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Next-generation sequencing (NGS) genomic oncology profiling assays have emerged as key drivers of
personalized cancer care and translational research. However, validation of these assays to meet strict
clinical standards has been historically problematic because of both significant assay complexity and a
scarcity of optimal validation samples. Herein, we present the clinical validation of 76 genes from a
novel 1212-gene large-scale hybrid capture cancer sequencing assay (University of Chicago Medicine
OncoPlus) using full-data comparisons against multiple clinical NGS amplicon-based assays to yield
dramatic increases in per-sample data comparison efficiency compared with previously published val-
idations. Using a sample set of 104 normal, solid tumor, and hematopoietic malignancy specimens,
head-to-head NGS data analyses allowed for 6.8 million individual clinical base call comparisons,
including 2729 previously confirmed variants, with 100% sensitivity and specificity. University of
Chicago Medicine OncoPlus showed excellent performance for detection of single-nucleotide variants,
insertions/deletions up to 52 bp, and FLT3 internal tandem duplications of up to 102 bp or larger.
Highly concordant copy number variant and ALK/RET/R0S1 gene fusion detection were also observed. In
addition to underlining the efficiency of NGS validation via full-data benchmarking against existing
clinical NGS assays, this study also highlights the degree of performance similarity between hybrid
capture and amplicon assays that is attainable with the application of strict quality control parameters
and optimized computational analytics. (J Mol Diagn 2017, 19: 43—56; http://dx.doi.org/10.1016/
j.jmoldx.2016.07.012)

Next-generation sequencing (NGS) has allowed for a dra-
matic expansion of diagnostic laboratory capabilities for
surveillance of genomic alterations in cancer. Many clinical
laboratories are now using NGS platforms for personalized
oncology decision support or are in the process of developing
laboratory-developed protocols (LDPs) of various types and
scales to meet patient and oncologist demand.' " However,
the development of such assays represents a significant
challenge, and demonstrating a level of performance suffi-
cient to satisfy Clinical Laboratory Improvement Amend-
ment (CLIA) requirements pertaining to the establishment of

non—Food and Drug Administration—cleared LDPs can be a
substantial hurdle.

The technical barriers to development of clinical
oncology NGS assays are well documented, including
specimen-related challenges (eg, small specimens, sample
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degradation, formalin fixation, and variable tumor cell
purity) and factors related to the complexity of cancer
genetics (eg, complex mutation types, rearrangements,
copy number alterations, and subclonality).”®’ More
practical challenges related to the nature of desired vali-
dation strategies are less addressed. Ideally, LDP assay
validations use samples previously analyzed in a CLIA
laboratory via a validated assay targeting the same set of
genomic features as the prospective assay. This provides
high-confidence results using matched clinical specimens.
However, this has not been a feasible option for most early
adopter NGS laboratories conducting NGS LDP valida-
tions because of a shortage of available comparator labo-
ratories able to share large numbers of NGS-tested samples
along with complete lists of variant (and nonvariant) calls
and mutant allele frequencies.

These shortcomings have led laboratories to pursue NGS
oncology assay validations using alternative, less optimal
sample sets. Common approaches include the use of
oncology patient samples previously tested in CLIA labora-
tories via smaller, highly targeted assays (eg, Sanger
sequencing and SNaPshot)” ' or the use of well-
characterized cell lines previously sequenced at one or
many research institutions.'” The first option controls for
sample type and allows for true clinical comparisons, but
suffers from a lack of breadth, impeding comprehensive
sensitivity and specificity analyses. The use of cell lines, on
the other hand, allows for intercomparisons across broad
genomic territory, but often lacks a true clinical laboratory
gold standard, with data sets occasionally contaminated by
sample-specific pseudogene signals and sequencing artifacts.
Cell lines are also different sample types from those used in
clinical service, and require alternative specimen handling
protocols. Beyond the potential for discrepant prior
sequencing results, cell lines may show genetic drift over
serial passages,'”'' leading to additional complications,
including alterations of mutational burden and mutant allelic
frequency (MAF). Thus, unlike a specific DNA sample tested
in two laboratories, validation based on sequencing of pub-
licly available cell lines involves additional caveats with the
potential to inflate the observed false-positive and false-
negative rates of the prospective LDP. Although some
combination of the above methods may be used, given the
troublesome and highly variable nature of clinical cancer
samples [particularly formalin fixed, paraffin embedded
(FFPE)], broad genomic assay intercomparisons of individ-
ual patient tumor samples would still be the most desirable
approach from the standpoint of both cost and confidence.

One of the founding goals of our laboratory was to
generate a large-scale genomic oncology panel suitable to
help meet both the clinical and translational research needs
of our institution. To accomplish this, we first validated
separate smaller amplicon-based NGS panels for solid
tumors and heme malignancies, accumulating a collection
of patient samples tested via these assays during 1 to 2
years of clinical service. Subsequently, we have used a
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select group of these patient samples to validate a 76-gene
clinical assay, University of Chicago Medicine (UCM)
OncoPlus (UCM-OncoPlus), which represents a preliminary
and expandable reportable subset of a larger comprehensive
hybrid capture sequencing panel targeting 1212 cancer-
associated genes.

In contrast to other published large-scale NGS valida-
tions," >’ the basis of this study is intensive comparison
against multiple validated clinical NGS oncology assays
using a variety of patient samples. UCM-OncoPlus was
compared against a total of four NGS oncology platforms
using three separate methods. Three comparator assays were
internally validated in our laboratory (Materials and
Methods), whereas the fourth assay is from an outside
reference laboratory (Foundation One, Foundation Medi-
cine).' Unlike samples tested via targeted assays or reference
laboratory NGS assays (where only limited data points are
returned), cross-validation of patient samples against full data
sets from existing clinical NGS assays provides orders of
magnitude more information per sample, allowing interro-
gation of the new assay across many thousands of base po-
sitions per sample. This enables extensive specificity and
sensitivity analysis across large genomic regions, and also an
intercomparison of detected MAFs for all variants. Other
comparison strategies are much more limited. For example,
comparison of an NGS LDP against a fragment length assay
(eg, for EGFR exon 19) may yield only one comparable data
point for each sample. Likewise, although commercial lab-
oratory NGS assays may examine large areas of genomic
territory, their results are always stripped of benign findings,
including common inherited single-nucleotide and insertion/
deletion polymorphisms and inherited copy number alter-
ations. Variants of uncertain significance may be reported;
however, the calling criteria for these anomalies are labora-
tory dependent, and thus the results are not helpful for
specificity analysis. As a result, similar to targeted traditional
PCR assays, these cross-comparisons may provide no more
than a few comparable data points per sample for compari-
son, which is suboptimal for ascertainment of extensive
sensitivity and specificity.

To our knowledge, this is the first reported oncology
panel validation incorporating this efficient and advanta-
geous strategy. Although other groups have raised questions
about the potential level of concordance between variant
calls from orthogonal amplicon and capture-based
sequencing assay types,'” our results highlight the perfor-
mance similarity that is attainable between these methods
with the application of optimized quality control parameters
and informatics systems.

Materials and Methods
Sample DNA Preparation

DNA was prepared from FFPE tissue slides or from blood/
bone marrow (Supplemental Table S1) using the QIAamp
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DNA FFPE Tissue Kit or the QIAamp DNA Blood Mini Kit
(Qiagen, Valencia, CA), respectively, per the manufac-
turer’s instructions. After isolation, DNA was quantitated
using a Qubit fluorometer and quantitation reagents (Life
Technologies, Carlsbad, CA). DNA from FFPE specimens
was also assessed for fragment size and amplifiable con-
centration using the KAPA hgDNA Quantification and QC
Kit (Kapa Biosystems, Wilmington, MA).

CLIA-Validated Panels Used for Comparison Analysis

Three separate amplicon-based NGS oncology LDPs vali-
dated for patient care at the UCM Clinical Genomics
Laboratory were used as comparators for the UCM-
OncoPlus assay.

The first, OncoScreen ST1.0, is a 45-gene hot-spot NGS
test for somatic mutations in solid tumors using the Truseq
Amplicon Cancer Panel'*'* kit (Illumina, San Diego, CA);
per the manufacturer’s instructions and clinically, it is run
with two replicate library preparations with 250 ng FFPE
DNA input per replicate (as assessed by Qubit), using the
manufacturer’s laboratory protocol. It contains amplicons
for hot-spot locations of the following genes: ABLI, AKT1I,
ALK, APC, ATM, BRAF, CDHI, CSFIR, CTNNBI, EGFR,
ERBB2, ERBB4, FBXW7, FGFRI, FGFR2, FGFR3, FLT3,
GNA1l, GNAQ, GNAS, HNFIA, HRAS, IDHI, JAK2,
JAK3, KDR, KIT, KRAS, MET, MLHI, MPL, NOTCH1,
NPM1, NRAS, PDGFRA, PIK3CA, PTEN, PTPNI1I, RBI,
RET, SMAD4, SMARCBI1, STK11, TP53, and VHL.

OncoScreen ST2.0 is also a 50-gene hot-spot solid tumor
panel, which uses the Ion Ampliseq Cancer Hotspot Panel
V2 primer set” (Thermo Fisher Scientific, Waltham, MA)
for amplification of 207 hot-spot targeted amplicons across
50 genes, including all genes in the ST1.0 assay plus five
additional genes. The clinical assay can be run in singlet or
replicate mode, with an assay input of only 5 ng FFPE DNA
per genomic DNA real-time quantitative PCR assessment
(Kapa Biosystems). In addition to the genes of OncoScreen
ST2.0, it includes the following genes: ABLI, AKTI, ALK,
APC, ATM, BRAF, CDHI, CDKN2A, CSFIR, CTNNBI,
EGFR, ERBB2, ERBB4, EZH2, FBXW7, FGFRI, FGFR2,
FGFR3, FLT3, GNAI1l, GNAQ, GNAS, HNFIA, HRAS,
IDHI1, IDH2, JAK2, JAK3, KDR, KIT, KRAS, MET, MLH 1,
MPL, NOTCHI, NPM1, NRAS, PDGFRA, PIK3CA, PTEN,
PTPNI1, RBI, RET, SMAD4, SMARCBI, SMO, SRC,
STK11, TP53, and VHL.

OncoHeme is a 53-gene hematological malignancy panel,
with custom-designed primers for amplification of 1346
amplicons from blood/bone marrow DNA in three pools
targeting full or near-full coding territory. The genes in the
panel are as follows: ABLI, ASXLI, ATRX, BCOR,
BCORLI, BRAF, CALR, CBL, CBLB, CBLC, CDKN2A,
CSF3R, CUXI1, DNMT3A, ETV6, EZH2, FBXW7, FLT3,
GATAI, GATA2, GNAS, HRAS, IDH1, IDH2, IKZF1, JAK2,
JAK3, KDMO6A, KIT, KRAS, MLL, MPL, MYD88, NOTCH 1,
NPM1, NRAS, PDGFRA, PHF6, PTEN, PTPN11, RAD21,
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RUNXI1, SETBP1, SF3BI, SMCIA, SMC3, SRSF2, STAG?2,
TET2, TP53, U2AFI1, WT1, and ZRSR2.

For the ST2.0 and OncoHeme assays, multiplex PCR was
performed using the Ion Ampliseq Library Kit 2.0 (Thermo
Fisher Scientific). PCR products were analyzed for ampli-
con size using a TapeStation system (Agilent Technologies,
Santa Clara, CA) and for yield using a Qubit fluorometer
and quantitation reagents (Life Technologies). The ampli-
con products for these assays were subjected to library
preparation with patient-indexed adapters using the KAPA
HTP Library Preparation Kit (Kapa Biosystems). Final
libraries were quantitated using the KAPA Library Quanti-
fication Kit (Kapa Biosystems). Sequencing was performed
on MiSeq instruments with version 2 reagents (Illumina),
using 2 x 152 bp sequencing (OncoScreen ST1.0 and
ST2.0) or 2 x 255 bp sequencing (OncoHeme) with a single
8-bp index read.

Hybrid Capture—Based UCM-OncoPlus Assay

After quantitation, 100 ng Qubit-quantified DNA (blood or
bone marrow) or Qubit/real-time quantitative PCR—quan-
tified DNA (FFPE) was sheared using the Covaris S2
(Covaris, Woburn, MA) and subjected to library preparation
and amplification using the KAPA HTP Library Preparation
Kit (Kapa Biosystems), using adapters with patient-specific
indexes (Roche, Indianapolis, IN). Libraries were quantified
using Qubit reagents and the KAPA Library Quantification
Kit (Kapa Biosystems). Pooled libraries were captured using
a custom-designed SeqCap EZ capture panel targeting 1212
genes (Roche), supplemented with select xGen Lockdown
Probes (IDT, Coralville, IA). After subsequent PCR
amplification and real-time quantitative PCR library quan-
tification (Kapa Biosystems), pooled captured libraries were
sequenced on Illumina HiSeq instruments with rapid run
version 2 reagents, using 2 x 101 bp sequencing with a
single 7-bp index read (Illumina). Of the 81 genes covered
by the UCM amplicon assays listed above, 76 were selected.
These genes are as follows: ABLI, AKTI, ALK, APC,
ASXLI, ATM, ATRX, BCOR, BCORLI, BRAF, CALR, CBL,
CBLB, CDHI, CDKN2A, CSFIR, CSF3R, CTNNBI, CUXI,
DNMT3A, EGFR, ERBB2, ERBB4, ETV6, EZH2, FBXW7,
FGFRI, FGFR2, FGFR3, FLT3, GATAI, GATA2, GNAI I,
GNAQ, GNAS, HRAS, IDH1, IDH2, IKZF1, JAK2, KDM6A,
KDR, KIT, KMT2A, KRAS, MET, MPL, MYD8S8, NOTCH 1,
NPM1, NRAS, PDGFRA, PHF6, PIK3CA, PTEN, PTPNI1,
RAD21, RBI, RET, RUNXI, SETBP1, SF3BI, SMAD4,
SMARCBI, SMCIA, SMC3, SMO, SRSF2, STAG2, STK11,
TET2, TP53, U2AF1, VHL, WT1, and ZRSR?2.

Bioinformatics Pipelines for Data Analysis

After sequencing, data output directories were transferred to
a Health Insurance Portability and Accountability Act—
protected high-performance computing system within the
University of Chicago Center for Research Informatics for
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further processing. We developed custom pipelines to
analyze sequence data from all four UCM panels, using a
combination of publicly available software and internally
developed tools. Schematics of the bioinformatics pipelines
for the amplicon and hybrid capture assays are shown in
Supplemental Figure S1.

Briefly, amplicon assay data were processed using custom
quality filter and primer-matching scripts, after which the
pipeline was split into two branches: alignment based and
reference independent. In the first branch, the data were
aligned to the hgl9 reference human genome using
Novoalign 3.02.07 (NovoCraft, Selangor, Malaysia) using
automatic adapter and primer trimming options. Variant
calling was then performed using a combination of Sam-
tools 0.1.19"° mpileup and Variant Inspector version 1.0, a
UCM-developed variant calling software. Variants are
filtered for quality [Phred quality score >30 (>Q30)] and
depth (>50x for Oncoscreen and >100x for OncoHeme)
with variant signal >5% retained for analysis. In the second
branch, the filtered fastq files were analyzed for the presence
of insertion and deletion mutations >5 bp using the
reference-independent Amplicon Indel Hunter.'® Variant
calls were combined and annotated to Human Genome
Variation Society nomenclature using Alamut Batch software
version 1.3.0 (Interactive Biosoftware, Rouen, France). The
flowchart is shown in Supplemental Figure STA.

For UCM-OncoPlus analysis, fastq files were subjected to
Illumina adapter sequence trimming using Trimmomatic
0.30,"” followed by alignment to the hg19 human reference
genome using BWA-MEM version 0.7.12."% After applica-
tion of a custom mapping quality filter to remove ambigu-
ously mapped reads, assembly-based insertion and deletion
(indel) realignment was performed using Abra.'’ After PCR
duplicates were removed using Picard tools 1.92, a combi-
nation of Samtools 0.1.19 mpileup and Variant Inspector
version 1.0 were used to identify variants within the clinical
territory. Variants were filtered based on depth (>100x),
quality (>Q30), MAF (>5%), and location in clinical exonic
territory for review. Variant calls were annotated and con-
verted to Human Genome Variation Society nomenclature
using Alamut Batch version 1.3.0 software. A separate
module was designed to retain high sensitivity for FLT3 in-
ternal tandem duplication (ITD) mutations to include sepa-
rate analysis of the FLT3 exon 13 to 15 region using Pindel
version 0.2.4t”" and a custom UCM algorithm (ITD Hunter).
The flowchart is shown in Supplemental Figure S1B.

Both assay pipelines have quality control modules to
calculate quality control statistics on raw fastq data, on-target
amplification, alignments, and depth statistics. Pipelines in
our laboratory are all subjected to preliminary testing with
nontumor specimens to determine sites of background signal
and potential pseudogene-affected regions. These problem-
atic regions are either excluded or, if possible, addressed via a
variety of pipeline filters and custom solutions intended to
prevent false-positive variant calls. This process is conducted
before subsequent validation testing.
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Fusion detection was performed using UCM internally
developed software (UCM Fusion Detector version 1.0) that
operates by using a combination of read pairs either aligned
via BWA MEM coordinately or trimmed to 40 bp and
aligned separately to detect read pairs that map on either
side of a fusion junction within ALK, RET, and ROSI. The
software considers gene direction compatibility and sum-
marizes results across gene combinations that are unique
and focused within narrow windows (500 bp) within pro-
spective distal gene partners. Signal for each potential
fusion is calculated as the maximum number of unique reads
within any window in the distal partner gene divided by the
total number of ALK, RET, and ROS1 mapped reads.

Copy number analysis involved evaluation of average exon
interval depths recorded via the Genome Analysis Tool Kit
DepthofCoverage module.”’ A historical normalized baseline
for each interval in the panel was generated using the 24
nonmalignant clinical samples. Test sample data were sub-
jected to a normalization algorithm to control for individual
gene profile run-specific variability. To detect the potential
copy number regions, fold change and Z-scores were calcu-
lated for each interval, and thresholds were set at >200%
(gain) or <66% (loss) with Z-score >3 or <—2, respectively.
Genes with more than half the intervals showing copy number
changes in the same direction were then identified.

FLT3 ITD Mutation Detection

The UCM-OncoPlus data analysis pipeline has a separate
module for FLT3 ITD detection. All insertions from the
alignment-based branch of the pipeline, which involves
BWA-MEM, Abra, Samtools, and Variant Inspector, are
first extracted for the FLT3 region chromosome
13:28607774:28608774. Second, Pindel”” is run for the same
region on the Abra indel-realigned file, and any indels at
>3% MAF are identified. Last, we use ITD Hunter, a UCM-
developed tool (S. Kadri, J.P. Segal, unpublished data),
which scans the region for reads with valid inserts (contained
within the reads) or misaligned reads with trailing insertions.
This is intended to boost sensitivity for large ITDs, especially
when the aligner and indel-realigner fail to accurately align
the ITD located at the end of the reads, leading to many
alignments with trailing insertions of various sizes
(Supplemental Figure S2).

Results

UCM-OncoPlus Tiered Assay Design

The foundation of the UCM-OncoPlus assay is Roche
Nimblegen SeqCap EZ custom capture design targeting
6,064,966 bp of genomic sequence covering 1212 human
genes relevant to cancer in both the somatic and inherited
contexts. To facilitate testing of the more clinically relevant
genes, the UCM-OncoPlus capture panel was designed in
two tiers, a first tier with 316 genes deemed to be of higher
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clinical relevance and a second tier with 896 genes
considered more relevant for translational cancer research
(Supplemental Table S2). The tiers cover 1.6 and 2.8
million coding bp, respectively, as well as padding bases to
ensure depth across exons. However, the SeqCap EZ syn-
thesis design for this panel includes tier 1 probes at a 3x
concentration relative to tier 2 probes to produce higher
depth for clinically important regions and allow increased
multiplexing of samples for clinical analysis (Figure 1A).
The panel includes full exon coverage for all genes, with
coverage of 5" and 3’ untranslated regions for the tier 1 gene
set. The panel also includes intronic and/or upstream
coverage for 18 genes for detection of select gene fusions
(eg, ALK, RET, and ROS]I), intragenic rearrangements (eg,

A Gene distribution

Coding bases

Relative coverage

Tier 1

(316 genes)
1.6 million bp
53% of

coding reads

Tier 2
(896 genes)
2.8 million bp

1% 47% of
Probe| coding reads

A J A\ J A\ J

[l Tier 1 coding bases
[0 Tier 2 coding bases

3000
|

2000
Il

Median Tier 1 = 785x
99% bases > 100x%

Average depth at coding positions
1000

Median Tier 2 = 360x
94% bases > 100x

T T T T T T
0 Mb 0.5 Mb 1 Mb 1.5 Mb 2 Mb 2.5 Mb

Figure 1  University of Chicago Medicine OncoPlus tiered design: A: The
capture panel genes are split in two tiers: tier 1 has 316 genes of high
clinical significance, 3x more probe than tier 2 (896 genes), and
approximately 53% of the coding reads. B: The sorted average depth per
position is shown for each tier.
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MET, EGFR), and promoter mutations (eg, TERT), as well
as probes to target select cancer-associated viruses. Certain
clinically relevant regions that initially showed poor per-
formance because of inefficient capture were supplemented
by the addition of biotinylated xGen Lockdown probes
(Integrated DNA Technologies, Coralville, IA) to boost
capture efficiency.

Multiplexing at a level of nine samples per HiSeq 2500
rapid run flow cell yields an average of 25 to 35 million read
pairs per sample. Approximately 99% of all reads map suc-
cessfully to the genome, and an average of 80% are deemed
on-target via mapping to within 200 bp of a probe target. As
with all capture panels, a distribution of depth is noted.
However, the tiered design proves to deliver a substantial
boost to depth in the tier 1 target region, with approximately
53% of all coding bases belonging to tier 1 (Figure 1A), and
with median depths of 785x and 360X in tier 1 and tier 2
coding regions, respectively, using nontumor (diploid con-
trol) FFPE specimens (Figure 1B). Overall, 99% of target
coding bases in tier 1 genes were covered by >100x unique
reads, compared with 94% of tier 2 coding bases.

Specimens for Clinical Validation

We assessed the performance of the assay using a total set
of 114 validation samples, including 24 nonmalignant (8
blood/bone marrow and 16 FFPE spleen) and 80 malignant
blood, bone marrow, and FFPE validation samples previ-
ously tested on multiple CLIA platforms (including 64
tested via NGS assays), and an additional 10 nonmalignant
(7 blood and 3 FFPE) samples not previously run on any
comparative assay (Supplemental Table S1). All malignant
specimens were selected because of the presence of
desired somatic mutations (Supplemental Table S3). The
comparator assays included the UCM Clinical Genomics
Laboratory OncoHeme and OncoScreen ST1.0 and ST2.0
assays, as well as Foundation One from Foundation
Medicine (FM). The UCM assays are all amplicon-based
NGS profiling panels, using either Illumina Custom
Amplicon technology (OncoScreen ST1.0) or a custom-
ized Ion Torrent multiplex PCR preparation (OncoScreen
ST2.0 and OncoHeme), with sequencing on the Illumina
MiSeq system, whereas the FM assay is a capture-based
assay more similar to UCM-OncoPlus. Of these 80 ma-
lignant samples, 64 (54 tested using UCM assays and 10 at
FM) were used for testing variant concordance, and 13
were a separate set of lung cancer samples from an outside
reference laboratory positive for a variety of ALK/RET/
ROS1 fusions. The total set of malignant samples also
included three HER2-amplified samples tested via fluo-
rescence in situ hybridization for copy number analysis.
The 24 nonmalignant samples (16 FFPE spleen and 8
blood/marrow) were all CLIA-tested via one of the UCM
amplicon assays. Sample details, including diagnoses and
prior analysis summaries, are shown in Supplemental
Table S1.
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Panel Overlaps for Validation Assessment

Of the 81 genes collectively analyzed via our solid tumor
and heme malignancy amplicon panels, we selected 76 for
clinical validation as part of the UCM-OncoPlus panel
(Materials and Methods). Five genes were excluded because
of inadequate capture efficiency and/or low clinical rele-
vance. The overlap between the panels (genes, intervals,
exon, and bp territory) is shown in Supplemental Table S4.
Unlike the results for samples sent to FM, we retain all base
call information for each sample analyzed with UCM
amplicon NGS panels. Thus, each sample assayed by UCM-
OncoPlus and OncoScreen ST1.0 or ST2.0 or OncoHeme
allowed for the intercomparison of variant calling metrics at
16,452, 17,592, or 147,855 unique genomic positions,
respectively. In combination, the total overlap region of the
panels allowed comparison of assay performance across a
total of 163,740 unique bases of genomic territory in 874
exons of the 76 genes.

Sensitivity Analysis

A total of 88 validation samples (78 samples CLIA-tested at
UCM and 10 tumor samples sent to FM) CLIA-tested via
clinical NGS were used to test the variant-calling sensitivity
of the UCM-OncoPlus assay. Of the 78 samples, 54 were
malignant, whereas the remaining were nonmalignant
samples (Supplemental Table S1).

The 10 samples compared against FM included a total of
17 reported pathogenic findings within the OncoPlus vali-
dation target region (in 9 of the 10 samples, the tenth sample
harboring only an ALK fusion). All 17 were detected by
UCM-OncoPlus at a range of MAFs from 5.4% to 95.3%
(Table 1), although MAF data from FM were unavailable

for comparison. Exact genomic mutation coordinates were
not available to evaluate concordance (reports contained
protein nomenclature only), but we were able to assess
success via comparisons with the Human Genome Variation
Society protein effect nomenclature output.

In contrast to the low number of variants available from
the reference laboratory NGS comparisons, the 78 valida-
tion samples tested via UCM amplicon provided a set of
2713 expected variants for sensitivity studies, including all
136 pathogenic variant calls arising at a variety of MAFs.
All other positions were documented to be negative for
variation; thus, all other data points were usable for speci-
ficity analysis (below). The 2713 variants originally
observed at MAF >10% via amplicon assays (the analytical
sensitivity of the UCM-OncoPlus assay) across panel
overlap territory included 2622 single-nucleotide variants
and 91 indel mutations. Observed deletions ranged from 1 to
52 bp [the largest in exon 9 of calreticulin (CALR)], whereas
insertions ranged from 1 to 102 bp, including 11 ITD type
mutations of the FLT3 gene of sizes 27 to 102 bp. FLT3 ITD
detection by NGS is regarded as challenging,”” and for this
reason the informatics pipeline included special modules
design to detect them (Large Indel Detection). Of the 2713
expected genomic mutations, all except two were readily
detected.

We investigated these two discordant mutation calls
further. Both missed calls were within the location chromo-
some X:39,932,800 to 39,932,810 in one heme malignancy
specimen (UC14). Interestingly, UCM-OncoPlus identified
three different and unexpected mutations within the same
small region. On further examination, this represented a
complex BCOR mutation aligned in two different but equally
correct ways by Novoalign (OncoHeme) versus BWA MEM
(UCM-OncoPlus). Thus, the individual component variant

Table 1  Variant Concordance between 17 Pathogenic Findings across 9 of 10 Samples Sent to FM

Sample FM gene FM HGVS OncoPlus gene OncoPlus HGVS OncoPlus MAF, % Concordance
VAL1 TP53 R175H TP53 R175H 67.70 Yes
VAL2 FBXW7 H379fs FBXW7 H379fs 86.70 Yes
VAL2 TP53 G245S TP53 (G245S 95.30 Yes
VAL2 APC T1556fs APC T1556fs 81.20 Yes
VAL2 SMAD4 D415fs SMAD4 D415fs 90.70 Yes
VAL3 TP53 Q38* TP53 Q38* 8.70 Yes
VAL4 TP53 H179Y TP53 H179Y 59.40 Yes
VAL4 DNMT3A R771* DNMT3A R771* 5.40 Yes
VAL4 FLT3 R773fs FLT3 R773fs 25.50 Yes
VAL5 TP53 R248Q TP53 R248Q 29.20 Yes
VAL5 SMAD4 Q534 SMAD4 Q534* 21.70 Yes
VAL6 TP53 G245S TP53 G245S 19.90 Yes
VAL7 TP53 S215R TP53 S215R 63.90 Yes
VAL7 PIK3CA H1047R PIK3CA H1047R 76.90 Yes
VALS GNAS Q227K GNAS Q227K 35 Yes
VALS8 KRAS Q61H KRAS Q61H 15.20 Yes
VAL9 TP53 A307fs TP53 A307fs 54.80 Yes

Three mutations in NFE2L2 and BRCAZ are not included in the University of Chicago Medicine OncoPlus clinical territory and, thus, are not shown in the table.
FM, Foundation Medicine; HGVS, Human Genome Variation Society; MAF, mutant allele frequency.
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calls of this complex variant were different, but the final
Human Genome Variation Society nomenclature for the
combined coding and protein changes was the same
(Supplemental Figure S3), indicating overall concordance
despite the initial discrepancy. This tendency for different
aligners to produce different but equivalent results for the
same complex mutations is underappreciated, and highlights
the need to effectively detect, review, assemble, and annotate
complex variants during clinical variant interpretation.””**

In summary, after merging this complex variant into a
composite complex call, UCM-OncoPlus identified 2729 of
2729 expected variant calls (100% sensitivity) across 88
malignant and nonmalignant FFPE and blood/bone marrow
clinical specimens (including samples with at least 15
different malignant diagnoses), compared against four
separate comparator NGS assays.

MAF Concordance Analysis

Unlike other validation approaches, retention of MAF in-
formation from UCM amplicon assays allowed for a detailed
assessment of UCM-OncoPlus variant calling efficiency.
Across the variants detected by UCM-OncoPlus >10%
MAPF, extremely high MAF concordance (R2 = 0.986) was
observed between the capture-based UCM-OncoPlus assay
and the amplicon panels (Figure 2A). In addition to the
complex GNAS deletion described above, a small number of
points that were distant from the regression line were further
investigated. Two variants showed reduced detection effi-
ciency by UCM-OncoPlus (Figure 2A). For each variant,
examination of the OncoHeme data showed an adjacent tiled
amplicon positive for a nearby single-nucleotide poly-
morphism (SNP) present in frans that overlapped with the
primer-binding site of the amplicon containing the variant of
interest. Thus, the variance can be explained by biased
OncoHeme primer binding and amplification favoring the
mutant. In SRSF2, two somatic variants at the hot-spot
position amino acid 95 showed higher MAFs in UCM-
OncoPlus versus OncoHeme (Figure 2A). In this case, it is
not readily evident which platform is responsible for the
discrepancy. No surrounding SNPs were identified using
UCM-OncoPlus that could potentially explain the higher
performance of UCM-OncoPlus for these variants on the
basis of primer binding site interference. The region is
extremely GC rich, which could have an effect on amplifi-
cation or sequencing via either panel.

Limit of Detection and Reproducibility

To assess low-level mutation detection in FFPE samples in a
more comprehensive way across the 76 genes, we generated
a mixture of three nonmalignant FFPE samples to produce a
single sample with many low MAF variants. Individual
analysis showed a total of 119 variants across the 76 genes
in the component samples, all at approximately 50% and
approximately 100% MAF and all noted previously as
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inherited variants in the 1000 Genomes Project,25 Exome
Aggregation Consortium (http://exac.broadinstitute.org, last
accessed February 2016), or Exome Variant Server (http:/
evs.gs.washington.edu, last accessed February 2016) data-
bases. Only this set of variants was expected to be observed
after 1:1:1 mixture, with 49 variants anticipated at approx-
imately 16.66% MAF, average MAFs observed between
11% and 20%, because of fluctuations in pooling. Overall,
all 119 expected variants were detected, with average MAFs
ranging from 11% to 100%. Data from all 20 replicates for
all 119 variants are shown in Figure 2D.

Specificity Analysis

Unlike the specimens tested via narrow targeted analysis or
by reference NGS send-out (FM), each specimen examined
via UCM amplicon panels yielded between approximately
16,000 and approximately 147,000 points of data for
genomic coordinates previously clinically documented by
CLIA as absent for any mutation. However, because the 24
nonmalignant samples were used during initial assay
development to identify regions with sequencing artifacts
(eg, homopolymer regions and potential pseudogene se-
quences) to establish reportable territory and train the assay,
they were not suitable for investigations of specificity.
Instead, we evaluated the results of the 54 malignant samples,
focusing on genomic coordinates for each sample where no
variant was previously detected via the amplicon assay
(approximately 16 K for Oncoscreen and approximately 167 K
for OncoHeme). As these are tumor samples likely to harbor
low percentage mutational load, this represents a stringent
specificity examination. Across 5.37 million genomic sam-
plings with expected results in these samples, only one pos-
itive variant call was made by OncoPlus (Figure 2, B and C).
Further investigation revealed this to be a true-positive
27-bp complex deletion previously missed by OncoHeme
because of involvement of multiple primer binding sites at
an amplicon tiling point (Supplemental Figure S4). Repeat
PCR-based NGS analysis of this locus using alternative
primers distant from the mutation site also detected the
presence of the same complex deletion (data not shown),
confirming this finding. Thus, based on this and the pres-
ence of these mutations in the 1000 Genomes Project,” we
conclude that this a legitimate finding previously missed
because of amplicon primer binding interference. Overall,
zero false-positive mutation calls were made across a total
of 5.37 million base calls, including all 347 K base positions
tested in 20 malignant FFPE specimens (Figure 2B).

To further interrogate the level of background seen in
FFPE samples outside of the 16 K bases common between
UCM-OncoPlus and Oncoscreen, we examined the data
from 20 replicates of our 1:1:1 nonmalignant FFPE mixed
control sample. All positive results seen were the previously
identified 119 SNPs that showed approximately the ex-
pected MAF alterations predicted from admixture. Across
all replicates (n = 20, 3.27 million base samplings), zero
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unexpected variants were detected at or above 10% MAF.
Across the entire assay, the mean identified variant signal
was 0.05%. Means, SDs, and maximum signals identified at
every position are shown in Figure 2E. Overall, specificity
was 100% across 8.64 million assessed genomic samplings
(Figure 2, B, C, and E). A similar analysis of nontumor
FFPE (n 3) and nonmalignant blood sequenced inde-
pendently using UCM-OncoPlus was performed to investi-
gate the specificity at all non-SNP positions. SNP positions
were determined as before using a combination of 1000
Genome, Exome Aggregation Consortium, and Exome
Variant Server databases. This analysis further allowed us to
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ascertain the level of background noise inherent to the assay.
Across 163,717 base positions, we observed a low mean
variant frequency of 0.047% (Supplemental Figure S5).

Large Indel Detection

Highly sensitive detection of indel mutations remains a
challenge in clinical NGS diagnostics. Dramatic divergence
from the reference genome sequence presents a challenge for
alignment-based software, and without special care many
larger indels may end up unmapped or improperly mapped,
preventing accurate variant calling. We addressed this issue
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in depth during the validation of our amplicon-based panels,
and have previously reported a novel tool, Amplicon Indel
Hunter,” specific for indel detection in amplicon NGS data
that does not rely on reference genome alignment. As a result
of using this highly sensitive large indel calling system as
part of our amplicon panel informatics, the inter-NGS vali-
dation sample set was able to include 93 clinically validated
indel calls in 48 specimens of the 102 specimens tested, with
insertions seen up to 102 bp and deletions up to 52 bp.
Matching this performance represented a substantial chal-
lenge from the standpoint of capture panel informatics
pipeline development. Random fragmentation-based capture
panel data require alternative tools, of which many have been
described. We used Abra, a localized de novo realignment
tool, to act as the main indel detection platform for the
pipeline. In comparison studies, Abra produced similar re-
sults to the indel-detection algorithm, Pindel,Ig for most
indels, but is advantageous because after de novo realignment
and establishment of contigs, it maps individual reads back to
the reference genome, producing modified alignment files
incorporating realigned reads. This allowed for unified
variant calling of all anomalies (ie, single-nucleotide variants,
small indels, and realigned indels) in parallel using the
variant calling module of the pipeline (Materials and
Methods). However, such realignments require that reads
contain sequence footprints on either side of an indel to
produce accurate variant calls, which is a limitation specif-
ically for long insertions, especially >60 bp. In contrast,
Pindel is less affected by this problem. We selected all of our
most challenging clinically identified indels for this 76-gene
validation set; however, in clinical practice, we have only
observed FLT3 among these genes to show insertions >60
bp. Activating ITD mutations in acute myeloid leukemia
patients have been associated with a poor prognosis in many
studies.”® *® To detect these clinically important and histor-
ically difficult mutations, we supplemented the informatics
pipeline with two modules specific for FLT3 ITD detection.
The first, Pindel, proved effective for most of our tested set of
11 ITD mutations, but depending on the specific ITD
sequence, Pindel either aligned all junctional overlapping
reads (resulting in high sensitivity) or evaluated only reads
containing the entire ITD in a similar manner to Abra (lower
sensitivity) (Supplemental Figure S6). The performance was
dependent on Pindel’s assessment of the insert (ie, short
insert versus duplication), although Pindel’s basis for such
categorization was opaque. To maintain high sensitivity in
the latter case, we developed an algorithm (ITD Hunter) to
detect all insertional reads in the FLT3 region of the Abra-
realigned BAM file, regardless of whether the reads
included the full insert sequence (Supplemental Figure S2).
Thus, the module uses an integrated approach combining the
results from Abra, Pindel, and ITD Hunter for ITD detection.
This resulted in high detection efficiency/sensitivity within
the FLT3 ITD region without a significant impact on speci-
ficity. The maximum observed MAF across the three
methods for all ITDs was comparable to prior amplicon-
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based detection with Amplicon Indel Hunter (including all
FLT3 ITDs up to 102 bp), including concordance with two
additional low MAF ITD calls not included in our original
sensitivity analysis, which included only variants with >10%
amplicon MAF (Figure 3).

Copy Number Alterations and Gene Fusions

The ability for NGS assays to simultaneously assess both
sequence and structural rearrangements represents a major
advantage of the technology compared with traditional
sequencing methods. Our previous amplicon assays were
not validated for copy number variant detection; thus, we
evaluated the UCM-OncoPlus assay using a set of 21
samples, including 7 nonmalignant blood samples, 3 sam-
ples previously tested positive for HER2 amplification by
fluorescence in situ hybridization, and 9 of 10 samples with
a total of 36 amplification/deletion findings from FM. No
false-positive gains or losses were noted in the nontumor
samples (Figure 4A), and the findings from the copy number
variant—containing samples are summarized in Table 2. An
example of a lung cancer specimen (Val5) showing FM-
validated EGFR, MET, and other amplifications is shown
in Figure 4B. For each sample, all expected copy number
changes were either detected via UCM-OncoPlus above the
set thresholds or trended in the appropriate direction without
being prominent enough to be called using our applied
cutoffs. Different copy number algorithms incorporate
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different normalization methods and cutoff values, making
assessments of interlaboratory CNV concordance more
problematic than for sequence variants. UCM-OncoPlus
uses similar thresholds (greater than twofold change) to
other published assays.”

The UCM-OncoPlus panel is constructed to include tiling
of introns in a total of 16 genes showing recurrent somatic
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rearrangements. Our initial efforts toward progressive vali-
dation of these anomalies involved testing a panel of 15
lung cancer samples harboring a variety of ALK, RET, and
ROS1I gene fusions. These were previously confirmed either
in our laboratory by fluorescence in sifu hybridization
(n = 2) or by an outside reference laboratory using a
combination of fluorescence in situ hybridization and NGS
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Table 2  Copy Number Changes Reported in FM Samples and Their Concordance with the Copy Number Analysis Using UCM-OncoPlus
Sample Gene Loss/gain Comparator assay Concordance Average fold change In clinical territory
uc48 ERBB2 (HER2)* Gain FM Yes 5.7612 Yes
VAL3 CCND1 Gain FM Yes 2.306521 No
FGF3 Gain Yes 2.216868 No
FGF4 Gain No 1.746214 No
FGF19 Gain No 2.506074 No
VAL1 ERBB2 (HER2)* Gain FM Yes 18.20375 Yes
CCND3 Gain Yes 9.287972 No
MYc Gain Yes 6.506277 No
VAL4 (CND1 Gain M Yes 8.389682 No
FGF19 Gain Yes 11.00565 No
FGF3 Gain Yes 10.90079 No
FGF4 Gain Yes 8.357692 No
VAL9 CDKN2A* Loss FM Nof 0.7754569 Yes
CDKN2B Loss Yes 0.6198064 No
(CND1 Gain Yes 3.74403 No
FGF19 Gain Yes 4.370285 No
FGF4 Gain Yes 3.383176 No
FGF3 Gain Yes 4.132068 No
NKX2-1 Gain Yes 11.40722 No
VAL2 SRC Gain FM Yes 6.113183 No
75C1 Loss Yes 0.0502757 No
VAL7 FGFR1* Gain M Yes 8.527815 Yes
RICTOR Gain Yes 2.515251 No
FGF10 Gain Yes 2.823522 No
ZNF703 Gain Yes 11.86782136 No
VALS CDK4 Gain FM Yes 6.338542 No
GLI1 Gain NA Not in panel No
MDM2 Gain No 1.884392 No
ZNF217 Gain Yes 6.963416 No
VAL5 EGFR* Gain FM Yes 4.281734 Yes
MET* Gain Yes 4.757686 Yes
RAF1 Gain Yes 2.37489 No
(CND1 Gain Yes 2.180732 No
MYc Gain Yes 3.587087 No
FGF3 Gain Yes 2.567123 No
FGF4 Gain No 2.150498 No
FGF19 Gain Yes 2.615929 No
VAL10 CDKN2A* Loss FM Yes 0.472469475 Yes
CDKN2B Loss Yes 0.54852575 No
ucs5 ERBB2 (HER2)* Gain FISH Yes 4.692491 Yes
ucs6 ERBB2 (HER2)* Gain FISH Yes 9.324157 Yes
ucs7 ERBB2 (HER2)* Gain FISH Yes 23.09234 Yes

*Included in the UCM-OncoPlus clinical territory.
Not detected by set thresholds but showed loss across all exons.

FISH, fluorescence in situ hybridization; FM, Foundation Medicine; NA, not available; UCM, University of Chicago Medicine.

methods (n = 13). For fusion detection, we applied a novel
algorithm incorporating a combination of paired-end read
alignments as well as alignments of individual trimmed read
mates to boost sensitivity for unambiguous intergenic read
pair mapping. Using this algorithm to look for fusions
specifically in ALK, RET, and ROSI, we identified all 15
fusions, including the correct partner genes, with low fusion
signal detected in the 24 nonmalignant samples (Figure 5A).
Figure 5B shows an example of a KIF5B-RET fusion where
the highlighted reads were identified by the fusion algorithm
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to detect the fusion. The RET alignments show the reads
resulting from the tiling design in the intron of the gene.

Discussion

Genomics technologies are continuing to transform the field
of oncology diagnostics, with many laboratories working to
develop NGS LDPs to support personalized medicine and
institutional translational research. However, validating these
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assays to satisfy CLIA regulations pertaining to non—Food that many of these variant calls represented inherited SNPs,
and Drug Administration—cleared LDPs remains a signifi- the most important thing during technical validation is
cant challenge. In this validation, we focused on the use variant concordance, whether the variants are inherited or
of true patient-derived oncology specimens previously somatic. In cancer samples, inherited SNPs and somatic
tested with orthogonal clinical NGS assays to maximize mutations can both be found at a wide range of MAFs
efficiency. Using fewer samples than other large-scale val- because of copy number abnormalities (and in heme sam-
idations, we were able to interrogate UCM-OncoPlus via ples because of donor/recipient chimerism). To augment our
>8.6 million comparisons with CLIA-certified results, sample set for low MAF variants, we also conducted 20
including 2729 confirmed variant calls. Although it is true replicates of a mixed normal FFPE specimen, confirming
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the reproducible detection of 52 variant calls <20% MAF.
This mixed control specimen is now routinely used in our
laboratory as an in-assay control, assessed for the proper list
of 119 clinical variants on each assay run. We were also
simultaneously able to test the limits of the assay’s detection
efficiency for large indels across many genes and perform a
detailed evaluation of variant calling efficiency via MAF
intercomparison, analyses that would be difficult or
impossible using cell lines. As a result of this validation
study, the UCM-OncoPlus assay is currently live in our
laboratory for clinical reporting of mutations at MAF >10%
in the 76 genes analyzed, including single-nucleotide vari-
ants, generic indels <52 bp, and FLT3 ITDs <102 bp. Data
from the nonreported 1136 genes are accessible to our cli-
nicians and investigators with patient consent and Univer-
sity of Chicago institutional review board approval.

It is our intention to constantly work to expand the
clinically reported region of the panel to meet current and
future clinical needs. Ongoing validation studies are focused
on expanding the validated gene set and finalizing additional
features, including copy number changes and common lung
cancer gene fusions. Ideally, future genes of interest will
already be present within the panel, such that ongoing
validation will be facilitated by prior sequencing experience.
If not, they can be added to future versions of the design or
included via spike-in of custom-manufactured probes.

The extremely high concordance observed between these
LDPs stands in contrast to previous reports documenting a
degree of discordance between amplicon and hybrid capture
assays, or suggesting the general superiority of one or the
other of these methods.'” In our experience, both assay types
can be made robust and reproducible with strict attention to
library preparation methods, informatics algorithms, and
above all quality control parameters. Regardless of the
method, the most critical experimental consideration in NGS
oncology sequencing assays is ensuring sufficient sampling
of original DNA molecules to prevent false-positive poly-
merase-induced errors or stochastic false-negative errors
(typically affecting low MAF variants). This can be a sub-
stantial challenge because of the highly variable quantity and
quality of DNA yielded by cancer specimens. We have found
careful assay loading of FFPE genomic DNA based on
amplifiable concentration (determined by real-time quanti-
tative PCR) to be an invaluable process step for improving
the robustness of all of our oncology sequencing assays.

In its first iteration, the UCM-OncoPlus clinical assay
involves sequencing of only tumor tissue, with reporting of
variants in the context of the tumor specimen. For a small
set of reported genes, tumor-only sequencing remains the
standard of care, and has a variety of advantages compared
with default tumor-normal sequencing. Although it is true
that tumor-normal sequencing does allow for discrimination
of somatic/inherited alterations, this is not typically the most
important consideration during the workup of an individual
cancer patient in clinical pathology practice. For example, in
a breast cancer patient, a BRCA2 mutation might raise the
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consideration of a poly (ADP-ribose) polymerase inhibitor
trial regardless of the origin of the mutation. The determi-
nation of biological pathogenicity is of greater importance,
and this is the area of greatest technical difficulty regardless
of sequencing strategy. In addition to additional consenting,
genetic counseling, and costs, there are practical consider-
ations as well in that for many patients it can be difficult to
find a suitable normal tissue. A blood draw may be
acceptable for a solid tumor patient, but for hematopoietic
malignancy patients, a skin biopsy and/or time-consuming
fibroblast culture may be necessary. Informatics systems
may also be a pitfall for tumor-normal assays, as compu-
tational subtraction of normal from tumor will remove any
pathogenic inherited variants, and so the normal sequencing
results must be separately analyzed and reported.

In clinical practice at UCM, UCM-OncoPlus allows for
timely assessment of tumor mutations in genes of known
relevance while at the same time producing data from
>1100 additional genes for use in a variety of institutional
translational research projects. Because of the tiered assay
design and the incorporation of larger-scale sequencers
compared with our amplicon assays, we perform this assay
at a cost only 30% higher than that of our 53 gene heme
panel test. The additional data can then be mined for pre-
sumptively somatic or inherited mutations and correlated
with health status or patient performance. Additional
sequencing of normal tissue may be conducted if clinically
appropriate based on tumor findings, both in clinical prac-
tice and as a part of specific research studies. The emergence
of assays like UCM-OncoPlus at multiple institutions
highlights the need for improved methods for understanding
the wealth of genomic data and clinical associations that
they produce. This will depend on increased options for
interinstitutional data sharing and aggregation. It will also
require more institutions to engage in this scale of data
gathering, which has historically been cost-prohibitive. We
hope that the efficient assay design and validation strategies
presented herein, and the emergence of additional labora-
tories like ours willing to share validation samples and full
data sets, will be helpful in convincing other institutions to
pursue similar multipurpose panels intended to support both
clinical service and more basic cancer discovery.
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