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Abstract
Background Next-generation sequencing of gene panels has supplanted single-gene testing for cancer molecular diagnostics 
in many laboratories. Considerations for the optimal number of genes to assess in a panel depend on the purpose of the testing.
Objective To address the optimal size for the identification of clinically actionable variants in different-sized solid tumor 
sequencing panels.
Patients and methods Sequencing results from 480 patients with a large, 315 gene, panel were compared against coverage 
of a medium, 161 gene, and small, 50 gene, panel.
Results The large panel detected a total of 2072 sequence variants in 480 patient specimens; 61 (12.7%) contained variants 
for which there is therapy approved by the US Food and Drug Administration, 89 (18.5%) had variants associated with an off-
label therapy, and 312 (65.0%) contained variants eligible for a genomically matched clinical trial. The small panel covered 
only 737 of the 2072 variants (35.5%) and somewhat fewer therapy-related variants (on-label 88.5%, off-label 60.7%). The 
medium-size panel included 1354 of the 2072 (65.3%) variants reported by the large panel. All 318 patients with a clinically 
actionable variant would have been identified by the medium panel.
Conclusions The results demonstrate that a carefully designed medium size gene panel is as effective as a large panel for the 
detection of clinically actionable variants and can be run by most molecular pathology laboratories.
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Key Points 

In solid tumor profiling the optimal size of sequencing 
panel for the detection of actionable mutations is not 
defined.

We compared the clinical results from a large panel (315 
genes) to the coverage of a medium (161 genes) and a 
small (50 genes) panel.

Our results indicate that the gene content of the medium-
sized panel encompassed all actionable mutations of the 
large panel in our cohort with significantly less non-
targetable results.

1 Introduction

Genomic analysis of solid tumor tissue is the standard of 
care for several of the most common types of human malig-
nancies, including non-small-cell lung carcinoma (NSCLC), 

colorectal carcinoma, and malignant melanoma [1–3]. Until 
recently this was generally performed by fluorescent in situ 
hybridization (FISH) and immunohistochemistry (IHC) for 
rearrangements [4–6] and copy number variations (CNVs) 
[7–9] and a wide array of single-gene assays (PCR, Sanger 
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sequencing, pyrosequencing, etc.) for single nucleotide 
variants (SNVs) and small insertions and deletions (indels) 
[10–12]. While single-gene assays are relatively inexpensive 
and have a short turnaround time (TAT), they are limited in 
sensitivity and throughput (Sanger) or designed to detect 
only common mutations (PCR). The current guidelines pub-
lished by the Association for Molecular Pathology (AMP), 
College of America Pathologists (CAP), and International 
Association for the Study of Lung Cancer (IASLC) recom-
mend testing for mutation in four to eight genes for every 
patient with NSCLC [13]. This can lead to situations where 
multiple tests and/or platforms, each having a different tissue 
requirement, are required to analyze the tissue to determine 
appropriate therapy.

Next-generation sequencing (NGS) has begun to supplant 
single-gene assays as the test of choice for detecting SNVs 
and indels in some tumors, because this approach uses less 
tissue, is more cost efficient, and provides greater sequence 
coverage of the genes of interest across specimen types 
[14–19]. Additionally, CNVs and genomic rearrangements 
detected by NGS are highly concordant with both IHC and 
FISH [20–22]. The clinical NGS panels currently available 
interrogate different numbers of genes, ranging from a hand-
ful of tissue-specific targets [23] to whole-exome sequenc-
ing (WES) [24] and whole-genome sequencing (WGS) [25]. 
However, interrogating more genes increases cost and TAT, 
with clinical WGS (including matched non-tumor sample) 
currently costing up to US$10,000 per patient [26–28]. 
The largest non-exome panels contain over 1000 genes 
[29], many of which have no associated US Food and Drug 
Administration (FDA)-approved therapies, medically useful 
clinical trials, or prognostic implications. While WES/WGS 
has been shown to have no clinical benefit over a medium-
sized (~ 150 genes) panel [30], and almost all large-scale 
trials attempting to show feasibility of molecular profiling 
use panels that have under 250 genes [31], the impression 
of many in the clinical practice community remains that 
“bigger is better.” Although some publications suggest that 
the information generated by large sequencing panels is of 
benefit [29, 32, 33], many clinicians are unprepared for the 
sheer volume of information generated by a large sequenc-
ing panel.

As a real-world example, the National Cancer Institute’s 
(NCI) ongoing NCI-MATCH trial was initially designed 
around using a medium-sized panel. The trial includes 
numerous treatment modalities and has grown to include 
dozens of arms with treatments designated for specific 
genomic variants [34]. Multiple testing paradigms were 
assessed and the Ion Oncomine™ Comprehensive Assay v1 
(Thermo-Fisher Scientific, Waltham, MA, USA) was chosen 
and subsequently updated to version 3. These panels detect 
SNVs, indels, CNVs, and selected translocations in 143 
genes (v1) and 161 genes (v3). This approach allowed for the 

conservation of tissue, as the assay only requires 20 ng each 
of DNA and RNA, while also allowing for a comprehensive 
interrogation of clinically relevant genetic variants. The aim 
of the present study was to test whether the additional infor-
mation supplied by a large (300 + gene) NGS panel provides 
significantly greater clinical information than that provided 
by a more compact (~ 150 gene) panel.

2  Materials and Methods

Four hundred and eighty solid tumor NGS reports from a 
large commercial reference laboratory (Foundation Medi-
cine, Cambridge, MA, USA) on samples from patients 
treated at Cedars-Sinai Medical Center from 2013 to 2017 
were reviewed. Appropriate regulatory review for this study 
was completed by the Cedars Sinai Office of Research Com-
pliance and Quality Improvement (IRB # Pro00051862).

All of the reference laboratory reports contained the 
results of an NGS panel that interrogated 315 genes, and 
reported SNVs, indels, CNVs, and translocations (Supple-
mentary Table 1). The reference laboratory reports were 
analyzed to determine whether the reported genomic vari-
ants are contained in the Ion Oncomine™ Comprehensive 
Assay v3 (Thermo-Fisher Scientific) 161-gene panel (Sup-
plementary Table 2) and the 50-gene Ion Oncomine™ Pre-
cision Assay (Thermo-Fisher Scientific) (Supplementary 
Table 3). Variants were assessed for pathogenicity by a 
precision oncology diagnostic team composed of molecu-
lar scientists, molecular pathologists, and oncologists. For 
variants with possible FDA approved, off-label, or clinical 
trial-based therapies, relevance to the indication provided by 
the FDA and/or National Comprehensive Cancer Network 
(NCCN) guidelines was evaluated with all currently avail-
able information (February 2020). A variant was considered 
as qualifying for a clinical trial if it was listed as an inclu-
sion criterion for a currently recruiting clinical trial in the 
patient’s tumor type.

Finally, technical accuracy was assessed by running 
a subgroup of 55 representative cases (Supplementary 
Table 4) with the medium-sized (161 gene) panel. FFPE 
slides from the previously characterized blocks had DNA 
and RNA extracted with the AllPrep DNA/RNA FFEP kits 
running on Qiacubes (Qiagen Sciences Inc, Germantown, 
MD, USA). Automated library preparation and sequencing 
was performed on the Ion Oncomine™ Comprehensive 
Assay v3 running on the Ion Chef™ and S5XL™ NGS 
instruments (Thermo-Fisher Scientific). Sequence data 
were captured and analyzed with a combination of the Ion 
Torrent Suite Software v5.10.2, Ion Reporter Software 
v5.10.5, and an internally developed filtering pipeline. 
Discrepancies for SNVs and indels were confirmed with 
Sanger sequencing.
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3  Results

3.1  Results from the Large Panel Analysis 
by the Reference Laboratory

A total of 480 reference laboratory solid tumor NGS 
reports, each belonging to a unique patient, were analyzed. 
The most common primary tumor sites were CNS, hepa-
tobiliary/pancreas, lung, and colon, in descending order 
(Fig. 1). A total of 2072 genomic variants were reported 
(Supplementary Table 4). This included 1008 (48.6%) 
SNVs, 405 (19.5%) indels, 598 (28.9%) CNVs, and 61 
(2.9%) rearrangements (Fig. 2). Variants associated with 
FDA-approved therapies were reported in 61 (12.7%) 
patients. No patient had more than one variant associated 
with FDA-approved therapy. Variants associated with off-
label therapy were reported in 89 (18.5%) patients. Finally, 
312 (65.0%) patients had variants associated with eligi-
bility for clinical trials (Table 1). In total, the variants 
with associated FDA-approved therapeutic indications 
were found in ten genes (ALK, BRAF, BRCA1/2, EGFR, 
ERBB2, KRAS, NRAS, NTRK1, PIK3CA) with the addition 
of emerging therapies adding two genes (MET and RET) 
(Fig. 3).

3.2  Comparison of the Large and Medium Panels

Both panels had considerable overlap with 134 com-
mon genes for SNVs and indels and 15 common genes 
for select rearrangements (Fig. 4). The genomic cover-
age of the 161-gene panel encompassed the loci of 1354 
(65.3%) of the variants detected by the large panel. All 
patients with variants associated with FDA (61/61) and 
off-label (89/89) therapies would have been identified by 
the 161-gene panel, and all 312 patients would have been 
identified for genomically matched clinical trials with the 
161-gene panel as well.

Within the 55 cases run in parallel with the medium 
panel, 170/172 (98.8%) SNVs, 37/37 (100%) indels, 47/49 
(95.9%) CNVs, and 3/3 (100%) fusions that were covered 
by the medium panel were detected. One frameshift indel 
was detected by the medium panel and confirmed by Sanger 
sequencing but not present on the report from the large 
panel. Both SNVs detected by the large panel not seen in 
the medium panel were listed as “sub clonal” on the outside 
report. They were not confirmed by Sanger sequencing but 
were likely below the limit of detection of both Sanger and 
the medium panel. Across all variants reported, concord-
ance was seen in 257/262 (98.1%). All five variants with 
discordance were not considered to be clinically actionable 
at this time.

3.3  Comparison of the Large Panel and the Small 
Panel

The 50-gene panel was not as comprehensive in identifying 
reportable (or actionable) lesions. Only 737 (35.5%) of the 
variants were encompassed; however, eligibility for FDA-
approved therapy was only minimally affected, with 54 out 
of 61 (88.5%) patients being correctly identified. Variants 
eligible for off-label therapy and clinical trials would have 
been identified in 54 (60.7%) and 256 (82.1%) patients, 
respectively. The major reason for lack of detection was 
inability to recognize errors in genes in the homologous 
recombination (HR) repair pathway (i.e., BRCA1, BRCA2, 
ATM, etc.).

4  Discussion

NGS has revolutionized cancer genomics, allowing detailed 
assessment of the mutational landscape of a tumor to be 
completed in a relatively short time. Since NGS technology 
was developed, the number of available therapies linked to 
specific mutations has increased significantly, with more Fig. 1  Tumor site of origin for the 480 cases

Fig. 2  Variant subtypes identified by the reference laboratory panel
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than 80 currently approved by the FDA (four in the last year 
alone) [35]. Most academic laboratories struggle to decide 
which test or tests to employ for the molecular diagnosis 
of solid tumors. Single-gene tests and small NGS panels 

containing 5–50 genes identify some clinically actionable 
lesions and can be performed rapidly and at low cost. How-
ever, these small panels do not provide comprehensive cov-
erage of clinically actionable mutations or more extended 

Table 1  Comparison of total and actionable variants detected by the respective panels (N = 480)

NGS panel Total variants Number of patients with recommendations based on reported 
variants

FDA-approved therapy Off-label therapy Clinical trials

Reference laboratory assay (315 genes) 2072 61 89 312
Ion Oncomine™ comprehensive assay v3 (161 genes) 1354 (65.3%) 61 (100%) 89 (100%) 312 (100%)
Ion Oncomine™ precision assay (50 genes) 737 (35.5%) 54 (88.5%) 54 (60.7%) 256 (82.1%)

Fig. 3  Number of variants located in each respective gene/gene fam-
ily associated with an indication for US Food and Drug Administra-
tion-approved therapy (blue) or National Comprehensive Cancer Net-

work (NCCN) emerging therapies (orange). RAS includes K-RAS and 
N-RAS, BRCA includes BRCA1 and BRCA2 

Fig. 4  Genes overlapping (light 
gray) that cover (a) single 
nucleotide variants (SNVs)s 
and indels; (b) select rearrange-
ments in the large- (white) and 
the medium- (dark gray) sized 
next-generation sequencing 
(NGS) panels. The small panels 
coverage was almost entirely 
included in both the large- and 
the medium-sized panel
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coverage that may lead to the discovery of novel actionable 
variants. Large panels of hundreds to thousands of genes, 
WES or WGS are not currently economically justified, 
although it is apparent that this may change in the future as 
the cost and reporting times are reduced and variant annota-
tions become more standardized. In the meantime, the line 
between the clinical applicability of a panel and its research 
value has begun to blur as clinical panels have grown to 
number in the hundreds of genes [29, 36]. This, together 
with heavy marketing by large reference labs, has led to an 
erroneous impression of “bigger is better” by clinicians and 
patients alike. In addition, the larger panel results pose an 
extensive interpretive burden, especially in the evaluation of 
variants that are supported by anecdotal or low-level data. 
The question of what constitutes the appropriate size for a 
cancer gene panel based on a specific goal—clinical action-
ability—is relatively unaddressed in the literature.

To test the hypothesis that a large panel is necessar-
ily superior to a small- or medium-sized panel for the 
detection of actionable variants, we directly compared 
the results of nearly 500 large (300 + gene) panel analy-
ses of solid tumor specimens with those that would have 
been obtained using a medium-sized panel developed spe-
cifically to detect actionable mutations [34], and a small 
50-gene hotspot panel. While the larger panel detected 
more overall variants, the additional variants beyond those 
contained in the medium panel had no impact on patient 
management. Every variant identified by the larger panel 
that was associated with an FDA-approved therapy, both 
on (61/61) and off label (89/89), would have been identi-
fied by the medium panel. Further, almost all (88.5%) of 
the patients genomically matched to FDA-approved thera-
pies would have been detected by the 50-gene panel as 
well. Finally, while most of the comparison in this study 
was in silico, parallel testing of 55 cases with the medium-
sized panel showed an overall concordance of 98.1%, with 
no clinically actionable variants showing discordance.

Fortunately, the issue of appropriate testing panels has 
begun to be addressed by a joint guideline of the College 
of American Pathologists (CAP), Association of Molecu-
lar Pathology (AMP), and the American Society of Clinical 
Oncology (ASCO) [37]. These groups recommend classi-
fication of variants into four tiers, with tier I having strong 
clinical significance and each subsequent level having less. 
Most importantly for tier I variants, the therapeutic evidence 
should be either level A or level B, meaning that the therapy 
is FDA approved for that specific variant or that there is 
strong evidence for the efficacy of the therapy based on well-
powered clinical studies with consensus from experts in the 
field. Importantly, the use of these guidelines is designed to 
allow for clinicians to better synthesize progressively larger 
amounts of genomic data.

An important limitation of our study is that it is limited 
to the time span (2013–2017) when the collected cases were 
initially reported, so that consideration of panel size on large 
genomic biomarker such as microsatellite instability (MSI), 
tumor mutational burden (TMB), loss of heterozygosity 
(LOH), and chromosomal aneuploidy was not addressed. 
With recent advances in biomarker-driven response to immu-
notherapy [38–40] and the pan-cancer designation of MSI 
as an indication for pembrolizumab [41], TMB and MSI are 
especially important. While WGS/WES with matched nor-
mal samples is the gold standard for determination of TMB 
[42–44], multiple studies have shown TMB derived from 
large panels (~ 300 genes), with and without matched normal 
samples, to be highly concordant and predictive of response 
to therapy [45–47]. Additionally, similarly sized and smaller 
panels have been shown to be able to reliably assess MSI sta-
tus [48, 49]. Currently, a panel size of at least one megabase 
is considered ideal for the detection of TMB, with one study 
finding significant variance from WES with any panel below 
500 kilobases [50]. While development of TMB calculation 
with the OCAv3 was attempted, the panel is approximately 
350 kilobases and currently does not support TMB or MSI 
calculation capabilities. However, a panel with similar gene 
content, the TruSight™ Tumor 170 (Illumina, San Diego, 
CA, USA) panel, has been shown to be able to calculate 
both TMB and MSI reliably [51, 52]. These shortcomings 
can also be compensated for by the use of additional assays 
specifically designed for TMB and/or MSI evaluation. These 
can be highly automated, accurate, run in parallel from the 
same extracted genomic material, reported concurrently, and 
only require an additional 20–30 ng of DNA [53, 54]. Of 
note, recent data show that TMB is currently not a mature 
biomarker for therapy selection [55–57] and even MSI has 
high amounts of variability across tumor types [58]. Revalu-
ation of both of these markers may be necessary regardless 
of expert guidelines or even FDA approval.

Our results suggest that a gene panel large enough to 
identify cancer gene sequence variants for which an FDA-
approved or off-label drug is available, or for which a clini-
cal trial is available, is prudent when clinical actionability 
is the major criterion. Reflecting this, a retrospective study 
at University of Michigan has shown that even with the 
additional information provided by a large panel, ~ 90% of 
patients received the standard of care [59]. Very few patients 
received off-label therapy (< 10%) or were entered into a 
clinical trial (< 5%) based on the molecular results received, 
a trend that has been seen in large studies looking at com-
munity oncologists in NSCLC [60, 61]. Their conclusion 
mirrors our own, which is that most, if not all, variants that 
affect patient management are detectable using smaller, 
readily available oncology panels that can be implemented 
in a small- to medium-sized clinical laboratory.
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One prudent approach to the care of cancer patients 
would be to follow a scaled molecular testing approach. 
Either an independent smaller panel tailored to the tumor 
types typically seen by the laboratory could be run first or 
smaller “actionable” panels could be informatically carved 
out of larger assays. If the initial panel is negative, then the 
full panel can be run or unmasked. While cheaper to run a 
smaller assay, when the case mix is significantly heterog-
enous for tumor type it becomes simpler from a workflow 
perspective to run informatically created sub panels from a 
larger assay. Assuming that an actionable variant is detected 
in a subpanel and the panel is not unmasked, all detected 
variants should still be stored in a centralized database 
and be available at the request of the clinician. Guidelines 
regarding reporting of NGS results have been addressed 
by numerous organizations. A particularly relevant one is 
from the New York State Department of Health stating that 
inclusion of a phrase such as “This test is designed to detect 
x, y and z…in genes a, b and c… However, variants other 
than the ones listed above may also have been detected. If 
interested, these can be released upon request.” Additionally, 
the panel should cover all currently actionable variants and 
those that have a high probability of reaching actionability 
in a clinically relevant time frame and should be subject to 
regular periodic review to ensure newly relevant genes and 
variants were not missed. If no actionable information is 
obtained, the sample can then be analyzed, in the setting 
of a clinical trial, by WES or WGS since gene discovery 
efforts may reveal a new drug or clinical trial that is not 
currently available. Actionable variants beyond those that 
have been identified to date will only be discovered through 
analysis of tens to hundreds of thousands of sequences from 
tumor specimens, plus basic science research on individual 
oncogenes.

In summary, our comparative analysis of the clinical util-
ity of large (315 genes), medium (161 genes), and small 
(50 gene) NGS panels demonstrates that, when the primary 
clinical goal is the identification of clinically actionable 
mutations, an optimized medium-size panel is equally as 
informative as a larger panel. Thus, in this context, we con-
clude that bigger is not better.
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