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Tumor molecular profiling is becoming a standard of care for patients with cancer, but
the optimal platform for cancer sequencing remains undetermined. We established a
comprehensive assay, the Todai OncoPanel (TOP), which consists of DNA and RNA
hybridization capture-based next-generation sequencing panels. A novel method for
target enrichment, named the junction capture method, was developed for the RNA
panel to accurately and cost-effectively detect 365 fusion genes as well as aberrantly
spliced transcripts. The TOP RNA panel can also measure the expression profiles of
an additional 109 genes. The TOP DNA panel was developed to detect single nucleo-
tide variants and insertions/deletions for 464 genes, to calculate tumor mutation
burden and microsatellite instability status, and to infer chromosomal copy number.
Clinically relevant somatic mutations were identified in 32.2% (59/183) of patients by
prospective TOP testing, signifying the clinical utility of TOP for providing personal-

ized medicine to cancer patients.
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1 | INTRODUCTION

The advent of large-scale cancer genomic analyses has identified nu-
merous driver genesi*2 and germ line variants that increase cancer
susceptibility‘3 We increasingly understand the molecular determi-
nants of oncogenesis, including genomic alterations that may affect
proliferation-associated pathways. Although next-generation se-
quencing (NGS)-based laboratory tests have been rapidly developed
and several large-scale clinical sequencing studies have proved their
utility in cancer precision medicine, such tests are still available only
at limited institutes. Most of these cancer gene panels are based
on sequencing the gDNA of target genes isolated either by poly-
merase chain reaction (PCR)>¢ or probe hybridization,”*° enabling
the detection of single nucleotide variants (SNV), small insertions/
deletions (indels) and copy number variation (CNV).

Fusion transcripts or aberrantly spliced transcripts are another
important class of oncogenic somatic alterations. Examples such
as BCR-ABL1 fusion in chronic myeloid leukemia®' or EML4-ALK
fusion in non-small-cell lung cancer (NSCLC)'? have led to the de-
velopment of novel first-line therapies with corresponding tyrosine
kinase inhibitors and have improved the outcome of patients har-
boring these fusions. Recent advances in sequencing technology
have enabled the comprehensive detection of rearrangements in
the cancer genome and transcriptome and have indeed resulted in
the further discovery of novel oncogenic fusions, such as RET, ROS1,
NTRK1/2/3, NRG1 and FGFR1/2/3 fusions in NSCLC.**"*® Moreover,
the precise detection of fusion genes in soft tissue sarcoma is essen-
tial for an accurate molecular diagnosis of this disorder.” Because

fusion oncogenes are relatively rare and diverse, the development

of methods to detect multiple fusions from formalin-fixed, paraffin-
embedded (FFPE) specimens is urgently needed for personalized
medicine.

However, the detection of fusion genes and transcriptional
abnormalities is still difficult in clinical settings where the avail-
able material is mainly FFPE samples. Capturing and sequenc-
ing intronic DNA to identify gene fusions may be problematic
because genomic breakpoints are broadly distributed within
corresponding introns that frequently contain multiple repeat
sequences.?°22 Although NGS analysis of transcriptomes (RNA-
seq) is an alternative approach, RNA-seq using FFPE samples is
challenging because the RNA recovered from FFPE is severely
fragmented and modified.?>2¢ Although other approaches such

as the cDNA capture method?’

or anchored multiplex PCR-based
method?® were recently reported to be successful methods for
RNA-seq with FFPE samples, large-scale validation for their clini-
cal use is required.

Here, we describe the development of Todai OncoPanel (TOP),
which is a twin-panel system that enables the comprehensive char-
acterization of cancer-related genes from FFPE samples. The TOP
DNA panel can detect SNV, indels and (CNV) in 464 genes and can
infer the tumor mutation burden (TMB) and microsatellite instability
(MSI) statuses, while the TOP RNA panel, which uses our original
“junction capture method”, sensitively and accurately detects gene
fusions and exon skipping and provides transcriptome profiling.
Using the TOP panels, we launched a prospective clinical sequencing
project at The University of Tokyo Hospital to examine the utility of
this NGS-based molecular cancer profiling for cancer diagnosis and
treatment.
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2 | MATERIALS AND METHODS

2.1 | Patient samples

Sixty-one and 14 FFPE NSCLC specimens were obtained from
the Department of General Thoracic Surgery, Graduate School of
Medicine, Juntendo University, or the Department of Thoracic
Surgery, Graduate School of Medicine, The University of Tokyo,
respectively. Samples included resected specimens, endobronchial
biopsies, computed tomography-guided core needle biopsies, and
fine-needle aspiration specimens. Tumor tissue specimens were
collected and analyzed using a protocol approved by institutional
review boards (IRB) at The University of Tokyo (no. G3546) and
Juntendo University (No. 2014176). Informed consent was obtained
from all patients involved in this study. Prospective TOP testing for
patients with advanced cancer was ordered by the treating physician
to identify clinically relevant genomic alterations that could poten-
tially inform treatment decisions. Patients undergoing TOP testing
signed a clinical consent form and enrolled in an IRB-approved re-
search protocol (no. G10114) that permitted the return of results
from clinical sequencing and broader genomic characterization of
banked specimens for research. Following consent, archival samples
were obtained, and blood was drawn as a source of matched normal
(germ line) DNA. In total, TOP testing was requested for 183 unique
patients between February 2017 and April 2018.

2.2 | gDNA target sequencing

Genomic DNA was isolated from FFPE samples using GeneRead
DNA FFPE Kits (Qiagen, Hilden, Germany); DNA quality was
evaluated by TagMan FFPE DNA QC Assay v2 (Thermo Fisher
Scientific, Waltham, MA, USA), and 500 ng of each sample was
subjected to target fragment enrichment using a SureSelectXT
Custom kit (Agilent Technologies, Santa Clara, CA, USA). Custom-
made probes were designed to hybridize and capture the gDNA
of the target genes listed in Table S1, intronic DNA of 4327 SNP
within the targeted gene regions, 10 microsatellite regions includ-
ing those designated in the Bethesda panel and 17 genes for the
detection of genomic rearrangement. Massive parallel sequenc-
ing of the isolated fragments was performed using a HiSeq 2500
or Next-seq platform (lllumina, San Diego, CA, USA) with the
paired-end option. BWA-MEM (http://bio-bwa.sourceforge.net/)
was used to align the paired-end reads to the human reference
genome GRCh38. After removing the PCR duplicates, SRMA?’
was used to improve variant discovery through joint local realign-
ments of tumor and matched normal bam files. Somatic mutations
were called using Karkinos (https://github.com/genome-rcast/
karkinos), which detects SNV, short indels, chromosomal CNV
and tumor purity. As previously reported,®®3! a heuristic algo-
rithm and Fisher's exact tests were used for SNV detection by
checking variant allelic frequency, reads cycle, strand bias, mis-
match occurrence and presence in the 1000 genomes (http://
and dbSNP

www.1000genomes.org) (https://www.ncbi.nlm.

nih.gov/projects/SNP/) databases. Further, to optimize the cap-
ture deep sequencing, mutations were discarded if they had a
read depth of less than 100 or a variant allele frequency (VAF)
of less than 0.05. Annotation of the SNV was performed with
ANNOVAR 32

2.3 | Comparison of mutation rates for the TOP and
whole exome sequence (WES)

Libraries for 37 tumor samples were recaptured using an Agilent
Exome Kit (v6) and sequenced on an lllumina HiSeq 2500 platform at
an average coverage of x200. Sequence reads were processed using
the same bioinformatics procedure described in the previous sec-
tion. TMB was calculated as the total number of mutations divided
by the length of the total genomic target region captured with the
exome assay. Similarly, the TMB from the TOP was calculated by di-
viding the number of sequence mutations reported by the TOP assay
by the total genomic area where the mutations were reported. The
overall TMB distribution was used to identify a threshold for highly
mutated tumors through the following formula: the third quar-
tile (TMB) + 1.5 x IQR (TMB), where IQR is the interquartile range.
Samples with a mutation burden of 8.47 or more mutations/Mb were
considered hypermutated.

2.4 | RNA-seq using poly-A selection

Total RNA was extracted from fresh frozen samples using RNA-Bee
(Tel-Test, Gainesville, FL, USA) and was then treated with DNase |
(Thermo Fisher Scientific) and subjected to poly(A)-RNA selection
prior to cDNA synthesis. The library used for RNA-seq was prepared
with an NEBNext Ultra Directional RNA Library Prep Kit (NEB,
Ipswich, MA, USA), according to the manufacturer's protocol. NGS
sequencing was conducted from both ends of each cluster using a

HiSeq2500 or Next-seq platform (Illumina).

2.5 | RNA-seq using cDNA capture

Total RNA was extracted from FFPE samples using an RNeasy FFPE
Kit (Qiagen) and was then treated with DNase | (Thermo Fisher
Scientific). RNA quality was evaluated on a 2200 TapeStation
using the HighSensitivity RNA Screen Tape system to calculate
RNA integrities (RIN) and DV200. cDNA synthesis and library
preparation for coding exon capture were conducted using the
TruSight RNA Pan-Cancer Panel (Illumina), according to the manu-
facturer's protocol. cDNA synthesis and library preparation for
junction capture were conducted using a SureSelect RNA Capture
kit (Agilent Technologies), according to the manufacturer's proto-
col. Custom-made probes for the junction capture method were
designed to hybridize and capture the junctional sequences of the
target genes listed in Table S1. NGS sequencing was conducted
from both ends of each cluster using a HiSeq2500 or Next-seq

platform (lllumina).
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2.6 | Fusion detection

For the gDNA capture method, the first 30-mers of paired-end Read 1
and Read 2 were mapped to hg38 using the paired-end alignment fea-
ture of BWA-MEM. Reads mapped to the regions of different genes
were selected as candidate fusion-supporting reads. The putative fu-
sion junction points were predicted by mapping those selected reads
to hg38 using BLAT. The number of split reads supporting fusion junc-
tion sequences was counted using the single-end alignment function
of BWA-MEM. For the cDNA capture method used to detect novel fu-
sions, the read datasets of cDNA were mapped to Reference Sequence
(RefSeq) built by the National Center for Biotechnology Information
with the single-end alignment function of BWA-MEM. Single-end
reads that mapped to two different genes were predicted to be can-
didate fusion genes. All possible in-frame exon-exon combinations of
each constituent candidate fusion gene were constructed to create
a hypothetical fusion reference sequence. The number of split reads
that supported 60-mers of fusion junction sequences was counted.
The reference sequence of the putative fusion junction was created,
and the number of reads that supported 60-mers of fusion junctions
was counted to evaluate the 658 previously reported fusions. The
number of reads that supported 60-mers of the wild-type constitu-
ents of the fusion gene was also counted to estimate the existence of
fusion genes using the following criteria: positive, fusion-supporting
read number more than O; negative, wild-type read of 5'-gene or 3'-
gene number of 50 or more and fusion-supporting read number of O;
or N.D. (not determined), wild-type read of 5’-gene or 3'-gene number
of less than 50 and fusion-supporting read number of 0. Using the data
from housekeeping genes, we set the following criteria for good qual-
ity RNA-seq experiments: the mean coverage of housekeeping genes
was more than x500, and the percentage of housekeeping gene re-

gions with more than x100 coverage was more than 70%.

2.7 | Detection of exon skipping

To detect MET exon 14 skipping, we generated a reference sequence
comprising the 3’ junction of MET exon 13 and the 5’ junction of
exon 15. Similar to fusion detection, exon skipping was estimated by

counting split reads that supported 60-mers of the junction.

2.8 | Clinical assessment and matching to
clinical trials

For the annotation of somatic mutations, we checked OncoKB, a
curated knowledge base of the oncogenic effects and treatment
implications of gene alterations (http://oncokb.org); CIViC (Clinical
Interpretations of Variants in Cancer), a community-based cura-
tion database (https://civicdb.org); and ClinVar. In addition, we used
COSMIC (Catalogue of Somatic Mutations in Cancer, https://cancer.
sanger.ac.uk/cosmic) to assess mutation frequency in cancer. We
also annotated some gene mutations using specific databases: BRCA
Exchange (http://brcaexchange.org) for BRCA1/2,IARC TP53 (http://
p53.iarc.fr) for TP53, and InSiGHT (https://www.insight-database.
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org/genes) for mismatch repair genes. We classified mutations in a
tumor type-specific manner according to the level of evidence that
each gene alteration is a predictive biomarker of drug response, as
indicated in the Results section. We annotated tumor samples ac-
cording to the highest level of evidence for any mutation identified
by TOP testing. We constructed a database of Pharmaceuticals and
Medical Devices Agency-approved drugs and biomarker targets
using their websites. We also constructed a database of US Food
and Drug Administration (FDA)-approved drugs and biomarker tar-
gets using the FDA and National Cancer Institute websites. Our
knowledge database also included some clinical trial databases. We
collected datasets from ClinicalTrials.gov and the Japanese clinical
trials databases UMIN, JAPIC and JMACCT. Our database uses natu-
ral language processing according to gene symbols, drug names and
cancer types, enabling us to find clinical trials that target gene muta-
tions. We also introduced English-Japanese machine translation be-
cause these data sources are written in either English or Japanese. In
the database, we normalized the clinical trial fields such as inclusion/

exclusion criteria, title, intervention and status for cross-over search.

2.9 | RNA expression analysis

The TOP RNA panel probes were not designed to achieve uniform
depth. To calculate gene expression using the TOP RNA panel, we
determined weights for correcting the probe depth at each position.
Weighted reads per kilobase million (RPKM) erkmgyn with gene g
and specimen n was computed by adjusting the read depth using the
weight. For comparisons among specimens, a mean value m_ of the
logarithm of the weighted RPKM for the housekeeping genes in-
cluded in the TOP RNA panel (ACTB, GAPDH, H3F3A, HPRT1,
HSP90AB1, NPM1, PPIA, RPLPO, TFRC and UBC) was defined by

m,:= (chil( log, wrpkm,, - Iogzwrpkmg’,,F)> /G, where n=1,.,N.

Gand N are the number of housekeeping genes included in the
TOP RNA panel and the number of the identical tumors with FFPE
and frozen specimens, respectively. In this case, G=10and N = 7.
n; and n; are frozen and FFPE specimens. As in the trimmed mean
of M-value normalization method, a correction coefficient was de-
fined by the mean of difference between the logarithm of the
weighted RPKM of the housekeeping gene and the m_ for each
specimen. There were high correlations between normalized RPKM
of 109 genes of FFPE and frozen specimen of the identical tumors.
Moreover, a heatmap representation with dendrogram and parti-
tion was drawn using normalized RPKM values of 338 specimens

that exceeded quality control criteria of TOP RNA panel.

2.10 | Reverse transcription (RT)-PCR analysis

Total RNA was extracted from FFPE samples using an RNeasy
FFPE Kit (Qiagen) and was then treated with DNase | (Thermo
Fisher Scientific). RT was performed with SuperScript™ IV VILO
(Thermo Fisher Scientific). The resulting first-strand cDNA
were used as templates and amplified by PCR using PrimeSTAR
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polymerase (Takara Bio, Shiga, Japan). The following primer sets
were used: AHRR-NCOA2, 5'-CGCGGATGCAAAAGTAAAAGC-3'
(sense) and 5-TGCTGGGTTCCGAATCATACC-3' (antisense); and
TAF15-NR4A3, 5'-ACCAGCAGTCAGGCTATGATC-3' (sense) and
5'-TATTCCGAGCTGTATGTCTGC-3' (antisense). PCR products were
subjected to capillary sequencing using a 3130x| Genetic Analyzer

(Thermo Fisher Scientific).

2.11 | Data availability

We have deposited the raw sequencing data in the Japanese
Genotype-Phenotype Archive (http://trace.ddbj.nig.ac.jp/jga), which
is hosted by the DNA Data Bank of Japan, under the accession num-
ber JGASO0000000164.

3 | RESULTS

3.1 | Development of the TOP DNA panel

The capturing probes for the TOP DNA panel version (V)1 were de-
signed to examine 464 cancer-related genes chosen by the molecu-
lar tumor board at The University of Tokyo Hospital (Table S1A). The
TOP DNA panel V1 assesses 410 genes tested by MSK-IMPACT (a
common NGS-based panel in the USA)* and the promoter region of
TERT. For detecting allele-specific CNV, capture probes for examin-
ing 4327 heterozygous SNP around 464 target genes were designed
(Figure S1). The intronic DNA of 17 genes and 10 microsatellite re-
gions including those designated in the Bethesda panel are covered
for the detection of genomic rearrangement and MSI, respectively.
Thus, the DNA panel is capable of detecting all SNV/indels/CNV of
464 genes as well as TERT promoter mutations, MSI and genomic

rearrangement in the selected genes.

3.2 | Junction capture method for RNA-seq of the
FFPE samples

Although gene fusions can be detected by capturing and sequenc-
ing the gDNA of intronic regions, the number of capture probes for
such methods tends to become large because human gene introns
can exceed more than 10 kbp. Conversely, fusion detection with
RNA capture may be unreliable because RNA in FFPE samples are
often severely degraded. Therefore, we first investigated which
method is more sensitive for the detection of fusion genes from
FFPE specimens.

For an RNA capture approach, we developed the “junction cap-
ture method” in which capture probes are designed only within 120
bases from the putative junction sites of fusion gene transcripts
(Figure 1A,B). Because the size of RNA isolated from FFPE samples
is approximately 200 bases, sequence reads captured by the probes
at distances of more than 120 bp from the junction points generally
do not support fusion events (hypothesizing 80-bp overlapping of a
probe with a target sequence is necessary for capturing). Therefore,
we set capture probes at the junction site at a x5-10 tiling density to

maximize the sensitivity. Furthermore, our computational pipeline
was designed to compare the number of sequence reads encompass-
ing each junction site with that of the reads supporting the corre-
sponding wild-type transcript (Figure 1C); thus, we could eliminate
false-negative results in which the fusion reads and wild-type reads
were both negative (Figure 1C).

For a pilot experiment, we developed a target RNA-seq panel
based on the junction capture method (TOP RNA panel V1) that
covered 67 fusion genes (Table S1B) and examined it and the TOP
DNA panel V1. We also tested the TruSight RNA Pan-Cancer Panel
(Illumina), which captures coding exons of cancer-related genes, and
Archer FusionPlex Solid Tumor Kit (ArcherDX, Boulder, CO, USA)
which is based on anchored multiplex PCR.

For the pilot study, 10 NSCLC FFPE specimens that were previ-
ously identified as positive for fusion genes were used. Interestingly,
as shown in Table 1 and Figure 2A, the TOP RNA panel more ac-
curately detected fusion genes than the TOP DNA panel, and the
number of split reads for the corresponding fusion points was much
larger for the TOP RNA panel than that obtained with the TOP DNA
panel, suggesting that junction capture RNA-seq is the preferable

method for detecting fusion genes.

3.3 | Development of the TOP RNA panel

Therefore, we decided to use a twin-panel system, with both DNA-
and RNA-based panels, for clinical sequencing. The TOP RNA panel
was revised several times. V2 was designed to cover sarcoma fusion
genes (Table S1C). V3 was developed to examine all fusion genes re-
ported in the COSMIC database (http://cancer.sanger.ac.uk/cosmic)
(Table S1D) and to measure the expression levels of 10 housekeep-
ing genes as well as a total of 109 oncogenes and tumor suppres-
sor genes reported in a previous study (Table S1E).%% In contrast
to the junction capture method, the capture probes for the gene
expression analyses were designed for all coding exons at a x2 til-
ing density (Figure 2B). A minor version up was performed to cover
two additional fusion genes in V4. In total, V4 can detect 365 fusion
transcripts as well as MET exon skipping, and it can evaluate the ex-
pression levels of 109 cancer-associated genes (Table S1D,E).

To investigate the analytical validity of the TOP RNA panel, 24
specimens of NSCLC and sarcoma already known to be positive for
fusion genes were examined. Although the RIN score of the RNA
extracted from such FFPE specimens was 1.1-2.3, suggesting se-
vere degradation, all fusion transcripts were successfully detected
(Table 2). Notably, both the probe number and total capture size of
the TOP RNA panel V1 were 14-times smaller than those of panels
that capture total coding exons such as the TruSight RNA Pan-Cancer
Panel (Figure 2C,D and Table S2), suggesting that our junction cap-
ture method is very cost-effective.

Using our computational pipeline for the TOP RNA panel V3,
658 putative fusion junctions were investigated. As an example,
the evaluation of 31 putative fusion genes was demonstrated for
case 23, which was positive for EML4-ALK (Figure S2). Supporting
reads for the EML4-ALK(E20;A20) fusion were successfully
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FIGURE 1 Exon junction capture method. A, Capture probes were designed to target the cDNA sequences within 120 bases from the
estimated fusion junctions to efficiently and specifically obtain split reads that support the fusion transcript. B, Visualization of the sequence
reads. The y-axis represents the read coverage; the x-axis represents the reference for the putative EML4-ALK fusion transcript. Reads
aligned to the reference sequence are shown in gray. The red arrowhead indicates the 3' junction of EML4 exon 13, and the blue arrowheads
indicate the 5’ junctions of ALK exons 20 and 21. The red and blue lines represent the capture probes for exon 13 of EML4 and exon 20 or
21 of ALK. C, The number of sequence reads that support the fusion transcript breakpoint (x) was counted and compared with wild-type
transcripts for the individual genes (y and z) to evaluate whether the fusion transcript is dominantly expressed. The existence of each wild-
type gene transcript and the absence of a fusion gene transcript confirm that the fusion transcript truly does not exist. Notably, low mRNA
expression or mMRNA degradation should be considered when a read number for each wild-type gene transcript is not obtained

detected as expected. Another 27 candidate fusion genes in
case 23 were filtered out as fusion-negative by our pipeline be-
cause their fusion transcript read numbers were O while those
of the corresponding wild-type transcripts were more than 50.
Evaluations of the other three putative fusion genes could not be
performed because the read numbers of the wild-type transcripts
of the genes were too small (<50) to exclude the possibility of
pseudonegative results.

We further evaluated whether the TOP RNA panel was applicable
for small biopsy specimens. RNA was prepared from the FFPE sec-
tions of fusion-positive core-needle biopsy, fine-needle aspiration
or transbronchial lung biopsy specimens. Surprisingly, the TOP RNA
panel detected a large number of split reads, successfully supporting
the presence of fusion transcripts in each specimen (Figure 2E-G).

3.4 | TOP RNA panel can detect exon skipping

We further evaluated the capability of junction capture RNA-seq
to detect aberrant transcripts, such as MET exon 14 skipping,

which was previously reported to be oncogenic.34’35 RNA was ex-
tracted from FFPE sections of surgically resected tissues from five
lung adenocarcinoma cases that had been shown to harbor MET
exon 14 skipping by RNA-seq. We counted the number of split
reads that supported the skipping of MET exon 13 to exon 15.
The TOP RNA panel successfully identified MET exon 14 skipping
in all five FFPE samples, whereas no split reads were detected
in the other skipping-negative 34 cases (Figure 3 and Figure S3,
Table S3).

3.5 | TOP RNA panel can measure gene
expression profiles

Expression analysis was conducted for seven tumors to compare
the performance of the TOP RNA panel using FFPE specimens with
poly(A)-RNA-seq using frozen specimens. The mRNA expression
values of the 109 genes in the TOP RNA Panel were highly concord-
ant with those determined by poly(A)-RNA sequencing, even though
the former data were obtained using FFPE specimens (Figure S4).
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TABLE 1 Summary of a pilot study to compare the capability of the junction capture method to detect fusion genes with that of a gDNA capture method

Anchored multiplex PCR

gDNA capture

TOP RNA panel (junction capture)

Split read Raw read Split read Raw read
number number

Raw read
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N.D., not detected; NSCLC, non-small-cell lung cancer; PCR, polymerase chain reaction; RIN, RNA integrity number.

3.6 | Retrospective clinical sequencing of NSCLC
cases with the TOP

We next applied our junction capture RNA-seq method to FFPE
specimens from 35 cases of surgically resected NSCLC at stage Il/
Il that were negative for mutations in KRAS and EGFR. MET exon
14 skipping, EML4-ALK fusion and CCDC6-RET fusion were detected
in 17.1% of the total cases by the TOP RNA panel V3, whereas NF1,
ERBB2 or BRAF mutation was found in 14.3% of the total cases by
the TOP DNA panel V1 (Figure S5 and Table S4).

3.7 | Development of a TOP clinical
sequence workflow

In our Clinical Laboratory Improvement Amendments (CLIA) compli-
ant laboratory at The University of Tokyo Hospital, a prospective re-
search study for clinical sequencing using the TOP twin-panel (TOP
DNA panel V1 and RNA panel V4) was initiated in February 2017
(Figure 4). For every patient, the TOP DNA panel was used to ex-
amine both tumor and paired-normal specimens, and the RNA panel
was used to analyze only tumors. We could thus assess the somatic
and germ line mutations independently. The resultant mutation in-
formation was referred to a cancer knowledge database developed
in house and was used to produce clinical reports.

We built an expert panel (a molecular tumor board) consisting
of physicians, pathologists, genetic counselors, molecular biologists,
cancer genome researchers, bioinformaticians and bioethics re-
searchers. The expert panel met biweekly to review every case and
to sign out the clinical reports that were automatically sent to the
electronic medical record server (Figure 4).

3.8 | Prospective TOP clinical sequencing

Between February 2017 and May 2018, we obtained 315 speci-
mens (210 primary tumors) from 183 individuals for prospective
TOP sequencing (Figure 5A and Figure S6) in our CLIA-conformed
laboratory. We achieved an average throughput of 50 specimens per
month over the last 2 months of this study (Figure Sé).

Given the diversity of the cases and specimen types submit-
ted, the samples exhibited a wide range of nucleic acid quality
metrics. Tissues with insufficient DNA vyield (DNA < 200 ng;
n=9, 2.9%) were reported as inadequate, and we excluded sam-
ples (n =7, 2.2%) that did not meet strict postsequencing quality
control criteria (Figure S7). DNA input and sample age influenced
sequencing performance (Figure S7). Altogether, we successfully
sequenced 298 tumor specimens (94.9%) from 181 individuals
(94.8%).

For RNA-seq, we excluded samples that did not meet strict
postsequencing quality control criteria using the coverage of house-
keeping genes. RNA input and DV200 (the percentage of RNA frag-
ments >200 nucleotides) influenced the sequencing performance
(Figure S8). We successfully sequenced 269 tumor specimens
(85.4%) from 167 individuals (87.4%) and achieved a success rate of
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FIGURE 2 Efficiency of the junction capture method and its application to biopsy specimens. A, The split read number per 10 million

raw reads obtained using each indicated method. B, The target gene number for fusion gene detection or expression analysis using each
version of the TOP RNA panel. The estimated probe number (C) and target capture size (D) using the junction capture method or the coding
exon capture method for each TOP RNA panel. E, A summary of the pilot study used to assess the capability of TOP RNA panel to detect
fusion genes using non-small cell lung cancer and sarcoma formalin-fixed, paraffin-embedded biopsy samples that were previously identified
as positive for fusion genes. ARMS, alveolar rhabdomyosarcoma; EWS, Ewing sarcoma; N.A., not available; N.D., not detected; NSCLC,
non-small-cell lung cancer; RIN, RNA integrity number; TBLB, transbronchial lung biopsy. F, Representative photograph of a bone marrow
aspiration specimen stained with hematoxylin-eosin (original magnification x200; scale bar, 100 um). G, Representative photographs of TBLB
specimens stained with hematoxylin-eosin (left: x40 magnification; scale bar, 1 mm; right: x400; scale bars, 100 pm)

100% when we analyzed samples with an RNA input of more than
200 ng and a DV200 of more than 40%.

Tumors were sequenced with deep coverage (mean = 913) to
ensure a high sensitivity for detecting genomic alterations in het-
erogeneous and low-purity specimens (Figure S9A). Altogether, we
detected 2337 non-synonymous mutations, with a median VAF of
0.21, as well as 145 CNV, 53 fusion transcripts and one instance

of MET exon 14 skipping. Among the 210 primary tumors, the
most frequently altered gene was TP53, followed by APC, ARID1A
EGFR, KRAS, PTEN, PIK3CA, ATRX, FAT1 and KMT2C (Figure 5B). To
investigate how our results compared with those from one of the
largest clinical sequencing cohorts (at Memorial Sloan Kettering
Cancer Center), we examined MSK-IMPACT data from cBioPortal
(http://www.cbioportal.org/). Overall, the TOP results were highly
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FIGURE 3 Detection of MET exon 14 skipping. A, RNA-seq reads for a MET exon 14 skipping-positive case (#39) and a MET exon 14
skipping-negative case (#27) mapped to virtual MET cDNA constructed on the x-axis that corresponds to the transcript of NM_000245.
RNA-seq was performed using three different methods: poly(A) selection of RNA (NEBNext Ultra Directional RNA Library Prep Kit, NEB)
extracted fresh frozen samples and coding exon capture (TruSight RNA Pan-Cancer Panel, lllumina) or junction capture of cDNA synthesized
from RNA extracted from formalin-fixed, paraffin-embedded (FFPE) samples. Regions between red lines indicate MET exon 14. B, The
number of split reads that support the transcript of MET exon 13 connected to exon 15 was counted in five cases positive for MET exon 14
skipping or in 34 negative cases by RNA-seq using three different methods, as described in (A). C, The number of split reads that support the
junction of MET exon 13 to exon 15 per 10 million raw reads of each indicated method is shown

consistent with the MSK-IMPACT findings, exhibiting strong con-
cordance in terms of the identities and frequencies of the mutations
detected (Figure S9B).

We systematically evaluated the clinical utility of prospective
molecular profiling to guide treatment decisions. We established
a TOP classification (Figure S10), using databases for clinical tri-
als as well as several curated cancer knowledge databases such as
OncoKB (http://oncokb.org/) and COSMIC (https://cancer.sanger.
ac.uk/cosmic), to group all mutations into tiers of clinical action-
ability. Mutations were classified in a tumor type-specific manner
according to the level of evidence that each mutation is a predic-
tive biomarker of drug response. Altogether, 32.2% of cases (n = 59)

harbored at least one actionable alteration (Tier 1 or Tier 2), while
85.8% of cases (n = 157) harbored at least one clinically annotated
alteration (Tier 1 to Tier 5) (Figure 5C). The proportion of actionable
mutations in lung cancer, sarcoma, gynecological cancer and col-
orectal cancer were 43.1%, 13.6%, 52.6% and 13.8%, respectively
(Figure S11).

Tumor mutation burden may help predict the response to im-
mune checkpoint inhibitors. To determine whether TMB could be
inferred from the targeted capture data, we first calculated the dis-
tribution of the TOP sequencing mutation rates and then identified
a threshold of 8.5 mutations/Mb as indicative of a high mutation
burden (Figure S12A).
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FIGURE 4 Overview of the TOP workflow. Patients provide informed consent for paired tumor-normal sequence analysis, and a blood
sample is collected as a source of normal DNA. DNA is extracted from the tumor and blood samples, and sequence libraries are prepared
and captured using hybridization probes targeting all coding exons of 463 genes and the TERT promoter region. RNA is extracted from
tumor samples and reverse transcribed. cDNA sequence libraries are prepared and captured using hybridization probes targeting 365 fusion
genes, MET and CTNNB1 exon skipping, and 109 genes for expression analysis. Following sequencing, paired reads are analyzed through a
custom bioinformatics pipeline that detects multiple classes of genomic and transcriptional alterations. The results are loaded into a genomic
variants database developed in house, where they are manually reviewed for quality and accuracy. After expert panel (molecular tumor
board) review of each case, the final version of each TOP report is signed out and transmitted to the electronic medical record. CNV, copy
number variant; NGS, next-generation sequencing; SNV, single nucleotide variant

Comparisons with matched WES data from 37 tumors in this
cohort revealed a high correlation in TMB when the mean depth
of TOP sequencing was more than 300 (r = 0.87; Figure S12B).
We further assessed the mutation signature of high-TMB spec-
imens (n =13, 4.1%) and found that tumors with mutations in
mismatch-repair (MMR) genes such as MSH2, MSHé or MLH1
exhibited Signature 6, which is associated with defective DNA
mismatch repair and is found in microsatellite unstable tumors3¢
(Figure S13).

Germ line mutations in hereditary cancer genes can predict good
response to therapeutic reagents, as shown in the response of cases
with BRCA1/2 mutations to PARP inhibitors.>” We have established
an IRB-approved process for prospective germ line analysis whereby
inherited pathogenic variants of 10 genes (TP53, BRCA1, BRCA2,
MLH1, MSH2, MSH6, PMS2, APC, RB1 and PTEN) detected by the
TOP DNA panel are reported to patients who wish to receive this
information. Clinical sequencing of the 187 individuals in this study
revealed seven pathogenic germ line mutations (four BRCA1, two
BRCA2 and one MSH2 mutation) (Figure S14), three of which were
reported to the corresponding patients in the presence of a certified

genetic counselor.

Using the TOP RNA panel, 54 fusion transcripts and one instance
of MET exon 14 skipping were identified, and 27.8% of them were
clinically relevant (Tier 1 to Tier 5) (Figure S15A). Among 33 tumors
without any clinically annotated DNA mutations, nine (27.2%) tumors
harbored aberrant transcripts identified by the TOP RNA panel. Among
41 patients with sarcoma analyzed prospectively, one patient harbored
a TAF15-NR4A3 fusion, consistent with the pathological diagnosis of

extraskeletal myxoid chondrosarcoma (Figure S15B).%8

Another patient
was diagnosed with myxofibrosarcoma due to the proliferation of spin-
dle cells with atypical nuclei and surrounding myxoid interstitial tissue
(Figure 5D). However, the pathological diagnosis was changed after
detecting the AHRR-NCOAZ fusion gene, which is known to be specific
for angiofibroma of soft tissues (Figure 5D).% The presence of TAF15-
NR4A3 and AHRR-NCOAZ2 fusions was further confirmed by RT-PCR and

sequencing of the PCR products (Figure 5D and Figure S15B).

3.9 | Clinical utility of gene expression profiling
by the TOP RNA panel

The clinical utility of the TOP RNA panel in predicting the primary

organs of cancer was tested by clustering the 338 specimens based
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FIGURE 5 Overview of the TOP prospective cohort. A, Distribution of tumor types among the cases successfully sequenced from

183 patients. Cases represented more than 10 principal tumor types. B, The 20 most recurrent somatic alterations. Bars indicate the
percentage of cases harboring the mutations, and the types of genomic alterations are color-coded. C, Clinical actionability of somatic
alterations revealed by the TOP. Alterations were annotated based on their clinical actionability according to TOP classification (Figure S10),
and samples were assigned to the level with the most actionable alteration. Briefly, the levels of evidence vary according to whether the
mutations are a Pharmaceuticals and Medical Devices Agency-recognized biomarker (Tier 1), a Japanese clinical trial-targeted biomarker

or a US Food and Drug Administration-recognized biomarker (Tier 2), an investigational agent sensitizing gene alteration or an oncogenic
alteration supported by a knowledge database (Tier 3), an oncogenic alteration supported by a research paper (Tier 4) or a recurrently
reported alteration in a knowledge database. D, A representative photograph of tumor #44 stained with hematoxylin-eosin (scale bar,

100 pm; upper left panel). The proliferation of spindle cells with atypical nuclei and surrounding myxoid interstitial tissue were observed. A
fresh frozen sample from case #44 was subjected to reverse transcription (RT) polymerase chain reaction with the fusion-RT primer set to
detect AHRR-NCOA mRNA (lower left panel). The arrowhead indicates the estimated sizes of the fusion transcript. The band was extracted
from the gel and subjected to Sanger sequencing. The electrophoretogram obtained from the band supported the junction sequences of
AHRR-NCOAZ2 (right panel). Marker, 1-kb DNA ladder; NC, negative control

on mRNA expression profiles, which revealed that these specimens
could be grouped into five branches (Figure 6A). Clusters 1, 2a, 3, 5a
and 5b separately consisted of either sarcoma, lung cancer, gyneco-
logical cancer or colon adenocarcinoma, suggesting that expression
profiling with the TOP RNA panel may reflect the primary organ sites
of tumors.

To examine the concordance between gene copy number/rear-
rangements and gene expression levels, as an example, we analyzed
CNV and the expression of MET and ALK. As shown in Figure 6(B),
among 80 lung adenocarcinoma specimens, the expression level

of MET was highest in a tumor with gene amplification (MET copy

number = 14.7). Similarly, abundant expression of ALK mRNA was
observed only in the three cases with an EML4-ALK fusion gene.
Thus, the TOP twin panel system can accurately reveal how genetic

anomalies affect the expression levels of cancer-related genes.

3.10 | Revision of the TOP DNA panel for
MSI assessment

Because the MSI status of cancer cells is used as a response pre-
dictor for immune checkpoint inhibitors, we designed DNA capture

probes for 10 microsatellite regions including those designated in
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FIGURE 6 mRNA expression analysis using the TOP RNA panel. A, mRNA expression clustering analysis for the 338 specimens was
performed to investigate the clinical utility of the TOP RNA panel in the prediction of the primary organs of cancers of unknown primary
sites or the histopathological identities of unclassified tumors. The 338 specimens analyzed by the TOP RNA panel V4 were classified into
five large categories. Clusters 1, 2a, 3, 5a and 5b dominantly consisted of either sarcomas, lung cancers, gynecological cancers or colon
adenocarcinoma. The tumor types are color-coded in the upper label. CRAD, colorectal adenocarcinoma; LUAD, lung adenocarcinoma;
LUSC, lung squamous cell carcinoma; OV, ovarian cancer; SARC, sarcoma; SCLC, small cell lung cancer; SGC, seminoma and germ cell tumor;
UCEC, uterine corpus endometrial carcinoma. B, Expression of the MET gene in a case of copy number amplification and of the ALK gene in
fusion-positive cases were quantified and compared with those of the other 80 cases of lung adenocarcinoma

the Bethesda panel.40 Moreover, additional probes were included in

the TOP DNA panel V2 to interrogate 500 microsatellite loci that
were commonly altered in our WES analysis of high-MSI colorectal
cancer.*! To detect MMR-deficient tumors, MSlsensor scores*? were
calculated using the TOP DNA sequence data. Among 36 specimens
of colorectal cancer with Lynch syndrome, 34 had an MSI score of
more than 3.5, the cut-off value used to determine high MSI in a
previous study.42 Furthermore, 31 of 34 specimens with such MSI
scores had a TMB of more than 8.5. In contrast, five of 27 specimens
of other cancer types with unknown MMR status had an MSI score
of more than 3.5, and three of these cases had a TMB of more than
8.5 (Figure S16).

4 | DISCUSSION

Although NGS-based tumor genome analyses have proved their
utility in molecular profiling for personalized medicine, the types of
cancer gene panel systems that most reliably detect genetic altera-
tions in tumors have not been fully validated. Here, we reveal that
RNA-seq has much better sensitivity and specificity in gene fusion
detection than genomic DNA sequencing, even when using FFPE
specimens. Furthermore, for the detection of fusion transcripts by
RNA-seq, targeting the sequences that support fusion (split reads)
is more cost-effective than targeting the whole coding regions of

transcripts. We thus invented the junction capture method, which
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specifically targets breakpoint exons. The junction capture method
detects novel fusion transcripts if one of the constituent genes is tar-
geted by our capture panel. In addition, our pipeline counts not only
fusion reads but also their corresponding wild-type reads around the
junction sites, which is highly useful in excluding false-positive and
false-negative results. This aspect is particularly important in clinical
sequencing because FFPE samples are the main source of diagnostic
material and RNA from FFPE specimens is often severely degraded.

In our cohort of stage Il or [l NSCLC without EGFR/KRAS muta-
tions, the RNA junction capture method successfully identified MET
exon skipping and ALK or RET gene fusions in 17.1% of the cases.
In contrast, TOP DNA panel analyses on the same cohort identified
mutations in BRAF, ERBB2 or NF1 in 14.3% of cases. Therefore, by
combining the two panels, one-third of the cases were shown to har-
bor target able genetic changes. Because the 5-year survival rates
for patients with stage Il and 11l NSCLC are approximately 55% and
less than 40%, respectively,*® molecular profiling is beneficial for
these patients.

Furthermore, the identification of fusion genes using junction
capture RNA-seq is useful in the molecular diagnosis of sarcoma,
which is characterized by very diverse mutations with various (and
often disease-specific) fusion genes. In fact, the versatility of the
TOP system was demonstrated in a case in which the detection of an
AHRR-NCOAZ2 fusion changed the diagnosis from myxofibrosarcoma,
one of the most aggressive types of soft tissue neoplasms, to an-
giofibroma of soft tissues, a benign fibrovascular soft tissue tumor.
However, caution is warranted because the morphological findings
were atypical of angiofibroma of soft tissues, suggesting the possi-
bility of an atypical AHRR-NCOA2 fusion-positive sarcoma.

The TOP DNA panel succeeded in obtaining homogenous cov-
erage throughout the targeted genes and achieved similar sensitiv-
ity and specificity as those of WES using fresh frozen specimens.
In addition to the detection of somatic mutations such as missense
mutations, insertions, deletions and CNVs, the TOP DNA pipeline
also implemented MSlsensor for the prediction of MSI status and
the calculation of TMB to predict sensitivity to immunocheckpoint
inhibitors.

With the TOP twin panels, we constructed an infrastructure for
clinical sequencing at The University of Tokyo Hospital and assem-
bled an expert team to properly assess the resultant sequencing data
and provide final reports for the patients. These efforts to build a
well-organized system were the most essential factors for success
when we implemented cutting-edge technology in the clinic to ac-
complish personalized medicine.

Encouragingly, our results showed that 85.8% of all patients har-
bored at least one clinically annotated alteration and that 32.2% har-
bored some actionable alterations (Tier 1 or 2).

However, lower rates of clinical trial enrollment after clinical
sequencing may be a big hurdle for precision medicine. Thus, can-
cer gene panel results should be seamlessly integrated into larger
numbers of basket-type (histologically independent) clinical tri-
als. To accomplish this goal, molecular profiles accompanied by

H 1477
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clinicopathological patient information should be registered in a na-
tionwide database that pharmaceutical companies can access.

Two limitations of our study need to be considered. The first is
regarding the threshold for hypermutation status. The cut-off value
of 8.47 mutations/Mb was relatively low compared with other stud-
ies.*** This may reflect an overall low frequency of highly mutated
cases in our dataset used to determine the cut-off value. Therefore,
the appropriate threshold should be further investigated in larger
cohorts. The second is that the mRNA expression profiling to pre-
dict primary tumor origins is not accurate enough to really function
as a clinical test. Addition of probes for tissue-specific genes in the
TOP RNA panel will probably improve the performance. Integration
of other mutational profiles such as SNV and CNV may also increase
the accuracy.

In this study, we developed the junction capture method for
RNA-seq and confirmed its validity, utility and feasibility in clinical
practise using FFPE samples in combination with DNA-seq. This
methodology has the potential to replace several currently used
more labor-intensive methods, such as fluorescence in situ hybrid-
ization, immunohistochemistry and RT-PCR, which lack scalability
for multitarget testing and/or require diagnostic expertise. We be-
lieve that the TOP panel system accelerates personalized medicine
and broadens cancer treatment options by precisely detecting fu-
sion oncogenes, abnormal transcripts while evaluating gene expres-

sion as well as SNV, indels and CNV in cancer.
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