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Abstract
Objective The study aimed to retrospectively evaluate the positive yield rate of a custom 212-gene next-generation sequenc-
ing (NGS) panel, the JAX ActionSeq™ assay, used in molecular profiling of solid tumors for precision medicine.
Methods We evaluated 261 cases tested over a 24-month period including cancers across 24 primary tissue types and report 
on the mutation yield in these cases.
Results Thirty-three of the 261 cases (13%) had no detectable clinically significant variants. In the remaining 228 cases 
(87%), we identified 550 clinically significant variants in 88 of the 212 genes, with four of fewer clinically significant vari-
ants being detected in 62 of 88 genes (70%). TP53 had the highest number of variants (125), followed by APC (47), KRAS 
(47), ARID1A (20), PIK3CA (20) and EGFR (18). There were 38 tier I and 512 tier II variants, with two genes having only a 
tier I variant, seven genes having both a tier I and tier II variant, and 79 genes having at least one tier II variant. Overall, the 
ActionSeq™ assay detected clinically significant variants in 42% of the genes included in the panel (88/212), 68% of which 
(60/88) were detected in more than one tumor type.
Conclusions This study demonstrates that of the genes with documented involvement in cancer, only a limited number are 
currently clinically significant from a therapeutic, diagnostic and/or prognostic perspective.
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1 Introduction

Cancer is a group of diseases involving uncontrolled cell 
growth and division that evolves and progresses due to the 
accumulation of somatic DNA changes, occasionally in the 
presence of inherited germline variants. The consequences 
of these changes lead to simultaneous tumor suppressor 
inactivation (e.g., TP53, PTEN, and NF1) and oncogenic 
activation (e.g., ERBB2, EGFR, and KRAS) resulting in a 
constitutively active cell cycle and uncontrolled proliferation 

Key Points 

Our study demonstrates that the yield of clinically sig-
nificant variants in a > 200-gene panel is < 50%, suggest-
ing that more studies are needed addressing the function-
ality and thereby the therapeutic potential of genomic 
alterations.

Adaptation of tiered classification of genomic variants 
based on Association for Molecular Pathology consensus 
guidelines for variant interpretation in cancer (2017) has 
enabled evaluation and stratification of clinically signifi-
cant variants in solid tumors.

Identification of causal etiology for devising therapeutic 
strategies to target solid tumors should involve multi-
dimensional testing including DNA-based NGS assays, 
RNA-based fusion analysis, tumor molecular burden and 
gene-expression analysis.

http://orcid.org/0000-0003-1280-9993
http://crossmark.crossref.org/dialog/?doi=10.1007/s40291-019-00435-9&domain=pdf
https://doi.org/10.1007/s40291-019-00435-9
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2  Materials and Methods

2.1  Case Cohort

The current study is a retrospective review of 383 forma-
lin-fixed paraffin-embedded (FFPE) samples sent to JAX’s 
Clinical Laboratory Improvement Amendments (CLIA) lab 
for testing using the ActionSeq™ assay, a custom 212-gene 
NGS panel, and reports on results from 261 cases.

2.2  ActionSeq™: Process and Metrics Established 
for Clinical Testing Based on Analytical 
Validation

ActionSeq™ incorporates a targeted-enrichment sequenc-
ing assay for a 212-gene DNA-based hybrid capture panel 
(Supplementary Table 1; see the Electronic Supplementary 
Material) for which all coding exons ± 10 bps are sequenced. 
Five-micron section slides (ten unstained slides and one 
stained with hematoxylin and eosin) are reviewed for neo-
plastic content (established cut-off is ≥ 30%) and areas of 
tumor marked off by a pathologist to enable macro-dissec-
tion for nucleic acid extraction. Samples which did not meet 
the neoplastic content cut-off criteria were either processed 
under deviations (≥ 20% to 30%) or failed for not meeting 
specimen requirements (≤ 20%).

Genomic DNA was extracted from macrodissection-
enriched FFPE tissue sections (5-µm sections) using the 
all prep kit (Qiagen). Fifty nanograms of DNA that passed 
quality metrics (A260/A280 ratio between 1.6 and 1.8) was 
used as input for enrichment of target exons by hybrid-cap-
ture (Roche Nimblegen). Illumina NextSeq 500 sequencers 
generated 150-bp paired-end sequence reads with a mean 
coverage ≥ 500X. Variant analysis was performed using the 
ActionSeq™ Genome Analytics (AGA) pipeline, developed 
at JAX, which was CLIA validated to establish robustness 
and reproducibility, addressing the analytical sensitivity 
and specificity discussed below. The AGA pipeline links 
an in-house quality control (QC) Toolkit, Burrows-Wheeler 
Aligner (BWA) (http://bio-bwa.sourc eforg e.net/bwa.shtml 
#13), Picard (http://broad insti tute.githu b.io/picar d/), 
Genome Analysis Toolkit (GATK) [21], LoFreq [22], and 
COpy Number Targeted Resequencing Analysis (CONTRA) 
[23] for QC, alignment, and variant discovery. Variants were 
called against human genome build GRCh38. The analytical 
sensitivity for single nucleotide variants (SNVs) was deter-
mined as 5% and that for indels as 8% mutant alleles. The 
analytical sensitivity for copy number variants (CNVs) was 
determined to be eight copies for amplifications and zero 
copies (homozygous deletions) for losses. A minimum depth 
of coverage of 130× was required for reporting SNVs and 
indels (insertions and deletions up to 50-bp in length) at the 
established analytical sensitivity.

[1–3]. Fortunately, the rise of molecular diagnostics has 
allowed for the detection and subsequent targeting of these 
oncogenic variants via specific targeted molecular thera-
pies in certain tumor types. Genomic profiling has become 
a standard of care for melanoma, lung, breast, and colorectal 
cancers [4–7]. Furthermore, genomics-guided clinical trials 
are underway to evaluate the efficacy of approved and inves-
tigational molecular targeted therapies for cancers harbor-
ing specific genomic profiles [8, 9]. In this regard, precision 
oncology is focused on decoding comprehensive genomic 
tumor profiles to identify targetable genomic variants spe-
cific to the patient’s tumor that offer better clinical outcomes 
than standard care [10, 11].

Traditionally, low-throughput methods limited diagnos-
tics laboratories to testing a single variant per assay. How-
ever, massively parallel next-generation sequencing (NGS) 
greatly expanded the content and throughput of genomic 
testing and dramatically changed the molecular diagnos-
tics landscape [12]. Advances in NGS technologies have 
resulted in genomic sequencing becoming faster and cheaper 
and achieving higher throughput, all of which have helped 
increase genomic testing in the clinic. Therefore, the clini-
cal community is rapidly developing NGS testing ranging 
from targeted gene panels to comprehensive genome-wide 
platforms [13–16]. Although whole exome sequencing 
(WES) and whole genome sequencing (WGS) have delivered 
comprehensive gene alteration profiles, their utility is more 
relevant to constitutional disorders, particularly in the iden-
tification of genotype–phenotype associations, as they pro-
vide more information than can be practically analyzed and 
interpreted for relevance in cancer diagnostics. Thanks to the 
large-scale genomic studies, including The Cancer Genome 
Atlas (TCGA) and the International Cancer Genome Con-
sortium (ICGC), key driver-gene mutations have been iden-
tified in various tumor types [17, 18]. Accordingly, cancer-
associated genes can be selected for NGS-based gene panel 
testing, which has become the first choice in routine cancer 
care [19]. However, the clinical actionability of sequenced 
genes remains a key challenge for clinicians and researchers, 
due to the constantly changing landscape of clinical trials 
and molecular therapies [20].

To address the need for genomic testing in precision 
oncology, The Jackson Laboratory (JAX) Clinical Genom-
ics Laboratory developed the JAX ActionSeq™ assay, an 
NGS-based 212 cancer-associated gene panel for the iden-
tification of protein-coding mutations, copy number altera-
tions (CNAs), and structural rearrangements for solid tumor 
evaluation. Here we evaluate all cases sent to our clinical 
laboratory for testing over a 24-month period and report the 
clinical characteristics and results for 261 specimens across 
24 primary tissue types. Using these data, we characterized 
clinically actionable variants as well as genomic features that 
were shared among different tumor types.

http://bio-bwa.sourceforge.net/bwa.shtml#13
http://bio-bwa.sourceforge.net/bwa.shtml#13
http://broadinstitute.github.io/picard/
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2.3  Variant Interpretation and Clinical Reporting

Evidence of association between genomic variants and 
potential response to therapy (including clinical trials), prog-
nostic and/or diagnostic outcomes is obtained from peer-
reviewed literature, clinical practice guidelines, Food and 
Drug Administration (FDA) labels, publicly available data-
bases and the JAX Clinical Knowledgebase (CKB). Infor-
mation from these sources is curated into Variant Explorer 
(VariEx; Precision Health Software, Inc.), the JAX Clinical 
Laboratory’s patient knowledgebase, and the clinical sig-
nificance of genomic variants is interpreted in the context of 
each patient’s molecular/disease profile. The ActionSeq™ 
report reflects the variants determined to be clinically rel-
evant at the time of reporting. Variants are classified into 
four tiers based on the 2017 joint consensus guidelines of 
the Association for Molecular Pathology, American Society 
of Clinical Oncology and College of American Pathologists 
(AMP/ASCO/CAP) on interpretation of sequence variants 
in cancer [24]. The four tiers include strong clinical sig-
nificance (tier I), potential clinical significance (tier II), 
unknown clinical significance (tier III) and benign or likely 
benign variants (tier IV).

3  Results

We developed and validated for clinical use a custom 212-
gene NGS panel, the JAX ActionSeq™ assay, for solid 
tumor evaluation. Over a 24-month span, we received 383 
samples for testing using our custom panel and successfully 
processed 261 samples (Fig. 1a). Of the 383 samples, 122 
were not processed, as a result of pre-analytical failures. 
A majority of the failures, 63% (77 of 122), were due to 
low neoplastic content (0–20%), which was lower than the 
acceptance criteria for our clinical assay (≥ 30%), while 
25% (30/122) failed due to inadequate DNA quality (passing 
A260/A280 ratio between 1.6–1.8) and 12% (15/122) due 
to insufficient DNA quantity/data quality; less than 50 ng 
which was the input of our assay, or less than 500X mean 
target coverage (Fig. 1a). At least one actionable variant was 
detected in 87% (228 of 261) of the processed cases. Sixteen 
percent of those cases (37 of 228) resulted in tier I action-
able variants and 84% (191 of 228) had tier II actionable 
variants (Fig. 1b).

Our case cohort was comprised of 24 unique tissue types 
(Table 1, Fig. 1c). Of the 261 specimens processed, the most 
common pathological diagnosis was cancer of unknown 
primary (CUP) (n = 50), which included metastatic CUP 
(n = 23), serous carcinomas (n = 8), and adenocarcinoma of 
unknown primary (n = 6). Other well represented specimen 
types included those of colorectal (n = 36), brain (n = 28), 
ovarian (n = 23), and lung (n = 22) primaries, while those 

of bone (n = 1), cervical (n = 1), tonsillar (n = 1), and soft 
tissue (n = 1) primaries were present to a much lesser extent.

Analysis of mutational yield revealed that 33 of the 261 
cases (13%) had no detectable clinically significant variants 
(tier I or tier II). In the remaining 228 cases, 550 clinically 
significant variants (an average of approximately three vari-
ants per gene) were identified in 88 of the 212 genes (41.5%) 
encompassing the ActionSeq™ panel. Of the variants called, 
there were 229 missense variants, 102 nonsense variants, 82 
amplifications and 15 deletions across 32, 28, 31, and nine 
genes, respectively (Fig. 2a). Stratification of genes based 
on the total number of clinically significant variants detected 
that 26 genes had five or more clinically significant variants 
called, of which TP53 (125), APC (47), KRAS (47), ARID1A 
(20), PIK3CA (20), and EGFR (18) appeared to be driver 
genes, as they harbored the highest number of genomic aber-
rations (Fig. 2b). TP53, the gene shown in our cohort to 
have the highest number of clinically significant variants 
reported (Fig. 2b), most commonly had missense variants 
(82), followed by 23 frameshift and 15 nonsense variants, 
respectively. Seven of the 26 genes with five or more clini-
cally significant variants were comprised of only one class 
of variant, while the remaining 19 genes were characterized 
by a more heterogeneous mixture of variant classes, lend-
ing to the complexity of underlying biomolecular pathways 
involved in tumorigenesis (Fig. 2b). Additionally, 62 of the 
88 genes (70%) contained four or fewer clinically significant 
variants, with AKT1, CDK4, and CTNNB1 amongst those 
with four variants/gene. There were 28 genes for which only 
one variant was identified, including AKT2, MET, SMO, 
SYK, and TNK2 (Supplementary Table 2; see the Electronic 
Supplementary Material).

Reporting of variants called from NGS pipelines involves 
their evaluation based on several criteria to classify variants 
according to clinical actionability, with the tiering system 
ranging from tier I (strong clinical significance) to tier IV 
(benign or likely benign). Of the 550 clinically significant 
variants identified in our cohort, 38 (~ 7%) were tier I and 
512 (~ 93%) were classified as tier II (potential clinical 
significance) (Supplementary Table 3). Across the 88 total 
genes identified with actionable variants, just two genes 
(2%), MSH2 and MSH6, had only tier I variants, 79 genes 
(90%) had only tier II variants, and seven genes (8%) had a 
combination of both tier I and tier II variants (Fig. 2c). Of 
all the genes with both tier I and tier II variants detected, 
KRAS topped the list, with 47 variants (Supplementary 
Table 3), indicating a high level of clinical significance for 
cancer types characterized by this variant. A total of 1513 
variants of uncertain significance (VUS) (tier III) were 
identified in 198 of the 212 genes, with 83 genes having 
tier I, II and III variants. Five of the 212 genes (HRAS, 
PTEN, PTPN11, ID3 and POLB) had only tier I and tier II 
variants and no VUS.
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Overall, the ActionSeq™ assay detected clinically action-
able variants in 42% of the genes included in the panel (88 
of 212), 68% of which (60 of 88) were detected in more 
than one tumor type (Supplementary Table 4). No variants 
(actionable or VUS) were detected in ten of the 212 genes, 
AKT3, CCND2, DDR1, FH, MYD88, NOTCH4, PRKAA1, 
SEM1, SMARCB1 and STAT3 (4.7%). Twenty-four different 
cancer types were analyzed in this cohort (Fig. 1c), demon-
strating the level of sample diversity seen in the modern clin-
ical genomics laboratory. Cancers of the unknown primary, 

the most prevalent tumor type processed, had the greatest 
mutational distribution, followed by lung and gynecologi-
cal specimens. Variants in the TP53 gene were detected in 
all but two cancer sub-groups (bone; skin and soft tissue), 
encompassing 23% (125 of 550) of all the clinically signifi-
cant variants identified in the study. Variants in the TP53 
gene often lead to inactivation of the p53 protein involved 
in tumor suppression [25], resulting in such variants being 
potentially classified as tier II variants.

Fig. 1  Case cohort information: 
a samples received for clinical 
testing (top light grey bar) 
with reasons for pre-analytical 
failure of samples (pie chart); 
b mutation yield of the JAX 
ActionSeq™ panel; and c 
primary tissue types evaluated 
in the cohort
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4  Discussion

The development of precision oncology has forced diag-
nostic laboratories to abandon single-variant assays in favor 
of mid-to-large scale genomic testing [26, 27]. The wide 

variety of FDA-approved small molecule inhibitors, as well 
as a constantly growing clinical trial landscape, requires a 
diverse yet clinically relevant testing menu [28, 29]. While 
WES may initially be a tempting response to this problem, 
issues regarding high costs and massive amounts of data to 

Table 1  Pathological diagnosis of all clinical cases processed (n = 261)

Bold values denote primary tissue type and total sample count in each section

Primary tumor site and diagnosis No. of 
samples

Primary tumor site and diagnosis No. of 
samples

Primary tumor site and diagnosis No. of 
samples

Brain 28 Kidney 7 Skin 4
Anaplastic astrocytoma 2 Clear cell renal cell carcinoma 2 Melanoma 4
Anaplastic oligodendroglioma and 

glioma (1 each)
2 Renal cell carcinoma 5 Small intestine 1

Glioblastoma multiforme 14 Liver 4 Small intestine adenocarcinoma 1
Gliosarcoma 5 Adenocarcinoma of liver 1 Soft tissue 1
Diffuse astrocytoma, glial neo-

plasm (1 each)
2 Hepatocellular carcinoma 3 Liposarcoma 1

Meningioma 3 Lung 22 Stomach 2
Breast 16 Lung non-small cell carcinoma 2 Gastric adenocarcinoma and 

carcinoma
(1 each)

2

Breast adenocarcinoma 2 Lung adenocarcinoma 14 Tonsil 1
Ductal carcinoma of breast 5 Neuroendocrine non-small cell 

lung carcinoma
1 Tonsillar squamous cell carcinoma 1

Breast carcinoma 8 Lung carcinoma 3 Unknown 50
Inflammatory breast cancer 1 Lung squamous cell carcinoma 2 Adenocarcinoma of unknown 

primary
6

Bone 1 Ovary 23 Extramammary Paget disease 1
Bone cancer 1 Ovarian carcinoma 8 Epithelioid malignancy 2
Cervix 1 Ovarian granulosa cell tumor, clear 

cell carcinoma and carcinosar-
coma (1 each)

3 Metastatic cancer of unknown 
primary

23

Cervical adenocarcinoma 1 Dysgerminoma and immature 
teratoma of ovary (1 each)

2 Atypical carcinoid 2

Colorectal 36 Ovarian adenocarcinoma 2 Pleomorphic, mucinous carci-
noma, sarcomatoid malignancy 
(1 each)

4

Colorectal adenocarcinoma 20 Ovarian endometrioid adenocar-
cinoma

1 Serous carcinoma 8

Colorectal carcinoma 16 Ovarian serous carcinoma 7 Squamous cell carcinoma 4
Esophagus 3 Pancreas 9 Urinary bladder 8
Esophageal adenocarcinoma 2 Pancreatic adenocarcinoma 5 Large cell neuroendocrine carci-

noma
1

Esophageal carcinoma 1 Pancreatic carcinoma 4 Urothelial carcinoma of bladder 5
Fallopian tube 18 Peritoneum 2 Urothelial papillary carcinoma of 

bladder
1

Fallopian tube carcinoma 15 Clear cell carcinoma of peritoneum 1 Urothelial sarcomatoid carcinoma 1
Fallopian tube serous carcinoma 2 Serous carcinoma of peritoneum 1 Uterus 13
Fallopian tube adenocarcinoma 1 Prostate 7 Endometrial stromal sarcoma 1
Gall bladder and Bile duct 4 Prostate adenocarcinoma 5 Uterine serous carcinoma 1
Gallbladder carcinoma 1 Prostatic carcinoma 1 Endometrial adenocarcinoma 5
Bile duct adenocarcinoma 2 Prostatic small cell carcinoma 1 Endometrial carcinoma 5
Cholangiocarcinoma 1 Uterine leiomyosarcoma 1
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Fig. 2  Mutation yield in the 
cohort: a breakdown of different 
types of variants identified; b 
genes with ≥ 5 clinically signifi-
cant variants detected; c number 
of tier I and tier II variants 
identified
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interpret make targeted NGS panels a more practical option 
[30]. Here we described the mutational yield of a custom 
NGS panel developed at JAX and utilized over a 24-month 
period for the detection of clinically actionable variants in 
solid tumors.

A common hurdle for many diagnostic laboratories is 
minimizing the number of specimen failures [31]. Regard-
ing the specimens unsuccessfully processed in the Action-
Seq™ test system, all failures were due to pre-analytical 
metrics (Fig. 1a). Interestingly, the most common reason 
for specimen failure was due to low total neoplastic content 
with samples that failed due to low neoplastic content of less 
than 20% tumor. Insufficient yields (< 50 ng) and poor qual-
ity of DNA (suboptimal A260/A280 ratio) were other com-
mon reasons for sample failure, highlighting that inadequate 
specimens remain an obstacle in genomic testing. Review 
of the two commonly used hybridization-based commercial 
panels indicate that the JAX ActionSeq™ was comparable 
on all parameters reviewed: FoundationOne ≥ 25% neoplas-
tic content, 50–1000 ng DNA input and > 500X coverage; 
Tempus ≥ 20% neoplastic content and 100 ng DNA input.

Review of the ActionSeq™ panel has revealed the 
absence of critical mismatch repair (MMR) genes MLH1, 
PMS2, and MSH3, which were added to subsequently 
upgrade the panel to the ActionSeq™ 2.0 test system, which 
also includes the evaluation of microsatellite instability 
(MSI) and tumor mutational burden (TMB). The high pro-
portion of non-synonymous variants (missense, nonsense, 
frameshift, etc.) compared to CNAs is consistent with previ-
ously published literature [20]. While variant types differed 
among genes, oncogenes tended to have activating variants 
(SNVs, in-frame insertion/deletions) and most tumor sup-
pressors harbored loss of function variants (nonsense and 
frameshift variants) (Fig. 2b, Supplementary Table 2). Over-
all, the mutational frequencies detected by the ActionSeq™ 
assay were consistent with previously published literature 
[20, 32]. Of note, TP53 variants were detected in approxi-
mately 50% of cases, which is consistent with other studies 
that have seen deleterious TP53 variants in approximately 
40–50% of solid tumors [20, 32]. Further, the most fre-
quently observed pathogenic variants on the ActionSeq™ 
panel were common drivers of colorectal (KRAS, APC), 
brain (EGFR), gynecological (ARID1A, PIK3CA), and lung 
(EGFR, KRAS) cancers, which represent the most commonly 
sequenced primaries [33–37]. The distribution of these tier 
I and II variants throughout the cohort (Fig. 2c, Supplemen-
tary Table 3) highlights the need to interpret the clinical 
significance of variants in the context of the primary tumor. 
For example, KRAS G12 V represents a tier I classification 
in colorectal cancer due to conferred resistance to cetuximab 
[38]. However, the same variant in ovarian cancer does not 
provide eligibility for FDA-approved therapies nor confer 
resistance to common treatment options, making it a tier II 

scenario. In contrast, FDA approval of pembrolizumab for 
MMR defective cancers, regardless of primary, results in all 
deleterious variants in the MMR genes being classified as 
tier I [39, 40], as seen in this study where MSH2 and MSH6 
represent the only genes with just tier I variants (Supplemen-
tary Tables 3 and 4). The high number of VUS, threefold 
greater than the clinically significant variants (1513 vs 550), 
suggests that the clinical utility of larger NGS panels is yet 
to be maximized for precision medicine in oncology.

In conclusion, the ActionSeq™ test system detected vari-
ants of clinical significance for 87% of the sequenced cases. 
While updating the panel may decrease the percentage of 
future cases with no clinically significant variants detected, 
it also highlights that precision oncology requires a multi-
faceted approach in which changes in gene expression, large-
scale genomic rearrangements, and other potential clinical 
markers are also interrogated.

5  Study Limitations

Panel design represents a critical aspect of NGS test devel-
opment in that an appropriate balance needs to be reached 
between covering potential clinical variants and keeping the 
panel to a manageable size [28]. We found that although 
ActionSeq™ contains 212 “actionable” genes, clinically 
actionable variants (tiers I and II) were observed in only 
88 of these genes throughout the entire cohort. We also 
observed that in the 212-gene panel, of the ten genes which 
had neither tier I nor tier II or tier III variants, only four 
genes (DDR1, MYD88, PRKAA1 and SEM1) did not have a 
strong clinical significance in solid tumors. While this may 
be due to a variety of factors, including a relatively small 
cohort (n = 261) across a comprehensive distribution of 
cancer primaries, these data suggest that periodic review of 
a test’s performance characteristics are critical to maintain 
appropriate clinical effectiveness.
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