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We hypothetized that pediatric cancers would more likely
harbor fusion transcripts. To dissect the complexity of the fu-
sions landscape in recurrent solid pediatric cancers, we con-
ducted a study on 48 patients with different relapsing or resis-
tant malignancies. By analyzing RNA sequencing data with a
new in-house pipeline for fusions detection named Chim-
Comp, followed by verification by real-time PCR, we identi-
fied and classified the most confident fusion transcripts
(FTs) according to their potential biological function and
druggability. The majority of FTs were predicted to affect
key cancer pathways and described to be involved in oncogen-
esis. Contrary to previous descriptions, we found no signifi-
cant correlation between the number of fusions and muta-
tions, emphasizing the particularity to study pre-treated
pediatric patients. A considerable proportion of FTs contain-
ing tumor suppressor genes was detected, reflecting their
importance in pediatric cancers. FTs containing non-receptor
tyrosine kinases occurred at low incidence and predominantly
in brain tumors. Remarkably, more than 30% of patients pre-
sented a potentially druggable high-confidence fusion. In
conclusion, we detected new oncogenic FTs in relapsing pedi-
atric cancer patients by establishing a robust pipeline that can
be applied to other malignancies, to detect and prioritize
experimental validation studies leading to the development
of new therapeutic options.
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INTRODUCTION
Fusion transcripts, or chimeric RNA, result from the juxtaposition
of two genes, previously located separately from each other, due
to chromosomal or non-chromosomal events. They can be the
consequence of structural chromosomal rearrangements or be the
product of alternative (cis-, trans-) splicing or transcriptional read-
throughs.1 Fusion transcripts can lead to the activation of proto-on-
cogenes or inactivation of tumor suppressor genes (TSGs), and they
are considered as one of the leading mechanisms responsible for
carcinogenesis.2
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They present a great interest in clinics as they are increasingly
explored as potential therapeutic targets fueled by the discovery of
a drug, imatinib mesylate, able to target BCR-ABL fusion oncopro-
tein.3 Several studies have aimed at targeting fusion products in
various neoplasms, including (1) inhibitors of anaplastic lymphoma
kinase (ALK) in EML4-ALK-positive lung cancer or NPM-ALK-pos-
itive anaplastic large-cell lymphomas, (2) larotrectinib in NTRK-con-
taining fusions in various solid tumors,4 and (3) FGFR inhibitors to
target FGFR-TACC fusion detected in 3% of IDH1/2 wild-type glio-
blastoma and other malignancies.5

Fusion transcripts are considered as strong diagnostic biomarkers
with several examples in this regard. Indeed, EWS-FLI1 found in
Ewing’s sarcoma or PAX3-FOXO1 responsible for 55%–70% of alve-
olar rhabdomyosarcoma are characteristic disease-defining fusion
transcripts. The detection of DNAJB1-PRKCA gene fusion in fibro-
lamellar hepatocellular carcinoma (FLHCC) serves as illustrative
example for both the powerful detection at unprecedented resolution
by RNA sequencing (RNA-seq) and its successful diagnostic use in
extremely rare tumors.6 Therefore, the discovery of additional action-
able fusion transcripts in cancers is attracting more attention.

High-throughput RNA-seq is a powerful tool to detect so far undis-
covered fusion events. On the other hand, as reflected by the dramatic
increase in reported gene fusions since its introduction, this will likely
include rearrangements that represent secondary passenger events,
due to the genomically unstable nature of cancer, and, in individual
patients, non-recurrent events whose biological significance is
an Society of Gene and Cell Therapy.
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Figure 1. ChimComp Pipeline Workflow

Raw data from RNA-seq were mapped on the human

reference genome GRCh37/hg19 (Genome Reference

Consortium Human Build 37/human genome 19).

Three software tools (TopHat2 followed by TopHat

post, deFuse, and FusionCatcher) were used to

generate fusion gene lists A, B, and C. ChimComp

processed the three lists in order to provide a unique

merged fusion gene list per patient. The listing was

analyzed by Oncofuse (left) to generate the oncoscores

and compared to databases of known fusions (right).

TK genes, oncogenes, and tumor suppressor genes

were searched in the final annotated fusion genes list.

*Collection of fusions is according to Babak Alaei-

Mahabadi et al.70 TK, tyrosine kinases; TSGs, tumor

suppressor genes.
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currently unclear.1 Hence, it is important to keep the balance between
stringent selection parameters to avoid false positives without missing
relevant oncogenic fusions.7,8

To date there exist more than 30 different bioinformatic tools for
fusion detection,9 each differing in terms of sensitivity and specificity.
They majorly differ by their filtering approaches and algorithms
regarding, among others, the distance between pair-end reads, the
number of nucleotides mapping each side of a fusion breakpoint,
the presence of readthrough transcripts, the presence of duplicated
reads, and the number of reads mapping to homologous or repetitive
regions. In numerous benchmarking studies, none of the existing
tools has clearly outperformed;7,10,11 therefore, a meta-caller
approach by combining different tools has been shown to increase
both specificity and sensitivity.10

Additionally, to translate bioinformatic results into meaningful
biology, predictive algorithms such as Oncofuse12 have been
developed to predict the oncogenicity of the detected fusions.
This can help to select candidates with higher confidence for further
experimental exploration, thus reducing financial and human
burdens.

Solid pediatric cancers represent around 60% of all pediatric neo-
plasms and include the cases of malignancies diagnosed under
14 years old. Around 80% of pediatric patients reach long-term remis-
sion after treatment while 20% of them die due to treatment failure. It
is well-known that pediatric cancers differ from those of adults, as
many arise from embryonal rather than epithelial cells13 and as
they particularly harbor low mutation rates, mostly due to the lower
implication of exogenous toxic effects.6 The exploration of the fusion
landscape in these pathologies could, therefore, help to unravel the
particularity of these malignancies and provide new therapeutic
targets.

Given the limited data in solid pediatric cancer patients at relapse, we
conducted our study using previously published RNA-seq data of
48 pediatric patients with different malignancies, generated as part
of the Molecular Screening for Cancer Treatment Optimization
(MOSCATO-01, ClinicalTrials.gov: NCT01566019) trial conducted
at Gustave Roussy.14 Our aim was to identify new fusion transcripts
in recurrent pediatric cancers and to predict their probable oncogenic
potential and targetability. For this, we established a reliable in silico
detection method named ChimComp that integrates information
from three different fusion detection algorithms, along with their cor-
responding oncogenic effects and targetability. We then confirmed
91% of the tested candidates and identified new potential targetable
oncogenic fusions.

RESULTS
Patient Characteristics

Clinical characteristics of patients are provided in Table S1. Briefly,
the transcriptome of 48 patients included in the MOSCATO-01 clin-
ical trial with 22 different tumor entities at relapse or resistance was
previously sequenced using RNA-seq.14 The median age was 10.9
years (range, 0.8–23.3 years) and the sex ratio was equal to 0.71
(28 males). Patients were classified into 3 categories based on their tu-
mor types: sarcomas (40%), brain tumors (35%), and other types
(25%). All patients had undergone antineoplastic treatment (median
number of lines, 2; range, 1–8). The median number of tumor cells in
the analyzed specimen was high (around 80%).

ChimComp Is a Powerful Pipeline to Detect Fusions from

RNA-Seq Data

Pediatric cancers are known to harbor a low mutational rate, which
suggests that other genomic alterations, including, among others,
fusion transcripts and structural variants, may be causative. To in-
crease our ability to detect true positive events from RNA-seq data,
we devised a computational approach called ChimComp (Figure 1)
that combines fusion transcript calls from three vastly used algo-
rithms: deFuse,15 FusionCatcher,16 and TopHat17 (Materials and
Methods). All three tools have been used previously and showed
diverse specificity and sensitivity in calling fusion transcript from
RNA-seq data.
Molecular Therapy Vol. 27 No 1 January 2019 201
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Using our ChimComp approach, we detected a total of 1,374 fusions
in the 48 patients analyzed. Themedian number of fusions per patient
detected was 49.5 fusions (range, 3–223) (Table 1). Of those 1,374 fu-
sions, 787 (57.2%) were intra-chromosomal and 588 (42.8%) were
inter-chromosomal. Only 8% (107/1,374) were already known and
annotated in at least one of the databases, suggesting that the majority
of fusion transcripts called here are de novo and potentially positive.

We then assessed the presence of known oncogenes and TSGs from
publicly available databases18–20 (Figure 1). A total of 91/1,374 (7%)
fusions were found to contain an oncogene (Table S2) and 137/
1,374 (11%) a TSG (Table S3). Interestingly, every patient had at least
one fusion containing either a known oncogene or TSG (Table 1),
except patient 45 who had very few fusions detected. Nervous system
tumors were the ones with the highest rate of oncogenes (ependy-
moma, high-grade glioma [HGG], neuroblastoma, medulloblastoma,
and diffuse intrinsic pontine glioma [DIPG]), while tumors with the
highest number of TSGs were of various origins. A strong correlation
between the total number of fusions and the number of fusions con-
taining an oncogene or a TSG per patient was found (respectively,
Spearman coefficient r = 0.4637, p = 0.001 and r = 0.6948, p < 0.0001).

When considering the output of each software independently, deFuse
predicted the largest number of fusions followed by TopHat, whereas
FusionCatcher software was the most conservative. A large number of
fusions were exclusively detected by either deFuse or TopHat (29.8%
and 9.5%, respectively), and, when combined, these 2 tools shared the
highest number of fusion gene overlap (46.4%) (Figure 2A).

To define a high-confidence group of fusion transcripts, we combined
the calls of the three algorithms by considering intersecting events.
This identified a set of 118 fusions (9%, 118/1,374), of which 107
(90%) have not been previously reported (Table S4). The repartition
of fusions as intra-chromosomal or inter-chromosomal for the com-
mon set followed the same tendency observed in the total fusions,
with 66/118 (55.9%) intra-chromosomal fusions and 52/118
(44.1%) inter-chromosomal fusions. Themedian spanning read num-
ber (representing the reads aligning to the junction sequence) was
12.7 per fusion, emphasizing the high confidence of call in this group
as they were mainly supported by high read numbers. 45 fusions
(38%) were predicted in-frame by FusionCatcher, and 47/118
(39%) fusions had one or both genes known to be involved in tumor-
igenicity, suggesting a fundamental role on oncogenicity and tumor
progression (Table S4). Interestingly, among the cancer pathologies
included in the cohort, medulloblastoma and glioblastoma were high-
ly represented in the high-confidence fusion candidates detected,
which comprised 2 patients with highly rearranged transcriptome
(16 and 48). Moreover, all the known fusions characterizing a cancer
pathology (e.g., EWS/FLI-1 in EWS, patients 11 and 46; or HEY1-
NCOA2 in mesenchymal chondrosarcoma, patient 33) were detected
by our pipeline, reflecting the robustness of the ChimComp approach.

To identify fusions predicted to have a potential driving role, we
scored detected fusions for their oncogenic potential using Onco-
202 Molecular Therapy Vol. 27 No 1 January 2019
fuse,12 and we categorized all 1,374 fusions into three groups: fusions
with high oncoscore (oncoscore > 0.7; 157/1,374 or 11.5%), fusions
with a mild oncoscore (0.35 < oncoscore < 0.7; 45/1,374 or 3.3%),
and fusions with a low oncoscore (oncoscore < 0.35; 258/1,374 or
18.8%) (Figure 2B). A total of 66.5% fusions (914/1,374) did not
have an oncoscore, most likely due to limitations of Oncofuse. Inter-
estingly, the percentage of fusions with oncoscores significantly
increased (Z score < 1.96) when we considered the set of 118 high-
confidence fusions (Figure 2B). For instance, 36.4% (43/118) of
fusions jointly identified by the 3 tools exhibited a high oncoscore
compared to 11.5% only (157/1,374), when all fusions were consid-
ered (Figure 2B). Similarly, 30.5% and 9.3% of fusions from the joint
set belonged to categories of low and mild oncoscore, respectively,
compared to 18.7% (258/1,374) and 3.3% (45/1,374), respectively,
when all fusions were considered (Figure 2B). Regarding fusions con-
taining an oncogene, 29/91 (31.8%) had a high oncoscore (>0.7) and
47/91 (51.6%) had no oncoscore. For the TSG-containing fusions,
30/148 (20.3%) had a high oncoscore and 76/148 (51.4%) had no
oncoscore.

Finally, in order to get functional insights for the identified fusions,
we predicted the biological function of each fusion, and we classified
them according to the hallmarks of cancer described by Hanahan and
Weinberg.21 The major biological alterations identified were sustain-
ability to proliferative signaling (18.1%), resistance to cell death
(10.5%), and evasion to growth suppressors (10.5%) (Figure 2C).
This suggests the involvement of these fusions in oncogenesis. Inter-
estingly, 6.8% of fusions could affect several categories of biological
functions, leading to possible multiple consequences. For a large
proportion of fusions (17.3%), no classification could be attributed.
Remarkably, those fusions were found to have a low or no oncoscore.

The above analysis showed that combining different fusion calling
tools associated with a valid scoring scheme (Oncoscore) increases
our chances in calling potentially active and actionable fusion
transcripts.

The Occurrence of Fusions in Relapsed Pediatric Cancer

Patients Is Not Related to the Number of Genomic Breakpoints

or Mutations

Previous studies reported that the number of fusion events and
genomic instability were positively correlated while the number of
mutations and fusion events were negatively correlated.1,22,23 Taking
advantage of the RNA-seq, whole-exome sequencing (WES), and
comparative genomic hybridization (CGH) data available for our
samples,14 we asked whether our cohort of pediatric cancer patients
re-called known correlations or not.

The mutational burden (number of somatic non-synonymous muta-
tions) as well as the number of genomic breakpoints was calculated
from WES and CGH arrays, respectively14 (Materials and Methods).
Consistent with previous findings in pediatric tumor patients,24 the
majority of our samples harbored a low mutation rate, with a
median of somatic non-synonymous mutations of 81 per patient



Table 1. Fusion and Genomic Alteration Metrics for the 48 Pediatric Patients Studied

Diagnosisa
Tumor
Typeb

Total
Fusions
Detected

No. of
Oncogenes
Detected
among Fusions

No. of TSGs
Detected among
Fusions

No. of
Fusions
Detected by
3 Tools

No. of Fusions
Detected by
deFuse

No. of Fusions
Detected by
FusionCatcher

No. of
Fusions
Detected by
TopHat

No. of Inter-
chromosomal
Fusions

No. of Intra-
chromosomal
Fusions

Somatic Non-
synonymous
Mutations

Somatic Non-
synonymous
Mutation
Rate (Mb)

Genomic
Breakpoints

Nephroblastoma O 53 0 3 2 46 9 30 33 20 600 13.04 NAc

Sertoli Leydig
granulosa tumor

O 41 2 2 2 34 6 27 27 14 91 1.98 77

Astroblastoma B 40 2 4 1 35 9 19 21 19 45 0.98 14

ASPS S 53 3 3 1 47 4 22 33 20 1,030 22.39 22

Nephroblastoma O 64 3 4 1 57 0 32 34 30 81 1.76 56

PNET B 49 2 2 1 40 3 31 36 13 794 17.26 16

Hepatoblastoma O 33 2 2 0 29 8 13 18 15 49 1.07 41

eRMS S 49 1 4 3 44 12 27 27 22 66 1.43 48

FL-HCC O 59 2 6 3 52 13 34 33 26 38 0.83 55

eRMS S 23 1 1 0 19 4 12 16 7 50 1.09 31

Ewing sarcoma S 46 4 2 3 40 6 22 28 18 66 1.43 18

Ewing-like
sarcoma

S 31 1 2 1 28 6 18 21 10 78 1.70 23

eRMS S 48 5 2 3 45 12 26 24 24 58 1.26 38

aRMS S 52 2 3 3 47 13 25 28 24 65 1.41 29

Epithelioid
sarcoma

S 51 2 5 3 47 12 28 26 25 55 1.20 94

Medulloblastoma B 153 6 19 24 144 33 115 78 75 142 3.09 398

Osteosarcoma S 92 2 6 7 83 18 55 45 47 79 1.72 99

Ependymoma B 65 5 6 3 62 2 35 32 33 39 0.85 22

SETTLE O 23 0 1 0 19 3 12 13 10 505 10.98 15

eRMS Li-
Fraumeni

S 58 0 10 7 45 15 46 33 25 68 1.48 173

Ependymoma B 93 3 6 14 84 37 58 40 53 80 1.74 213

HGG B 51 5 7 1 44 10 23 25 26 470 10.22 19

DIPG B 69 6 1 4 56 10 47 43 26 49 1.07 29

Hepatoblastoma O 44 0 5 1 37 9 20 23 21 28 0.61 42

LGG B 67 3 2 1 59 15 36 33 34 31 0.67 67

Neuroblastoma O 90 5 8 5 85 23 41 47 43 352 7.65 218

Ependymoma B 47 2 4 2 40 12 22 19 28 69 1.50 114

aRMS S 62 3 2 2 56 16 25 29 33 NWd NWd 135

(Continued on next page)
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Table 1. Continued

Diagnosisa
Tumor
Typeb

Total
Fusions
Detected

No. of
Oncogenes
Detected
among Fusions

No. of TSGs
Detected among
Fusions

No. of
Fusions
Detected by
3 Tools

No. of Fusions
Detected by
deFuse

No. of Fusions
Detected by
FusionCatcher

No. of
Fusions
Detected by
TopHat

No. of Inter-
chromosomal
Fusions

No. of Intra-
chromosomal
Fusions

Somatic Non-
synonymous
Mutations

Somatic Non-
synonymous
Mutation
Rate (Mb)

Genomic
Breakpoints

aRMS S 37 3 4 2 36 7 25 30 7 107 2.33 119

Medulloblastoma B 58 2 4 1 52 17 26 24 34 NWd NWd 121

HGG
(glioblastoma)

B 74 3 7 2 68 21 32 31 43 130 2.83 253

Medulloblastoma B 48 2 5 3 44 17 23 22 26 115 2.50 163

Chondrosarcoma S 34 2 1 0 29 6 16 18 16 184 4.00 129

Ependymoma B 46 3 3 1 39 14 21 21 25 124 2.70 109

eRMS S 33 4 3 0 29 8 16 12 21 128 2.78 164

Neuroblastoma O 44 9 1 0 23 6 35 12 32 137 2.98 116

Medulloblastoma B 50 3 4 1 48 15 20 19 31 182 3.96 169

aRMS S 83 3 9 5 76 16 39 38 45 72 1.57 143

DSRCT S 15 2 2 1 12 5 7 7 8 105 2.28 94

Osteosarcoma S 82 3 7 12 70 25 59 40 42 126 2.74 227

MNST O 25 0 3 2 20 5 14 18 7 128 2.78 136

Medulloblastoma B 50 1 1 0 42 13 30 17 33 41 0.89 237

Abrikossoff
tumor

O 36 2 2 1 31 7 11 15 21 81 1.76 35

Neuroblastoma O 80 0 11 0 71 15 43 40 40 221 4.80 322

Medulloblastoma B 3 0 0 0 2 0 2 2 1 70 1.52 342

Ewing’s sarcoma S 41 2 0 1 39 7 16 21 20 45 0.98 73

eRMS S 25 1 1 3 19 5 20 17 8 92 2.00 261

Glioblastoma B 223 15 23 18 199 61 159 102 121 125 2.72 423

48 pediatric patients were enrolled in the previously described molecular profiling program MOSCATO-01 conducted at Gustave Roussy. Sequencing data and clinical record of these patients were used for our study. For
each patient, identification number, associated diagnosis, and tumor type are reported. Fusions metrics and type of chromosomal rearrangements were also assessed thanks to ChimComp pipeline. Finally, the associated
mutational rate and breakpoint numbers were calculated from WES and CGH array, respectively.
aASPS, alveolar soft part sarcoma; PNET, primitive neuroectodermal tumor; eRMS, embryonal rhabdomyosarcoma; FL-HCC, fibrolamellar hepatocellular carcinoma; aRMS, alveolar rhabdomyosarcoma; SETTLE, spindle
epithelial tumor with thymus-like differentiation; HGG, high-grade glioma; DIPG, diffuse intrinsic pontine glioma; LGG, low-grade glioma; DSRCT, desmoplastic small-round-cell tumor; MNST, malignant nerve sheath
tumor; TSGs, tumor suppressor genes.
bS, sarcoma; B, brain tumors; O, others.
cNA, not able to be calculated.
dNW, no WES performed.
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Figure 2. Analysis of the Fusion Transcripts Found by ChimComp Pipeline

(A) Venn diagram of the non-redundant 1,374 fusions detected from RNA-seq data of 48 pediatric patients analyzed by 3 tools (deFuse, TopHat, and FusionCatcher). (B)

Repartition of fusions according to oncoscore. The dark gray bars represent the total fusions (n = 1,374) and the light gray bars represent the high-confidence group found by

3 tools (n = 118). (C) Distribution of predicted biological alterations of the high-confidence candidate group. Classification of the fusion transcripts was achieved according to

the hallmarks of cancer described by Hanahan and Weinberg.21

www.moleculartherapy.org
(1.8 mutations/Mb)14 (Table 1) and a mean number of chromosomal
breakpoints of 670 per patient. To link the mutational rate and break-
point number to the number of fusions, we used Spearman correla-
tion coefficient at alpha = 5%. No correlation was found between
the number of somatic mutations and fusions (Figure 3A) (Spearman
coefficient r = 0.027 and p = 0.857) or between the number of break-
points and fusions (when discarding the outlier patient number 48,
Spearman coefficient r = 0.246, p = 0.099) (Figure 3B).

In Vivo Validation Identified a Set of De Novo Fusion Transcripts

To validate our approach for fusion transcription identification, we
aimed at checking by qRT-PCR a list of 42 fusion transcripts chosen
from among the high-confidence set (detected by the 3 tools) and
among fusions of lower confidence (Table 2). For this, we randomly
chose a set of 35 predicted fusion transcripts in addition to 7 fusion
transcripts previously identified.25–30 Interestingly, 38/42 (90.5%)
fusion transcripts were successfully validated in patient biopsies,
including the 7 known cases. Among the transcripts identified, only
14.4% displayed a low mean spanning read number (<5), strength-
ening the reliabilty of the high-confidence group defined. Remark-
ably, when we considered the high-confidence set tested cases (29 fu-
sions tested in total, 13 with high and intermediate oncoscore and 16
with low or no oncoscore), 100% of fusions with high and intermedi-
ate oncoscore (oncoscore > 0.35) were validated (13/13), whereas in
the group with low or no oncoscore (<0.35), 3/16 (18%) could not
be confirmed by qRT-PCR (SAP30BP-CDRT4, ABR-DNAH2, and
C15orf57-CBX3; Table 2, top). C15orf57-CBX3, observed in 21 pa-
tients with a low oncoscore, was not validated, thereby most likely
representing a false positive. The other 2 transcripts that could not
be confirmed had >30 spanning reads but a low or no oncoscore
(ABR-DNAH2 and SAP30BP-CDRT4, respectively; Table 2).

In addition to the high-confidence candidates, 8 fusions detected by
less than 3 tools and harboring a high oncoscore, including one con-
trol healthy fusion (LPP-TPRG1), were also tested by qRT-PCR.
Seven of the eight tested fusions (88%) were successfully validated
(Table 2, middle).

The fact that 100% of high-confidence fusions exhibiting a high onco-
score were validated positively indicates that our approach of inter-
secting call from different fusion transcript algorithms coupled with
a filtering based on oncoscore is a successful procedure to detect valid
fusion transcripts.

FusionOncogenes Involving TKDomains AreMainly Detected in

Brain Tumors

Targetable and actionable fusions generally include tyrosine kinase
(TK) genes. We checked for the presence of TK genes among the
list of 1,374 fusions identified.

Only 5/1,374 fusions (0.36%) involved known TKs (Table S5). They
corresponded to FES-MAN2A2, CCM2L-HCK, JAK2-PTPRD,
Molecular Therapy Vol. 27 No 1 January 2019 205
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Figure 3. Relationship between Fusions and Mutations

or Genomic Breakpoints in Relapsed Pediatric Cancer

Patients

The Spearman correlation coefficient was calculated to

assess (A) the relation between total fusion number (y axis)

and mutations (x axis) and (B) the relation between total

fusion number (y axis) and genomic breakpoints (x axis).

No correlation was found between the number of break-

points and fusions (B). r, Spearman correlation coefficient; p,

p value of Spearman test.
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MANBAL-SRC, and TYRO3-KLHL18 (Figure 4), and they were
mainly detected by 2 tools, except for JAK2-PTPRD, detected by
3 tools and belonging to the high-confidence set. All those fusions
were validated by qRT-PCR followed by Sanger sequencing (Table 2).
Of interest, they weremainly detected in brain tumors and with a high
oncoscore (>0.7), except for FES-MAN2A2, which was found in a
neuroblastoma and had no oncoscore. Moreover, within the same pa-
tient, these fusion oncogenes were found to have the highest onco-
genic score compared to the other fusions (Table S5).

Fusions of Potential Therapeutic Interest with Currently

Available Drugs

19 fusions belonging to the high-confidence list and affecting 33%
(16/48) of patients were identified as potentially targetable or contrib-
uting to drug resistance, being thus important for drug choice in the
individual patient (Table 3). 15 of 19 fusions had a very high onco-
score (>0.89). The total list contains four well-known disease-defining
transcripts as well as two others that have been listed in fusion data-
bases before. The remaining 13 transcripts constitute individual
events, occurring in 8 patients.

Five transcripts (5/19) occurred in patient 16 with a highly rear-
ranged medulloblastoma, three of which concerned the ERBB-
signaling axis through different mechanisms, including two via
MGMT. Further, two patients with neuroblastoma (patient 26)
and alveolar rhabdomyosarcoma (patient 14), presented two
potentially targetable transcripts, respectively. Eight of 19 tran-
scripts (42%) were part of the validation study and were thus
confirmed, including 6 newly identified fusions that were not
described before.

Potentially druggable effects for these 19 transcripts include the
following: (1) changes in drug sensitivity (e.g., MGMT and temozolo-
mide; transcriptional overexpression of ABCB1, leading to multidrug
resistance), (2) overexpression and/or overactivation of receptor TKs
and downstream pathways activation (e.g., MET upregulation by
chimeric transcript factor generated by ASPSCR1-TFE3; overexpres-
sion of ERBB receptor family ligands as NRG2), and (3) synthetic
lethality (e.g., inhibition of WEE1 TK in TP53-deficient cells). The
classification according to the biological function of each oncogenic
fusion transcript was done in regard to the literature (J. Fazal-Salom
et al., 2017, Cancer Res., abstract).31–49
206 Molecular Therapy Vol. 27 No 1 January 2019
Further, a patient with osteosarcoma (patient 17) was selected for
validation of 3 potentially targetable fusions based on the presence
of genes that, with their related pathways, are strongly linked to
osteosarcoma biology (TP53-ZNF565, UBE4B-CTNNBIP1, and
NF2-KIAA0368). These fusion transcripts had an oncoscore > 0.9,
and, interestingly, they were found by three, two, or just one tool.
They were also successfully validated by qRT-PCR (Table 2), and
they are discussed in the Supplemental Materials and Methods.

DISCUSSION
With the aim to discover new fusion oncogenes in pediatric patients,
we carried out a retrospective study in a cohort of relapsed or resistant
patients included in the MOSCATO-01 clinical trial.14 The in-house
analysis package ChimComp was created to reliably detect fusion
transcripts in a unique cohort of pediatric patients with solely solid
tumors.

We primarily concentrated on fusion candidates from the high-con-
fidence group detected by three tools representing 118/1,374 fusion
transcripts (8.6%). To differentiate potential driving from passenger
fusions, they were classified into four groups according to their onco-
score values. Interestingly, among them a misbalance in favor of high
or low oncoscore (53.8% and 37%, respectively) was observed when
compared to the distribution of all detected fusions. Remarkably,
100% of the selected candidates with high (>0.7) and intermediate
(>0.35–0.7) oncoscores could be validated by qRT-PCR, whereas
19% of selected fusion transcripts with low or no oncoscore could
not. This observation seems to hold also for the group of fusions
found by less than three tools with a validation rate of 87.5%. How-
ever, it must be considered that the selection of these fusions was
mainly driven by biological interest and did not include fusions
with a low oncoscore or no oncoscore, except the LPP-TPRG1 tran-
script, which is known in healthy tissues.

We observed a tendency toward successful validation of candidates
with a high oncoscore rather than high read numbers. This observa-
tion is in line with emerging evidence that a fusion’s true existence
cannot solely rely on the number of reads supporting it, this number
being dependent on mapping parameters and sequencing depth.50

However, we noticed certain limits of Oncofuse: (1) an inability to
score the majority of fusion transcripts (herein 914 fusions, 66%),
(2) a variation of oncoscore according to the orientation of both



Table 2. Description, Recurrence, Validation, and Function Prediction of the Fusion Transcripts Tested by qRT-PCR after Detection by ChimComp on Tumor RNA-Seq

Fusion
Gene 1

Fusion
Gene 2

Type of
Rearrangement

No.
of
Tools

No. of
Patients
Carrying
Fusion

Patient
No.

Validated
by PCR Oncoscore

No. of
Databases
Reporting
the Fusion

Read No.
(mean)

Forward
Primer
Sequence
(50–30)

Reverse
Primer
Sequence
(50–30) Oncogene

Tumor
Suppressor
Gene Functional Prediction

High-Confidence Candidates Found by 3 Tools

CDKN2A ITCH inter 3 1 41 yes – 0 23
GGTTTT
CGTGGT
TCACATC

ATTGCT
CCCTGGT
CTTCTAG

– –

inhibition of ubiquitination
and lost of CDKN2A tumor
suppressor gene

NF2 AK131325 intra 3 1 40 yes – 0 74
GAGCTT
CAGCTC
TCTCAAG

CCACAGC
ATAACT
TCCAAC

– NF2

loss of NF2 tumor
suppressor, negative
regulator of cell cycle and
apoptosis

SAP30BP CDRT4 intra 3 1 21 no – 0 111
ACAGTAG
ACAGTCG
GAAGATG

TGAGAG
GTATAG
GTGACA
TAGG

– – inhibition of cell death

SEMA3D ABCB1 intra 3 1 26 yes – 0 8.0
CCCTCTC
CCTGAA
AAGG

CGGATTG
ACTGAA
TGCTG

– –
increased MDR (multidrug
resistance)

TET1 TTC12 inter 3 1 21 yes – 0 22
CAGAGTT
TGGCTAC
ACGATTAG

GTGTTAG
GGGTAAC
AAGTTTGG

– – aberrant DNA methylation

ABR DNAH2 intra 3 1 40 no 0.00 0 94
CGGGAAA
CAGGGTA
GAAAGG

AGCGGGG
GAAAATA
TGTCG

– –

may have an influence
on cell cycle and activation
of protein kinases

FLVCR1 TATDN3 intra 3 1 17 yes 0.01 0 150
TGCAGCA
GCATCTC
TTCTG

CGTGAGT
GCACATT
TACAGG

– –

may have an influence on
cell metabolism or
differentiation

VPS53 NXN intra 3 1 30 yes 0.03 0 168
ATCTCTG
GCGAAC
ATAGACG

GTTCCTG
CACACAA
CCTTC

– VPS53
activation of Wnt signaling
involved in cell growth
and differentiation

FBXL7 TERT intra 3 1 2 yes 0.11 0 51
ATCACAC
GCCCACT
AAAGC

CGACGAC
GTACACA
CTCATC

– –

loss of cell-cycle arrest by
ubiquitination of Aurora
kinases and overactivation
of telomerase

MAMLD1 BEND2 intra 3 1 3 yes 0.11 0 209
GCTGTTG
CCATCT
GTTTGC

GCCTTCA
CCACCAT
CTCTG

– – chromatin restructuration

TFG GPR128a intra 3 1 18 yes 0.15 6 152
ACTTGGG
GAGGAT
ATTCGG

TGTAGGG
GTGCTTG
ATGAG

TFG – found in healthy individuals

KIAA1324L TMEM243 intra 3 1 16 yes 0.19 0 17
CGGTGTC
TTTGATC
TATGC

ACGGTTT
TGGAGGT
AGTTG

– –
may be involved in drug
resistance

(Continued on next page)
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Table 2. Continued

Fusion
Gene 1

Fusion
Gene 2

Type of
Rearrangement

No.
of
Tools

No. of
Patients
Carrying
Fusion

Patient
No.

Validated
by PCR Oncoscore

No. of
Databases
Reporting
the Fusion

Read No.
(mean)

Forward
Primer
Sequence
(50–30)

Reverse
Primer
Sequence
(50–30) Oncogene

Tumor
Suppressor
Gene Functional Prediction

HMGCLL1 BAI3 intra 3 1 21 yes 0.21 0 88
ACCAGCT
TCCATCA
CTTTG

GTGGTG
TTACCC
CTGAATG

– –
may be be involved in
differentiation in neurons

DNAJC1 RERGL inter 3 1 47 yes 0.26 0 7
GAGACCT
GGAGTTG
TTTGAC

CCCGGAT
TCTGTAG
ATCAG

– –
may have consequences
on protein synthesis

HERC4 TMPRSS15 inter 3 1 8 yes 0.46 0 7.0
GTATTCC
CCCTTCT
GAAAG

AGACCCT
GGCATAC
ACTC

– –
inhibition of ubiquitination,
stabilization of proteins

IP6K1 RYBP intra 3 1 13 yes 0.47 0 21.3
CGCAGAC
GAAGGG
TTTTG

CACGCAG
GGGTACT
TGAAG

– –
increased kinase activity or
apoptosis resistance

DMTF1 ABCB1 intra 3 1 15 yes 0.89 0 8.0
GGACCCA
AAACAGG
AAAGAG

CGAGAA
ACTGCG
AAACAGG

– DMTF1
increased MDR (multidrug
resistance)

NRG2 ZNF208 inter 3 1 16 yes 0.92 0 25.0
CAACGGC
AGAAAGA
ACTC

AGGACAC
ACAGCA
GTAAGG

– – activation of TK receptor

ERRFI1 CUBN inter 3 1 16 yes 0.95 0 4
GGCACAA
TGTCAAT
AGCAG

GGAAGG
ACACAAA
AGTCAAG

– ERRFI1 activation of EGF

TP53 ZNF565 inter 3 1 17 yes 0.96 0 11.5
TCCCATG
TGCTCAA
GACTG

GTTCCAG
GCACTTC
CATTC

– TP53 inactivation of p53 function

EIF2AK1 OGDH intra 3 1 16 yes 0.98 0 20.0
CTCTTCC
CGTTTCT
GTTG

GGGAGG
GCATTCT
TCTC

– –
illegitimate activation of
kinase

CTSB BACE2 inter 3 1 11 yes 0.98 0 129.7
CCACCAT
CAAAGA
GATCAG

CCACCCAA
GACAAGA
CTAC

– –

degradation of extracellular
matrix and overexpression
of BACE2

MYB AHI1 intra 3 1 13 yes 0.99 2 5.0
TCTGGAA
TTGTTGC
TGAGTTTC

TGAGAA
GAGGTG
TTTGTT
TGG

MYB,
AHI1

–

aberrant proliferation and
dedifferentiation of cells
through MYB oncogene
activation

ATRX PASD1 intra 3 1 27 yes 1.00 0 20.0
TCGGCAAG
TAACTAA
GCAG

TGGTCG
TCTGAG
ATAGCAG

– –

stabilization of DNA
replication via chromatin
remodeling

LMO3 BORCS5 intra 3 1 11 yes 1.00 0 17.0
GCAACCG
AAAGATC
AAGG

CATTTGT
TGGGGA
AGTCTG

LMO3 –
over-activation of oncogene
LMO3

(Continued on next page)
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Table 2. Continued

Fusion
Gene 1

Fusion
Gene 2

Type of
Rearrangement

No.
of
Tools

No. of
Patients
Carrying
Fusion

Patient
No.

Validated
by PCR Oncoscore

No. of
Databases
Reporting
the Fusion

Read No.
(mean)

Forward
Primer
Sequence
(50–30)

Reverse
Primer
Sequence
(50–30) Oncogene

Tumor
Suppressor
Gene Functional Prediction

C11orf95 RELAa intra 3 2 21, 27 yes 1.00 1 119.0
GTCCCCA
CCAGAA
CTG

CCCTCGC
ACTTGT
AGC

– –
aberrant NF-kappaB
transcription program

EWSR1 FLI1a inter 3 2 46, 11 yes 1.00 7 93.7
AGTTACCC
ACCCCAA
ACTGG

CCAAGGG
GAGGACT
TTTGTT

EWSR1,
FLI1

–

regulates the expression
of a number of genes
important for cancer
progression

KANSL1 ARL17Aa intra 3 9

40, 47,
5, 6, 13,
18, 20,
21, 23

yes – 2 72
GGCTCATG
TTTCTGAC
TTG

GACTTC
TACCTC
CTTTCCAC

– –
cancer predisposition,
linked to histone acetylation

C15orf57 CBX3a inter 3 21

38, 40,
41, 43,
47, 48,
2, 12, 14,
16, 17,
18, 20,
22, 23,
25, 27,
28, 31,
32, 34

no 0.01 3 16
TCCTGTC
TGCCAA
ATCCTG

GGAAAG
CCACCG
ACTTCAC

– –
aberrant epigenetic gene
repression

Fusions Found by Less Than 3 Tools with Biological Relevance

LPP TPRG1a intra 2 1 15 yes – 2 12.5
TCTTCTGA
TTCCCTG
TGTTC

CCTTCT
CCTTGTC
TCTTGTC

– – healthy

RASSF4 ZNF22 intra 1 1 13 yes 0.86 0 41.0
GAGTACC
CGCTGAT
TTCC

CGCTTTA
GGCTTT
GCTAAC

– RASSF4

disruption of RASSF4
tumor suppressor, which
promotes apoptosis and
cell-cycle arrest

CUBN SMAP2 intra 2 1 16 no 1.00 0 3.5
AGACTGT
TCTTGGG
TCATTC

CCTTTA
GACTGG
CAATCTG

– –
propable deregulation in
cell metabolism

MPP3 PYY intra 2 1 17 yes 0.77 0 1.5
AGAACC
CACAGC
ACTTTG

TGACTTC
ACTCCAC
CAATG

– – increased cell proliferation

UBE4B CTNNBIP1 intra 2 1 17 yes 0.90 1 5.3
GACCGA
GTTGGA
ATAGAGG

GGAAAC
GAGGAA
TCTTAGG

–
UBE4B,
CTNNBIP1

loss of UBE4B and
CTNNBIP1 tumor
suppressor genes

NF2 KIAA0368 inter 1 1 17 yes 0.99 0 16.5
AACTCTC
TAGCACC
CAAGAAG

TAAGCC
TGACAC
TGAAATCC

– NF2
loss of NF2 tumor
suppressor gene

(Continued on next page)
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Table 2. Continued

Fusion
Gene 1

Fusion
Gene 2

Type of
Rearrangement

No.
of
Tools

No. of
Patients
Carrying
Fusion

Patient
No.

Validated
by PCR Oncoscore

No. of
Databases
Reporting
the Fusion

Read No.
(mean)

Forward
Primer
Sequence
(50–30)

Reverse
Primer
Sequence
(50–30) Oncogene

Tumor
Suppressor
Gene Functional Prediction

ARHGEF7 MYO16 intra 2 1 32 yes 1.00 0 4.0
CAGACTG
TGCTTTC
AACG

AAGGGGA
AGGGACT
CTAG

– –

loss of ARHGEF7, a Ras-like
family of Rho proteins acting
as a pro-apoptosis factor

HEY1 NCOA2a intra 2 1 33 yes 1.00 4 72.5
TGAGTTC
GGCTCT
AGGTTC

TGATTGG
TGGGAA
AGGTC

– –
aberrant expression
of genes

Fusions with TK Coding Gene

TYRO3b KLHL18 inter 2 1 18 yes 0.78 0 7
CCAAACT
GCCTGTC
AAGTG

GGGTAG
CAGGGA
TGTCTTC

– –
disruption of TYRO3
domain

JAK2b PTPRD intra 3 1 21 yes 1.00 0 22
AAAGAAC
CTGGTGA
AAGTCC

ACGTCT
CCCTTG
AGTTAGC

JAK2 JAK2, P RD

disruption of PTPRD that
regulates cell growth,
differentiation, and
mitotic cycle

FESb MAN2A2 intra 2 1 26 yes – 0 11
GACAAGT
CCCCGTG
AAGTG

TTTCCGT
GCCTGC
TCTATG

FES –
disruption of the end of
FES kinase domain

CCM2L HCKb intra 2 1 30 yes 1.00 0 7
GCCTATG
ATGCCGA
CTTCAG

CCTGGTG
TGTTGC
TGTTGTG

– –

probably overexpression
of HCK; increase of cell
survival, proliferation,
and migration

MANBAL SRCb intra 2 1 48 yes 1.00 0 9
GCTACGG
TACGGAC
TCTTC

CCTGGC
TCTGTC
TCTCATAG

SRC – SRC kinase not in frame

To validate our approach, we first focused on the fusions from the high-confidence group (detected by 3 tools), then we divided the list into three categories, based on oncoscore resu s: oncoscore <0.35, 0.35–0.7, and >0.7. Of
those, 25% of fusions were selected for validation by qRT-PCR in each category, resulting in 29 fusions in total (top). Additionally, 8 fusions detected by less than 3 tools harbori a high oncoscore, except for one control
healthy fusion (LPP-TPRG1), were tested by qRT-PCR (middle). Finally, 5 potentially targetable fusions harboring tyrosine kinase-coding genes were also tested (bottom). A to of 42 fusions found by ChimComp un-
derwent qRT-PCR assay. As positive controls, some of the well-known fusion oncogenes detected by ChimComp were also included, namely, C11orf95-RELA, EWSR1-FLI1, andH 1-NCOA2. A total of 38/42 fusions were
successfully validated. For each fusion, the type of chromosomal rearrangement potentially involved, the number of tools detecting the fusion, the number of patients carrying the ion and their identification numbers, the
result of PCR, the oncoscore provided by ChimComp as well as the number of databases reporting the fusion also provided by ChimComp, the primer sequences used, the presen of oncogenes or tumor suppressor genes,
and the functional prediction are enlisted. Intra, intrachromosomal; inter, interchromosomal; read number (mean), mean number of junction/spanning reads of all tools.
aKnown fusions.
bWith tyrosine kinase activity.
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Figure 4. Graphical Reconstitution of the mRNA and Protein of 5 Fusions Involving Tyrosine Kinase Genes

The NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to obtain the putative mRNA sequence, which was reconstituted with the use of nucleotide (NBCI).

When the coding sequence was obtained and predicted, Uniprot Knowledge base (https://www.uniprot.org/) was used to reconstitute the predicted fusion protein domains.

(A) CCM2L-HCK, (B) JAK2-PTPRD, (C) MANBAL-SRC, (D) TYRO3-KLHL18, and (E) FES-MAN2A2 are shown.

www.moleculartherapy.org
genes, and (3) an undervaluation of affected TSGs. Regarding
possible reasons for not validating events, this might include align-
ment errors, showing that the use of meta-caller pipeline alone
does not allow one to reach a perfectly reliable analysis. A visualiza-
tion tool appears to be one of the solutions to support a fusion’s real
existence at the highest in silico confidence level. Our fusion detection
method also reached its limits as (1) results would need to be
compared to the respective healthy tissue of the individual patient,
and (2) shifts in the open reading frames could not be reliably pre-
dicted on the bioinformatic level.

Interestingly, as seen for SAP30BP-CDRT4 and ABR-DNAH2 fu-
sions, a high read number (>50) did not guarantee biological
validation. As highlighted by Gao et al.,51 the use of 3 algorithms
therefore gives more confidence to fusions with lower levels of
read support that might otherwise have been discarded. Another
important observation that has been made regarding the
three non-validated fusions is their high mapping quality
(MAPQ > 45), suggesting that this parameter cannot be considered
as a criterion for non-validation.

The total number of fusions detected per patient was high. Moreover,
we found no significant correlation between the number of fusions
and genomic breakpoints, supporting the hypothesis that the
observed fusions could be mainly due to balanced events or non-
genomic events rather than unbalanced events or copy number
changes, as it was described for adult tumors.1,23 The same studies
described a negative correlation between fusions and mutations,
which was not observed in our cohort. All these observations could
be explained in part by the particular status of our cohort, enrolling
pre-treated patients with resistant tumors having acquired a succes-
sion of genomic events to become more aggressive and that might
harbor more chaotic genomes compared to diagnosis. In addition,
at advanced tumor stages, the clonal diversity and intratumoral het-
erogeneity is higher, which can distort the analysis.52

In this cohort, 57% of all detected transcripts resulted from intra-
chromosomal events, with an almost identical ratio in the high-con-
fidence group, whereas 75% of fusions newly discovered by deep
sequencing techniques were found to be intra-chromosomal, often re-
sulting from subtle inversions or deletions.1 Possible explanations
could be (1) the exclusion of leukemias in our cohort; (2) the rarity
of studies searching for fusion oncogenes, especially in pediatric solid
tumors; and (3) the unique biology of pediatric tumors. However, this
result should be confirmed at the genomic level to exclude trans-
splicing mechanisms.

Both oncogenes and TSGs were frequently found in our analysis.
Usually, fusion oncogenes are of great interest because of their poten-
tial targetability. In our study, more than one-third of events for the
high-confidence group was predicted to be in-frame, potentially giv-
ing rise to proteins with newly acquired or enhanced oncogenic func-
tions. Most of these fusions present a low oncoscore; nevertheless, the
function of newly created oncoproteins should be investigated by
functional studies. Remarkably, a considerable proportion of fusion
transcripts containing TSGs was detected. This reflects the impor-
tance of TSGs in pediatric cancers. In fact, it is estimated that at least
10% of pediatric cancers are caused by hereditary genetic events,
Molecular Therapy Vol. 27 No 1 January 2019 211
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Table 3. Potentially Targetable Fusion Alterations with Associated Putative Biological Effect and Predicted Impact on Drug Sensitivity

Patient No. Gene 1 Gene 2

Fusion
Validated
by qRT-PCR Oncoscore

Known
Fusions

Presumptive Fusion
Reconstruction

Predicted
Biological
Effect

Additional
Genomic
Information
from WESb Possible Drug Mechanism Reference

2 FBXL7 TERTa yes 0.109682436

loss of cell-cycle
arrest mechanism
by ubiquitination of
Aurora kinases
(FBXL7) +
overactivation
of telomerase
(TERT)

inactivation
of FBXL7 and
activation of
TERT

–
TERT inhibitor,
AURKA inhibitor

maintenance
of telomere ends
and cell cycle
deregulation

31,32,68

4
ASPSCR1
(OG)a

TFE3 (OG)a ND 0.954511534 x

known fusion
with generation of
a chimeric
transcription factor,
leading to MET
upregulation

activation of
chimeric
transcription
factor

– MET inhibitor
MET
upregulation

33

13 MYB (OG)a AHI1 (TSG)a yes 0.988687802 x

loss of the major
AHI1 (SH3)
domain, MYB
coding sequence
almost completely
retained

inactivation
of AHI1

strong focal
amplification
of MYB and
AHI1

IGF1R inhibitor

amplification of
this locus has
been linked to
increased drug
sensitivity

34

14 ARHGEF7 ATP11Aa ND 0.99049634 x

loss of ATP11A
regulation by
truncation of long
noncoding RNA
(lncRNA)

activation of
ATP11A

ATP11A
amplification

Farnesyltransferase
inhibitors

drug resistance 35

14 PAX7a
FOXO1
(OG+TSG)a

ND 0.97944093 x

known fusion
with generation
of a chimeric
transcription factor

activation
PAX7, FOXO1
amplification

inhibitors of
FGFR2/4, ALK,
MET, IGF1R, BET

transcriptional
activation of
target genes

36,69

15
DMTF1
(TSG)

ABCB1a yes 0.89356784

loss of complete
coding sequence
of DMTF and
fusion of DMTF
promotor to ABCB1

inactivation
of DMTF and
activation of
ABCB1

–

chemotherapy and
receptor tyrosine
kinase inhibitors

drug resistance 37

16
ERRFI1
(TSG)a

CUBN yes 0.951965411
loss of complete
coding sequence
of ERRFI1

inactivation
of ERFFI1

ERFFI1
amplification

EGFR inhibitor
increased drug
sensitivity

38

16 ESCO1
CNDP2
(TSG)a

ND 0.087563145
loss of only
domain (dimerization
domain) of CNDP2

inactivation
of CNDP2

– MEK inhibitor

activation of
mitogen-activated
protein kinase
(MAPK) pathway

39

(Continued on next page)
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Table 3. Continued

Patient No. Gene 1 Gene 2

Fusion
Validated
by qRT-PCR Oncoscore

Known
Fusions

Presumptive Fusion
Reconstruction

Predicted
Biological
Effect

Additional
Genomic
Information
from WESb Possible Drug Mechanism Reference

16 ASAP2 MGMTa ND 0.999883057
truncation in DNA
methyltransferase
domain of MGMT

inactivation
of MGMT

– Temozolomide
increased drug
sensitivity

40

16 MGMTa C8orf34 ND 0.933256552
loss of 3/4 of MGMT
coding sequence

inactivation
of MGMT

– Temozolomide
increased drug
sensitivity

40

16 ZNF208 NRG2a ND 0.915020583

complete coding
sequence of NRG2
is kept, resulting in
overexpression of
NRG2

activation –

tyrosine kinase
inhibitors targeting
ErbB receptors

activation of ErbB
receptor tyrosine
kinases

41

17
TP53
(TSG)a

ZNF565 yes 0.956287477
loss of complete
coding sequence
of TP53

inactivation

heterozygous
deletion of
TP53 and
ZNF565

inhibitors of WEE1

WEE1 sensitizes
cells to DNA-
damaging agents
via G2 checkpoint
inhibition in p53-
deficient cells

42,43

21 JAK2 (OG)
PTPRD
(TSG)a

ND 0.999997433
loss of PTPRD,
out-of-frame

inactivation
of PTPRD

heterozygous
PTPRD
deletion

STAT3 inhibitor,
AURKA inhibitor,
BET inhibitors

PTPRD
dephosphorylates
STAT3 and
destabilzes AURKA
and MYCN

44,45

26 ATRXa PASD1 ND 0.997390308
truncation in
helicase C domain

inactivation
heterozygous
ATRX
deletion

PARP inhibitors
PARP
overexpression

Fazal-Salom
et al., 2017,
Cancer Res.,
abstract

26 SEMA3D ABCB1a yes –

probably
overexpression of
ABCB1 due to
SEMA3D promotor
activity or loss of
regulatory sequences
in 50 UTR of ABCB1

activation
ABCB1
amplification

chemotherapy and
receptor tyrosine
kinase inhibitors

drug resistance 37

32 MYO16a IRS2a ND 0.999756812

loss of all domains
of IRS2 and of the
last two domains
of MYO16

inactivation
of IRS2

6-kB amplicon
including
both genes
with high-level
amplification

IGF1R inhibitor

amplification of
this locus has been
linked to increased
drug sensitivity

34

40
NF2
(TSG)a

AK131325 yes –

loss of NF2, which
acts as negative
regulator of HIPPO/
YAP pathway and
regulates activity
of several receptor
tyrosine kinases

inactivation –

inhibitors of pathways
regulated by HIPPO/
YAP- pathway
including AKT/mTOR
inhibitors and FAK
inhibitors

pathway activation
of major oncogenic
pathways

46,47

(Continued on next page)
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mostly TSG inactivation.53,54 Furthermore, the contribution of fu-
sions leading to TSG inactivation might be generally underestimated.

Fusion oncogenes containing TK occurred at low incidence and pre-
dominantly were found in patients with brain tumors, involving
mostly non-receptor TKs. Whereas for certain molecular subgroups
of high-grade gliomas genetic aberrations affecting receptor TKs
such as PDGFRA, MET, EGFR, FGFR, and NTRK have been well
defined, this has not been found in the extensive molecular character-
ization of medulloblastomas.55 For ependymomas, EGFR overexpres-
sion is common but only seldom related to copy number changes.
EGFR-containing gene fusions have been reported in a subset of
ependymomas.56

Given the therapeutic potential of a TK-containing fusion, we selected
these 5 fusion oncogenes for validation and sequencing. The only
in-frame transcript that we confirmed by sequencing was CCM2L-
HCK transcript in patient 30 with medulloblastoma, who lacked
aberrations in TP53 and genes ofWNT and SHH pathways. The com-
plete coding sequence of HCK is preserved in the chimeric transcript.
HCK belongs to the SRC family of non-receptor protein TKs, and
increased HCK activity is capable of increasing proliferation and
cell survival as well as associating with receptor TKs, such as EGFR,
FGFR, and PDGFR, to amplify their oncogenic potential.57 HCK itself
is targetable by small molecule kinase inhibitors such as dasatinib,
bosutinib, and saracatinib.

The sequencing of the other 4 fusions containing TK proved that the
MANBAL-SRC fusion (patient 48) was out-of-frame. Of note, this
patient with glioblastoma had several driving pathogenic mutations
affecting PI3KCA, NF1, and FGFR1 next to amplifications of
MDM2 and CDK4 (already described by Harttrampf et al.14). The
FES-MAN2A2 (patient 26) and the TYRO3-KLHL18 transcripts (pa-
tient 18) led to a disruption of TK domains, and, therefore, were of no
therapeutic interest. The JAK2-PTPRD transcript identified in patient
21 with ependymoma truncates JAK2 in the regulatory pseudo-kinase
domain, with subsequent loss of the C-terminal TK domain. How-
ever, this leads to a shift of the reading frame of PTPRD, a gene whose
role as tumor suppressor has been documented in many malig-
nancies, including neuroblastoma and glioblastoma.45,58 In these pa-
thologies, loss of PTPRD activates AURKA and STAT3, respectively.
Importantly, both AURKA and STAT3 inhibitors are currently being
investigated in clinical trials, rendering downstream effects of tumor
suppressor inactivation as an attractive therapeutic target. Ortiz
et al.58 further provided in vivo proof that loss of PTPRD cooperates
with CDKN2A/B deletion, which was also found in our patient, and
promotes tumorigenesis even if PTPRD is heterozygously inactivated.

Next we extracted fusions from the high-confidence group that might
be also therapeutically relevant. One-third of analyzed patients dis-
played a fusion transcript with potential druggability or involved in
drug resistance to certain agents, three of which presented more
than one of those. To which extent these fusions might have been pre-
sent at diagnosis or have evolved over time under current treatment
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regimens was not investigated, but they might be important contrib-
utors to disease progression. However, data correlated to putative
effects exerted by the fusion are often preclinical and result from
the analysis of other often adult tumors, as, for example, 2 transcripts
that we confirmed in 2 different patients (MYO16-IRS2 in patient 32
and MYB-AHI1 in patient 13), the latter of which has already been
described in acute lymphoblastic leukemia and breast cancer.23,59

Strong amplification of these loci has been linked to in vitro sensitivity
to IGF1R inhibition.34 These fusions were associated with a high-level
focal amplification, further supporting a fusion event1,23 and poten-
tially sensitizing the tumor toward IGF1R inhibition that was not
applied to the patients in the absence of an available drug.

Also interesting regarding potential targetability was transcript
CDKN2A-ITCH (Table S5) in patient 41 with a malignant peripheral
nerve sheath tumor. Next to its causal relation to neurofibromatosis
type 1, recurrent genetic aberrations affecting tumor suppressor
CDKN2A have been well documented in this malignancy.60 This tran-
script was validated and sequenced and corresponded to p14ARF,
which acts as a stabilizer of TP53 by sequestering MDM2. The break-
point leads to the inclusion of exon 1 in the final putative protein,
which contains the MDM2-binding domain. It has been experimen-
tally shown that this proportion of the gene alone is sufficient to
sustain its full TP53-stabilizing capacity, questioning the driving
potential of this particular transcript.61–63 We also validated three fu-
sions with high oncoscore (TP53-ZNF565, UBE4B-CTNNBIP1, and
NF2-KIAA0368) in one patient with osteosarcoma, because their
involved genes were linked to the biology of the patient’s cancer.
To what extent events like these could be causative, occur due to
antineoplastic treatment, occur due to progression, or are random
bystanders of multiple copy number aberrations still needs to be
defined.

In conclusion, we established a robust pipeline called ChimComp to
detect fusion transcripts in cancer patients with 90.5% reliability and
close to 100%, if fusions with a very low oncoscore were omitted. This
might be especially useful in large screenings, as fusions that are found
by three tools and are primarily provided with a high oncoscore most
likely represent true events in a patient’s tumor and can be considered
for further investigation. However, before orientating a patient’s
treatment or initiating dedicated research projects on a single fusion
event, experimental validation is indispensable. The knowledge of
fusion genes’ function and their involvement in different signaling
pathways can provide new therapeutic options for patients and, there-
fore, add significantly to personalized treatments. Also, fusion tran-
scripts occurring in a single patient, so-called private events, should
not be primarily discarded.
MATERIALS AND METHODS
Patients

The cohort comprised 48 pediatric patients with 21 different relapsed
or refractory solid neoplasms, which had undergone RNA-seq as part
of the Molecular Screening for Cancer Treatment Optimization
genomic profiling program (MOSCATO-01, ClinicalTrials.gov:
NCT01566019) run at Gustave Roussy.14,64

Whole-Exome and RNA-Seq

Extraction of tumor DNA, RNA, and germline DNA, as well as library
preparation, capture and WES, RNA-seq (detailed in the Supple-
mental Materials and Methods), and CGH array, was performed as
part of the MOSCATO-01 clinical trial, as previously published.14

In the same study, the mutational burden per patient was also calcu-
lated fromWES data. Bioinformatic analysis was done by IntegraGen
and Gustave Roussy Bioinformatics Core.

The total number of genomic breakpoints per patient was calculated
from the results of the CGH array, which were converted into .cbs files
containing the genome position of the single segments, the probes,
and Log2 ratio value.

Raw data provided from RNA-seq are available on the European
Genome-phenome Archive website (https://www.ebi.ac.uk/ega/
home) under the accession number EGAS00001003236.

Fusion Detection by ChimComp Pipeline

To optimize the detection of potential fusion transcripts, a new anal-
ysis pipeline called ChimComp was developed by Gustave Roussy
Bioinformatics Core (Figure 1 details the single steps). ChimComp re-
lies on 3 tools: TopHat version (v.)2.0.1417 followed by TopHat post,
deFuse v.0.6.2,15 and FusionCatcher.16 The strength of ChimComp is
to reconcile fusions predicted by different algorithms from the same
data in order to classify and annotate these predictions. The non-
filtered output from deFuse (file “results.classify.tsv”) was used.

The 3 tools give a listing of fusion genes obtained from the raw data of
RNA-seq. A fusion is listed if (1) the anchor length (number of nucle-
otides overlapping each side of the breakpoint in spanning reads)
isR10 nt; (2) when a fusion is detected by 1 tool, the minimum num-
ber of supported read pairs is 40; if found by >1 tool, no read
threshold is applied; and (3) at least one of the genes has a non-inter-
genic breakpoint. Then, for each fusion detected, an oncogenic poten-
tial score was computed by using the Oncofuse algorithm.12 This
results in a score between 0 (non-oncogenic) and 1 (highly onco-
genic). In our study, it was calculated for both gene orientations
and the highest oncoscore value was considered. The detected fusions
were annotated with different fusion gene databases comprising Mi-
telman Database of Chromosome Aberrations and Gene Fusions in
Cancer (https://cgap.nci.nih.gov/Chromosomes/Mitelman), TICdb,65

COSMIC (https://cancer.sanger.ac.uk/cosmic), ChimerDB,66 and
ChiTaRS.67 All the fusions identified among the cohort were tested
for the presence of TKs, oncogenes, or TSGs by comparing our listing
of genes to a set of 90 known TK genes, 803 known oncogenes, and
1,017 known human protein-coding TSGs18–20 (Figure 1).

Selection and Validation of Detected Fusions by ChimComp

To validate our approach, 42 fusions found by ChimComp under-
went real-time qRT-PCR assay. We primarily focused on the fusions
Molecular Therapy Vol. 27 No 1 January 2019 215
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that were found by three tools (referred to as the high-confidence
group), then divided the list into three categories, based on oncoscore
results (oncoscore <0.35, 0.35–0.7, and >0.7). Of those, 25% of fusions
were selected for experimental validation by qRT-PCR in each cate-
gory, resulting in 29 fusions in total. As a positive control, some of
the well-known fusion oncogenes detected by ChimComp were also
included (n = 3). Moreover, 8 fusions detected by less than 3 tools
harboring a high oncoscore, except for one control healthy fusion
(LPP-TPRG1), were tested by qRT-PCR. Finally, 5 potentially target-
able fusions harboring TK-coding genes were also validated. It should
be noticed that the fusions were selected according to the relevance of
genes involved in the fusion and the availability of the biological
material.

Reconstitution of the Fusion Sequence and Primer Design

The breakpoint position in mRNA sequences of both genes was pre-
dicted in silico (see the Supplemental Materials and Methods). The
sequence around the breakpoint was used to design the primers
necessary for qRT-PCR validation. Primers were selected with a
size of about 20 nt, a melting temperature of 60�C, and an amplicon
size of 100–300 bp, using Oligo Explorer 1.1.0 program (Kuopio Uni-
versity, Kuopio, Finland).

Biological Validation by Real-Time qRT-PCR

The same RNA used for RNA-seq was used to evaluate the presence of
the different fusions detected. To verify the respective size of each am-
plicon, 10 mL of the amplified products was mixed with 2 mL gel
loading dye (New England Biolabs, Evry, France) and loaded into
2% agarose gel mixed with DNA or RNA stainMidori Green Advance
(Nippon Genetics Europe, Dueren, Germany). Then the gel was
visualized under UV using Ingenius bioimaging system (Syngene,
Cambridge, England). PCR products were sequenced after DNA
extraction with NucleoSpin Gel and PCR clean-up extraction kit
(Macherey-Nagel, Dueren, Germany) by Sanger technique (Eurofins,
Cochin Institute, Paris, France).

Statistical Analysis

The numbers of fusion transcripts found in patients are presented as
mean ± interquartile range. To compare the number of fusions with
mutational load or genomic breakpoint number per patient,
Spearman correlation coefficient was determined. To compare the
average number of fusions per patient between the different groups
of tumor types, Kruskal-Wallis followed by Dunn’s tests were used.
To compare the percentage of total fusion versus fusions found by
3 tools in the 4 categories of oncoscore, the Z score test was used. A
Z score < 1.96 was considered as significant. All tests were
performed by using GraphPad Prism 4 software; p values and
adjusted p values < 0.05 were considered as a statistically significant
level.
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