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Background: The ability to rapidly, inexpensively, and accurately identify cancer patients 
based on actionable genomic mutations in tumour specimens is becoming critically important 
in routine clinical diagnostics. Targeted panel sequencing is becoming popular because it 
enables comprehensive and cost-effective diagnosis. However, the implementation of a next- 
generation sequencing (NGS) assay in clinical settings requires careful analytical validation 
to demonstrate its ability to detect multiple genomic variants.
Materials and Methods: Here, we developed a custom-targeted NGS panel to identify 
actionable variants, including single nucleotide variants, insertions, and deletions; copy 
number variants; and gene fusions, across 73 genes for targeted cancer therapy. We imple
mented a practical validation strategy with diluted samples and reference standard samples 
that modelled key determinants of accuracy, including mutant allele frequency, insertion/ 
deletion length, amplitude of copy number, and hotspot gene fusions.
Results: The analytical validation results demonstrated that our panel can identify different 
types of genomic alterations in these test samples with high levels of accuracy, sensitivity, 
and reproducibility.
Conclusion: Our panel could be deployed as a routine clinical test to comprehensively 
detect actionable variants in cancer patients to guide targeted therapy decisions.
Keywords: next-generation sequencing, actionable mutations, targeted therapy

Introduction
With the elucidation of key effects of actionable mutated genes in tumorigenesis 
and therapy, more and more drugs and therapeutics targeting cancer-associated 
mutations have been developed, and the identification of such mutations has 
become a standard of care for cancer treatment. For example, screening for the 
EGFR somatic mutation is now recommended for non-squamous non-small cell 
lung carcinomas (NSCLCs).1,2 The national comprehensive cancer network 
(NCCN) guidelines for NSCLCs strongly endorse broader molecular profiling to 
identify rare driver mutations for which effective drugs may already be available.3,4 

However, the requirement for interrogating hundreds of cancer-related genes simul
taneously with a tiny amount of input DNA in one biopsy is still challenging. The 
existing mature methodologies only detect one type of mutation or a limited 
number of hotspots. Examples of such methodologies include ddPCR, which only 
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interrogates a single hotspot variant in one array, and 
fluorescence in situ hybridization (FISH), which tests 
whether known gene fusion has occurred based on the 
use of predefined probes.5 Therefore, high-throughput, 
inexpensive, multiplex biomarker assays for molecular 
stratification are needed to guide therapeutic choices and 
support clinical trial design. Although high-coverage 
whole exome or whole genome sequencing can reliably 
assess tumour genomics, cost and bioinformatic demands 
currently restrict their routine clinical implementation to 
stratify patients for treatment.

In the clinical setting, targeted next-generation sequen
cing (NGS) is often cost-effective and valuable, as it 
allows for a more clinically relevant interpretation, robust 
sequencing coverage of target genes, and faster turnaround 
time, and can concurrently analyse multiple genomic 
mutations with a limited bioinformatic analysis burden.6,7 

In recent years, a number of clinical molecular laboratories 
have validated and applied NGS platforms for routine 
diagnostic screening of solid tumours.8–12 Amplicon- 
based and hybridization capture methods have been used 
to enrich target genomic regions. The former method, 
however, introduces artefacts such as polymerase errors 
and loss of information about the original molecule count, 
making it inaccurate in estimating the number of unique 
input DNA molecules and copy number variations. Recent 
advancement using unique molecular indexes in the ampli
con-based method has greatly reduce the error rate.13–15 

Hybridization capture overcomes these drawbacks by pull
ing down the original DNA molecules directly. Another 
advantage of hybridization capture is that it is suitable for 
highly degraded formalin-fixed paraffin-embedded (FFPE) 
samples since the capture only requires partial overlap of 
probes with target regions. Consequently, hybridization 
capture-based panels can provide more accurate estimates 
of copy number variation and can be used for the detection 
of known actionable gene fusions.16 However, the imple
mentation of a targeted NGS assay in a clinical setting 
requires careful analytical validation to demonstrate the 
assay’s ability to detect multiple genomic mutations.

In this study, we developed a custom 73-gene hybridi
zation-capture-based panel called ActionAll to identify 
somatic single nucleotide variants (SNVs), insertions/dele
tions (INDELs), copy number variations (CNVs), and 
occurrences of gene fusion in one single array without 
matched normal tissue for cancer patient samples. These 
targeted genes were selected from different knowledge 
bases such as OncoKB,17 CIViC18 and Cosmic,19 and 

relevant literature. Custom biotinylated DNA probes with 
120 base pairs (bp) were designed to cover all exons of the 
73 targeted genes as well as select hotspot introns of 
actionable gene fusions. Captured libraries were 
sequenced on Illumina sequencers. Then, the sequencing 
reads were processed using an analysis pipeline developed 
in-house to identify SNVs, short INDELs (<30 bp), CNVs, 
and gene fusion events. To analytically validate our panel, 
we assessed the sensitivity and specificity of our panel 
using a number of diluted samples to detect SNVs and 
INDELs. Furthermore, we demonstrated the ability of our 
panel to successfully detect known copy number variants 
and gene fusions using two selected reference standard 
samples from Horizon Discovery Inc., UK. Intra- and 
inter-run replicates were also performed to assess the 
reproducibility of our panel. The analytical validation 
results demonstrated that the ActionAll panel can identify 
different types of variants in tumour samples with high 
levels of accuracy, sensitivity, and reproducibility. 
Therefore, we have deployed ActionAll in our laboratory 
as a routine clinical test to comprehensively detect action
able and other variants in cancer patients to guide targeted 
therapy decisions and identify the most suitable clinical 
trials for individual patients.

Materials and Methods
Panel Design
Based on the gene data content of commercial cancer 
panels, literature, and knowledgebases, we composed 
a list of 73 genes that have actionable or clinically relevant 
mutations for targeted therapy in all solid tumours 
(Supplementary Table 1). The proposed panel targets all 
the exons corresponding to the canonical transcripts of 
these 73 selected genes. The hotspot intronic regions of 
13 targetable gene fusions are also included in the panel 
(Supplementary Table 2). The capture probes (120 bp) for 
this custom panel were ordered from Integrated DNA 
Technologies Inc., USA. We hypothesised that this panel 
would be able to detect clinically actionable variants for 
cancer patient samples with high sequencing coverage at 
a relatively low cost. We regularly monitor knowledge
bases including approved treatment options matched with 
genomic variants (OncoKB, CIViC and Cosmic, etc.) for 
new actionable variants. New probes will be designed to 
cover such variants and be added to this panel after 
validation.
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Samples for Analytical Validation
In contrast to diagnostic assays for a limited number of 
genomic sites, analytical validation of an NGS-based panel 
sequencing assay is a complex challenge. A single tumour 
specimen can harbour multiple types of genomic altera
tions at any position in the tested regions and at a wide 
range of allele frequencies (AF). Reference specimens 
containing all possible somatic alterations in all cancer- 
related genes do not exist. To validate the accuracy of 
SNV detection, five HapMap normal cell lines from the 
1000 Genomes Project20 were ordered from the Coriell 
Institute (http://ccr.coriell.org/). Then, five different diluted 
samples were created with these five normal cell lines with 
different dilution ratios (Table 1), which leveraged the 
abundance and population distribution of known germline 
base-substitution variation to create test specimens that 
included hundreds of variants across the targeted exons 
and spanned a range of AFs (5–100%). For INDEL vali
dation, cancer cell line RL952 was purchased from 
American Type Culture Collection (http://atcc.org) 
because it has a list of known INDELs (Supplementary 
Table 3). Additionally, to validate the accuracy of our 
panel and analysis pipeline, two reference standard sam
ples HD701 and HD753 with confirmed somatic variants 
(SNV, INDEL, CNV, and fusion) were purchased from 
Horizon Discovery Inc., UK (https://horizondiscovery. 
com). We also participated in the external quality assess
ment (EQA) program by the National Centre for Clinical 
Laboratories of China (NCCL)21 and, thus, five EQA 
samples were purchased from NCCL (https://www.nccl. 
org.cn/) for the assessment of the reproducibility of our 
panel.

Sample Preparation and Targeted 
Next-Generation Sequencing
Targeted sequencing libraries were constructed using 200 
ng of sheared DNA. Briefly, each cell line DNA was 
sonicated to an average size of around 200 bp using 
a Covaris S220 focused-ultrasonicator with Covaris 
microTUBES. Fragmentation was followed by pre- 
capture library preparation using an Accel-NGS 2S Hyb 
DNA Library Kit (Swift Biosciences, USA) according to 
the manufacturer’s protocol. Indexing PCR was performed 
for a total of six cycles before beads purification. A QC 
procedure was performed by quantifying purified libraries 
using the Qubit dsDNA HS Assay Kit (Life Technologies, 
USA) on Qubit 3.0 (Invitrogen, USA). Libraries yielding 

less than 500 ng are failed. A quality control check on the 
average fragment size of the pre-capture libraries was also 
performed using a 2100 Bioanalyzer (Agilent 
Technologies, USA). Indexed samples were then pooled 
at equal quantities (typically 500 ng each for 4–5 samples 
per pool), and hybridization was performed on each multi- 
sample pool using custom capture DNA probes (Integrated 
DNA Technologies Inc., USA) for 16–24 h. The hybri
dized products were captured by streptavidin-coated beads 
(Invitrogen, USA) and amplified for 12 PCR cycles with 
KAPA HiFi HotStart ReadyMix (Roche, Switzerland). 
Post-capture libraries were quantified by Qubit 3.0, and 
fragment size was determined by 2100 Bioanalyzer. 
Captured libraries yielding less than 20 ng or average 
fragment size less than 250 bp are failed. Sequencing 
was performed on an Illumina NovaSeq platform 
(Illumina, USA) using 2 × 150 bp paired end reads.

Data Analysis
First, the quality control and adapter trimming step were 
performed using fastp22 on raw sequencing data to remove 
adapter contamination and filter out low-quality reads. Then, 
the clean reads were mapped to a human reference genome 
(hg19) using BWA-MEM algorithm version 0.7.16.23 

Different QC values such as mapping rate, on target rate 
and average sequencing depth (minimum depth required: 
500X) were calculated to ensure the quality of mapped 
reads. For variant calling, we used a pipeline developed in- 
house based on samtools mpileup24 to detect somatic SNVs 
and INDELs.25,26 Briefly, plenty of candidate SNVs/ 
INDELs were identified in tumour samples with at least 
three supported reads and the required mapping quality 
and base quality score. In the calling process, a series of 
filters were applied on the raw SNV/INDEL calls, including 
noise estimation from known SNPs, strand bias filtering, and 
noise filtering from neighbouring regions, to ensure reliable 
variant detection. In our experience, most false-positive 
variants originated from alignment errors and repeat regions. 
These kinds of variants were removed using a blacklist 
containing common mistakes from a pool of normal sam
ples. Then, by querying in a reference normal sample, which 
was a mixture of five HapMap normal samples, those muta
tions present in the reference normal were categorized as 
germline, and the rest mutations were categorized as 
somatic. The final high confident variants (SNVs with AF 
≥ 5% and small INDELs AF ≥ 2%) were then annotated 
with UCSC RefSeq gene information, dbSNP,27 1K 
Genome,20 ExAC,28 GnomAD,28 COSMIC,19 and 
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Clinvar29 using SNPEff.30 Copy number variants (CNVs) 
were identified using CNVkit31 (CNV gain threshold ≥ 4 
copies and CNV loss ≤1 copies). The actionable gene fusion 
events were identified using BreakID and the validation of 
fusion genomics breakpoints has been reported previously.32 

All the detected variants were manually reviewed using the 
Integrative Genomics Viewer.33

Analytical Performance
A representative approach was taken to validate SNV 
detection in the panel. Five HapMap normal samples and 
those five diluted samples were sequenced individually. In 
total, 320 single nucleotide polymorphism (SNP) sites in 
the five HapMap normal samples from the dbSNP27 data
base (build 147) in the coding regions of the ActionAll 
panel were examined. SNP sites consistent with 
a homozygous (AF > 90%) or heterozygous (40% ≤ AF 
≤ 60%) state were used in the test set and were classified 
as private SNP or non-private SNP. Private SNPs were 
defined as those SNPs present in only one HapMap normal 
sample, whereas non-private SNPs were present in more 
than one HapMap normal sample. Both private SNPs and 
non-private SNPs were treated as confirmed SNVs for 
validation in the diluted samples. Then, the expected AF 
for each SNV in the diluted samples was calculated based 
on the number of alternate alleles present in mixtures with 
different constituents and different ratios of the constitu
ents. To evaluate the detection capability and limitation of 
our variant analysis pipeline in detecting SNVs, we calcu
lated the sensitivity and specificity values. For sensitivity 
calculation, each confirmed SNV was assigned as either 
true positive (TP) if detected in the diluted sample or false 
negative (FN) if not detected. Sensitivity was then calcu
lated as TP/(TP+FN). For specificity calculation, each 
called SNV was classified as TP if a matched SNV was 
found in the undiluted samples, or as false positive (FP) if 
not found. Specificity was then calculated as TP/(TP+FP). 
Moreover, because sequencing depth plays an important 

role in the accuracy for SNV calling, in silico down- 
sampling (random selection of subsets of reads) was car
ried out to examine the performance over a wide coverage 
range (500X to 1000X) using the same procedure. 
A similar approach was taken for INDEL validation as 
well. The accuracy of our panel in detecting all kinds of 
variants (SNV, INDEL, CNV, and gene fusion) was deter
mined by two reference standard samples with confirmed 
somatic mutations. To assess the reproducibility and 
repeatability of our assay, we also performed inter-run 
and inter-operator reproducibility tests using five EQA 
samples.

Results and Discussion
Performance of SNV Calling
To simulate a series of SNVs with different AFs, five SNV 
diluted samples were generated from five HapMap normal 
samples with different dilution ratios and sequenced using 
our panel (Table 1). The sequencing reads were down
sampled into different depths (500X, 700X, 900X, and 
1000X) using samtools (random selection of reads).18 To 
assess the performance of our approach in detecting SNVs, 
we calculated the sensitivity and specificity for these five 
diluted samples at different sequencing depths. The per
formance results at an AF cut-off of 5% for these diluted 
samples were summarized in Table 2. At the sequencing 
depth of 500X, we achieved an average sensitivity of 
99.38% (two SNVs not detected) and a specificity of 
100% in detecting SNVs (no false positive). At the depths 
of 700X, 900X and 1000X, all the SNVs with AF ≥ 5% 
were correctly identified, and there were no false positives. 
Figure 1 shows the good correlation between detected AF 
and expected AF for all the detected SNVS. These results 
demonstrated that our panel and analytical pipeline have 
excellent performance in detecting SNVs.

Table 1 Five HapMap Normal Samples and Their Dilution Ratios 
in Five Diluted Samples for SNV Validation

SNVM1 SNVM2 SNVM3 SNVM4 SNVM5

HG00119 30% 35% 5% 10% 20%

HG00556 5% 10% 20% 30% 35%

HG01028 10% 20% 30% 35% 5%
NA18548 20% 30% 35% 5% 10%

NA19058 35% 5% 10% 20% 30%

Table 2 Performance of SNV Calling at AF ≥5% for Five Diluted 
Samples at Different Sequencing Depths

Mean 
Depth

Total 
TP

Total 
FN

Total 
FP

Sensitivity Specificity

500X 318 2 0 99.38% 100%

700X 320 0 0 100% 100%

900X 320 0 0 100% 100%
1000X 320 0 0 100% 100%

Total 1278 2 0 99.84% 100%
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A B

C D

E F

Figure 1 Detected AF vs expected AF for five SNV diluted samples (A–E) and the reference standard sample HD701 (F).
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Performance of INDEL Calling
Similar to SNV validation, five INDEL diluted samples 
were generated from one cancer cell line RL952 and one 
HapMap normal sample NA18536 to simulate a series of 
INDELs with different AFs (diluted ratio: 5%, 10%, 20%, 
30%, and 40%). These five INDEL diluted samples were 
sequenced using our panel and also downsampled into 
different sequencing depths (500X, 700X, 900X, and 
1000X). The sensitivity and specificity results at an 
INDEL AF cut-off of 2% are shown in Table 3. Figure 2 
shows the good correlation of detected AF with expected 
AF for all the detected INDELs. Our INDEL calling algo
rithm identified all the INDELs correctly except one dele
tion (BRAF.c1208delC) in the diluted sample INDM1. One 
possible reason why this deletion was missed might be that 
its expected AF is relatively low (2.35%), and thus our 
INDEL calling pipeline could not call it out. Nevertheless, 
these results demonstrated that our panel and analytical 

pipeline also have good performance in detecting INDELs 
at low AF.

Validation Results of Reference Standard 
Samples
In order to evaluate the detection accuracy of our panel on 
different variant types (SNV, INDEL, CNV, and gene 
fusion), two reference standard samples HD701 and 
HD753 from Horizon Discovery Inc. were sequenced at 
a mean depth of 500X. HD701 mainly harboured action
able hotspot SNVs and INDELs with different AFs ran
ging from 1% to 33%, as confirmed by ddPCR assay, 
whereas HD753 harboured every kind of hotspot variant 
(SNV, INDEL, CNV, and gene fusion). As shown in Table 
4, all the hotspot SNVs and INDELs in HD701 were 
correctly identified at the mean sequencing depth of 
500X, even for those low AF variants in EGFR (L858R: 
3%, E746_A750del: 2%, and T790M: 1%). 
Supplementary Table 4 shows the validation results of 
HD753 for five hotspot SNVs, six INDELs, two CNVs 
(MET and MYC), and two gene fusions (SLC34A2-ROS1 
and CCDC6-RET) at the sequencing depth of 500X. The 
results confirmed that different kinds of variants in HD753 
were correctly identified using our panel.

Assessment of Reproducibility
To determine the reproducibility of our assay, we per
formed intra-run and inter-run reproducibility tests using 
five clinical EQA samples with confirmed mutations. The 
intra-run reproducibility replicates were done by three 
technicians using the same reagents and sequenced in the 
same lane with different barcodes. The inter-run reprodu
cibility test was performed by the same technician in three 
different runs. The intra-run and inter-run reproducibility 
results are summarized in Supplementary Tables 5 and 6. 
All the confirmed variants were successfully detected in all 
replicates, with similar variant AFs and at similar levels of 
sequencing depth. No false-positive variants were 
detected. The total number of variants called across both 
intra- and inter-run replicates was generally consistent, 
which is noteworthy given the differences in sample cov
erage across replicates. At the same time, the reproduci
bility of capture probes for our panel was also assessed. 
Figure 3 shows the normalized mean depths (red) of all 
targeted regions and their standard deviations (black) for 
five HapMap normal samples and five clinical EQA sam
ples. All the targeted regions were stably captured across 

Table 3 Performance of INDEL Calling at AF ≥2% for Five 
Diluted Samples at Different Sequencing Depths

Mean 
Depth

Total 
TP

Total 
FN

Total 
FP

Sensitivity Specificity

500X 64 1 0 98.46% 100%

700X 64 1 0 98.46% 100%
900X 64 1 0 98.46% 100%

1000X 64 1 0 98.46% 100%

Total 256 4 0 98.46% 100%

Figure 2 Detected AF vs expected AF for five INDEL diluted samples. Please note 
that the INDELs in these five diluted samples are plotted together.
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different samples in different runs, which demonstrated 
that the captured performance of our panel was highly 
reproducible from sample to sample.

Discussion
Here we developed a custom panel called ActionAll to 
screen all exons of 73 genes for clinically relevant muta
tions in all solid tumours as well as hotspot introns of 
actionable gene fusions. The ActionAll panel was 
designed to be an efficient, scalable, and cost-effective 
comprehensive NGS panel. The selection of genes and 
oncogenic fusions was based on different databases, such 
as OncoKB, CIViC and COSMIC, and relevant literature. 
The primary objective of this study was to validate the 
ability of this ActionAll panel to detect different kinds of 
variants such as SNV, INDEL, CNV and gene fusion.

In this work, we presents an analytical validation 
study and performance metrics for the ActionAll panel 
using a pool of diluted samples and reference standard 
samples for clinical application. The analytical valida
tion results demonstrated that the ActionAll panel can 
identify different types of variants (SNV, INDEL, CNV, 
and gene fusion) in tumour samples with high levels of 
accuracy, sensitivity, and reproducibility. However, one 
drawback of our panel is that it prioritizes only well- 
characterized fusion events and is by design difficult to 
identify novel oncogenic fusion events from DNA. 
Recently, a targeted panel that interrogates both RNA 

Table 4 The Validation Results of Reference Standard Sample HD701 at the Sequencing Depth of 500X for 
Confirmed Hotspot SNVs and INDELs

Gene Variant Variant Type Confirmed AF Detected AF

ALK P1543S SNV 33% 28.33%

APC R2714C SNV 33% 31.22%

BRAF V600E SNV 10.50% 8.88%
BRCA2 A1689fs INDEL 33% 32.60%

EGFR E746_A750del INDEL 2.00% 2.12%

EGFR L858R SNV 3.00% 1.75%
EGFR T790M SNV 1.00% 0.64%

EGFR G719S SNV 24.50% 21.42%
FBXW7 G667fs INDEL 33.50% 34.08%

FGFR1 P150L SNV 8.50% 8.51%

FLT3 V197A SNV 11.50% 7.80%
IDH1 S261L SNV 10% 12.65%

KRAS G13D SNV 15.00% 13.93%

KRAS G12D SNV 6.00% 8.54%
MET V237fs INDEL 6.50% 5.49%

MLH1 L323M SNV 8.50% 6.77%

NF1 L626fs INDEL 7.50% 7.42%
NOTCH1 P668S SNV 31.50% 26.15%

NRAS Q61K SNV 12.50% 10.66%

PDGFRA G426D SNV 33.50% 29.83%
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Figure 3 The normalized mean depths for all the targeted regions for different 
validation samples.
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and DNA in a single-tube, dual-template assay using 
anchor multiplexed PCR was deployed clinically.34 

However, RNA-Seq sequencing is not suitable in our 
DNA panel because it is based on hybrid-capture 
probes. To overcome this drawback, new probes cover
ing novel fusions breakpoints have to be designed and 
added into our panel after essential validation. 
Nevertheless, the potential of our panel for routine clin
ical application will be of great importance for physi
cians, providing them with a powerful tool to diagnose 
tumours, monitor tumour dynamics, and evaluate patient 
responses to targeted therapy. This study affirms the 
feasibility and clinical utility of targeted sequencing in 
the oncology arena and provides a foundation for geno
mics-based stratification in guiding treatment decisions 
of cancer patients.
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