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abstract

PURPOSE Gene fusions play a significant role in cancer etiology, making their detection crucial for accurate
diagnosis, prognosis, and determining therapeutic targets. Current diagnostic methods largely focus on either
targeted or low-resolution genome-wide techniques, which may be unable to capture rare events or both fusion
partners. We investigate if RNA sequencing can overcome current limitations with traditional diagnostic
techniques to identify gene fusion events.

METHODS We first performed RNA sequencing on a validation cohort of 24 samples with a known gene fusion
event, after which a prospective pan-pediatric cancer cohort (n = 244) was tested by RNA sequencing in parallel
to existing diagnostic procedures. This cohort included hematologic malignancies, tumors of the CNS, solid
tumors, and suspected neoplastic samples. All samples were processed in the routine diagnostic workflow and
analyzed for gene fusions using standard-of-care methods and RNA sequencing.

RESULTSWe identified a clinically relevant gene fusion in 83 of 244 cases in the prospective cohort. Sixty fusions
were detected by both routine diagnostic techniques and RNA sequencing, and one fusion was detected only in
routine diagnostics, but an additional 24 fusions were detected solely by RNA sequencing. RNA sequencing,
therefore, increased the diagnostic yield by 38%-39%. In addition, RNA sequencing identified both gene
partners involved in the gene fusion, in contrast to most routine techniques. For two patients, the newly identified
fusion by RNA sequencing resulted in treatment with targeted agents.

CONCLUSIONWe show that RNA sequencing is sufficiently robust for gene fusion detection in routine diagnostics
of childhood cancers and can make a difference in treatment decisions.
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BACKGROUND

Chromosomal rearrangements in the genomes of tumor
cells can lead to the formation of chimeric transcripts or
gene fusions. It is estimated that gene fusions play a key
role in the tumorigenesis and metastasis in 20% of all
human cancers.1 Some gene fusions occur across
multiple cancer types, for example, involving ALK,
ROS1, and RET, whereas other gene fusions are more
specific and unique to distinct cancer types (eg,
EWSR1-FLI1 fusions in Ewing sarcomas and
KIAA1549-BRAF in pilocytic astrocytomas).2-4 Within
pediatric oncology, hematologic cancers and sarcomas
are characterized by numerous potential fusions.1,5,6

The robust detection of gene fusions in diagnostic
laboratories is essential to determine an accurate di-
agnosis and the patient’s prognosis and to identify
potential therapeutic targets.

Gene fusion detection in a diagnostic setting poses
several challenges: (1) specific gene fusions may be

rare,7-9 (2) breakpoints may be atypical,10-13 and (3)
fusion partners may be promiscuous.14 Both reverse
transcriptase polymerase chain reaction (RT-PCR)–
based assays and fluorescence in situ hybridization
(FISH) assays using break-apart probes are a sensitive,
but time-consuming method to detect chromosomal
rearrangements. Furthermore, because of the location
of the probe, atypical fusions might be missed.15,16 Both
methods are also targeted by design and lack flexibility
to robustly detect rare events and/or novel fusion genes.
Genome-wide approaches used in routine diagnostics
to detect structural variation include karyotyping and
single nucleotide polymorphism (SNP) arrays. Kar-
yotyping, however, has a limited resolution not suitable
to detect local rearrangements,17,18 whereas SNP arrays
are unable to detect balanced rearrangements.19-21

Therefore, for most cancer samples, multiple
methods are performed in parallel to detect clinically
relevant gene fusions. Most of these challenges and
technical limitations are mitigated by targeted RNA
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sequencing (RNA-seq) approaches, which allow testing of
multiple fusion genes and detection of novel fusion partners.
Nevertheless, current implementations of targeted RNA-seq
are usually based on gene fusion panels, designed to
capture a specific set of gene fusion events for a specific
tumor type.22-24

Sequencing of total RNA can identify chimeric fusion
transcripts genome-wide, providing a potential single assay
that maintains the flexibility required to detect rare gene
fusion events and atypical breakpoints across a broad
variety of tumor types. However, RNA-seq has its own
limitations, including technical artifacts that can result in
false positives and poor sensitivity for detecting lowly
expressed gene fusions or fusions diluted by accompanying
noncancerous cells within the sample.25,26 The impact of
these limitations on RNA-seq–based gene fusion detection
in cancer diagnostics is currently unknown. Here, we report
the clinical implementation of sequencing ribo-depleted
RNA for the identification of chimeric fusion transcripts in a
prospective heterogeneous cohort of pediatric cancers.

METHODS

We created a prospective cohort of consecutive patients
entering our center with a suspected neoplasm. Consent
was obtained for diagnostic procedures, and RNA could be
extracted for 244 patients. The samples included hema-
tologic tumors (n = 97), solid tumors (n = 55), sarcoma
(n = 37), brain tumors (n = 41), and suspected neoplasm
(n = 14). In parallel to the RNA-seq, existing diagnostic
protocols were applied to the samples on the basis of
clinical indication (forming the reference standard), in-
cluding SNP array, karyotyping, FISH, RT-PCR, and in
selected cases, targeted RNA-seq (Data Supplement).
RNA-seq was performed on fresh (frozen) tissue or bone
marrow. In summary, total RNA was isolated and the
generated libraries were sequenced on a NovaSeq 6000
(Illumina, San Diego, CA). After aligning the sequence data,
gene fusion detection was performed using Star fusion
(version 1.6.0)27 and annotated using a custom pipeline.

The resulting list of potential relevant gene fusions was
manually assessed and curated (Data Supplement).

RESULTS

We first screened a small cohort of 24 samples, harboring
25 protein-protein coding fusions to validate and optimize
our pipeline (Data Supplement), and then we prospectively
sequenced samples in parallel to existing routine diagnostic
procedures. In total, we received 261 diagnostic requests.
Samples clearly not containing any malignancy were ex-
cluded (n = 10), and seven samples were excluded be-
cause no RNA could be extracted (n = 7; Fig 1). However,
for most of the requests, samples were available to perform
RNA-seq (244 of 251 . 97%). We generated a median of
89.6 million uniquely mapped reads and 7.2 gigabases of
coding sequence per sample (Fig 2). This cohort reflects
the diagnostic case spectrum in our center, including
samples taken at diagnosis, from patients confirmed or
suspected of having cancer, and relapse samples. The
samples were broadly divided into sarcomas, solid tumors,
brain tumors, hematologic disorders, and suspected neo-
plasms, ultimately diagnosed as noncancerous. Similarly,
the estimated percentage of neoplastic cells per sample
was highly variable (Data Supplement). The performance
evaluation of RNA sequencing did not require specific
research ethics committee approval as stated in the EU
Clinical Trials Directive (2001/20/EC) because it was
assessed to be service improvement.

Diagnostic Yield

In total, we identified 78 clinically relevant protein-protein
coding fusions (median fusion fragments per million of
0.57; range of 0.01-34.35); see the Data Supplement for
recurrence analysis. Both RNA-seq and routine diagnostics
identified 55 of the 78 clinically relevant protein-protein
coding fusion events. However, in several cases, traditional
methods only identified the clinically relevant 3′ fusion
partner and not the 5′ fusion partner. Hence, although the
RNA-seq results were concordant with traditional

CONTEXT

Key Objective
We investigate if whole transcriptome RNA sequencing can overcome current limitations with traditional techniques to identify

gene fusion events within a diagnostic setting in a diverse cohort of patients.
Knowledge Generated
Classical gene fusion detection methods are often limited because of resolution or specificity issues. RNA sequencing

identified 83 gene fusions in 244 patients, of which 24 were additionally detected in comparison with existing diagnostic
procedures (increase of 38%). Several of these additionally detected fusions had added clinical value (prognosis and/or
treatment). In addition, data generated by RNA sequencing hold promise for future diagnostic applications, such as
expression analysis and tumor classification.

Relevance
The use of gene fusion detection with RNA sequencing can significantly increase the diagnostic yield of gene fusion detection.
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diagnostics, the RNA-seq data provided additional infor-
mation by identifying the fusion partner. In case
PMABM000BJK/27, a COL6A2-USP6 fusion was identified
in routine diagnostics by targeted RNA-seq (Archer
FusionPlex Sarcoma, Invitae, Boulder, CO) but not iden-
tified using RNA-seq. Further inspection showed that this
fusion transcript was present with a fusion fragments per

million , 0.1, and neither COL6A2 nor USP6 were initially
on the inclusion list. The fusion was therefore filtered out of
the results. Subsequent rectification and reanalysis results
in the correct identification of this fusion. In the remaining
23 discordant cases, the RNA-seq workflow identified
protein-protein coding fusion transcripts not identified
using traditional methods. These RNA-seq–specific gene

RNA sequencing
(n = 244)

RNA sequencing–positive
(n = 83)

Traditional diagnostics
(n = 60)

Final diagnosis
Fusion-positive
Fusion-negative
Inconclusive

(n = 84)
(n = 0)
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(n = 159)
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(n = 184)
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Inconclusive
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Excluded
Failed RNA isolationa    (n = 7)

Excluded
No malignancy present (n = 10)

Inconclusive

FIG 1. RNA sequencing performance
evaluation design and flow of partici-
pants. In total, 261 participants were
included in the prospective cohort,
after excluding samples for which no
malignancy was present and RNA
failed to be isolated; a total of 244
individuals had samples analyzed in
parallel for gene fusions using RNA
sequencing and traditional diagnostic
methods. aOn the basis of sample
isolation during the period of the RNA-
seq performance evaluation, we esti-
mate that 2.7% of samples were
excluded because of insufficient
RNA.
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FIG 2. (A) Total number of aligned reads and (B) number of coding bases of all samples in the prospective cohort. A median of 89.6 million of aligned reads
were generated covering 7.2 gigabases per sample.
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fusion events were validated when possible by an inde-
pendent technique (Data Supplement). This equated to a
concordance rate . 98% (55 of 56) with traditional di-
agnostics and an increase in diagnostic yield from 23% (56
of 244) to 32% (78 of 244; Fig 1), effectively increasing the
diagnostic yield of gene fusion detection by 39% (78 of 56).

When subdivided by patient groups, 39% of brain tumors,
51% of hematologic samples, 33% of sarcomas, 11% of
solid tumors, and 0% of suspected neoplasm samples were
fusion-positive on the basis of the RNA-seq data (Fig 3). Of
the 23 protein-protein coding fusions additionally identified
through RNA-seq, 16 fusions were classified as false neg-
atives; these fusions were not detected using traditional
diagnostic techniques because of suboptimal resolution or
test design (Data Supplement and Fig 4) or could have been
detected using existing assays had these tests been
requested during routine diagnostics. Examples include the
EML4-NTRK3 fusion detected by RNA-seq in an infantile
fibrosarcoma (IF) sample. Histologically, this case resembled
dermatofibrosarcoma protuberans although IF was consid-
ered a differential diagnosis. An ETV6 split FISH was
requested,29 but yielded negative results because of EML4
being the 5′ fusion partner.30 The KMT2A-AFDN fusion
detected in an acute myeloid leukemia sample was readily
identified by RNA-seq, but undetected in routine diagnos-
tics, probably because of the low resolution of karyotyping or
nonmitosis of leukemic cells (Fig 4A). Two pilocytic astro-
cytoma samples were false negatives for the KIAA1549-
BRAF fusion because of suboptimal design of the RT-
PCR primer positions (Fig 4B), and the COL3A1-PLAG1
fusion was missed by FISH in two lipoblastoma samples (Fig
4C). The reason for the latter is unclear since a similar fusion
was identified in routine diagnostics in another lipoblastoma
sample. The remaining seven fusions were not detected
because of the lack of a suitable diagnostic assay to detect
these events and were labeled undetectable (Data Sup-
plement). These results show that RNA-seq–based gene
fusion detection is an unbiased and genome-wide approach
that can overcome limitations of targeted and low-resolution
assays for all tumor types (Fig 3).

Promoter and Enhancer Fusions

In addition to the 78 clinically relevant protein-protein fu-
sion events identified by RNA-seq, we found indications for
IGH promoter fusions in four samples: IGH-MYC (n = 2),
IGH-CEBPB, and IGH-IGF2BP1,31-33 and a T-cell receptor
promoter fusion, TAL1-TRDC.34 In general, promoter and/
or enhancer fusions do not result in chimeric transcripts per
se and may not be identified by our RNA-seq workflow.
However, in four cases, a chimeric transcript between IGH
and CASC11 (upstream ofMYC), CEBPB, and AC091133.2
(upstream of IGF2BP1) were detected. Both IGH-MYC
fusions were also identified by MYC break-apart FISH
probes and IGH-IGF2BP1 by karyotyping. We also detected
a fusion with the promoter region of TRDC driving ex-
pression of TAL1, which was also detected by karyotyping.

Including these promoter fusions in our results, the in-
crease in diagnostic yield of RNA-seq compared with tra-
ditional methods decreases from 39% (78 of 56) to 38%
(83 of 60) since most promoter/enhancer fusions (4/5)
were also detected by traditional methods.

Added Value of RNA-seq

We further analyzed the added clinical value of the 24 RNA-
seq–specific gene fusions. Seventeen fusions confirmed or
corresponded to the initial diagnosis (Data Supplement), for
example, the COL3A1-PLAG1 fusion in a lipoblastoma and
the KIAA1549-BRAF fusions in two pilocytic astrocytomas.
Seven events modified the diagnosis and/or possible treat-
ment of the patient. For example, case PMABM000CCU/104
is an acute megakaryoblastic leukemia (FABM7) in which a
CBFA2T3-GLIS2 was detected. This could have affected
patient care had it been detected at disease presentation35,36

since stem-cell transplantation is considered early on as a
treatment option for leukemias harboring this fusion. Several
other RNA-specific fusions are tyrosine kinase fusions.
These have previously been described in (pediatric) tumors,
although their incidence is very low, and therefore not always
routinely tested. However, these tyrosine kinase fusions are
known (putative) targets for targeted agents and could po-
tentially widen treatment options. Case PMABM000CZK/193
resembled dermatofibrosarcoma protuberans histologically,
but the EML4-NTRK3 fusion established this case as an IF.
This patient was subsequently enrolled in a clinical trial with
larotrectinib. Similarly, case PMABM000BQE/7, in which a
ZCCHC8-ROS1 fusion was identified, received targeted
treatment.

ZCCHC8-ROS1–Positive Glioma

Case PMABM000BQE/7, a one-year-old boy, presented at
diagnosis with vomiting and a drooping right eyelid. The
magnetic resonance imaging of the brain revealed a large
mixed solid-cystic, intra-axial mass, in the right frontal
region of the brain, with profound hydrocephalus and
debulking surgery being performed. Histology of the tissue
(Fig 5A) showed a glial tumor withmarked atypia, increased
mitotic activity, florid microvascular proliferation, and
palisading tumor necrosis, consistent with glioblastoma
with a detrimental prognosis. However, methylation pro-
filing classified the tumor as an infantile hemispheric
glioma.37 This tumor type is characterized by targetable
kinase fusions and a better outcome than glioblastoma.38

RNA-seq identified a ZCCHC8-ROS1 fusion (Fig 5B). A
break-apart ROS1 FISH resulted in a difficult to interpret
patterns and failed to confirm the fusion. We hypothesized
that ZCCHC8, as a 5′ fusion partner, might drive (over)
expression of the ROS1 transcript and compared the ROS1
expression with that of all other brain tumor samples in our
cohort. The tumor’s ROS1 expression is the second highest
(Fig 5C). All brain tumors, with the exception of a teratoma
sample, show lower ROS1 expression, supporting the
validity of the ZCCHC8-ROS1 fusion.

Hehir-Kwa et al
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Shortly after surgery, chemotherapy was commenced
according to the HGG HIT infant protocol (cyclophos-
phamide, vincristine, high-dose methotrexate, carboplatin,
and etoposide), but switched to BBSFOP HGG39 after

6 weeks because of local progression. Fifteen months after
the start of the BBSFOB protocol, local and metastatic
progression was observed.39 The Lansky score of the pa-
tient was 100, and after discussion with the parents,
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FIG 3. Diagnostic yield of gene fusion
detection using RNA-Seq. A pro-
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gene fusion events using RNA se-
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consent was given to use entrectinib. Entrectinib (F06
formulation) was started at the recommended phase II dose
of 300mg/m2 once a day, and the medication was tolerated
well. A magnetic resonance imaging was performed
1month after commencing therapy and showed a decrease
in the solid component. The patient remained stable on
entrectinib for almost a year but showed progression
thereafter.

DISCUSSION

We present the results of detecting clinically relevant fusion
transcripts using RNA-seq on a prospective pediatric pan-
cancer cohort (Table 1). The RNA-seq performance
evaluation was completed in parallel to existing diagnostic
methodologies. We show that RNA-seq has the same
specificity as current diagnostic methods and a higher
sensitivity, increasing the diagnostic yield by 38%. Using a
single unbiased genome-wide assay, we detected a broad
range of gene fusion events involving 73 different gene
partners.

Most RNA-seq–specific fusions that were specifically
identified by RNA-seq independently confirm a histologic
diagnosis, but a subset of fusions identified were highly

relevant and could affect treatment outcome. Examples are
the CBFA2T3-GLIS2 fusion (acute megakaryoblastic leu-
kemia, FAB M7)35,36 and the five druggable events
(depending on clinical trials or compassionate use):
ZCCHC8-ROS1 (high-grade glioma), PPP1CB-ALK (high-
grade glioma), EML4-ALK (papillary thyroid carcinoma),
FGFR2-VCL (embryonal rhabdomyosarcoma), and EML4-
NTRK3 (IF). Novel treatments targeting these events could
have a significant impact on clinical management, high-
lighted by the patient with the ZCCHC8-ROS1–positive
glioma that was treated with entrectinib. This demonstrates
the power of RNA-seq in routine diagnostics.

In addition to the 78 protein-protein coding gene fusion
events, we also detected IGH and TCR rearrangements in
five samples despite the data analysis not being optimized
to detect promoter and enhancer fusions. Additional vali-
dations are needed to show if all promoter fusions can
reliably be detected by RNA-seq, but this is probably an
advantage over targeted assays that are unlikely to detect
these rearrangements because of the size of the breakpoint
regions. Although not all promoter/enhancer fusions may
result in chimeric transcripts, the effect of these fusions, for
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FIG 5. (A) Hematoxylin and eosin staining (magnification 50×). (B) Schematic representation of the ZCCHC8-ROS1 fusion transcript, where exon 2
of ZCCHC8 is fused to exon 36 of the ROS1 gene. Colored regions indicate different protein domains (for legend, see PeCan Data Portal28). (C) RNA
expression of ROS1 in all brain tumors analyzed within this cohort. The high-grade glioma harboring the ZCCHC8-ROS1 rearrangement shows the
second highest ROS1 expression (red dot), likely as a consequence of the rearrangement. On the x-axis, the cpm sequence reads mapped to the
ROS1 gene are plotted per brain tumor sample. cpm, counts per million.
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TABLE 1. Prospective Pediatric Cancer Cohort, Fusion-Positive Samples

Patient Tumor Name Subgroup Tumor % Fusion
Supporting Reads
(Spanning/Junction)

Concordant With
Traditional

Protein-protein gene
fusions

PMABM000BDH Fibromyxosarcoma Sarcoma . 10 FUS-CREB3L2 41/0 Yes

PMABM000BEM Pilocytic astrocytoma Brain 50 KIAA1549-BRAF 4/2 Yes

PMABM000BEY Lipoblastoma Solid tumor 20 COL3A1-PLAG1 145/113 No

PMABM000BGO Acute myeloid leukemia with
abnormal marrow eosinophils

Hematologic 5 CBFB-MYH11 9/0 Yes

PMABM000BHD Precursor B-cell lymphoblastic
leukemia

Hematologic 76 CCDC88C-PDGFRB 122/38 Yes

PMABM000BHE Precursor T-cell lymphoblastic
leukemia

Hematologic 45 ZMIZ1-ABL1 54/9 Yes

PMABM000BHJ Glioma, malignant Brain 80 MN1-BEND2 249/51 No

PMABM000BHK Precursor B-cell lymphoblastic
leukemia

Hematologic 93 PAX5-AUTS2 255/87 Yes

PMABM000BHY Pilocytic astrocytoma Brain 90 KIAA1549-BRAF 12/7 Yes

PMABM000BIW Precursor B-cell lymphoblastic
leukemia

Hematologic 65 NCOR1-NUTM1 105/35 No

PMABM000BIY Precursor B-cell lymphoblastic
leukemia

Hematologic 91 SET-NUP214 28/33 Yes

PMABM000BJE Acute promyelocytic leukemia,
t(15;17) (q22;q11-12)

Hematologic 91 PML-RARA 10/0 Yes

PMABM000BJI Pilocytic astrocytoma Brain 75 KIAA1549-BRAF 2/3 Yes

PMABM000BJK Leiomyosarcoma and NOS Sarcoma 80 COL6A2-USP6 6/0 Noa

PMABM000BJS Hepatocellular carcinoma,
fibrolamellar

Solid tumor 75 DNAJB1-PRKACA 90/12 No

PMABM000BLE Precursor cell lymphoblastic
lymphoma, NOS

Hematologic 77 MYB-PLEKHO1 9/1 No

PMABM000BLI Precursor B-cell lymphoblastic
leukemia

Hematologic 86 ETV6-RUNX1 3/1 Yes

PMABM000BMM Synovial sarcoma, biphasic Sarcoma 30-40 SS18-SSX1 148/23 Yes

PMABM000BMO Lipoblastoma Solid tumor 90 COL3A1-PLAG1 53/50 Yes

PMABM000BPB Precursor B-cell lymphoblastic
leukemia

Hematologic 88 ETV6-RUNX1 30/60 Yes

PMABM000BPC Precursor B-cell lymphoblastic
leukemia

Hematologic 99 PAX5-ZCCHC7 63/26 No

PMABM000BPD Precursor B-cell lymphoblastic
leukemia

Hematologic 95 P2RY8-CRLF2 288/5 Yes

PMABM000BPK Precursor B-cell lymphoblastic
leukemia

Hematologic 64 ETV6-RUNX1 2/4 Yes

PMABM000BQE Glioblastoma Brain 70 ZCCHC8-ROS1 33/3 No

PMABM000BQO Precursor B-cell lymphoblastic
leukemia

Hematologic 98 ETV6-RUNX1 23/24 Yes

PMABM000BST Embryonal rhabdomyosarcoma,
NOS

Sarcoma 80-90 FGFR2-VCL 965/479 No

PMABM000BTF Precursor B-cell lymphoblastic
leukemia

Hematologic 91 ZNF384-TAF15 10/2 Yes

PMABM000BUP Precursor B-cell lymphoblastic
leukemia

Hematologic 87 ETV6-RUNX1 28/26 Yes

PMABM000BUT Pilocytic astrocytoma Brain 60 KIAA1549-BRAF 9/1 Yes

(Continued on following page)
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TABLE 1. Prospective Pediatric Cancer Cohort, Fusion-Positive Samples (Continued)

Patient Tumor Name Subgroup Tumor % Fusion
Supporting Reads
(Spanning/Junction)

Concordant With
Traditional

PMABM000BWW Hepatocellular carcinoma,
fibrolamellar

Solid tumor 80 DNAJB1-PRKACA 910/591 No

PMABM000BXI Precursor T-cell lymphoblastic
leukemia

Hematologic 97 SET-NUP214 66/56 Yes

PMABM000BYG Anaplastic large-cell lymphoma, T-
cell and null-cell type

Hematologic 85 NPM1-ALK 64/13 Yes

PMABM000BYU Lipoblastoma Solid tumor 80 COL3A1-PLAG1 41/36 No

PMABM000BZE Glioblastoma, NOS Brain 70 PPP1CB-ALK 1,289/576 No

PMABM000CBI Precursor B-cell lymphoblastic
leukemia

Hematologic 95 BCR-ABL1 281/118 Yes

PMABM000CBK Precursor B-cell lymphoblastic
leukemia

Hematologic 97 P2RY8-CRLF2 201/3 Yes

PMABM000CCS Precursor B-cell lymphoblastic
leukemia

Hematologic 91 BCR-ABL1 151/31 Yes

PMABM000CCU Acute megakaryoblastic leukemia Hematologic 36 CBFA2T3-GLIS2 15/6 No

PMABM000CDC Pilocytic astrocytoma Brain 50 KIAA1549-BRAF 5/1 Yes

PMABM000CDG Acute myeloid leukemia, NOS Hematologic 88 KMT2A-AFDN 134/36 No

PMABM000CDM Pilocytic astrocytoma Brain 50 KIAA1549_BRAF 13/8 Yes

PMABM000CET Acute myeloid leukemia, NOS Hematologic 95 NPM1-CCDC28A 129/82 No

PMABM000CFX Alveolar rhabdomyosarcoma Sarcoma 60 PAX3-FOXO1 35/7 Yes

PMABM000CGD Anaplastic large-cell lymphoma, T-
cell and null-cell type

Hematologic 5 NPM1-ALK 13/2 Yes

PMABM000CGH Precursor B-cell lymphoblastic
leukemia

Hematologic 96 ETV6-RUNX1, PAX5-
ZCCHC7

58/47, 15/12 Yes

PMABM000CIO Precursor cell lymphoblastic
leukemia, NOS

Hematologic 26 ETV6-RUNX1 30/21 Yes

PMABM000CKH Precursor B-cell lymphoblastic
leukemia

Hematologic 91 BCR-ABL1 306/108 Yes

PMABM000CMT Pilocytic astrocytoma Brain 50 KIAA1549-BRAF 3/1 No

PMABM000COD Precursor T-cell lymphoblastic
leukemia

Hematologic 85 MLLT10-PICALM 3/2 Yes

PMABM000COX Ewing sarcoma Sarcoma 60-70 EWSR1-FLI1 18/3 Yes

PMABM000CQF Precursor B-cell lymphoblastic
leukemia

Hematologic 96 RUNX1-ETV6 18/3 Yes

PMABM000CQH Pilocytic astrocytoma Brain 50 KIAA1549-BRAF 5/6 Yes

PMABM000CSL Pilocytic astrocytoma Brain 50 KIAA1549-BRAF 23/11 No

PMABM000CSZ Pilocytic astrocytoma Brain 50 KIAA1549-BRAF 8/4 Yes

PMABM000CUV Alveolar rhabdomyosarcoma Sarcoma 60 PAX3-FOXO1 97/11 Yes

PMABM000CVT B-cell lymphocytic leukemia/small
lymphocytic lymphoma

Hematologic 91 TCF3-PBX1 445/87 Yes

PMABM000CWH Precursor B-cell lymphoblastic
leukemia

Hematologic 88 ETV6-RUNX1 18/15 Yes

PMABM000CWR Acute myloid leukemia, 11q23
abnormalities

Hematologic 95 KMT2A-MLLT10 20/4 Yes

PMABM000CWT Precursor B-cell lymphoblastic
leukemia

Hematologic 84 PAX5-JAK2 46/16 Yes

PMABM000CZK Papillary carcinoma, NOS Solid tumor 80 EML4-ALK 55/12 No

(Continued on following page)
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example, (over)expression of the 3′ fusion partner, is likely
to manifest itself in the RNA-seq data, highlighting addi-
tional tests that could be developed: One could think of
quality controls in the analysis pipeline to screen for po-
tential fusion events that result in overexpression (eg, the

ZCCHC8-ROS1 fusion, Fig 5C) or develop algorithms that
classify tumor entities on the basis of their expression profiles.
This could reveal novel tumor entities,40 not readily diagnosed
using classical methods, or improve diagnostics similar to the
methylation-based classifier used in neuro-oncology.37

TABLE 1. Prospective Pediatric Cancer Cohort, Fusion-Positive Samples (Continued)

Patient Tumor Name Subgroup Tumor % Fusion
Supporting Reads
(Spanning/Junction)

Concordant With
Traditional

PMABM000CZW Precursor T-cell lymphoblastic
leukemia

Hematologic 46 NUP214-ABL1 2/0 Yes

PMABM000DAU Alveolar rhabdomyosarcoma Sarcoma 80 PAX3-FOXO1 167/21 Yes

PMABM000DBC Ependymoma, anaplastic Solid tumor 80 YAP1-MAMLD1 77/11 No

PMABM000DCA Precursor B-cell lymphoblastic
leukemia

Hematologic 92 KMT2A-AFDN 2/0 Yes

PMABM000DCW Precursor B-cell lymphoblastic
leukemia

Hematologic 91 ETV6-RUNX1 25/16 Yes

PMABM000DDN Ewing sarcoma Sarcoma 50-60 EWSR1-ERG 51/11 Yes

PMABM000DDW Precursor B-cell lymphoblastic
leukemia

Hematologic 92 ETV6-RUNX1 26/8 Yes

PMABM000DEI Precursor B-cell lymphoblastic
leukemia

Hematologic 96 ETV6-RUNX1 36/19 Yes

PMABM000DEQ Embryonal rhabdomyosarcoma,
NOS

Sarcoma 80-90 PAX3-WWTR1 1964/830 No

PMABM000DFA Clear cell sarcoma, NOS Sarcoma 85 EWSR1-CREB1 107/72 Yes

PMABM000DFG Pilocytic astrocytoma Brain 60 KIAA1549-BRAF 10/13 Yes

PMABM000DFY Precursor B-cell lymphoblastic
leukemia

Hematologic 94 KMT2A-AFF1 4/31 No

PMABM000DGO Alveolar rhabdomyosarcoma Sarcoma 70 PAX3-FOXO1 2/1 Yes

PMABM000DIC Precursor B-cell lymphoblastic
leukemia

Hematologic 77 ETV6-RUNX1 57/77 Yes

PMABM000DJI Pilocytic astrocytoma Brain 50 KIAA1549-BRAF 6/1 Yes

PMABM000DJW Precursor B-cell lymphoblastic
leukemia

Hematologic , 5 ETV6-RUNX1 1/2 No

PMABM000DKY IF Sarcoma 60 EML4-NTRK3 10/6 No

PMGBM028AAA Acute myeloid leukemia with
abnormal marrow eosinophils

Hematologic 22 CBFB-MYH11 64/30 Yes

PMGBM157AAA Precursor B-cell lymphoblastic
leukemia

Hematologic 50 EP300-ZNF384 143/95 No

Promoter/enhancer
fusions

PMABM000BXM Precursor B-cell lymphoblastic
leukemia

Hematologic 98 AC091133.2-IGH@
(upstream IGF2BP1)

11/2 Yes

PMABM000BXQ Burkitt lymphoma, NOS Hematologic 64 IGH@-CASC11
(upstream MYC)

12/0 Yes

PMABM000CZG Precursor B-cell lymphoblastic
leukemia

Hematologic 22 CEBPB-AS1-IGH@ 148/6 No

PMABM000CEZ Burkitt lymphoma, NOS Hematologic 90 IGH@-CASC11
(upstream MYC)

106/12 Yes

PMABM000CGL Precursor T-cell lymphoblastic
leukemia

Hematologic Unknown TAL1-TRDC 18/77 Yes

Abbreviations: IF, infantile fibrosarcoma; NOS, not otherwise specified.
aThis fusion was initially not identified.
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Although the use of expression values holds promises for
the future, there are several more immediate advantages of
RNA-seq over traditional diagnostic methods. First, it is
more efficient to use a single assay for gene fusion de-
tection than a range of different techniques that require
specific expertise and equipment. Furthermore, RNA-seq
can detect fusion events not yet known to be clinically
relevant. Hence, the assay itself does not have to be
redesigned when novel fusion biomarkers are introduced
into the clinic, in contrast to targeted approaches that will
need to be tested, validated, and implemented.41,42 Sec-
ond, both fusion partners are identified, in contrast to when
break-apart FISH assays are used. This is relevant for tumor
entities where specific fusion partners determine the di-
agnosis, like soft tissue sarcomas; for example, EWSR1-
FLI1 is indicative for Ewing sarcoma, EWSR1-ATF1 for clear
cell sarcoma, and EWSR1-DDIT3 for myxoid liposarcoma.
In the future, even fusion partners of druggable targets
might become relevant predicters of therapy response.43-45

Third, RNA-seq identifies both fusion partners and the
exact breakpoint sequence (Data Supplement). This in-
formation is indispensable when developing patient-
specific assays to determine disease dissemination and
minimal residual disease, for example, in patients with
lymphoma and leukemia.24,46-49 This is especially valuable
when rare fusions are identified for which no predesigned
(commercial) diagnostic test is available.

Although RNA-seq provides clear advantages over current
diagnostic methods, it also has limitations: (1) We deliberately
chose to use fresh (frozen) material for RNA isolation. Al-
though this is normal in hemato-oncology (fresh bonemarrow
or peripheral blood), in tissue diagnostics, it is standard
practice to use formalin-fixed, paraffin-embedded material to
isolate DNA and/or RNA. Instead of adapting our RNA-seq
workflow to compensate for the suboptimal quality and yield
of formalin-fixed, paraffin-embedded tissue–derived RNA,
we opted to change the tissue processing workflow in our
center. This resulted in a high percentage of fresh frozen
tissue being available for RNA-seq (. 97%), and when fresh
frozen material is available, this resulted in RNA of sufficient
quantity and quality to perform RNA-seq in 243 of 244
samples. Since our center is the only centralized center for
pediatric oncology in the Netherlands, this was relatively easy

to implement, but we realize that this is more difficult for
referral laboratories. (2) Our assay requires an input of 300 ng
of total RNA, although as little as 50 ng can be used for small
biopsies. This is still more than the amount required for some
assays, for example, 10 ng for an RT-PCR or a 4 μm tissue
slice for FISH analysis. However, since we had insufficient or
low-quality RNA to perform RNA-seq in only 3% of cases
(n = 7 + 1), in our daily practice, this is not a major issue. For
cases with low amounts of RNA, it is still possible to use
targeted fusion gene detectionmethods. (3) Some fusions are
more readily detected than others, depending on the ex-
pression level of the specific fusion and the neoplastic cell
content of the sample. For example,KIAA1549-BRAF fusions
are lowly expressed. As a result, these fusions would normally
be filtered out had it not been for an inclusion list in our
analysis pipeline. Similarly, fusions lowly expressed or in
samples with a low percentage of neoplastic cells are likely to
be missed if data analysis is not specifically adapted to detect
these fusions. For example, the COL6A2-USP6 fusion that
was initially missed by RNA-seq because of low fusion
fragments per million (, 0.1) combined with the absence of
COL6A2 or USP6 on the inclusion list. (4) Finally, RNA-seq
has a longer turnaround time of 7-21 days compared with
more targeted approaches.

On the basis of the results described in this paper, we
perform RNA-seq for all patient samples in our center. For
now, we will continue the workflow as described here, RNA-
seq in parallel to classical methods. One reason for this is
that some clinical study protocols requiring specific
(classical) diagnostic tests, but we also aim to define the
minimum number of reads required for a reliable RNA-seq
result. We are confident that RNA-seq will replace many of
the classical tests routinely performed in our center in the
future.

We show the advantages of detecting fusion transcripts using
RNA-seq compared with current diagnostic approaches. It
detects both fusion partners and breakpoint regions for
follow-up assays and yields data that could advance future
diagnostic testing. More importantly, it has a significantly
higher diagnostic yield than current diagnostic assays and
can be easily implemented in routine diagnostics.
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10. Massimino M, Tirrò E, Stella S, et al: Impact of the breakpoint region on the leukemogenic potential and the TKI responsiveness of atypical BCR-ABL1
transcripts. Front Pharmacol 12:669469, 2021

11. Blackburn PR, Smadbeck JB, Znoyko I, et al: Cryptic and atypical KMT2A-USP2 and KMT2A-USP8 rearrangements identified by mate pair sequencing in
infant and childhood leukemia. Genes Chromosomes Cancer 59:422-427, 2020

12. Yamazaki M, Nakaseko C, Takeuchi M, et al: Myeloid/lymphoid neoplasm with PDGFRB rearrangement with t (5;10) (q33;q22) harboring a novel breakpoint of
the CCDC6-PDGFRB fusion gene. Intern Med 58:3449-3453, 2019

13. Yoshida A, Arai Y, Kobayashi E, et al: CIC break-apart fluorescence in-situ hybridization misses a subset of CIC-DUX4 sarcomas: A clinicopathological and
molecular study. Histopathology 71:461-469, 2017

14. Fisher C: The diversity of soft tissue tumours with EWSR1 gene rearrangements: A review. Histopathology 64:134-150, 2014

15. Harris MH: Gene rearrangement detection in pediatric leukemia. Clin Lab Med 41:551-561, 2021

16. Niu X, Chuang JC, Berry GJ, et al: Anaplastic lymphoma kinase testing: IHC vs. FISH vs. NGS. Curr Treat Options Oncol 18:71, 2017

17. Vorsanova SG, Yurov YB, Iourov IY: Human interphase chromosomes: A review of available molecular cytogenetic technologies. Mol Cytogenet 3:1, 2010

18. Rack KA, van den Berg E, Haferlach C, et al: European recommendations and quality assurance for cytogenomic analysis of haematological neoplasms.
Leukemia 33:1851-1867, 2019

19. Le Scouarnec S, Gribble SM: Characterising chromosome rearrangements: Recent technical advances in molecular cytogenetics. Heredity (Edinb) 108:75-85,
2012

20. Simons A, Sikkema-Raddatz B, de Leeuw N, et al: Genome-wide arrays in routine diagnostics of hematological malignancies. Hum Mutat 33:941-948, 2012

21. Mason J, Griffiths M: Molecular diagnosis of leukemia. Expert Rev Mol Diagn 12:511-526, 2012

RNA-seq Fusion Detection

JCO Precision Oncology 11

http://www.asco.org/rwc
http://ascopubs.org/po/author-center
http://ascopubs.org/po/author-center
https://openpaymentsdata.cms.gov/
https://openpaymentsdata.cms.gov/


22. Szurian K, Kashofer K, Liegl-Atzwanger B: Role of next-generation sequencing as a diagnostic tool for the evaluation of bone and soft-tissue tumors.
Pathobiology 84:323-338, 2018

23. Vendrell JA, Taviaux S, Béganton B, et al: Detection of known and novel ALK fusion transcripts in lung cancer patients using next-generation sequencing
approaches. Sci Rep 7:12510, 2017

24. Engvall M, Cahill N, Jonsson BI, et al: Detection of leukemia gene fusions by targeted RNA-sequencing in routine diagnostics. BMC Med Genomics 13:106,
2020

25. Maher CA, Kumar-Sinha C, Cao X, et al: Transcriptome sequencing to detect gene fusions in cancer. Nature 458:97-101, 2009

26. Reis-Filho JS: Next-generation sequencing. Breast Cancer Res 11:S12, 2009

27. Haas B, Dobin A, Stransky N, et al: STAR-Fusion: Fast and accurate fusion transcript detection from RNA-seq. bioRxiv, 2017 10.1101/120295

28. Zhou X, Edmonson M, Wilkinson M, et al: Exploring genomic alteration in pediatric cancer using ProteinPaint. Nat Genet 48:4-6, 2016

29. Knezevich SR, Garnett MJ, Pysher TJ, et al: ETV6-NTRK3 gene fusions and trisomy 11 establish a histogenetic link between mesoblastic nephroma and
congenital fibrosarcoma. Cancer Res 58:5046-5048, 1998

30. Church AJ, Calicchio ML, Nardi V, et al: Recurrent EML4–NTRK3 fusions in infantile fibrosarcoma and congenital mesoblastic nephroma suggest a revised
testing strategy. Mod Pathol 31:463-473, 2018

31. Battey J, Moulding C, Taub R, et al: The human c-myc oncogene: Structural consequences of translocation into the igh locus in Burkitt lymphoma. Cell
34:779-787, 1983

32. Akasaka T, Balasas T, Russel LJ, et al: Five members of the CEBP transcription factor family are targeted by recurrent IGH translocations in B-cell precursor
acute lymphoblastic leukemia (BCP-ALL). Blood 109:3451-3461, 2007

33. Gu G, Sederberg MC, Drachenberg MR, et al: IGF2BP1: A novel IGH translocation partner in B acute lymphoblastic leukemia. Cancer Genet 207:332-334,
2014

34. Bernard O, Azogui O, Lecointe N, et al: A third tal-1 promoter is specifically used in human T cell leukemias. J Exp Med 176:919-925, 1992

35. Thiollier C, Lopez CK, Gerby B, et al: Characterization of novel genomic alterations and therapeutic approaches using acute megakaryoblastic leukemia
xenograft models. J Exp Med 209:2017-2031, 2012

36. Gruber TA, Larson Gedman A, Zhang J, et al: An Inv(16)(p13.3q24.3)-encoded CBFA2T3-GLIS2 fusion protein defines an aggressive subtype of pediatric acute
megakaryoblastic leukemia. Cancer Cell 22:683-697, 2012

37. Capper D, Jones DTW, Sill M, et al: DNA methylation-based classification of central nervous system tumours. Nature 555:469-474, 2018

38. Guerreiro Stucklin AS, Ryall S, Fukuoka K, et al: Alterations in ALK/ROS1/NTRK/MET drive a group of infantile hemispheric gliomas. Nat Commun 10:4343,
2019

39. Dufour C, Grill J, Lellouch-Tubiana A, et al: High-grade glioma in children under 5 years of age: A chemotherapy only approach with the BBSFOP protocol. Eur J
Cancer 42:2939-2945, 2006

40. Gu Z, Churchman ML, Roberts KG, et al: PAX5-driven subtypes of B-progenitor acute lymphoblastic leukemia. Nat Genet 51:296-307, 2019

41. Heydt C, Wölwer CB, Velazquez Camacho O, et al: Detection of gene fusions using targeted next-generation sequencing: A comparative evaluation. BMC Med
Genomics 14:62, 2021

42. Kim B, Lee H, Shin S, et al: Clinical evaluation of massively parallel RNA sequencing for detecting recurrent gene fusions in hematologic malignancies. J Mol
Diagn 21:163-170, 2019

43. Childress MA, Himmelberg SM, Chen H, et al: ALK fusion partners impact response to ALK inhibition: Differential effects on sensitivity, cellular phenotypes, and
biochemical properties. Mol Cancer Res 16:1724-1736, 2018

44. Pu X, Ye Q, Cai J, et al: Typing FGFR2 translocation determines the response to targeted therapy of intrahepatic cholangiocarcinomas. Cell Death Dis 12:256,
2021

45. Botton T, Talevich E, Mishra VK, et al: Genetic heterogeneity of BRAF fusion kinases in melanoma affects drug responses. Cell Rep 29:573-588.e7, 2019

46. Mason J, Griffiths M: Detection of minimal residual disease in leukaemia by RT-PCR. Methods Mol Biol 688:269-280, 2011

47. Krumbholz M, Woessmann W, Zierk J, et al: Characterization and diagnostic application of genomic NPM-ALK fusion sequences in anaplastic large-cell
lymphoma. Oncotarget 9:26543-26555, 2018

48. Schuurhuis GJ, Heuser M, Freeman S, et al: Minimal/measurable residual disease in AML: A consensus document from the European LeukemiaNet MRD
Working Party. Blood 131:1275-1291, 2018

49. Ballerini P, Blaise A, Mercher T, et al: A novel real-time RT-PCR assay for quantification of OTT-MAL fusion transcript reliable for diagnosis of t(1;22) and
minimal residual disease (MRD) detection. Leukemia 17:1193-1196, 2003

n n n

Hehir-Kwa et al

12 © 2022 by American Society of Clinical Oncology

https://dx.doi.org/10.1101/120295

	Improved Gene Fusion Detection in Childhood Cancer Diagnostics Using RNA Sequencing
	BACKGROUND
	METHODS
	RESULTS
	Diagnostic Yield
	Promoter and Enhancer Fusions
	Added Value of RNA-seq
	ZCCHC8-ROS1–Positive Glioma

	DISCUSSION
	REFERENCES


