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Evolving techniques for gene fusion detection in soft tissue tumours

Chromosomal rearrangements resulting in the fusion
of coding parts from two genes or in the exchange of
regulatory sequences are present in approximately
20% of all human neoplasms. More than 1000 such
gene fusions have now been described, with close to
100 of them in soft tissue tumours. Although little is
still known about the functional outcome of many of
these gene fusions, it is well established that most of
them have a major impact on tumorigenesis. Further-
more, the strong association between type of gene
fusion and morphological subtype makes them highly
useful diagnostic markers. Until recently, the vast
majority of gene fusions were identified through

molecular cytogenetic characterization of rearrange-
ments detected at chromosome banding analysis, fol-
lowed by use of the reverse transcriptase—polymerase
chain reaction (RT-PCR) and Sanger sequencing.
With the advent of next-generation sequencing (NGS)
technologies, notably of whole transcriptomes or all
poly-A* mRNA molecules, the possibility of detecting
new gene fusions has increased dramatically.
Already, a large number of novel gene fusions have
been identified through NGS approaches and it can
be predicted that these technologies soon will become
standard diagnostic clinical tools.
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Somatic mutations

A century ago, Theodor Boveri postulated that neo-
plasia was caused by chromosomal rearrangements, a
hypothesis known later as the somatic mutation the-
ory of cancer.! The validity of his hypothesis could
not, however, be evaluated properly until the advent
of investigative approaches allowing for more refined
analysis of the genomes of neoplastic cells, a process
requiring decades of methodological improvements.
With the vast array of technologies available to us
today, it has been proved beyond doubt that Boveri’s
idea was correct — all neoplasms show more or less
extensive genetic abnormalities. Furthermore, differ-
ent tumour types are characterized by different,
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although sometimes overlapping, spectra of genetic
changes. The types of mutation identified vary consid-
erably among tumour types, ranging from single
nucleotide mutations to large-scale genomic altera-
tions involving ploidy shifts and losses or gains of
entire chromosomes. By studying patterns of muta-
tions in tumours of different lineages or at different
stages of development, and by evaluating the cellular
effects of mutated genes in experimental model sys-
tems, an ever more refined network of neoplasia-asso-
ciated genes and signalling pathways has been
revealed. Combined with the steadily accumulating
information on how our genome regulates normal
physiological processes such as cell division, differenti-
ation and life span, our understanding of how neo-
plasms develop has increased dramatically in the last
few decades. Apart from unravelling cellular pro-
cesses involved in tumour development, the genetic
data have also provided clinicians with valuable
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diagnostic and prognostic markers; and in some
cases, the underlying genetic aberrations have
become important therapeutic targets.>>

Gene fusions

One particular type of neoplasia-associated mutation
that has attracted much attention from a biological
as well as a clinical viewpoint is gene fusion. Gene
fusions are formed by structural chromosomal rear-
rangements (translocations, inversions, interstitial
deletions) that result in chimeric genes or in the
exchange of regulatory sequences. The prototypical
examples are the BCR-ABLI1 fusion resulting from a t
(9;22)(q34;q11) in chronic myeloid leukaemia and
the IGH@—-MYC fusion in Burkitt lymphoma with t
(8;14)(q24:932), where the former represents a gene
fusion creating a chimeric protein and the latter is an
example of transcriptional up-regulation of an onco-
gene (MYC) through exchange of regulatory
sequences.* As gene fusions are often seen as the sole
cytogenetic change, with few accompanying muta-
tions detected even using high-resolution, genome-
wide technologies, they are assumed to have a very
strong pathogenetic impact. This conclusion has been
supported further by results from in-vitro studies and
from experimental animal models, showing that the
gene fusion, at least if it occurs in a permissive cellu-
lar context, is sometimes sufficient for malignant
transformation.” The strong impact of gene fusions
on tumour cells, coupled with the fact that chimeric
genes are specific for tumour cells, make them very
attractive as potential targets for treatment. Indeed,
novel treatments based on the presence of BCR-ABL1
in chronic myeloid leukaemia and various ALK chi-
meras in lung cancer and other neoplasms constitute
excellent examples of the feasibility of this
approach.®” Furthermore, as the gene fusions are
often associated very strongly with tumour morphol-
ogy, i.e. a specific fusion tends to be present in only
one or a few tumour types, they have become highly
useful for diagnostic purposes.

Detection of gene fusions: the classical
route

The first gene fusions in human neoplasia were
described in the early 1980s, i.e. some 10 years after
the invention of chromosome banding techniques.
The latter breakthrough not only greatly facilitated
the detection of structural chromosomal changes,
such as inversions or reciprocal translocations in

metaphase spreads from cultured tumour cells, but
also made it possible to assign the breakpoints of
these rearrangements to specific chromosomes and
chromosome bands. Hence, chromosome banding
analysis provided an opportunity for systematic
screening of recurrent chromosomal breakpoints in
neoplasms that could be cultured in vitro which, to a
large extent, was initially synonymous with haemato-
logical neoplasms. It was soon discovered that certain
structural aberrations, notably translocations, were
associated non-randomly with particular leukaemia
subtypes, implying strongly that genes of importance
for tumorigenesis were located at or near the chro-
mosomal breakpoints. Nevertheless, even with this
type of information to hand, cloning of the genes
affected by the chromosome rearrangements was ini-
tially an arduous task. However, further technical
improvements during the 1980s, in parallel with the
increasingly detailed map of the human genome, rad-
ically reduced the time needed to pinpoint the genes
affected by chromosomal breakpoints. Two new tech-
nologies emerged as being particularly fruitful for
gene fusion detection: first, fluorescence in-situ
hybridization (FISH) allowed cytogeneticists to nar-
row the breakpoint regions to a few hundred Kb,
compared to a resolution level of 5-10 Mb when
using chromosome banding alone.® Secondly, the
invention of the RT-PCR technique made it possible
to test directly for potential fusion transcripts
(Figure 1). Illustrating the additive effects of increased
amounts of cytogenetic information and technical
improvements, only 11 gene fusions were identified
during the 7-year period 1982-88, followed by 82
during 1989-95 and 171 during 1996-2002.%1°

New approaches to identify gene fusions

While the classical route of detecting gene fusions
(chromosome banding followed by FISH followed by
RT-PCR) has a number of merits, it also suffers from
some very important shortcomings. First, metaphase
spreads of high quality are not obtained easily from
some tumour types; certain cells simply do not thrive
in vitro, or at least require highly sophisticated cultur-
ing conditions in order to spawn a sufficient number
of mitoses. Furthermore, many malignant neoplasms
display such complex karyotypes that it is next to
impossible to identify the chromosomes, let alone the
chromosomal bands, involved in structural rear-
rangements. Secondly, some tumour types could have
frequent gene fusions without having any correspond-
ing, microscopically visible chromosome aberration.

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.
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Gene fusions: the classical route
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Figure 1. The classical route for gene fusion detection. After short-term culturing of cells from a fresh tumour biopsy, chromosome banding
is performed on metaphase spreads. The breakpoints of balanced translocations, such as the t(7;16) depicted here, can then be delineated by
FISH, followed by RT-PCR for putative fusion transcripts. Products found at RT-PCR can then be sequenced using traditional Sanger

sequencing.

For instance, gene fusions due to small interstitial
deletions or inversions, or translocations affecting the
ends of chromosomes, may all result in gene fusions
without being detectable even in high-quality chro-
mosome preparations.*

The emergence in the 1990s of array-based tech-
nologies for high-resolution analysis of tumour ge-
nomes and transcriptomes provided new options to
circumvent the need for cell culturing in the search
for gene fusions.'! In principle, gene fusions due to
unbalanced chromosomal rearrangements or else
associated with small gains or losses could be
detected by analysis of genomic DNA; many seem-
ingly balanced translocations resulting in gene
fusions are actually accompanied by more or less
extensive deletions and/or duplications in the break-
point regions.'” However, this approach has not
really been used as a stand-alone technique, ham-
pered as it is by the sheer number of breakpoints
found typically in malignancies, as well as by exten-
sive constitutional copy number variation. Neverthe-
less, as an adjunct to other sets of data, e.g.
cytogenetics, FISH or gene expression profiling, this
approach might be wuseful in pinpointing genes
affected by chromosomal rearrangements. In contrast,

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.

global gene expression profiling has emerged as a
very fruitful method when searching for gene fusions.
By focusing on genes showing outlier expression val-
ues, tentative targets for genes affected by chromo-
somal rearrangements could be identified. The best
example of this approach is perhaps the finding of
recurrent gene fusions in prostate cancer, the first
example of a common epithelial malignancy showing
gene fusions.'’> An even more sophisticated way of
utilizing expression data for gene fusion discovery is
to look at expression levels at the exon level, rather
than at the gene level; gene expression data are pre-
sented typically as mean expression levels for several
exons of a gene, but some arrays allow for the analy-
sis of each exon individually. Consequently, genes
showing discrepancies between expression levels of
their 5- and 3’-parts could be suspected of being
affected by rearrangements separating the two parts
from each other. This approach has been applied suc-
cessfully,’* and attempts have been made to develop
such assays for clinical, diagnostic purposes.'®
Although proven to be successful, as well as being
theoretically pleasing, this approach is unlikely
to attract much attention in the future: not all
gene fusions result in differential expression of the
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separated parts of the genes involved, only known
gene fusions are tested for and the bioinformatic
analysis is far from trivial, etc. Furthermore, it is diffi-
cult to see what advantages this approach may offer
compared to deep sequencing of tumour genomes
and transcriptomes.

Next-generation sequencing: gene fusions
galore

While each of the above-mentioned technical
improvements have certainly contributed substan-
tially to the detection of gene fusions in human neo-
plasia, their merits pale in comparison with what can
now be achieved by using so-called next-generation
sequencing (NGS) technologies. NGS (also known as
second-generation sequencing, deep sequencing, mas-
sively parallel sequencing, etc.) is an umbrella term
for various solutions to obtain simultaneously both
width (i.e. multiple nucleotide sequences are analysed
at the same time) and depth (i.e. each target nucleo-
tide sequence is analysed several times, allowing for
the detection of rare, mosaic variants) in the analysis
of genetic material. It is beyond the scope of the pres-
ent review to discuss the strategies behind the many
different NGS platforms; several excellent reviews on
technical aspects of NGS technologies are already
available.'®'? It is sufficient here to mention that,
until 2005, for almost 30 years sequencing had been
based on the methods developed by Sanger and
co-workers (so-called Sanger sequencing).?’*! Although
this sequencing method provides data of high accu-
racy for sequences up to 500-1000 nucleotides in
length, it is poorly suited for the analysis of large
numbers of nucleotide sequences. Thus, two papers
that appeared in 2005, describing cost-efficient, auto-
mated approaches to obtaining large amounts of
sequence data (known as reads) in parallel, opened
unprecedented opportunities for querying ge-
nomes.>**> Spurred by competition among compa-
nies developing and launching different platforms and
solutions for NGS, the pace of this technological evo-
lution has been, and still remains, staggering: the
quality and quantity of data that can be obtained in
a single run keep increasing, while at the same time
the amounts of starting material and the time needed
for the analysis keep decreasing. Not the least impor-
tant, the costs for such analyses have dropped dra-
matically, making the technologies widely affordable.
In this context it could be pointed out, however, that
while the costs for equipment, flow cells, and reagents
have decreased, the costs for data processing and

interpretation or for the complementary experiments
needed to verify NGS results are still considerable.?*

In parallel with the development of sophisticated
solutions for sequencing of nucleotides, improvements
of methods for obtaining and labelling DNA and RNA
molecules have contributed significantly to optimizing
the results of sequencing, such as the various end-
sequence profiling methods that allow analysis of
paired rather than single reads.”>?° Finally, prompted
by the need to be able to handle extremely large
(giga- to terabyte level) sets of data, there have been
major achievements in the field of bioinformatics,
with scripts, algorithms and pipelines being developed
for all types of data. For instance, there are now large
numbers of different types of software to choose from
for the alignment of sequencing data to a reference
genome (e.g. CAsSAvaA, sTAR, TopHat and TrueSight;
reviewed by Fonseca et al.?”) and for the identifica-
tion of fusion transcripts (e.g. ChimeraScan, defuse,
FusionMap and FusionSeq; reviewed by Carrara
et al.*®). In summary, it is currently possible to obtain
information within a few days on the entire genome
or transcriptome of any type of cell or organism,
using as little starting material as the DNA or RNA of
a few cells. An excellent recent review of the potential
benefits of these technologies for clinical and research
aspects of tumour biology has been provided by
Vogelstein and co-workers.>

Soon after the successful implementation of BAC-
end sequencing and serial analysis of gene expression
(SAGE) sequencing for the detection of gene
fusions,?®2%39 the first study taking full advantage of
the new sequencing possibilities was published in
2008 by Campbell and co-workers.>’ Using a gen-
ome-wide, paired-end sequencing approach, two lung
cancer genomes were analysed at the DNA level,
revealing numerous mutations, including some inter-
chromosomal rearrangements that could be con-
firmed to result in fusion transcripts. This report was
followed quickly by an avalanche of NGS studies
employing different variants of transcriptome
sequencing (also known as RNA-Seq), usually on
RNA molecules with poly-A tails, i.e. protein-coding
genes, revealing hundreds of novel gene fusions in
common malignancies such as carcinomas of the
breast, lung and prostate.>?>® The main reason for
RNA being the preferred starting material when
searching for gene fusions is that most of those
detected so far arise due to breaks within introns,
which are sometimes very large. As splicing of these
non-coding intervening sequences occurs during RNA
processing, resulting in end-to-end joining of the ex-
ons, the mRNA molecule is much smaller than the

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.



corresponding DNA sequence. Thus, in order to find
the fusion at the DNA level, either the whole genome
or an enriched region of DNA has to be analysed;
exon-based sequencing of all genes (whole-exome
sequencing) or of a panel of selected genes will often
not identify fusion events associated with intronic
breakpoints. This notwithstanding, it should be kept
in mind that several gene fusions have been found by
analysing DNA,>137739 and as the costs and bioinfor-
matic problems decrease whole-genome DNA
approaches will also become increasingly valuable for
gene fusion detection. Nevertheless, a major advan-
tage of using RNA as the starting material is, of
course, that analyses at the transcript level provides
information not only about potential gene fusions,
but also about expression levels and transcript vari-
ants.

Although RNA-Seq has already been highly suc-
cessful in identifying gene fusions, there are several
technical and bioinformatic pitfalls to consider. Apart
from obvious limitations and artefacts related to sub-
optimal RNA quality and potential errors introduced
when converting RNA to complementary DNA
(cDNA), RNA-Seq will not detect chromosomal rear-
rangements resulting in promoter swapping, i.e. the
fusion breakpoints have to be located within the
mature mRNA molecules in order to be picked out.
However, such gene fusions constitute only a small
fraction of the gene fusions identified through the
classical route,'” suggesting that this might be a rela-
tively minor problem. Finally, RNA-Seq will cover
genes on the basis of their expression levels, i.e. there
are more reads for highly expressed genes than for
poorly expressed ones. There are already some reports
suggesting that the functional outcome of a gene
fusion sometimes might be transcriptional silencing of
one of the two genes involved.*’ Potentially, such
fusion events could be difficult to detect by RNA-Seq.
In addition to false-negative results, there is a very
high likelihood of obtaining false-positive results. As
demonstrated in most RNA-Seq studies, a common
phenomenon in neoplastic as well as in normal cells
is so-called read-through transcripts, also known as
transcription-induced chimeras. The transcription of a
gene usually stops at a specific termination point,
identified through its nucleotide sequence. However,
this mechanism for controlling the activity of RNA
polymerase is sometimes bypassed, and the transcrip-
tion continues to the next gene on the same strand.
This results in a chimeric transcript in which the
intervening, non-coding region between the two
genes is removed from the final, fused mRNA. The
likelihood of such an event occurring is greater when

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.
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the distance between the two neighbouring genes is
small.*! Although read-through transcripts, repre-
senting extreme variants of alternate splice forms of a
gene, have been shown to generate functional pro-
teins and hence may have effects on both non-neo-
plastic and neoplastic cells,** in the vast majority of
cases they are unlikely to represent pathogenetically
important, neoplasia-associated fusion transcripts. In
addition to chimeric cis-fusion transcripts, trans-splic-
ing events (also known as non-co-linear transcripts)
have also been found in both normal and neoplastic
cells.*>** Trans-splicing, i.e. fusion of transcripts from
non-adjacent genes without a corresponding fusion at
the DNA level, is a common phenomenon in certain
organisms such as trypanosomes and nematodes, but
has also been identified in humans and other mam-
malians.*> At least two neoplasia-associated trans-
spliced RNA molecules have been described:
SLC45A3-ELK4 in prostate cancer and JAZF1-SUZ12
in endometrial stromal sarcomas.*>*® However, only
the former fusion has been verified in independent
studies, whereas the validity of the latter fusion has
been questioned.*” All aspects combined, it seems
prudent at present to verify any potential fusion tran-
script identified by RNA-Seq at the transcript level by
RT-PCR and at the DNA level by genomic PCR, FISH
or cytogenetics.

Gene fusions in soft tissue tumours

When more thorough chromosome banding analyses
of soft tissue tumours were initiated in the early
1980s, it soon became apparent that each morpho-
logical subtype has its own characteristic cytogenetic
profile, ranging from single numerical or structural
aberrations to highly complex karyotypes.*® Some-
what surprisingly at that time, analysis of benign
tumours also revealed typical chromosomal aberra-
tion patterns, including tumour-specific balanced
translocations. As had been the case for leukaemias
and lymphomas, recurrent balanced rearrangements
attracted particular attention, and in 1992 the first
sarcoma-associated gene fusion — the EWSRI-FLI1
chimera resulting from t(11;22)(q24;q12) in Ewing
sarcoma — was discovered.*” During the following
20 years, new gene fusions were added at a fairly
constant rate, and now amount to 94 fusions in
more than 30 distinct entities (Table 1). So far, no
particular clinicomorphological feature has been iden-
tified separating fusion-positive from fusion-negative
entities. Apart from nerve sheath tumours, all major
lineages are represented in the fusion-positive group
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Table 1. Gene fusions in soft tissue tumours*

Tumour

Gene fusion

Chromosome aberration

Adipocytic tumours
Lipoma

EBFT-LOC204070

1(5;12)(q33;914)

HMGA2-CXCR7

t(2;12)(q37;914)

HMGA2-EBF1 t(5;12)(g33:914)
HMGA2-LHFP 1(12;13)(q14:913)
HMGAZ2-LPP t(3;12)(q28:q14)
HMGAZ2-NFIB 1(9;12)(p22;914)

HMGA2-PPAP2B

1(1;12)(p32;914)

LPP-C720rf9

1(3;12)(q28;914)

Lipoblastoma

COLTA2-PLAGT

1(7;8)(921;912)

HAS2-PLAGT del(8)(q12q24)
Chondroid lipoma C770rf95-MKL2 t(11;16)(q13;p13)
Myxoid/round cell liposarcoma FUS-DDIT3 t(12;16)(q13;p11)

EWSR1-DDIT3

£(12;22)(q13;q12)

Dedifferentiated liposarcoma

CNOT2-ASTNZ2

t(9;12)(q33;915)

CTDSP2-FAM19A2

?21(12)(q14q14)

NR6AT-TRHDE

1(9;12)(g33;921)

NUPT07-LGRS

21(12)(q15q21)

NUP107-PAPPA

1(9;12)(g33;915)

RCOR1-WDR70

1(5;14)(p13;932)

Fibroblastic/ Myofibroblastic tumours
Soft tissue angiofibroma

AHRR-NCOAZ2

t(5;8)(p15;913)

GTF2I-NCOA2

1(7;8;14)(q11;913;931)

Dermatofibrosarcoma protuberans

COLTA7-PDGFB

t(17;22)(q21;q13)

Solitary fibrous tumour

NAB2-STAT6

inv(12)(q13q13)

Infantile fibrosarcoma

ETV6-NTRK3

t(12;15)(p13;925)

Low-grade fibromyxoid sarcoma

FUS-CREB3L2

t(7;16)(q34;p11)

FUS-CREB3L7

t(11;16)(p11;p11)

Sclerosing epithelioid fibrosarcoma

FUS-CREB3L2

t(7;16)(q34;p11)

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.
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Tumour Gene fusion Chromosome aberration
Inflammatory myofibroblastic tumour ATIC-ALK inv(2)(p23g35)
CARS-ALK t(2;11)(p23;p15)
CLTC-ALK t(2;17)(p23;423)

PPFIBPT-ALK

t(2;12)(p23;p11)

RANBP2-ALK t(2;2)(p23;q13)
RREBT-TFE3 t(X;6)(p11;p24)
SEC37A-ALK t(2;4)(p23;q21)
TPM3-ALK t(1;2)(q21;p23)
TPM4-ALK t(2;19)(p23;p13)

So-called fibrohistiocytic tumours
Tenosynovial giant cell tumour

COL6A3-CSF7

t(1;2)(p13;937)

Smooth muscle tumours
Leiomyoma of the uterus

CUXT-AGR3

inv(7)(p21q22)

HMGA2-CCNB1IPT

t(12;14)(q14;911)

HMGA2-COG5

t(7;12)(q31;q714)

HMGA2-COX6C

t(8;12)(q22;914)

HMGA2-RAD57L7

t(12;14)(q14;924)

Pericytic (perivascular) tumours
Pericytoma with t(7;12)

ACTB-GLIT

t(7;12)(p22;q13)

Skeletal muscle tumours
Alveolar rhabdomyosarcoma

FOXOT7-FGFR7

t(8;13;9)(p11;914;932)

PAX3-FOXOT1 %(2;13)(q36,914)
PAX3-FOXO4 t(X;2)(q13;936)
PAX3-NCOAT7 t(2;2)(p23;936)
PAX3-NCOA2 1(2;8)(q36;q13)
PAX7-FOXO17 t(1;13)(p36;914)
Spindle cell rhabdomyosarcoma SRF-NCOA2 t(6;8)(p21;q13)

TEAD7-NCOAZ2

t(8;11)(q13;p15)

Vascular tumours
Epithelioid hemangioendothelioma

WWTRT1-CAMTAT

t(1;3)(p36;q925)

YAPT-TFE3

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.
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Table 1. (Continued)

Tumour

Gene fusion

Chromosome aberration

Tumours of uncertain differentiation
Angiomatoid fibrous histiocytoma

EWSR1-CREBT

1(2;22)(433;912)

FUS-ATF1 t(12;16)(q13;p11)

EWSRT-ATF1 t(12;22)(q13;912)
Ossifying fibromyxoid tumour EP400-PHF1 t(6;12)(p21;924)
Myoepithelioma/mixed tumour EWSRT-ATF1 t(12;22)(q13;912)

EWSRT-PBXT t(1;22)(923;912)

EWSR1-POU5SFT

1(6,22)(p21;q12)

EWSRT-ZNF444

t(19;22)(q13;912)

Synovial sarcoma

5578-55X7, S578-55X2 or S5718-55X4

t(X;18)(p11;911)

SST18L7-55X7

t(X;20)(p11;913)

Alveolar soft part sarcoma

ASPSCR1T-TFE3

t(X;17)(p11;925)

Clear cell sarcoma

EWSRT-CREBT

t(2;22)(933;912)

EWSRT-ATF1

1(12;22)(q13;912)

Extraskeletal myxoid chondrosarcoma

TAF15-NR4A3

t(9;17)(931;912)

TFG-NR4A3

t(3;9)(q12;931)

TCF12-NR4A3

t(9;15)(q31;921)

EWSRT-NR4A3

1(9;22)(q31;912)

Desmoplastic small round cell tumour EWSRT-WT7 t(11;22)(p13;912)
EWSRT-ERG 1(21;22)(922;912)

Ewing sarcoma EWSRT-ERG 1(21;22)(922;912)
EWSRT-ETVT t(7,22)(p21,912)
EWSRT-ETV4 t(17;22)(921;912)
EWSRT-FEV 1(2;22)(935;912)
EWSRT-FLIT t(11;22)(q24,912)

EWSRT-NFATC2

1(20;22)(q13;q12)

EWSRT-PATZT

inv(22)(q12912)

EWSRT1-SMARCAS

t(4;22)(931;912)

PEComa

SFPQ-TFE3

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.
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Tumour Gene fusion Chromosome aberration
Undifferentiated/unclassified sarcomas
Undifferentiated/unclassified sarcomas BCOR-CCNB3 inv(X)(p11p11)
CIC-DUX4 t(4;19)(q35;q13)
C/IC-DUX4L70 t(10;19)(926;913)

EWSR1-POUSF7

1(6;22)(p21;912)

EFEWSR7-SP3 t(2;22)(931;912)
Chondro-osseous tumours
Soft tissue chondroma HMGA2-LPP t(3;12)(q28;q14)
Mesenchymal chondrosarcoma HEYT-NCOA2 t(8;8)(q13;921 or del(8)(q13921)

IRFBP2-CDX7

t(1;5)(q42;932)

Miscellaneous tumours
Endometrial stromal sarcoma

EPCT-PHF1

t(6;10;10)(p21;922;p11)

JAZF1-PHF7

t(6;7)(p21;p15)

JAZF1-5UZ72

t(7;17)(p15;9711)

MEAF6-PHF1 t(1;6)(p34;p21)
YWHAE-FAM22A t(10;17)(923;p13)
YWHAE-FAM22B t(10;17)(q22;p13)

ZC3H7B-BCOR

t(X;22)(p11;q13)

Epithelioid sarcoma of the ovary

CMKLRT-HNFTA

?t(12;12)(923;924)

ERBB3-CRADD

?t(12;12)(q13;922)

SMARCBT7-WASF2

t(1;22)(p36;q11)

Primary pulmonary myxoid sarcoma

EWSR1-CREBT

t(2;22)(933;912)

*Gene fusions were retrieved from Mitelman et a/,,'® Queried on April 30, 2013. Gene fusions in black were identified
using the classical route (chromosome banding and FISH), gene fusions in blue were identified through global gene expres-
sion profiling and gene fusions in red were found using next-generation sequencing data.

by at least one tumour type; and both benign lesions,
such as conventional lipoma and tenosynovial giant
cell tumour, and highly malignant ones, such as
Ewing sarcoma and synovial sarcoma, harbour gene
fusions (Table 1).

The vast majority of the currently known gene
fusions in soft tissue tumours were identified through
the classical route (shown in black in Table 1), i.e.
cytogenetics followed by FISH and RT-PCR
(Figure 1), but a few of them, such as PAX3-NCOA1
in alveolar rhabdomyosarcoma and HEY1-NCOA2 in
mesenchymal chondrosarcoma,'*>° were identified
largely through aberrant gene expression profiles
(blue in Table 1). Initial NGS studies have been

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.

focused on common epithelial malignancies, such as
carcinomas of the breast, lung and prostate, but a
quickly growing number of studies on less common
malignancies such as sarcomas have also been pub-
lished,*>1°? already resulting in 18 newly identified
gene fusions (red in Table 1, Figure 2). So far, only
one sarcoma-associated gene fusion has been discov-
ered by DNA-based NGS analysis, namely the NAB2—
STAT6 fusion in solitary fibrous tumour.>?>”° Inter-
estingly, this fusion of two neighbouring genes in
chromosome band 12q13 was discovered in three
independent studies using three different NGS
approaches: RNA-Seq,’® whole-exome sequencing®’
and deep sequencing of an enriched genomic
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GENE B

A GENE A
B
c ACGACGGCTCTCCTGGGCTGAGAT CT
GGCTCTCCTGGGCTGAGAT CTTGT
CTCTCCTGGGCTGAGAT (CTTGTTCTT
CTCCTGGGCTGAGAT | CTTGTTCTTGATT
CCTGGGCTGAGAT |CTTGTTCTTAATTTTCCTCC
p D

Figure 2. Schematic of gene fusion detection using data generated by next-generation sequencing. A, Chromosomal context of the gene
fusion partners, gene A and gene B, which may be located on the same chromosome or on different chromosomes. B, Gene fusion resulting
from a translocation, insertion or interstitial deletion. C, Fusion junction-spanning reads. Each such read contains a variable number of nu-
cleotides from genes A and B. The junction-spanning reads allow for exact delineation of the breakpoints in the two genes. D, Mate-pair
fusion-spanning reads. The two reads in a pair map to genes A and B, respectively. These mate-pairs indicate the presence of a gene fusion,

but do not show the exact breakpoints in the two genes.

region.>” The RNA-Seq approach was the most suc-
cessful in terms of few false-negative results, while the
enrichment strategy had the added value of providing
information on breakpoint localization at the genomic
level (Figure 2).

Undoubtedly, several large-scale NGS studies of soft
tissue tumours are under way, and numerous previ-
ously unsuspected genes will be implicated in tumour
development. For obvious reasons, the focus will ini-
tially be on highly malignant lesions, for which cur-
rent treatment protocols are insufficient. However, it
will be of great interest to also determine the ‘true’
mutation spectrum in less aggressive sarcomas and in
benign soft tissue lesions, as this information could be
highly relevant for understanding why some tumours
remain localised and others disseminate rapidly.

The future

NGS technologies have already made a huge contri-
bution to oncological research.> No doubt they will
be used increasingly to study tumour genomes and
transcriptomes, and with time they will completely
replace many of the methods currently used for
mutation detection, copy number evaluation and
gene expression profiling. Future challenges will con-
cern technical and bioinformatic aspects, such as
how to obtain even deeper sequencing, how to best
use small cell samples for both DNA and RNA level

analyses, how to make bioinformatic tools more user-
friendly, and how to store the excessive amounts of
data. These problems will be solved and, bearing in
mind not only the diagnostic information inherent in
the genetic profiles of neoplasms but also the rapidly
increasing availability of drugs targeting specific mol-
ecules or signalling pathways, it seems highly likely
that NGS will soon also be the method of choice in
clinical molecular pathology.

Although many of the technologies used in clinical
practice today, such as chromosome banding analy-
sis, RT-PCR or FISH, for detecting gene fusions and
other genetic aberrations of diagnostic importance
will thus be replaced, information already available
from such studies should not be discarded immedi-
ately. For instance, abnormal karyotypes from 2280
soft tissue tumours have been reported in the litera-
ture (and many more have not been published), and
a survey of these cases reveals more than 750 differ-
ent balanced translocations.'® Taking into account
that gene fusions can result also from unbalanced
structural rearrangements, it seems fair to assume
that only a small minority of the gene fusions present
in soft tissue tumours have been identified. Currently
available cytogenetic data might offer some short-
cuts in this context, as it might be expected
that tumours with known balanced rearrangements
and/or recurrent chromosomal breakpoints are more
likely to yield novel gene fusions at NGS analysis.

© 2013 John Wiley & Sons Ltd, Histopathology, 64, 151-162.



Indeed, several studies have already shown that this
is a highly efficient strategy for selecting cases for
deep sequencing and for guiding the bioinformatic
analysis.>?>3*®! However, most types of soft tissue
tumour are uncommon, and some fusion events caus-
ing their development might be present in only min-
ute proportion of cases. A comparison with what is
known about acute myeloid leukaemia (AML) is
sobering: there are currently close to 200 known
gene fusions in AML, but the tenth most common
one is present in fewer than 0.1% of cases.*'" As soft
tissue tumours constitute a decidedly more heteroge-
neous group of neoplasms, with many subtypes being
exceedingly rare, it seems safe to conclude that it will
take many years before all pathogenetically important
gene fusions have been identified.
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