curated by the Wellcome Trust Sanger Institute's Catalog of
Somatic Mutations in Cancer as possible fusion genes. In addition, there are Clinical
Laboratory Improvement Amendments-certified tests for identifying gene fusions from
patient samples, including FoundationOne (Frampton et al., 2013), Caris Life Sciences and
UW-OncoPlex platforms. Most of these assays perform RNA-seq using a custom capture
primer library that is selectively chosen to amplify genes based on prevalence of aberration
in cancer followed by bioinformatic analysis. This approach is very useful to discover
rearrangements of known genes. However, targetted sequencing limits the possibilities of
discovering novel fusions from genes that are not represented in the capture library.

Overall, the expanding range of tools available to synchronise with NGS data for gene
fusion detection and discovery is growing. First-generation tools have revealed a range of
possibilities and also shown areas of weakness that can be improved upon. Whether they are
used to identify known gene fusions in patients in order to guide treatment decisions, or to
discover entirely new fusions for biological characterisation and clinical investigation, the
utility of NGS data and accompanying bioinformatic fusion detection tools continues to
grow.

The role of validation in translating NGS findings

Our newfound ability to identify fusion proteins in a wide variety of cancers has the
potential to influence both diagnostic and therapeutic decisions. In our view, there are
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several important components supporting the rational design of targetted therapies for fusion
proteins identified by NGS. First, potential breakpoints, uncovered in genomic sequencing
data by bioinformatics tools (Figure 1A), require confirmation by Sanger sequencing or
ultra-deep resequencing to rule out false-positive results (Table 2). Second, the translational
applicability of confirmed gene fusion discoveries is contingent upon our understanding of
the biological significance of these aberrations in the cancer phenotype. Functional
validation studies (Figure 1B) can contribute to our mechanistic understanding of a given
fusion protein and help to identify common pathways that play important roles in initiation
and progression across different cancer types. Third, cell line and animal models, created for
functional validation studies, can also be exploited to screen for effective small-molecule
inhibitors or drugs (Figure 1C) that block fusion protein-mediated transformation. Lastly,
preclinical demonstration of drug efficacy using appropriate /n vivo model systems and/or
validation of pathway activation in primary human tumour samples is needed to cement the
impetus for development of rationally designed clinical trials (Figure 1D).

Critical factors to consider for successful functional validation include the current depth of
knowledge surrounding the fusion gene partners, as well as the choice of model system and
experimental readouts) that are used (reviewed in [75]). The availability of affordable cDNA
clones or custom gene synthesis and modern cloning techniques (e.g. In-Fusion® HD from
Clontech and Gateway® Cloning from Life Technologies), and the ability to easily shuttle
cDNAs into various expression vector systems has enabled the rapid construction and
expression of novel fusion proteins in cell-line models. Not surprisingly, selecting and
generating model systems to test fusions involving one or more genes of known function is
more straightforward than creating model systems to test fusions made from noncoding
regions or unknown open reading frames.

A number of classical functional assays, such as the focus formation or growth-factor
independence assays, test for the ability of mutations or fusions to drive proliferation or
survival, two of the hallmarks of cellular transformation (Hanahan and Weinberg, 2000).
Alternatively, model systems used to assess fusion protein-mediated transformation can be
created to recapitulate the tumour in which the fusion protein was identified. An example of
this approach is the functional validation of TMP3-NTRK1 and BTBD1-NTRK3 fusions
identified in non-brainstem high-grade gliomas (Wu et al., 2014). Wu et al. (2014) created
an elegant model by stably expressing these NTRK fusions in 7p53-null primary mouse
astrocytes. When fusion-expressing cells were transplanted into mouse brains, they rapidly
induced high-grade astrocytomas with complete penetrance. The tumours themselves
exhibited activation of the PI3K and MAPK pathways, similar to that observed in human
HGGs (Wu et al., 2014). This model provided important confirmation of fusion-mediated
glial transformation within the context of non-brainstem high-grade gliomas. A similar
system was used to validate the transforming capacity of FGFR1 mutations found in
pediatric low-grade gliomas that caused duplication of the tyrosine kinase domain (Zhang et
al., 2013). Furthermore, the use of analogous cells can provide strong supportive evidence
that fusion protein expression plays a causal role in the development of a particular cancer

type.
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Validation models can extend past cell linestomore complex animal models. One important
advantage of /7 vivo models is the ability to analyse the effects of fusion protein expression
on actual tumour formation. One such example was created to study the role of the ETV6-
NTRK3 fusion protein in breast cancer progression. ETV6-NTRKS3, first discovered in a
number of pediatric solid tumours, was subsequently identified in a rare form of breast
cancer called SBC. To look at the fusion's potential causal role in breast cancer, it was stably
expressed in the human breast epithelial cell line MCF10A and ectopically injected into the
mammary fat pads of immunodeficient mice (Tognon et al., 2011). Xenografts possessed a
differentiated phenotype and expressed epithelial markers; cells grown in Matrigel cultures
formed large polarised mammaospheres possessing filled lumens. Cells also expressed high
levels of MEK and AKT phosphorylation, contributing to the increase in acinar size and lack
of luminal apoptosis, respectively. Li et al. (2007) went further to create a whey acidic
protein-inducible promoter-driven knock-in transgenic mouse model to express ETV6-
NTRK3 in the mammary epithelial cells of the developing mouse. These animals developed
highly penetrant multifocal tumours with characteristics similar to those observed in human
SBC. These types of validation studies helped to determine whether similar signalling
pathways were activated by this fusion in different cell types and whether similar targetted
therapies could be applied across different cancers. Although often thought to be indolent in
nature, ETV6-NTRKS3-positive cancers can grow rapidly and metastasise, thereby
necessitating invasive surgeries and treatment. Drug testing by various groups identified a
number of promising drugs for ETV6-NTRK3-driven tumours, including the multi-kinase
inhibitor PKC412 (Chi et al., 2012), IGF1R inhibitors (Martin et al., 2006; Tognon et al.,
2011; Tognon et al., 2012), and the US Food and Drug Administration (FDA)-approved drug
crizotinib (Taipale et al., 2013; Roberts et al., 2014). ETV6-NTRKS3 also provided one of the
earliest examples of an oncogenic fusion protein that crossed cell boundaries — being
capable of transforming mesenchymal (CFS and CMN), epithelial (breast, thyroid and
salivary gland carcinoma), haematopoietic (acute myeloid leukaemia and B-cell precursor
acute lymphoblastic leukaemia) and neuroglial cells (DIPG and low-grade glioma)
(Knezevich et al., 1998a,b; Rubin et al., 1998; Tognon et al., 2002; Skalova et al., 2010; Fehr
etal., 2011; Kralik et al., 2011; Leeman-Neill et al., 2014; Wu et al., 2014) — a theme that
has reemerged in the context of other fusions (see Table 1).

Once appropriate cell line or animal model systems have been validated, they can then be
used in functional genomic screens or experiments to identify signalling pathways required
for fusion protein-mediated transformation. A number of methodologies and approaches
have been developed to broadly interrogate transformed cell lines, including but not limited
to higher-throughput small-molecule, small interfering RNA or lentiviral short hairpin RNA,
and newer clustered regularly interspaced short palin-dromic repeats (CRISPR) technology-
based screens (reviewed in Boehm and Hahn, 2011). Results from these high-throughput
screens also require additional validation to confirm specific pathway dependencies. Animal
model studies can then be used to generate pre-clinical data to confirm drug efficacy and
provide support for future clinical trial development.
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Targetting fusion proteins: identifying effective drugs and clinical realities

The discovery of gene fusions as oncogenic drivers in cancer spurred the possibility of
leveraging such molecular vulnerabilities to develop therapies more selective than cytotoxic
chemotherapy or radiation. As previously mentioned, clinical implementation of the ABL1
kinase inhibitor imatinib to inhibit the BCR-ABL1 kinase fusion in CML resulted in 80%
decrease in patient mortality (Druker et al., 2006) and a paradigm shift in cancer treatment.
Research and development of anti-cancer agents is now largely focussed on identifying
pathogenic addictions and developing cognate targetted molecules to enable highly effective
and selective therapeutic effects in specific malignancies. Accordingly, the cancer
pharmacopeia is exponentially expanding and, coupled with the availability of NGS-based
gene fusion discovery methods, we now have the capacity to perform high-throughput pre-
clinical testing and nominate effective compounds for clinical investigation at a rapid pace.

The rapid FDA approval of crizotinib (Xalkori) for use as frontline treatment in ALK fusion-
positive lung cancer is a recent example of highly efficient translation of laboratory findings
to the clinical setting. Specifically, about five years after the EML4-ALK fusion was
identified in NSCLC (Soda et al., 2007), the FDA granted accelerated approval to crizotinib,
a multi-kinase inhibitor of MET, ALK and ROS1, for the treatment of patients harbouring
ALK fusions based upon the demonstration of significantly better progression-free survival
and overall response rate compared tochemotherapy (Kwak et al., 2010; Rodig and Shapiro,
2010; Shaw et al., 2013b; Solomon et al., 2014). Similar to the experience with imatinib in
CML, many ALK fusion-positive patients relapse while on crizotinib due to adaptive
resistance to the inhibitor (Heuckmann et al., 2011; Doebele et al., 2012; Lovly and Pao,
2012; Shaw et al., 2013a). Resistance can be attributed to several escape mechanisms,
including acquisition of kinase domain mutations in ALK and amplification or
overactivation of bypass pathways that are sufficiently compensatory to enable cell growth
and survival in the presence of crizotinib (Camidge et al., 2014). Several structurally
distinct, second-generation ALK inhibitors capable of circumventing kinase domain
mutation-based resistance are now under development. These include ceritinib (LDK378)
and alectinib (CH5424802), which recently received accelerated FDA approval and
‘breakthrough therapy’ designations respectively, that were based on robust inhibitory
activity in both crizotinib-naive and crizotinib-resistant ALK fusion-positive disease (Awad
and Shaw, 2014; Katayama et al., 2014). However, alectinib resistance has already been
reported from a treated patient (Katayama et al., 2014). This rapid adaptation of cancer cells
to selection pressure imposed by inhibitors is a testament to the prolific evolutionary rate of
cancer genomes. Research and discovery efforts to anticipate kinase domain mutation driven
drug-resistance profiles must therefore be concomitant with development of first-generation
inhibitors in order to be prepared with potent and effective second-generation inhibitors. As
an example, previously predicted BCR-ABL1 kinase domain mutations recovered from cell-
based muta-genesis screening were later identified in patients treated with kinase inhibitors,
thus validating the utility of these accelerated methods to ‘stay ahead of the curve’ to combat
resistance to targetted therapy (Bradeen et al., 2006; O'Hare et al., 2009; Zabriskie et al.,
2014).
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In certain cases, the potent dual activity of an FDA-approved drug against another kinase
may permit more rapid access to targetted therapeutic strategies in patients harbouring that
newly implicated kinase fusion. The kinase domain of ROS1 is homologous to that of ALK,
with approximately 38% overall amino acid identity and up to 77% identity in the ATP
binding pocket. Given the success of crizotinib in ALK fusion-positive NSCLC and
structural homology between ALK and ROS1 kinase domains, crizotinib was quickly
repurposed as a ROSL1 inhibitor upon the recent discovery of ROSL1 fusions in a variety of
malignancies including NSCLC. Evaluation of crizotinib in ROS1 fusion-positive NSCLC
patients demonstrated an objective response rate of 72% and median response duration of
17.6 months (Shaw et al., 2014), confirming inhibition of ROS1 as an effective clinical
strategy in these patients. Also, patients in this study harboured seven different ROS1-fusion
partners, but efficacy of treatment was not correlated with any specific type of
rearrangement. Akin to the experience with crizotinib in ALK fusion-positive disease,
crizotinib resistance due to CD74-ROS1 kinase domain mutation was also recently reported
(Awad et al., 2013), reaffirming the need to predict resistance and have a pipeline of second-
and third-generation inhibitors available.

Unbiased high-throughput inhibitor screening may also facilitate identification of effective
kinase inhibitors that may be missed or unrecognised due to the focussed context of
homology studies. We recently reported that foretinib is a potent ROS1 inhibitor (Davare et
al., 2013). Unlike all previously reported ALK/ROS1 inhibitors, foretinib does not exhibit
substantial inhibitory activity against ALK. This lack of reciprocity was surprising due to the
relatively high degree of homology between the ALK and ROS1 kinase domains. Due to its
overall potency as a ROS1 inhibitor, foretinib is able to circumvent crizotinib-resistant ROS1
mutants, including the G2032R mutation that emerged in an NSCLC patient. The discovery
of foretinib was facilitated by the unbiased nature of the high-throughput screening method.
If relying exclusively on ALK homology for ROS1 inhibitor selection or design, this novel
activity of foretinib and the possibility of developing similar agents to circumvent crizotinib
resistance in ROS1 would not have been possible. Additionally, this differential activity of
foretinib for ROS1 but not ALK suggests that subtle but functionally significant structural
elements must differentiate the ROS1 and ALK kinase domains, which may be valuable for
rational ROS1 inhibitor design in the future. By combining multiple approaches, including
pre-emptive mutagenesis screening to predict resistant mutations, generation of patient-
derived resistant cell lines, and iteratively challenging these cells with large panels of kinase
inhibitors to locate novel vulnerabilities, it may be possible to ‘keep up with resistance’ to
targetted therapy.

Successful targetting of non-kinase gene fusions has also been accomplished. The
proteasome inhibitor bortezomib (Velcade) was used in MLL-rearranged leukaemia to block
degradation of the MLL-fusion protein to induce tumour suppressor programs and ultimately
apoptotic cell death (Liu et al., 2014). Momentum is also building to develop agents to target
transcription factor fusions with novel methods that include peptidomimetics, synthetic
lethality, stapled peptides and RNA interference (reviewed in Redmond and Carroll, 2009).
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Conclusions

Given the exponential accumulation of cancer genomic data, we are in the midst of an
exciting time of discovery for groups studying how novel fusion proteins contribute to
cancer progression. The deluge of genomic data and new algorithm development, coupled
with advancements in molecular cloning and expression, have contributed to a significant
increase in the number of novel and validated fusion proteins found in various malignancies.
Compared with transcription factor fusions, the kinase gene fusions have been more
rigorously characterised in terms of their capacity to serve as oncogenic drivers.
Development of therapeutically viable kinase inhibitors for translational research and
clinical implementation is further along. The molecular mechanisms by which transcription
factor fusions function as pathogenic drivers in cancer are, in most cases, likely to be distinct
from kinase gene fusions. Overall, kinase fusions seem to activate fairly canonical
downstream pathways to regulate cell growth, proliferation, and survival, or migration
phenotypes. In contrast, transcription factor fusions likely deregulate gene expression or
affect developmental pathways, including arrested differentiation and chronic proliferation
of tissue progenitors or stem cells.

With advancements in NGS, in silico mining tools and phosphoproteomics, it is easier to
interrogate large numbers of cancer genomes for the presence of gene fusions en masse.
These efforts are beginning to reveal that kinase fusions are more prevalent in cancer than
previously estimated. While the overall frequency of a specific kinase fusion in a particular
malignancy may be low, the kinase may be frequently partnered with a variety of genes in
multiple malignancies. The examples of NTRK, ALK and ROS1 fusions highlighted in this
review demonstrate that expression of these tyrosine kinase fusions can transform cells from
many lineages (Figure 2), consistent with their detection in a diverse set of malignancies.
Receptor tyrosine kinase signalling is frequently coupled to the RAS/MAPK, PI3K/AKT, or
JAK/STAT signalling axes that regulate growth, migration, survival and gene transcription.
Upregulation of these pathways in dividing cells may be sufficient to drive unchecked
proliferation and survival, a key step in oncogenesis.

One of the ongoing challenges in cancer genomics is the ability to differentiate the causal
oncogenic deviations from the large number of other changes resulting from inherent
genomic instability. Often, even if the cancer cell harbours a plethora of genomic alterations,
it is only a smaller subset of these changes that are the relevant functional drivers exerting
measurable effects upon cell signalling. Thus, the actionable utility of genomics to discover
novel cancer drivers is only as good as the efficiency and speed of the functional validation
efforts to assign them meaning. Exploring the cancer proteome in parallel with the genome
may be a productive exercise to discover cancer drivers by providing functional information
on those genetic changes that have discernable proteomic correlates and hence are more
likely to be relevant actionable candidates.

Studying fusions has underscored how these unique drivers break though tissue boundaries
and provide a context for common therapeutic strategies that may be taken between multiple
types of different cancers. Accordingly, we can posit that a malignant lung tumour
expressing a ROS1 fusion has more in common from a targetted-therapy standpoint with a
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ROS1 fusion-driven cholangiocarcinoma tumour than with another lung tumour that may
harbour activating mutations in £EGFR or fusions of FGFR or NTRK genes. Effective
therapeutic approaches, in light of these findings, will require reassessment of current drug
testing strategies and clinical trial design aimed at determining the efficacy and benefit of
new agents in affected patients. In September 2014, the National Cancer Institute announced
that it will be launching a Molecular Analysis for Therapy Choice (MATCH) program,
where targetted gene sequencing will be used to match individuals whose tumours harbour
specific genetic anomalies to treatment(s) with therapeutic agents selected for activity
against the particular anomaly. MATCH will be a complex, first-of-its-kind clinical trial that
may have up to 25 unigue arms. This will undoubtedly be an iterative process, and many
lessons will be learned from the successes and failures of the MATCH program. These
studies will shape the future of cancer care and lead us into a streamlined precision medicine
program that promises to deliver real-time personalised therapy to improve patient prognosis
and long-term outcomes.
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Figure 1. Methods used to identify, validate and target oncogenic fusion proteins
(A) A variety of NGS methods generate data from primary patient samples and many

different computational methods have been developed to identify fusion proteins (see also:
Section — New opportunities for detecting fusion proteins and Table 2). These algorithms
vary depending upon the type of genomic sequencing employed and whether the fusion is
known or novel. Sanger or deep re-sequencing based confirmation of the fusion breakpoint
is important for ruling out false-positive results. (B) Functional validation experiments must
be carried out to determine how fusion proteins promote tumorigenesis. Rationally chosen
cell line or animal model systems, created to test whether the fusion protein possesses
transformative ability, can also be used to identify pathway dependencies. (C) These model
systems can also be used to identify small-molecule inhibitors and clinically actionable
drugs capable of blocking fusion protein function. (D) Together, these data support the
clinical development of rationally designed targetted therapies for fusion protein-driven
cancers.
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Figure 2. Prevalence of NTRK, ALK and ROS1 kinase gene fusions acr oss cancer types
NTRK, ALK and ROS1 fusions, shown as blue/purple, green and orange spheres,

respectively, are found partnered with several upstream genes and found expressed in a
diverse set of malignancies (see also Table 1). The size of the sphere denotes the number of
different fusions found at a given site.
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Summary of known NTRK, ALK and ROS1 fusion proteins
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Gene Fusion partner  Malignancy PMID Reference

NTRK1 NFASC Glioblastoma Multiforme 24261984 Shah et al. (2013)
BCAN Glioblastoma Multiforme 24261984 Shah et al. (2013)
TPM3 Diffuse Intrinsic Pontine Glioma 24705251 Wu et al. (2014)
MPRIP Lung Adenocarcinoma 24162815 Vaishnavi et al. (2013)
CD74 Lung Adenocarcinoma 24162815 Vaishnavi et al. (2013)
TPM3 Colorectal Cancer 24962792 Ardini et al. (2014)
RABGAPIL Cholangiocarcinoma 24563076 Ross et al. (2014)
TAF Papillary Thyroid Carcinoma 8288244 Greco et al. (1993)
TFG Thyroid Carcinoma 7565764 Ross et al. (2014)
LMNA Spitzoid Melanoma 24445538 Wiesner et al. (2014)

NTRK2 VCL Diffuse Intrinsic Pontine Glioma 24705251 Wau et al. (2014)
AGBL4 Diffuse Intrinsic Pontine Glioma 24705251 Wu et al. (2014)
QKI Pilocytic Astrocytoma 23817572 Jones et al. (2013)
NACC2 Pilocytic Astrocytoma 23817572 Jones et al. (2013)
PAN3 Head and Neck Squamous-Cell Carcinoma 25204415 Stransky et al. (2014)
TRIM24 Lung Adenocarcinoma 25204415 Stransky et al. (2014)
AFAP1 Low-Grade Glioma 25204415 Stransky et al. (2014)
NAV Low-Grade Glioma 23583981 Zhang et al. (2013)

NTRK3 BTBD1 Diffuse Intrinsic Pontine Glioma 24705251 Wu et al. (2014)
ETV6 Diffuse Intrinsic Pontine Glioma 24705251 Wau et al. (2014)
ETV6 Low-Grade Glioma 23583981 Zhang et al. (2013)
ETV6 Acute Myeloid Leukaemia 21401966 Kralik et al. (2011)
ETV6 Congenital Fibrosarcoma 9462753 Knezevich et al. (1998b)
ETV6 Congenital Mesoblastic Nephroma 9823307 Knezevich et al. (1998a)
ETV6 Secretory Breast Carcinoma 12450792 Tognon et al. (2002)
ETV6 Thyroid Carcinoma 24327398 Leeman-Neill et al. (2014)
ETV6 Mammary-Analog Secretory Carcinoma of 20410810 Skalova et al. (2010)

Salivary Gland Origin

ALK ATIC Anaplastic Large-Cell Lymphoma 10702393 Colleoni et al. (2000)
CLTC Anaplastic Large-Cell Lymphoma 12112524 Cools et al. (2002)
MSN Anaplastic Large-Cell Lymphoma 11310834 Tort et al. (2001)
MYH9 Anaplastic Large-Cell Lymphoma 12800156 Lamant et al. (2003)
NPM Anaplastic Large-Cell Lymphoma 8122112 Morris et al. (1994)
RNF213 Anaplastic Large-Cell Lymphoma 22570254 Zhang et al. (2013)
TFG Anaplastic Large-Cell Lymphoma 10556217 Hernandez et al. (1999)
TPM4 Anaplastic Large-Cell Lymphoma 11493472 Meech et al. (2001)
NPM Anaplastic Large-Cell Lymphoma 10994999 Drexler et al. (2000)
NPM Diffuse Large B-Cell Lymphoma 21474455 Grande et al. (2011)
CLTC Diffuse Large B-Cell Lymphoma 12750159 De Paepe et al. (2003)
SQSTM1 Diffuse Large B-Cell Lymphoma 21134980 Takeuchi et al. (2011)
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Gene Fusion partner  Malignancy PMID Reference
NPM Follicular Lymphoma 21474455 Grande et al. (2011)
NPM Hodgkin's Disease 21474455 Grande et al. (2011)
NPM Mature B-Cell Neoplasm 21474455 Grande et al. (2011)
NPM Peripheral T-Cell Leukaemia 21474455 Grande et al. (2011)
EML4 Breast Carcinoma 19737969 Lin et al. (2009)
C2orf44 Colorectal Cancer 22327622 Lipson et al. (2012)
EML4 Colorectal Cancer 19737969 Lin et al. (2009)
FN1 Endometrial Stromal Sarcoma 22570254 Ren et al. (2012)
VCL Renal-Cell carcinoma 21076462 Debelenko et al. (2011)
EML4 Lung Adenocarcinoma 17625570, 18927303  Soda et al. (2007); Takeuchi et al.

(2008)

KIF5B Lung Adenocarcinoma 19383809 Takeuchi et al. (2009)
KLC1 Lung Adenocarcinoma 22347464 Togashi et al. (2012)
PTPN3 Lung Adenocarcinoma 22334442 Jung et al. (2012)
CARS Inflammatory Myofibroblastic Tumor 13679433 Debelenko et al. (2003)
CLTC Inflammatory Myofibroblastic Tumor 11485898 Bridge et al. (2001)
PPFIBP1 Inflammatory Myofibroblastic Tumor 23957430 Yoshida et al. (2013)
RANBP2 Inflammatory Myofibroblastic Tumor 12661011 Ma et al. (2003)
SEC31L1 Inflammatory Myofibroblastic Tumor 16161041 Panagopoulos et al. (2006)
TPM3 Inflammatory Myofibroblastic Tumor 10934142 Lawrence et al. (2000)
TPM4 Inflammatory Myofibroblastic Tumor 10934142 Lawrence et al. (2000)
FN1 Ovarian Carcinoma 22570254 Ren et al. (2012)
DCTN1 Spitz Nevus/Spitzoid Neoplasms 24445538 Wiesner et al. (2014)
TPM3 Spitz Nevus/Spitzoid Neoplasms 24445538 Wiesner et al. (2014)
STRN Thyroid Carcinoma 24475247 Perot et al. (2014)

ROS1 CEP85L Angiosarcoma 23637631 Giacomini et al. (2013)
GOPC Glioblastoma Multiforme 12661006 Charest et al. (2003b)
CEP85L Glioblastoma Multiforme 24261984 Shah et al. (2013)
SLC34A2 Colorectal Cancer 23719267 Davies and Doebele (2013)
CD74 Lung Adenocarcinoma 18083107 Davies and Doebele (2013)
EZR Lung Adenocarcinoma 23418494, 22327623  Takeuchi et al. (2012)
LRIG3 Lung Adenocarcinoma 22327623 Takeuchi et al. (2012)
SDC4 Lung Adenocarcinoma 22327623 Takeuchi et al. (2012)
TPM3 Lung Adenocarcinoma 22327623 Takeuchi et al. (2012)
LIMA1 Lung Adenocarcinoma 25264305 Shaw et al. (2014)
MSN Lung Adenocarcinoma 25264305 Shaw et al. (2014)
GOPC Lung Adenocarcinoma 22661537 Rimkunas et al. (2012)
SLC34A2 Lung Adenocarcinoma 18083107 Rikova et al. (2007)
GOPC Ovarian Carcinoma 22163003 Birch et al. (2011)
MYO5A Pigmented Spindle Cell Nevus 24445538 Wiesner et al. (2014)
PWWP2A Spitzoid Melanoma 24445538 Wiesner et al. (2014)
CLIP1 Spitz Nevus/Spitzoid Neoplasms 24445538 Wiesner et al. (2014)
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Gene

Fusion partner

Malignancy

PMID

Reference

PPFIBP1
TPM3
ZCCHC8
PPFIBP1
HLAA
ERC1
KIAA1598
SLC34A2

Spitz Nevus/Spitzoid Neoplasms
Spitz Nevus/Spitzoid Neoplasms
Spitz Nevus/Spitzoid Neoplasms
Spitz Nevus/Spitzoid Neoplasms
Spitz Nevus/Spitzoid Neoplasms
Spitz Nevus/Spitzoid Neoplasms
Spitz Nevus/Spitzoid Neoplasms

Gastric Adenocarcinoma

24445538
24445538
24445538
24445538
24445538
24445538
24445538
23400546

Wiesner et al. (2014)
Wiesner et al. (2014)
Wiesner et al. (2014)
Wiesner et al. (2014)
Wiesner et al. (2014)
Wiesner et al. (2014)
Wiesner et al. (2014)
Lee etal. (2013)
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Summary of current bioinformatic tools available to identify fusion breakpointsfrom

Table 2

NGSdata
Tool name PMID Citation
Bellerophontes 22711792  Abate et al. (2012)
BreakFusion 22563071 Bradeen et al. (2006)
BreakPointer 22302574  Sunetal. (2012)
ChildSeq-RNA 24517889  Qadir et al. (2014)
ChimeraScan 21840877 lyeretal. (2011)
Comrad 21478487  McPherson et al. (2011b)
defuse 21625565  McPherson et al. (2011a)
Dissect 22689759  Yorukoglu et al. (2012)
EBARDenovo 23457040 Chuetal. (2013)
EricScript 23093608 Benelli et al. (2012)
FusionAnalyser 22570408 Piazza et al. (2012)
FusionCatcher 21247443  Edgren et al. (2011)
FusionFinder 22761941  Francis et al. (2012)
FusionHunter 21546395 Lietal. (2011)
FusionMap 21593131 Geetal. (2011)
FusionSeq 20964841  Shoner et al. (2010)
Ivy Center Fusion discovery tool 24261984  Shah et al. (2013)
LifeScope 22496636  Sakarya et al. (2012)
MapSplice 20802226  Wang et al. (2010)
NFuse 22745232  McPherson et al. (2012)
Pegasus 25183062  Abate et al. (2014)
ShortFuse 21330288 Kinsella et al. (2011)
SnowShoes-FTD 21622959  Asmann et al. (2011)
SOAPFuse 23409703 Jiaetal. (2013)
TopHat-Fusion 21835007  Kim and Salzberg (2011)
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