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Gene fusions are one of the most common genomic alterations in pediatric cancer. Many fusions encode
oncogenic drivers and play important roles in cancer diagnosis, risk stratification, and treatment
selection. We report the development and clinical validation of a large custom-designed RNA
sequencing panel, CHOP Fusion panel, using anchored multiplex PCR technology. The panel interrogates
106 cancer genes known to be involved in nearly 600 different fusions reported in hematological
malignancies and solid tumors. The panel works well with different types of samples, including
formalin-fixed, paraffin-embedded samples. The panel demonstrated excellent analytic accuracy, with
100% sensitivity and specificity on 60 pediatric tumor validation samples. In addition to identifying all
known fusions in the validation samples, three unrecognized, yet clinically significant, fusions were also
detected. A total of 276 clinical cases were analyzed after the validation, and 51 different fusions were
identified in 104 cases. Of these fusions, 16 were not previously reported at the time of discovery. These
fusions provided genomic information useful for clinical management. Our experience demonstrates
that CHOP Fusion panel can detect the vast majority of known and certain novel clinically relevant
fusion genes in pediatric cancers accurately, efficiently, and cost-effectively; and the panel provides an
excellent tool for new fusion gene discovery. (J Mol Diagn 2019, 21: 873—883; https://doi.org/
10.1016/j.jmoldx.2019.05.006)

Fusion genes are formed by combining parts of two
different genes into a novel one that typically encodes for an
in-frame chimeric protein, including key domains specified
by the parental genes. Gene fusions are derived from
chromosomal rearrangements, including translocation,
duplication, deletions, inversion, or altered transcription.
Although the exact biological functions of recurrent fusion
proteins may not be fully understood in all cases, the clinical
impact of many has been established definitively.'

Gene fusions occur in all types of human malignancies,
and they are present in tumors that accounted for approxi-
mately 20% of human cancer deaths in 2017.""° Many
recurrent fusions are established to be strong drivers of
tumorigenesis and progression. Novel therapies targeting
these driver fusions in cancer have achieved outstanding
outcomes. For example, all-frans-retinoic acid therapy
against RARA-associated fusions has made acute

promyelocytic leukemia one of the most curable types of
leukemia.®’ Imatinib and related tyrosine kinase inhibitors
dramatically extend the lifespan of patients with chronic
myeloid leukemia, a disease defined by BCR-ABLI
fusion.”® Targeting NTRK gene fusions with tropomyosin
receptor kinase inhibitors has shown a high percentage of
durable responses in NTRK fusion-positive pediatric solid
tumors.”'? In addition to their therapeutic significance,
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Schematic diagram of Children’s Hospital of Philadelphia (CHOP) Fusion panel design and workflow. A: Venn diagram of genes of interest in

leukemia and non—central nervous system (CNS) solid tumor and CNS tumors. B: CHOP Fusion panel workflow, from sample to report. FFPE, formalin fixed,

paraffin embedded.

many gene fusions are pathognomonic diagnostic markers.
PML-RARA fusion is diagnostic for acute promyelocytic
leukemia;’ fusions between TMPRSS2 and ETS transcrip-
tion factor family members are found in 70% of prostate
cancers''; KIAAI549-BRAF is a unique recurrent fusion in
pediatric low-grade gliomas,'> and the presence of a
EWSRI-FLII fusion is diagnostic for Ewing sarcoma.’
Chimeric transcripts encoded by specific fusion genes can
also be used to monitor treatment response and residual
disease. BCR-ABLI transcript levels are routinely monitored
in chronic myeloid leukemia patients receiving tyrosine
kinase inhibitor treatment, and specific response landmarks
have been defined and are used in clinical management.'”

Furthermore, many fusions are important prognostic bio-
markers. RUNXI-RUNXITI fusion characterizes a subtype
of acute myeloid leukemia with favorable outcome and
prolonged median survival.'"* In contrast, most KMT2A
fusion genes are poor prognostic markers in different leu-
kemias.'>'® Pediatric cancers harbor a lower mutation rate
compared with adult cancers, and fusion genes are common
disease- or subtype-defining oncogenic drivers in pediatric
leukemias, solid tumors, and central nervous system (CNS)
tumors.'’

Traditional methods for fusion transcript or fusion protein
detection include chromosomal karyotyping, fluorescence in
situ hybridization, RT-PCR, and immunohistochemistry

Table 1

Primer Sequences for Fusion Confirmation and CRLF2 and EPOR Expression

Gene or gene
fusion

PCR reaction

Forward primer

Reverse primer

INF274-JAK2 PCR1 5'-GGTTTTACCCCGGAAGAGTG-3’ 5'-GCAGGAAGCTGATGCCTATC-3’
PCR2 5'-TGTAAAACGACGGCCAGTAGGGAA- 5'-CAGGAAACAGCTATGACCTGCA-
GTGATGCTGGAGAA-3’ GATTTCCCACAAAGTG-3'
PAX5-ZCCHC7 PCR1 5'-ACACCAACAAGCGCAAGAGA-3’ 5'-GGCTGGACAGGAATACAGGA-3’
PCR2 5'-TGTAAAACGACGGCCAGTACTT- 5'-CAGGAAACAGCTATGACCCAGATAA-
CCTCCGGAAGCAGATG-3' TGTTTTTGTTGGCTGAA-3’
ATF7IP-PDGFRB PCR1 5'-CCTTGCCAAATCCCACTAAA-3’ 5'-TTTCATCGTGGCCTGAGAAT-3’
PCR2 5'-TGTAAAACGACGGCCAGTGCCA- 5'-CAGGAAACAGCTATGACCCCTTCC-
CAAGGACTTCTTTACCC-3' ATCGGATCTCGTAA-3’
CENPC-ABL1 PCR1 5'-ACAGAGCAAGGCCAGAATGT-3’ 5/-ACACCATTCCCCATTGTGAT-3’
PCR2 5'-TGTAAAACGACGGCCAGTTGTATT - 5'-CAGGAAACAGCTATGACCACGAAAA-
CAGTCACCAAGCAAAGA-3' GGTTGGGGTCATT-3’
NUP153-ABL1 PCR1 5'-CATCTCTGACTCCTTCTGGTGA-3’ 5'-CCACCGTCAGGCTGTATTTC-3’
PCR2 5'-TGTAAAACGACGGCCAGTTGACA- 5'-CAGGAAACAGCTATGACCGGGGGACA-
CCCGGACAAAATAGAG-3' CACCATAGACAG-3'
SPTAN1-ABL1 PCR1 5'-ACCGCTTCAAGGAACTCTCA-3’ 5'-TGGTGTCCTCCTTCAAGGTC-3’
PCR2 5'-GTAAAACGACGGCCAGTCAACCC- 5'-CAGGAAACAGCTATGACGGATAATGCG-
TTAGGCGTCAGAAG-3' AGCGTGGTGAT-3'
CRLF2 RT-PCR 5'-ATGCCAGCAAATACTCCAGGAC-3’ 5'-AAGGTAGTTGGTGCACTGGTCAT-3’
EPOR RT-PCR 5'-ATCCTCGTGGTCATCCTGGTG-3’ 5'-GGATGCCAGGCCAGATCTTC-3’
ACTB RT-PCR 5'-CCTGAACCCCAAGGCCAAC-3’ 5'-ACAGCCTGGATAGCAACGTACA-3’
874 jmd.amjpathol.org m The Journal of Molecular Diagnostics


http://jmd.amjpathol.org

Clinical Validation of a Fusion Panel

A 40- Average = 542X B 105+ C 50+ c4.C6
8 o ]
o 0 | 5
- 3 100 2 40
—_ E -
< c
= - 95 6 304
Q 2 A
5 % 904 = 201
& 4ol 5 3 . -
T g5 8 101 O
oA & * % a8
25 75 100 250 1000 2500 5000 80 T T T T T T
BM/Blood Tissue FFPE BM/Blood Tissue FFPE
Read depth
D Sensitivity of fusion detection
200
__180 A—— & Fusion-supporting KMT2A-
£ 160 Fusion-posiiive RNA(o) unique start sites |ARHGEF12
3 140 100 187 +
© 120 50 95 +
2100 20 68 +
£ 80 10 59 +
2 60 5 43 +
3 2 2 ¥
20 1 8 +
0
0 20 40 60 80 100
Fusion-positive RNA (%)
Figure 2  Analytical performance of Children’s Hospital of Philadelphia (CHOP) Fusion panel. A: Coverage of all targeted genes. B: Comparison of read-on-target

rate among bone marrow (BM)/blood, fresh/frozen tissue, and formalin-fixed, paraffin-embedded (FFPE) samples. C: Comparison of deduplication ratio among
bone marrow/blood, fresh/frozen tissue, and FFPE samples. D: Detection limit of CHOP Fusion panel using a serial dilution assay.

stain.'® % Although each of these technologies has specific
technique limits, a common limitation is poor compatibility
with multiplexing, preventing these methods from interro-
gating multiple fusion genes simultaneously, which is
especially important when the diagnosis is unclear.''?*!**
The emergence of next-generation sequencing (NGS) tech-
nology and modern computational tools allows sequencing
numerous genes in parallel and facilitates the identification
of fusion. We have developed an NGS-based test that is
capable of interrogating many fusion partner genes for
known and novel fusions in a variety of tumors simulta-
neously. Herein, we present the development and clinical
validation of a large custom-designed fusion panel, Chil-
dren’s Hospital of Philadelphia (CHOP) Fusion panel, using
RNA sequencing. Detailed analytical performance and
clinical utility of the panel are also discussed.

Materials and Methods

Validation and Clinical Samples

Previously characterized samples from our laboratory and
the Children’s Oncology Group with known fusion tran-
scripts were used for validating CHOP Fusion panel.
Different tissue types commonly used for genomic diag-
nosis were used, including bone marrow (BM)/peripheral
blood (PB), fresh or fresh frozen tissue, and formalin-fixed,
paraffin-embedded (FFPE) samples from different leuke-
mias, CNS tumors, and non-CNS solid tumors. The vali-
dation study was performed in a double-blinded manner
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(F.C., F.L.), so that both the testing personnel and analytic
personnel had no knowledge of the fusions present in the
samples analyzed. Clinical tumor samples from patients
referred for genomic testing were also tested with the panel
to evaluate the clinical validity and clinical utility.

Panel Design

A total of 106 genes known to be involved in cancer-
associated fusion genes were examined using Anchored
Multiplex PCR technology, powered by unidirectional
gene-specific primers, sample indexes, and molecular
barcodes for multiplex targeted RNA sequencing
(ArcherDX, Inc., Boulder, CO). Target-specific primers
covering 586 exons were custom designed to identify
known fusion transcripts and potential novel fusion tran-
scripts associated with 106 cancer genes. The genes targeted
in this panel are listed in Supplemental Table S1 and
Figure 1A. To identify potential fusions involving Ig genes,
multiple probes were designed to cover the entire partner
genes, such as MYC, CRLF2, and EPORI, enabling as-
sessments of gene expressions.

Nucleotide Extraction

Total RNA from BM/PB or fresh/frozen tissues was
extracted using the RiboPure RNA Purification Kit (Thermo
Fisher Scientific, Waltham, MA) or the RNeasy Mini Kit
and TissueLyser-LT (Qiagen, Hilden, Germany), respec-
tively, according to the manufacturer’s instructions. Total
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Table 2

All Fusions Identified by CHOP Fusion Panel in Validation Samples

Sample
1D

Fusion
detected

Junction exons

Clinical indication

Sample type

V1

V2

V3

V4

V5

V6

V7

V8

V9

V10

Vi1

V12

V13

V14

V15

V16

V17

V18

V19

V20

V21

V22

V23

V24

V25

V26

876

NUP214-ABL1

ETV6-ABL1

ZMIZ1-ABL1

RANBP2-ABL1

RCSD1-ABL2

Z(3HAV1-ABL2

SS5BP2-(CSF1R

EBF1-PDGFRB

BCR-JAK2

PAX5-JAK2

RCSD1-ABL1

FOXP1-ABL1

NUP153-ABL1*

SPTAN1-ABL1*

STIL-TAL1

P2RY8-CRLF2

EPOR-IGH

IGH-CRLF2
PAX5-ZCCHC7*

ETV6-JAK2

TERF2-JAK2

ATF7IP-PDGFRB*

ETV6-NTRK3

CENPC-ABL1*

SSBP2-JAK2

ZNF274-JAK2*

ATF7IP-JAK2

PAG1-ABL2

PAX5-JAK2

NUP214 (NM_005085.3):exon 32/ABL1
(NM_005157.5):exon2

ETV6 (NM_001987.4):exon 5/ABL1
(NM_005157.5):exon 2

ZMIZ1 (NM_020338.3):exon 18/ABL1
(NM_005157.5):exon 2

RANBP2 (NM_006267.4):exon 18/ABL1
(NM_005157.5):exon 2

RCSD1 (NM_052862.3):exon 3/ABL2
(NM_007314.3):exon 5

Z(3HAV1 (NM_020119.3):exon 12/ABL2
(NM_007314.3):exon 3

SSBP2 (NM_012446.3): exon 15/CSFIR
(NM_005211.3):exon 12

EBF1 (NM_024007.3): exon 15/PDGFRB
(NM_002609.3):exon 11

BCR (NM_004327.3):exon 1/JAK2
(NM_004972.3):exon 19

PAX5 (NM_016734.2):exon 5/JAK2
(NM_004972.3):exon 19

RCSD1 (NM_052862.3):exon 2/ABL1
(NM_005157.5):exon 4

FOXP1 (NM_032682.5):exon 19/ABL1
(NM_005157.5):exon 4

NUP153 (NM_005124.3):exon 11/ABL1
(NM_005157.5):exon 4

SPTAN1 (NM_003127.3): exon 2/ABL1
(NM_005157.5):exon 4

STIL (NM_003035.2): exon 1/TAL1
(NM_003189.5):exon 5

P2RY8 (NM_178129.4): exon 1/CRLF2
(NM_022148.3): exon 1

EPOR (NM_000121.3): exon 8/IGH
(NC_000014):exon 1

?/CRLF2 (NM_022148.3):exon 1

PAX5 (NM_016734.2):exon 6/ZCCHC7
(NM_032226.2):exon 3

ETV6 (NM_001987.4):exon 4/JAK2
(NM_004972.3):exon 17

TERF2 (NM_005652.4):exon 8/JAK2
(NM_004972.3):exon 19

ATF7IP (NM_018179.4):exon 9/PDGFRB
(NM_002609.3):exon 11

ETV6 (NM_001987.4):exon 5/NTRK3
(NM_002530.3):exon 15

CENPC (NM_001812.2):exon 5/ABL1
(NM_005157.5):exon 2

SSBP2 (NM_012446.3):exon 15/JAK2
(NM_004972.3):exon 13

ZNF274 (NM_133502.2):exon 4/JAK2
(NM_004972.3):exon 17

ATF7IP (NM_018179.4):exon 13/JAK2
(NM_004972.3):exon 17

PAG1 (NM_018440.3):exon 8/ABL2
(NM_007314.3):exon 5

PAX5 (NM_016734.2):exon 5/JAK2
(NM_004972.3):exon 19

Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia

Acute lymphoblastic leukemia

Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia
Acute lymphoblastic leukemia

Acute lymphoblastic leukemia

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

Bone marrow

(table continues)
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Table 2  (continued)

Sample Fusion

1D detected Junction exons Clinical indication Sample type

V27 ZEB2-PDGFRB ZEB2 (NM_014795.3):exon 9/PDGFRB Acute lymphoblastic leukemia Bone marrow
(NM_002609.3):exon 9

V28 KIAA1549-BRAF KIAA1549 (NM_020910.2):exon 15/BRAF Brain tumor FFPE
(NM_004333.4):exon 9

V29 KIAA1549-BRAF KIAA1549 (NM_020910.2):exon 16/BRAF Brain tumor FFPE
(NM_004333.4):exon 9

V30 KIAA1549-BRAF KIAA1549 (NM_020910.2): exon 15/BRAF Brain tumor FFPE
(NM_004333.4):exon 9

V31 EPOR-IGH EPOR (NM_000121.3):exon 8/IGH Acute lymphoblastic leukemia Bone marrow
(NC_000014):exon 1

V32 P2RY8-CRLF2 P2RY8 (NM_178129.4):exon 1/CRLF2 Acute lymphoblastic leukemia Bone marrow
(NM_022148.3):exon 1

V33 P2RY8-CRLF2 P2RY8 (NM_178129.4):exon 1/CRLF2 Acute lymphoblastic leukemia Bone marrow
(NM_022148.3):exon 1

V34 IGH-CRLF2 ?/CRLF2 (NM_022148.3):exon 1 Acute lymphoblastic leukemia Bone marrow

Q1 EWSR1-CREB1 EWSR1 (NM_005243.3):exon 7/CREB1 Angiomatoid fibrous histiocytoma FFPE
(NM_004379.4):exon 6

c2 NOTCH1-ROS1* NOTCH1 (NM_017617.3):exon 30/R0S1 Angiosarcoma FFPE
(NM_002944.2):exon 34

3 KMT2A-ARHGEF12 ~ KMT2A (NM_005933.3):exon 10/ARHGEF12 Burkitt lymphoma Frozen tissue
(NM_015313.2):exon 12

C4 CIC-DUX4 CIC (NM_015125.4):exon 20/DUX4 Small round cell malignancy FFPE
(NM_033178.2):exon 1

(5 WFS1-PLAG1 * WFS1 (NM_006005.3):exon 1/PLAGI Anaplastic astrocytoma Frozen tissue
(NM_002655.2):exon 3

C6 KIAA1549-BRAF KIAA1549 (NM_020910.2):exon 16/BRAF Brain tumor FFPE
(NM_004333.4):exon 9

C7 GOLGA5-JAK2* GOLGA5 (NM_005113.3):exon 10/JAK2 Acute lymphoblastic leukemia Bone marrow

(NM_004972.3):exon 19

All NM_numbers are searchable in Nuccore (https://www.ncbi.nlm.nih.gov/nuccore, last accessed May 30, 2019). Fusions not detected by previous tests are

shown in bold.
*Novel fusions.

CHOP, Children’s Hospital of Philadelphia; FFPE, formalin fixed, paraffin embedded; ID, identification.

nucleic acid was extracted from FFPE samples using the
Agencourt FormaPure Kit (Beckman Coulter, Indianapolis,
IN), following the user manual with a few modifications,
including eliminating DNase treatment, using 70°C heat
block instead of 72°C water bath, and adding a reverse
cross-linking step by incubating at 80°C for 60 minutes. The
minimum concentration of 7.5 ng/uL of single-stranded
RNA measured by Qubit (Thermo Fisher Scientific) is
required for library preparation.

Library Preparation and Sequencing

Libraries were constructed using Archer Universal RNA
Reagent Kit version 2 (ArcherDX, Inc.) with 150 ng of RNA
or 250 ng of total nucleic acid. The workflow is illustrated in
Figure 1B. RNA quality control was performed after first-
strand cDNA synthesis using real-time quantitative PCR
(qPCR). Libraries were quantified using KAPA Biosystems
gPCR kit for Illumina, according to the user guide (KAPA
Biosystems, Wilmington, MA). After quantification, the
barcoded libraries were pooled at equimolar concentrations

The Journal of Molecular Diagnostics m jmd.amjpathol.org

and sequenced on Illumina MiSeq platform with MiSeq
version 2 300-cycle reagent kit (Illumina, San Diego, CA).

Sequence Data Analysis

Paired-end sequence data were uploaded to Archer Analysis
software version 4 (ArcherDX, Inc.), installed on the on-site
virtual machine server for analysis using CHOP Fusion
panel region of interest. PCR duplicates were removed by
consolidating reads with the same molecular barcode into a
single consensus read. The minimum of 150,000 unique,
mapped reads is required to pass quality control for down-
stream analysis. Each unique read, considered as a fusion-
supporting read, has to satisfy two conditions: it spans two
separate genes; and at least a 23-bp sequence is mapped on
either side of an apparent break point. The criteria of strong
evidence for a fusion include five or more unique fusion-
supporting reads (approximately 10% of total reads) and
three unique start sites, reflecting random ligation of the
universal adapter. The unique reads mapped to the
consensus sequence were visualized directly in Archer
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Analysis software using the JBrowse genome browser”
(Evolutionary Software Foundation, Berkeley, CA).

Fusion Confirmation

Novel fusions were confirmed by nested PCR, followed by
Sanger sequencing. The primers were designed using
Primer3.”* The first strand of cDNA was synthesized using
iScript Reverse Transcription Supermix for RT-qPCR
(Bio-Rad, Hercules, CA). PCR was assayed using Qiagen
Fast Cycling PCR kit, according to the manufacturer’s
manual. The PCR product was sequenced on an ABI 3730
DNA analyzer (Thermo Fisher Scientific). Confirmation
primers used in the study are summarized in Table 1. Pre-
viously unrecognized fusion genes in validation samples
and all fusions identified in the clinical samples were
orthogonally confirmed.

Real-Time Quantitative PCR for Gene Expression

The expression level of CRLF2 and EPOR in samples with
CRLF2- or EPOR-associated fusions and control samples
was evaluated by qPCR. The qPCR was performed using
iTaq Universal SYBR Green Supermix 2X (Bio-Rad) and
ABI QuantStudio Real-Time PCR thermocycler (Thermo
Fisher Scientific), with the PCR parameters of 95°C for 2
minutes, followed by 45 cycles of 95°C for 15 seconds and
60°C for 30 seconds. Melting experiments were performed
after the last PCR cycle by increasing by 0.2°C every 5
seconds from 60°C to 95°C. Melting curves were analyzed
by QuantStudio Real-Time PCR Software version 1.3
(Thermo Fisher Scientific). The PCR primers for CRLF2
and ACTB (internal control) can be found in Table 1.

Statistical Analysis

The coverage of each gene on the panel was calculated
using the median of unique reads of all exons in each gene.
The heat map for visualization of gene expression was
generated by Archer Analysis software using four built-in
housekeeping gene (VCP, GPI, RAB7A, and CHMP2A).
Gene expression was calculated on the basis of the ratio of
unique reads between target gene and housekeeping gene
VCP using raw data from CHOP Fusion panel. Samples in
the validation study were grouped on the basis of tissue
types: BM/PB, fresh/frozen tissue, and FFPE samples. The
distributions of on-target rate (%) of reads and deduplication
ratio of three tissue types were evaluated using pairwise
Wilcoxon rank sum tests against the hypothesis of equal
medians of each group in the tests. P < 0.001 was
considered significant.

878

Results

Analytical Performance

Coverage and Deduplication Ratio

To evaluate the analytical performance of CHOP Fusion
panel, libraries were generated from 60 validation samples,
including 34 known fusion-positive samples (27 from the
Children’s Oncology Group and 7 from our laboratory), 3
negative controls, and 23 clinical samples with no prior
knowledge about the presence or absence of a fusion. These
samples represented three major specimen types in clinical
practice (namely, BM/PB, fresh/frozen tissues, and FFPE
samples). The coverage (unique reads per gene) of all genes
ranged from 25 to >4000 unique reads, with an average of
542 unique reads per gene (Figure 2A). Over 92% of reads
were successfully aligned to the desired region of interest,
indicating a strong enrichment for the region of interest. The
on-target rates were 90.9% for BM/PB, 93.0% for fresh/
frozen tissues, and 93.5% for FFPE samples (Figure 2B). A
pairwise Wilcoxon test showed no significant difference
between any of the two groups. Deduplication ratios were
used to assess the complexity of cDNA libraries. The
average deduplication ratios for BM/PB, fresh/frozen tis-
sues, and FFPE samples were 4.1, 6.7, and 17.9, respec-
tively (Figure 2C). The higher deduplication ratio of FFPE
samples was largely contributed by two samples with
extremely poor RNA quality (C4 and C6 in Figure 2C),
which were used in the validation study purposely to eval-
uate the performance of the panel on poor-quality samples.
Overall, CHOP Fusion panel yielded high on-target rates
and high library complexity in validation samples.

Analytic Sensitivity and Specificity

Of the 34 known fusion-positive samples and 3 negative
controls, no fusions were found in the three negative
controls. For the 34 positive samples, all fusion genes
previously identified by other technologies (RNA
sequencing, fluorescence in situ hybridization, or RT-PCR)
were detected, demonstrating 100% sensitivity. In addi-
tion, three new fusions (STIL-TALI in V14, PAXS5-
ZCCHC7 in V17, and PAX5-JAK2 in V26), which were
missed by previous tests, were detected (Table 2). These
fusions were considered clinically significant and
confirmed by RT-PCR. Twenty-three additional clinical
samples were tested using CHOP Fusion panel, and seven
fusion genes were detected and confirmed by RT-PCR or
fluorescence in situ hybridization. In total, 44 fusion genes
were detected in 60 samples of various tissue types from a
spectrum of tumors (Table 2). Remarkably, 9 of the 44
fusions had, to the best of our knowledge at the time of
detection, never been reported before, all of which were
confirmed by nested PCR, followed by Sanger sequencing
(Supplemental Figure S1). Furthermore, a KIAAI1549-
BRAF and a CIC-DUX4 were detected from two FFPE
samples with extremely poor RNA quality, indicated by
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Figure 3  CRLF2/EPOR overexpression as a result of promoter fusion.
Children’s Hospital of Philadelphia (CHOP) Fusion panel detects the over-
expression of CRLF2 (A) and EPOR (B) caused by promoter fusion consistent
with RT-PCR. Top panels: Gene expression level by CHOP Fusion panel
(normalized against housekeeping gene VCP) or by RT-PCR (normalized with
housekeeping gene ACTB). Bottom panels: Visualization of gene expression
level using Archer Analysis software. version 4

high deduplication ratios (Figure 2C), reflecting high an-
alytic sensitivity of the assay.

Detection Limit

To evaluate the detection limit of CHOP Fusion panel, serial
dilution experiments were performed. An RNA sample with
a KMT2A-ARHGEF 12 fusion was serially diluted with RNA
from a normal control to generate various levels of mosai-
cism, from 100% to 1% (Figure 2D). The panel successfully
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detected the fusion with 1% fusion-positive RNA in this
sample. In addition, a linear positive correlation was
demonstrated between tumor RNA percentage and numbers
of fusion-supporting reads with unique start sites
(Figure 2D).

Gene Expression Analysis for CRLF2 and EPOR

CRLF?2 and EPOR often fuse with the promoter or enhancer
of Ig genes, and these fusions could be missed by RNA
sequencing. Because these fusions lead to increased CRLF2
or EPOR expression, the presence of a gene fusion was
inferred using gene expression levels. The expression levels
of these genes were measured by comparing the numbers of
unique reads in the genes with that of the housekeeping
gene VCP. The heat map generated by CHOP Fusion panel
from three CRLF?2 fusion-negative samples and four posi-
tive samples harboring CRLF2 rearrangements (P2RYS-
CRLF?2 or IGH-CRLF?2) provided quantitative evidence of
potential CRLF2 fusions at the expression level: barely
detectable CRLF2 expression in CRLF2 fusion-negative
samples and clearly increased expression in CRLF2
fusion-positive samples (Figure 3A). The levels of gene
expression are in complete concordance between the NGS
data and the qPCR results. Similar expression patterns of
EPOR were also observed on two samples harboring EPOR-
IGH fusions (Figure 3B).

High Yield of Clinically Significant Fusions

After completing the validation study with 60 samples,
CHOP Fusion panel was evaluated for clinical utility using
276 consecutive clinical cancer samples, including 92 leu-
kemias, 113 non-CNS solid tumors, and 71 CNS tumors. Of
the 276 samples, 104 (37.7%) were found to harbor at least
one fusion gene. Although a higher percentage (45.7%) of
leukemia patients carrying positive findings compared with
that of non-CNS solid tumor (34.5%) and CNS tumor
(32.4%) patients was observed, there was no statistically
significant difference among the three groups (Figure 4A).
Of the 53 FFPE samples, 22 were positive for a fusion
(41.5%), which was a similar detection rate when compared
with BM/PB (37/79; 46.8%; P > 0.05) and fresh/frozen
tissues (45/144; 31.2%; P > 0.05) (Figure 4B). Among the
51 unique fusions, 35 were known recurrent fusions and the
remaining 16 had not been reported in the literature at the
time of detection (Figure 4C). The fusion with highest fre-
quency was ETV6-RUNXI in leukemia (9 examples),
EWSRI-FLI in non-CNS solid tumors (5 examples), and
KIAA1549-BRAF in  CNS tumors (13 examples)
(Figure 4D), consistent with the high frequencies of asso-
ciated diseases [ie, acute lymphoblastic leukemia (ALL),
Ewing sarcoma, and low-grade glioma in pediatric patients].
Of patients, 33% (90/276) were found to carry clinically
significant fusions based on the Association for Molecular
Pathology/American Society of Clinical Oncology/College
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of American Pathologists guidelines for somatic variant
interpretation and reporting.”” Of patients, 5% (14/276) had
fusions of uncertain clinical significance. Among the pa-
tients harboring fusions of clinical significance, 50.0% (45/
90) had fusions impacting patient treatment, 93.3% (84/90)
had fusions providing genomic evidence for diagnosis, and
54.4% (49/90) had fusions of prognostic significance
(Figure 4E and Supplemental Table S2).

Discussion

As an increasing number of clinically significant fusions are
being identified, and the recognition that a cancer gene may
have a variety of fusion partners with varying break points,
an efficient method allowing the detection of many recurrent
and novel fusions in different tumors simultaneously is
critically important. We developed and clinically validated a
large custom-designed fusion assay, CHOP Fusion panel,
which covers 106 major fusion-associated cancer genes and
586 known fusion transcripts and is capable of identifying
potential novel fusions using NGS-based RNA sequencing.
To the best of our knowledge, this is the largest pan-cancer
fusion panel published so far. Although the panel is clini-
cally validated for pediatric cancers, it has broad applica-
bility for most adult cancer—related fusions as well.

880

CHOP Fusion Panel Demonstrates Excellent Analytic
Performance on Different Tissues

CHOP Fusion panel demonstrated outstanding analytical
performance characteristics. Of the 60 validation samples,
no fusions were detected in three negative controls and all
previously identified fusions were correctly detected. Ten
additional fusions, including three from Children’s
Oncology Group samples and seven from 23 clinical sam-
ples, were orthogonally confirmed by RT-PCR. These re-
sults demonstrate 100% specificity and 100% sensitivity of
the assay for the validation samples. To assess the detection
limit of the assay, serial dilutions of a sample with KMT2A-
ARHGEF 1?2 fusion were performed; the assay could detect
this fusion with 1% of fusion-positive RNA (Figure 2D). It
is important to point out that this fusion with average unique
supporting reads was purposely chosen for the detection
limit study. Although this detection limit represents most of
the fusions, the detection limit could be <1% for fusions
with higher levels of expression, such as ETV6-RUNXI, or
may not be as low as 1% for fusions with a lower-level
expression, such as BCL6-associated fusions. Although
CHOP Fusion panel demonstrates an excellent detection
limit, it is not recommended for quantitative monitoring of
minimal residual disease for clinical decision making in its
current design. However, the assay provides detailed
sequence information about the fusions detected, enabling
the design of personalized RT-qPCR testing to trace
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Figure 5  Schematic diagram of protein domains of selected fusions,
detailed fusion sequences, and Sanger confirmation. A: KIAA1549-BRAF and
GIT2-BRAF in pilocytic astrocytoma patients. B: Two different BCR-ABL1
fusions in a chronic myeloid leukemia (CML) and a B-cell acute lympho-
blastic leukemia (B-ALL) patient. C: CENPC-ABLI in a B-ALL patient. Black
arrows indicate the direction of reading frame; red arrows, the break
points on mRNA level.

treatment response, monitor molecular minimal residual
disease, and identify early disease relapse.”

FFPE tissue specimens are one of the most common
types of tissues for genomic profiling. FFPE samples with
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different levels of degradation were selectively tested to
determine how well CHOP Fusion panel performs with
FFPE samples and the minimum RNA quality required.
The results showed a comparable read-on-target ratio
among the libraries generated from BM/PB, fresh/frozen
tissue, and FFPE samples (Figure 2B), indicating excellent
enrichment of targeted transcripts regardless of RNA
sources. The library complexity of FFPE samples was
generally poorer than that of other specimen types, which
was reflected by the significantly higher deduplication
ratio (Figure 2C). Nonetheless, the fusion panel was able
to detect fusions in 41.5% of FFPE clinical samples,
comparable to the detection rates of other sample types
(Figure 4B). It is worth mentioning that samples C4 and
C6 had poor RNA quality, evidenced by a high pre-
sequencing qPCR value (Ct values, 32.0 and 31.6,
respectively; laboratory cutoff Ct, <28.5) and a high
deduplication ratio (>40; laboratory cutoff, <20); never-
theless, CIC-DUX4 and KIAA1549-BRAF were identified
with 128 and 14 unique fusion-supporting reads, respec-
tively, as well as 4 and 10 unique fusion-supporting
starting sites in the respective samples.

Open-Ended Anchored Multiplex PCR Technology Leads
to High Yield of Clinically Significant Fusions

Unlike RT-PCR or NGS technologies that require opposing
primers, Anchored Multiplex PCR technology uses unidi-
rectional gene-specific primers on the major translocation
partner genes, allowing for the detection of multiple
different fusions partners. For example, KMT2A has >100
different known translocation partners with numerous
translocation break points. Targeting all known trans-
location break points on the KMT2A gene using the
Anchored Multiplex PCR technology can theoretically
detect all known KMT2A-associated fusions. In addition, the
open-ended nature of the technology enables the detection
of not only previously described fusions but also previously
unrecognized fusions, leading to significantly increased
detection rates. Of 51 unique fusions identified in this study,
16 (31.4%) had not been reported at the time of detection
(Figure 4C). In addition, CHOP Fusion panel provides
detailed fusion information (ie, where the two genes fuse
together), as well as their sequence information, which can
be important for determining the clinical significance of
novel fusions. If novel fusions identified contain protein
domains with well-studied functions in the recurrent fu-
sions, the function of the novel fusions can be reasonably
assumed. KIAA1549-BRAF is the most common fusion gene
in pediatric low-grade gliomas, predominantly associated
with pilocytic astrocytoma (70%). This fusion gene keeps
the C-terminal serine/threonine-protein kinase B-Raf
(BRAF) protein kinase domain with a substituted N-termi-
nal region missing the BRAF autoregulatory domain,
resulting in constitutive activation of the BRAF kinase.'”
Although most BRAF fusions in pilocytic astrocytoma
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were KIAA1549-BRAF, with the one combining KIAA1549
exon 16 to BRAF exon 9 (KIAA1549°*°"'S_BRAF®**") the
most common, CHOP Fusion panel also detected a novel
fusion, GIT2%°™>_BRAF*°™, in a patient suspected of
having pilocytic astrocytoma (Figure 5A). The GIT2-BRAF
fusion retained the BRAF kinase domain and lost the N-
terminal BRAF autoregulatory domain, presumably leading
to constitutive activation of the BRAF kinase. A similar
fusion, GIT27*°""*-BRAF™*°™, was later reported by Helg-
ager et al”’ in a patient with pilocytic astrocytoma. We have
since detected additional novel BRAF fusions in pediatric
low-grade gliomas (F.L., K.C., L.F.S., M.M.L., unpublished
data). Another example was a CENPC-ABLI fusion in a
patient with ALL (Figure 5, B and C), which was later re-
ported in a Children’s Oncology Group study on high-risk
B-cell ALL.”® Because all genes in this panel are involved
in recurrent fusions associated with cancer development/
progression, the significance of the novel fusions (fusions of
these genes with new partners) detected by our panel can be
reasonably presumed in most cases.

CHOP Fusion Panel Provides Genomic Evidence That
Impacts Clinical Care

After completion of the assay validation, 276 pediatric
tumors were tested with CHOP Fusion panel, and 106
fusions in 104 patients were detected, 84.9% (90/106) of
which were classified as clinically significant. Of the clini-
cally significant fusions, 50% (45/90) impacted patient
treatment, including potential targeted therapy in 40 cases,
such as targeting the Janus kinase (JAK)-STAT pathway in
Philadelphia chromosome—like ALL (Ph-like ALL) with
EPOR-associated fusions (Figure 4E). Of the clinically
significant fusions, 93% (84/90) provided genomic evidence
for disease diagnosis (Figure 4E), including nine cases
(10%) in which the results altered the original diagnosis. For
example, a novel EWSRI-CREB3L3 fusion was found in a
patient diagnosed with atypical Ewing sarcoma, which led
to the change of diagnosis to sclerosing epithelioid fibro-
sarcoma and an altered treatment plan for the patient. Of the
clinically significant fusions, 54% (49/90) were of prog-
nostic significance (Figure 4E), such as TCF3-HLF fusions
associated with extremely poor outcomes and ETV6-RUNXI
fusions related to good prognosis in ALL. The information
not only aided in stratifying patient risk, but also helps with
treatment decision making.

Because of the nature of RNA sequencing, Ig gene (IGH,
IGK, and IGL) associated fusions may or may not be
detected by CHOP Fusion panel, depending on the break
points on these gene. These fusions take advantage of the
active promoter or enhancer of the Ig genes to increase the
expression of the partner genes.”” ' To detect these
fusions, the partner genes, such as MYC, CRLF2, and EPOR
genes, with gene-specific primers to evaluate gene expres-
sion were heavily targeted (Figure 3). This assay not only
successfully revealed the overexpression of CRLF2 and
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EPOR in fusion-positive cases, but also provided consistent
quantitative expression comparable to the result of qPCR
(Figure 3). Suspected fusions should be confirmed using
clinically validated orthogonal methods. In addition, CHOP
Fusion panel can provide the gene expression signature for
research purposes.

In summary, CHOP Fusion panel is an accurate, efficient,
and cost-effective NGS-based RNA sequencing assay for
identifying fusion transcripts in pediatric cancers. It can
replace most of currently used fluorescence in situ hybrid-
ization and RT-PCR assays for fusion detection and
molecular diagnosis of childhood cancers.
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