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Background: In a clinical diagnostic laboratory, we evaluated the applicability of the Ion Proton sequencer for screening 409

cancer-related genes in solid tumours.

Methods: DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) tissue biopsy specimens of 55 solid tumours (20 with

matched normal tissue) and four cell lines and screened for mutations in 409 genes using the Ion Proton system. The mutation

profiles of these samples were known based on prior testing using the Ion Torrent Personal Genome Machine (46-gene hotspot

panel), Sanger sequencing, or fluorescence in situ hybridisation (FISH). Concordance with retrospective findings and additional

mutations were evaluated. Assay sensitivity and reproducibility were established. Gene copy number variations (CNVs) detected

were confirmed by molecular inversion probe (MIP) array.

Results: The average Ion Proton (409-gene panel) sequencing output per run was 8 gigabases with 128 million sequencing reads.

Of the 15,992 amplicons in the 409-gene panel, 90% achieved a minimum average sequencing depth of 100X. In 59 samples, the

Ion Proton detected 100 of 105 expected single-nucleotide variants (SNVs) and all expected deletions (n¼ 8), insertions (n¼ 5),

and CNVs (n¼ 7). Five SNVs were not detected due to failed amplification of targeted regions. In 20 tumours with paired normal

tissue, Ion Proton detected 37 additional somatic mutations, several in genes of high prognostic or therapeutic significance, such

as MET, ALK, TP53, APC, and PTEN. MIP array analysis confirmed all CNVs detected by Ion Proton.

Conclusions: The Ion Proton (409-gene panel) system was found to be well suited for use in a clinical molecular diagnostic

laboratory. It can simultaneously screen 409 genes for a variety of sequence variants in multiple samples using a low input of FFPE

DNA with high reproducibility and sensitivity.

Comprehensive screening of genetic abnormalities in tumours has
become an important part of the clinical workup of cancer patients.
The detection of specific genetic aberrations can facilitate
prognostic stratification and guide the selection of targeted
therapies. Until recently, routine screening of tumours for
mutations was confined to low- and medium-throughput

platforms. More recently, massively parallel and deep sequencing
of the cancer genome using next-generation sequencing (NGS)
technologies has vastly increased the rate at which clinically
significant and therapeutically targetable mutations are discovered
(Ross and Cronin, 2011; Dutton-Regester and Hayward, 2012;
Li et al, 2013; Martelli et al, 2013; Mwenifumbo and Marra, 2013;
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Workman et al, 2013). Consequently, the number of genes that
warrant routine screening in a clinical molecular diagnostic
laboratory has increased considerably. However, most sequencing
platforms currently validated for clinical use, such as Sanger
sequencing, pyrosequencing, and primer extension coupled with
mass spectroscopy, are limited in their ability to assess multiple
markers simultaneously using small amounts of DNA. These
limitations can be potentially circumvented by the introduction of
NGS platforms into the clinical laboratory that can provide high
throughput and multiplexed sequencing capabilities.

In recent years, a few clinical molecular laboratories have
applied and validated NGS platforms for routine diagnostic
screening of solid tumours (Beadling et al, 2013; Singh et al,
2013; Spencer et al, 2013). Although a paradigm shift for mutation
detection is already well under way, the number of genes being
routinely screened in clinically validated NGS assays is still
relatively low (20–50 genes) and generally restricted to well-
established markers of clinical or therapeutic significance (e.g.,
EGFR, KRAS, NRAS, TP53, etc.). Additionally, these assays are
focused on hotspot mutation regions and were designed to detect
single-nucleotide variations (SNVs), insertions, and deletions but
not copy number variations (CNVs). Furthermore, owing to the
large number of genetic abnormalities being identified in virtually
every tumour type, there is a pressing need to incorporate higher-
throughput NGS platforms to comprehensively screen large
numbers of genes. To meet this need, testing the clinical
applicability of newer high-capacity NGS platforms is warranted.
Towards this goal, we validated a commercially available NGS
panel designed to screen all exons of 409 cancer-related genes
using Ion Proton (Life Technologies, Carlsbad, CA, USA), a high-
capacity sequencer that employs a semiconductor-based technol-
ogy interfaced with sequencing-by-synthesis that is similar to its
lower-capacity counterpart, the Ion Torrent Personal Genome
Machine (IT-PGM) (Life Technologies) (Rothberg et al, 2011).

In a Clinical Laboratory Improvement Amendment certified
laboratory, we tested the sensitivity, specificity, reproducibility, and
applicability of using the Ion Proton 409-gene panel to routinely
screen for SNVs, insertions/deletions, and CNVs using as little as
60 ng of DNA extracted from formalin-fixed, paraffin-embedded
(FFPE) tumour tissue. Our results show the utility of using this
approach to assess mutations and CNVs. Importantly, the Ion
Proton instrument can detect abnormalities in real time with less
than a week turnaround time from the receipt of sample and
therefore can be used to stratify patients into prognostic groups
and potentially guide therapeutic decisions.

MATERIALS AND METHODS

Tumour samples. We used 55 tumours (20 with paired normal
tissues) and four cancer cell lines for sequencing studies. The
tumours selected were diverse and included cases of melanoma,
gastrointestinal stromal tumours, brain tumours, and carcinomas
of the lung, breast, gynaecologic tract, and gastrointestinal tract.
The age of the FFPE tissue biopsy samples ranged from 1 to 8
years. This study was approved by the Institutional Review Board
(IRB protocol PA13-0512). The cell lines included H2122 (CRL-
5985), H460 (HTB-177), DLD1 (CCL221), and HL60 (CCL240)
purchased from ATCC (Manassas, VA, USA). The cell lines were
fixed in formalin and embedded in paraffin to mimic routinely
processed tissue biopsy specimens. All tumour samples and cell
lines used in this study had been tested previously using either the
IT-PGM (46-gene panel), Sanger sequencing, or fluorescence
in situ hybridisation (FISH).

Tissue selection and DNA extraction. Hematoxylin and eosin
stained tissue sections of FFPE tumour biopsy samples were

reviewed and the tumour area was circled by a pathologist. Only
specimens with a minimum of 20% tumour in the circled area were
selected for this study. Tumours with high degree of necrosis and
less than 1000 tumour cells in the circled area were not included.
Unstained tissue sections of 5mM thickness were deparaffinised
and manually microdissected using the hematoxylin- and eosin-
stained slide as a guide. DNA extraction and purification were
performed using the PicoPure DNA extraction kit (Arcturus,
Mountain View, CA, USA) and Agentcourt AMPureXP kit
(Agentcourt Biosciences, Beverly, MA, USA), respectively. The
Qubit DNA HS assay kit (Life Technologies) was used to quantify
purified DNA.

Library preparation for the Ion Proton 409-gene assay. Library
preparation for the 409-gene panel was performed using the Ion
Torrent Ampliseq Comprehensive Cancer Panel (Life Technologies)
following the manufacturer’s instructions. The panel was designed
to facilitate amplification-based capture and sequencing of coding
regions of 409 cancer-related genes. It includes four primer pools
with approximately 4000 primer pairs in each pool and requires a
total of 60 ng of DNA as a template for each sample (15 ng per
pool). Sample barcoding was accomplished using the Ion Xpress
Barcode Adapter 1–96 kit (Life Technologies). The library
prepared in each pool was quantified using the 2200 TapeStation
System (Agilent Technologies, Santa Clara, CA, USA).

Automated emulsion PCR and sequencing of 409-gene panel
using Ion Proton. To clonally amplify the 409-gene panel DNA
library on Ion Spheres (Life Tecnologies), emulsion polymerase
chain reaction (PCR) was performed using the Ion PI Template
OT2 kit v2 and Ion One Touch 2 system (Life Technologies) as per
the manufacturer’s instructions and as described in detail in the
Supplementary Methods.

Sequencing data analysis using Ion Proton. Alignment of
sequencing reads with the reference genome and base calling was
performed using Torrent Suite software v3.6.2 (Life Technologies).
Human genome build 19 was used as the reference for alignment.
Identification of sequence variants was facilitated via IT Variant
Caller Plugin software v3.6.59049 (Life Technologies) and coverage
of each amplicon was obtained by the Coverage Analysis Plugin
software v3.6.58977 (Life Technologies). The Integrative Genomics
Viewer (IGV) (Thorvaldsdottir et al, 2012) was used to visualise
the read alignment and the presence of variants against the
reference genome as well as to confirm variant calls by checking for
strand biases and sequencing errors. A custom in-house developed
software (OncoSeek) described earlier (Singh et al, 2013) was used
to interface the data generated by the Ion Torrent Variant Caller
(Life Technologies) with the IGV, filter repeat errors due to
nucleotide homopolymer regions, compare replicate samples, and
annotate the sequencing information to generate a clinical report.
Torrent Suite v4.0.2 (Variant Caller plugin v4.0-r76860 and
Coverage Analysis plugin v4.0-r77897) (Life Technologies) was
used to reanalyse the sequencing data for a subset of samples.

Sensitivity analysis of the Ion Proton 409-gene panel assay.
Variant detection sensitivity was analysed by sequencing sequen-
tially diluted DLD1 cell line (FFPE DNA) into DNA from H460
cell line (FFPE DNA) in ratios of 1:3, 1:9, 1:19, and 1:39, resulting
in 25, 10, 5, and 2.5% dilutions, respectively. Confidence intervals
were estimated using the efficient-score method corrected for
continuity (Newcombe, 1998).

Intra-run and inter-run reproducibility of the Ion Proton
409-gene panel assay. Five distinct barcoded samples of 25% DLD1
DNA (1:3 dilution of DLD1 in H460) were multiplexed and
sequenced in the same run to assess the intra-run reproducibility of
sequencing on the Ion Proton. To determine the inter-run
reproducibility, 25% DLD1 DNA was sequenced in 10 independent
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runs. In both analyses, the ability of the platform to detect
mutations at the expected variant frequencies was assessed.

Library preparation and sequencing using IT-PGM (46-gene
panel). The Ion Ampliseq Cancer Panel (Life Technologies)
covering mutation hotspot regions of 46 genes was used for
library preparation and sequencing using the IT-PGM sequencer
(Life Technologies) as described previously (Singh et al, 2013).
Briefly, starting from 10 ng FFPE DNA, library preparation was
performed using an Ion Ampliseq 2.0 kit and IT Ampliseq Cancer
Panel primers (Life Technologies). From the barcoded library,
manual emulsion PCR was performed, followed by sequencing
eight multiplexed samples using Ion 318 chips and the IT-PGM
Torrent Suite v2.0 (Life Technologies) was used for analysis.

Comparison of Ion Proton and the MiSeq sequencers. For
comparison, FFPE DNA from three cell lines (DLD1, H460, and
H2122) sequenced using Ion Proton 409-gene panel were also
subjected to sequencing using the modified hotspot 54-gene
TruSeq Amplicon Cancer Panel and MiSeq sequencer (Illumina,
San Diego, CA, USA). Starting from 100 ng of DNA, MiSeq 54-
gene panel library preparation and sequencing were performed
according to the manufacturer’s protocol as described previously
(Luthra et al, 2014). Mutations detected by the MiSeq (54-gene
panel) were compared to the mutation detected by Ion Proton 409-
gene panel.

CNV detection using the Ion Proton 409-gene panel assay. The
presence of CNVs was assessed by comparing the average
sequencing depth achieved for amplicons covering a gene in a
sample to the average sequencing depth achieved historically for
those amplicons in all the samples (n¼ 300) in our database,
normalised against the sequencing efficiency of the sample (total
number of AQ20 reads for the sample) following an algorithm
described in Supplementary Methods.

Sensitivity for CNV detection using the Ion Proton 409-gene
panel assay. CNV detection sensitivity was assessed by serially
diluting FFPE H460 cell line DNA into DNA extracted from FFPE
normal brain tissue to obtain H460 dilutions of 100, 50, 25, 12.5,
and 6.25%. Samples were tagged with different barcodes and
sequenced on the same chip. Two separate estimations of
sensitivity were performed and compared.

CNV analysis by molecular inversion probe array. Genome-wide
CNV analysis via molecular inversion probe (MIP) array was
performed using the OncoScan FFPE assay kit (Affymetrix, Santa
Clara, CA, USA) following the manufacturer’s recommended
protocol as described in Supplementary Methods.

Fluorescence in situ hybridisation (FISH) analysis. The MYC
gene copy number was assessed by FISH using a break-apart probe
(Abbott Molecular, Abbott Park, IL, USA) mixed with a single-
colour (aqua) MYB probe (chromosome 6q23) as an internal
control. EGFR FISH was performed using a dual-colour FISH
probe set (Abbott Molecular) containing a centromeric probe for
chromosome 7 as an internal control. 200 cells were counted for
each probe.

RESULTS

Sequencing metrics. An average sequencing output of 8 gigabases
(Gb) was obtained for 26 sequencing runs. This output represented
an average of 128.5 million sequencing reads per run, of which an
average of 32% of reads (40.9 million) were polyclonal and 8% of
reads (7.6 million) were of low quality and filtered. Therefore, on
average in every sequencing run 80 million reads were of high
quality (X AQ20 or one error in 100 base pairs (bp)) and provided
useful sequence information. The overall performance of the

amplicons as determined by their average sequencing depth is
provided in Supplementary Table 1.

Sensitivity studies. The sensitivity of the Ion Proton (409-gene
panel) platform for detecting SNVs was estimated by using DLD1
cell line FFPE DNA sequentially diluted into H460 cell line FFPE
DNA. DLD1 harbours heterozygous mutations in seven different
genes: IDH1, PIK3CA, KRAS, KIT, MYD88, TP53, and SMO. The
ability of the platform to detect these mutations in 50%, 25%, 10%,
and 5% dilutions of DLD1 DNA was assessed in two different
sequencing runs performed on different Ion Proton sequencers. In
both runs, all expected mutations were called in 100 and 50% of
diluted DLD1 DNA. In the 25% dilution, an SMO mutation was
missed in one run; otherwise, all the expected mutations were
detected in both runs. Similarly, in the 10% dilution of DLD1, the
SMO mutation was missed in one run, whereas the remaining
mutations were consistently detected in both runs. In the 5%
dilution of DLD1, multiple mutations were not detected in both
runs. Of interest, two mutations (TP53 and SMO) that were missed
in the 25 and 10% dilutions of DLD1 were covered by amplicons
that were sequenced at a relatively low sequencing depth
(o200� ). These mutations were evident in the sequencing reads;
however, owing to low sequencing depth, they were not called by
the variant caller software (TS v3.6.2). A detailed summary of the
dilution studies performed with the expected and detected levels at
each dilution and the associated linearity, sensitivity, and
confidence interval are provided in Supplementary Table 2.

Inter-run and intra-run reproducibility. Inter-run reproducibil-
ity was determined by sequencing a 25% dilution of DLD1
cell line FFPE DNA into H460 cell line FFPE DNA across five
different sequencing runs. The results showed that each expected
mutation was detected in every run with little variation in the
allelic fractions (Supplementary Figure 1, upper panel). Similarly,
intrarun reproducibility was established by sequencing five aliquots
of 25% DLD1 cell line FFPE DNA, each tagged with distinct
barcodes on the same sequencing run. The results showed
consistent detection of mutations at comparable allelic fraction
levels, indicating high intrarun sequencing reproducibility
(Supplementary Figure 1, lower panel).

Concordance of Ion Proton (409-gene panel) sequencing with
IT-PGM (46-gene panel) and Sanger sequencing. In four cell
lines and the set of 28 tumours without paired normal tissue, a
total of 81 sequence variants were expected. Seventy-seven
sequence variants (69 SNVs, six deletions, and two insertions)
were expected based on sequencing using the IT-PGM (46-gene
panel) and four sequence variants based on Sanger sequencing
(three insertions and one deletion). The Ion Proton 409-gene panel
sequencing detected 64 of 69 expected SNVs. Five SNVs were not
detected owing to target amplification failure, including three
samples in which there was failure of the same amplicon (samples
2, 12, and 33, Supplementary Table 3). Of note, in the DLD1 cell
line, the Ion Proton (409-gene panel) detected 4 SNVs not detected
by the IT-PGM attributable to the fact that the 46-gene hotspot
panel lacked sequencing coverage in these areas.

In a melanoma sample (Supplementary Table 3, sample 4),
the IT-PGM (46-gene panel) detected a BRAF p.V600K
(c.GTG4AAG) mutation at a 69% allelic fraction (Figure 1).
This mutation was also detected by the Ion Proton (409-gene
panel) at an 81% allelic fraction (Figure 1A). In a second example
(colon adenocarcinoma, Supplementary Table 3, sample 15),
a KRAS p.G12S mutation was detected by the IT-PGM and
was also detected by the Ion Proton at a comparable allelic
fraction (Figure 1B). In another instance (colon adenocarcinoma,
Supplementary Table 3, sample 18), a PDGFRA mutation
(p.P553L, c.CCG4CTG) was detected by the IT-PGM at a 29%
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allelic fraction and was also detected by the Ion Proton at a 20%
allelic fraction (Figure 1C).

To assess the ability of the Ion Proton (409-gene panel) to detect
deletions, we tested a set of seven tumours including five
adenocarcinomas (two lung, two colon, and one gynaecological
tract) and two gastrointestinal stromal tumours with known
deletions as detected by the IT-PGM (46-gene panel) (n¼ 5) or by
Sanger sequencing (n¼ 2). The Ion Proton (409-gene panel)
detected all seven deletions expected in these samples
(Supplementary Table 3). Examples of two deletions (a 15-bp
deletion in exon 19 of EGFR and a 5-bp deletion in exon 16 of
APC) detected by both the IT-PGM and Ion Proton are shown in
Figure 2.

Similarly, the ability of the Ion Proton (409-gene panel) to
detect insertions was tested by sequencing five samples (three lung
adenocarcinomas, one brain tumour, and one gastrointestinal
stromal tumour) with known insertions as determined previously
by the IT-PGM (46-gene panel) (n¼ 2) or Sanger sequencing
(n¼ 3). The Ion Proton (409-gene panel) detected three of the five
insertions but missed a 6-bp insertion in exon 20 of EGFR (sample
9) and a 6-bp insertion in exon 11 of KIT (samples 9 and 24,
Supplementary Table 3). These insertions were evident in the
sequencing reads when visualised by the IGV but were not called
by the variant caller in the analysis software (v3.6.2) (Life
Technologies). However, upon reanalysis of the results using a
more recent version of the software (v4.0.2) (Life Technologies),
both insertions were identified (Supplementary Table 4, samples 1

and 2). Representative samples with insertions detected using the
IT-PGM and Ion Proton are shown in Figure 3.

Mutation detection in tumours with paired normal samples.
A total of 20 tumour samples with paired normal tissue
specimens were sequenced using the Ion Proton (409-gene
panel). The mutational profile of these tumours was known
through earlier analysis using the IT-PGM (46-gene panel)
that detected 37 sequence variants (36 SNVs and one deletion).
The Ion Proton detected all the SNVs except one (NRAS,
p.Q61H), which was not detected owing to amplicon failure
(Supplementary Table 5, sample 10). Additionally, a 2-bp
deletion in TP53 (Supplementary Table 5, sample 14) was not
called by the Ion Proton. This deletion was visible in the
sequencing reads but was not called by the analysis software
(v3.6.2). This deletion was successfully called in a subsequent
analysis of the sequencing results for this sample via a later
release of the software (v4.0.2) (Supplementary Table 4, sample 3).
In this sample set, eight SNVs were confirmed to be germline
polymorphisms present in both paired normal and tumour samples.
The remaining 27 sequence variants were somatic, as they were
detected in only the tumour samples (Supplementary Table 5).
Representative samples showing the presence of somatic mutations
in the sequencing reads of tumours, but not in paired normal tissues,
are shown in Figure 4.

Furthermore, to establish the concordance between software
versions, we reanalysed Ion Proton (409-gene panel) sequencing

Ion proton

(409-gene panel)

BRAF, p.V600K

(c.GTG>AAG)

81%, 2315×

BRAF, p.V600K

(c.GTG>AAG)

69%, 1805×

BRAF BRAF

IT-PGM

(46-gene panel)

A B CIT-PGM

(46-gene panel)

KRAS, p.G12S

(c.GGT>AGT)

86%, 1534×

Ion proton

(409-gene panel)

KRAS, p.G12S

(c.GGT>AGT)

83%, 830×

Ion proton

(409-gene panel)

IT-PGM

(46-gene panel)

PDGFRA, p.P553L

(c.CCG>CTG)

29%, 1092×

PDGFRA, p.P553L

(c.CCG>CTG)

20%, 1974×

KRAS KRAS
PDGFRA PDGFRA

Figure 1. Concordance of SNV detection between Ion Proton (409-gene panel) and IT-PGM (46-gene panel). Examples showing the concordance
of mutation detection between Ion Proton (409-gene panel) and IT-PGM (46-gene panel) are presented. (A) IT-PGM detected a dual mutation in
BRAF (p.V600K) in a melanoma sample that was also detected by Ion Proton. The nucleotide change was GTG4AAG. The BRAF gene has a
reverse orientation on chromosome 7 (direction indicated by the arrow). However, the IGV exhibits aligned reads only in the ‘forward’ orientation
which makes the substituted nucleotide appear as TT instead of AA (CAC4TTC or GAG4AAG). (B) IT-PGM detected a KRAS (p.G12S,
c.GGT4AGT) mutation in a colon adenocarcinoma sample that was also detected by Ion Proton at a comparable allelic fraction. As KRAS is also
located in the reverse orientation on chromosome 12 (indicated by the arrow) the substituted base appears in IGV as ‘T’ instead of ‘A’ (CCA4TCA
or GGT4AGT) (C) A PDGFRA (p.P553L, c.CCG4CTG) mutation was detected by IT-PGM (46-gene panel) in a colon adenocarcinoma sample,
which was also detected by Ion Proton (409-gene panel).
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results from v3.6.2 with v4.0.2 for a subset of three tumour samples
and three cell lines. A complete concordance was observed; all
expected sequence variants that were detected using v3.6.2 were
detected using v4.0.2 (17 SNVs, two insertions, and one deletion)
(Supplementary Table 4, samples 4–9).

Additional somatic mutations detected by the Ion Proton
(409-gene panel) in comparison with the IT-PGM (46-gene
panel). In the 20 tumour samples with paired normal tissue
specimens, additional somatic mutations were detected using the
409-gene panel on the Ion Proton compared with the IT-PGM (46-
gene panel) (Supplementary Table 6). These additional mutations
were identified by comparing the variants in the tumours with the
lack of the same in the paired normal tissue samples and following
the filtering approach explained in Supplementary Figure 2. In 16
of 20 tumour samples, 37 additional somatic mutations across 32
genes were detected (Supplementary Table 6). Seven of these
mutations were detected in genes of high prognostic or therapeutic
significance, including PTEN, TP53, APC, MET, and ALK, and six
additional mutations were discovered in six potentially actionable
genes, ERBB4, PARP1, CSF1R, SMARCA4, FBXW7, and NTRK3.
Of 37 mutations detected using the Ion Proton, 10 were recorded
in the COSMIC database (Forbes et al, 2008), indicating that they
had been reported in the literature as somatic mutations
(Supplementary Table 6). The mutations identified by the Ion
Proton (409-gene panel) in TP53, APC, ERBB4, ALK, PTEN, and

MET were missed by the IT-PGM (46-gene hotspot panel) owing
to lack of sequencing coverage in these areas.

Concordance between Ion Proton (409-gene panel) and MiSeq
(54-gene panel) sequencing results. In DNA from three cell lines
(H2122, H460, and DLD1), the Ion Proton (409-gene panel)
detected 17 SNVs. The MiSeq (54-gene hotspot panel) identified 15
of these 17 SNVs; the remaining two SNVs were missed owing to
lack of sequencing coverage in the 54-gene panel (Supplementary
Table 7). These results indicate cross-platform concordance of the
Ion Proton sequencing and mutation detection with Illumina
sequencing technology used in the MiSeq sequencer.

Detection of CNVs using the Ion Proton (409-gene panel).
Unlike hotspot mutation gene panels that are limited in their
coverage to small frequently mutated gene regions, sequencing the
entire coding sequence of a gene provides better sequencing
coverage for the identification of CNVs in NGS-based assays. As all
exons of the 409 genes are captured and sequenced using the Ion
Proton, this method facilitates better detection of gain or loss of
gene copy number. Furthermore, in a PCR-based target capture
approach such as the strategy employed in this study, the number
of gene copies in the genomic template influences amplification
levels during target capture, which in turn is reflected in the
sequencing depth. Thus, any gain or loss of copy number can be

 IT-PGM

 (46-gene panel)

EGFR, 15bp deletion, p.E746-A750del

Exon 19, (c.2236_2250del)

Ion proton

(409-gene panel)

EGFR, 15 bp deletion, p.E746-A750del

Exon 19, (c.2236_2250del)

IT-PGM

(46-gene panel)

Ion Proton

(409-gene panel)

APC, 5 bp deletion, p.E1309fs*4

Exon 16, (c.3927_3931del)

APC, 5 bp deletion, p.E1309fs*4

Exon 16, (c.3927_3931del)

APCAPC

EGFR

EGFR

A B

Figure 2. Detection of deletions by Ion Proton (409-gene panel). Samples with known deletions as detected by IT-PGM (46 gene panel) were also
sequenced on Ion Proton (409-gene panel) and compared (A) A 15-bp deletion detected in exon 19 of EGFR in a lung adenocarcinoma sample by
IT-PGM (46-gene panel) was also detected by Ion Proton (409-gene panel). (B) A 5-bp deletion in exon 16 of APC detected in a colon
adenocarcinoma sample by IT-PGM (46-gene panel) was also detected by Ion Proton (409-gene panel).

BRITISH JOURNAL OF CANCER Next-generation sequencing of solid tumours

2018 www.bjcancer.com |DOI:10.1038/bjc.2014.518

http://www.bjcancer.com


deciphered as a distinct increase or decrease in the sequencing
depth achieved by the amplicons covering the gene.

CNVs were detected in three of four cell lines sequenced in our
sample cohort and confirmed by the MIP array-based CNV
detection assay or FISH analysis (Supplementary Table 8). For
example, in the HL60 cell line, MYC amplification was detected by
the Ion Proton (409-gene panel) (Figure 5A, left panel) and was
confirmed by the MIP array (Figure 5A, middle and right panels).
In the H460 cell line, amplification of MYC and loss of EGFR were
detected by the Ion Proton (409-gene panel) (Figure 5B, top panel)
and confirmed by the MIP array (Figure 5B, middle panel). FISH
analysis of H460 showed monosomy of chromosome 7 and one
copy of EGFR. FISH also detected 13% of the cells with monosomy
of chromosome 8 with 3–6 copies of MYC, 26.5% of the cells with
disomy of chromosome 8 and 3–6 copies of MYC, and 52% of the
cells with apparent disomy of chromosome 8 and 10–20 copies of
MYC (Figure 5B, lower panels), thereby confirming the overall
MYC amplification (average, 5.6 copies) detected by the Ion Proton
(409-gene panel). In the H2122 cell line, the Ion Proton (409-gene
panel) detected loss of LRP1B and gain of MYC (Figure 5C, top
panel) that were confirmed by the MIP array (Figure 5C, middle
panels). MYC amplification detected by the Ion Proton (409-gene
panel) in H2122 was also confirmed by FISH analysis, which
showed 24% of cells with monosomy of chromosome 8 and 5–10
copies of MYC and 55% of cells with disomy of chromosome 8

with 10–25 copies of MYC (Figure 5C, lower panel) (average, 6.7
copies).

To further test the ability of the Ion Proton (409-gene panel) to
detect CNVs, we sequenced four breast carcinoma samples with
known ERBB2 amplification as evidenced by FISH studies. The Ion
Proton (409-gene panel) successfully detected ERBB2 amplification
in each sample (ERBB2 FISH positive, Supplementary Table 8,
samples 1–4) and detected ERBB2 amplification in an additional
tumour sample in the study group also confirmed by the MIP array
(Supplementary Table 8, sample 5). In these five samples, the
Ion Proton (409-gene panel) detected concurrent amplification of
PGAP3 and CDK12 in addition to ERBB2. MIP array analysis also
showed amplification of the locus harbouring ERBB2, PGAP3, and
CDK12 (Supplementary Table 8, Figure 6A). Furthermore, in a
gastrointestinal stromal tumour sample, the Ion Proton (409-gene
panel) detected amplification of four genes PDGFRB, CSF1R, JAK2,
and MYC (Supplementary Table 8, sample 6, Figure 6B, left panel).
These amplifications were confirmed by MIP array analysis, which
showed amplification of chromosome 5 locus for both PDGFRB
and CSF1R along with amplification of MYC (chromosome 8) and
JAK2 (chromosome 9) (Figures 6B, 3 panels on the right). In
another example, amplification of EGFR was detected in a brain
tumour sample by the Ion Proton and confirmed by the MIP array
(Supplementary Table 8, Figure 6C). Furthermore, the copy
number estimations by the Ion Proton (409-gene panel) and the
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KIT KIT
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Figure 3. Detection of insertions by Ion Proton (409-gene panel). A set of samples with known insertions as detected by Sanger sequencing
was sequenced on IT-PGM (46 gene panel) and Ion Proton (409-gene panel) for comparison. In IGV, the presence of insertions in the reads is
marked by the presence of the purple marker shown by the arrows. (A) A 6-bp insertion in exon 20 of EGFR was successfully detected and called
by both IT-PGM (46-gene panel) and Ion Proton (409-gene panel). (B) A 6-bp insertion in KIT, exon 9 was detected and called by Ion-Proton
(409-gene panel) but not by IT-PGM (46-gene panel). The insertion was evident in the IT-PGM sequencing reads but was not called by the variant
caller in Torrent Suite 2.0.
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MIP array were comparable (Supplementary Table 8). A summary
of the concordance of Ion Proton (409-gene panel) sequencing
results with results obtained using orthogonal platforms is included
in Table 1.

CNV detection sensitivity. To determine the sensitivity of CNV
detection, we performed a sequential dilution study using DNA
from the H460 cell line (with MYC amplification and EGFR loss)
diluted into DNA from a normal tissue sample to obtain H460
DNA dilutions of 50, 25, 12.5, and 6.25%. MYC amplification in
H460 was consistently detected in two independent estimations in
the 50, 25, and 12.5% dilutions but was undetectable in the 6.25%
dilution. EGFR loss was evident in all dilutions, indicating a high
sensitivity of detection for both amplifications and deletions
(Supplementary Figure 3).

DISCUSSION

Accumulation of somatic mutations and CNVs are major driving
factors of oncogenesis and are potential targets for therapy.
Consequently, screening tumours for genomic aberrations can be
helpful for prognostic stratification and for guiding the selection of
therapy. In recent years, extensive application of NGS has impacted
all aspects of cancer detection and treatment, including hereditary

cancer syndromes, classification of cancer subtypes, understanding
of tumour heterogeneity, and identification of the genetic
aberrations in problematic cases and non-responders, (Hodis
et al, 2012; Liang and Kim, 2013; Roberts and Klein, 2013; Tuna
and Amos, 2013; Bielinski et al, 2014; Ross et al, 2014). Novel
CNVs are also being identified and can be exploited for targeted
therapies (Walter et al, 2009; Bowcock, 2013). It is therefore
imperative that the mutational screening of tumour DNA be
extensive to assess the entire coding sequences (exons) of multiple
genes to capture both sequence variants and CNVs. In this regard,
NGS-based diagnostics, which are capable of detecting the full
range of genetic variants, offer the potential to greatly streamline
testing by using a single analysis platform. Although hotspot NGS
panels that interrogate specific areas of high mutational suscept-
ibility have been developed and are in use in some clinical
molecular laboratories, they are unable to capture the sequence
alterations across all exons of a gene and, for the same reason, have
limited CNV detection capability. Consequently, NGS assays
covering all exons are a substantial upgrade for screening patient
tumours for mutations and CNVs.

In this study, we showed that the 409-gene NGS screen using
the Ion Proton is an effective approach for a variety of somatic
sequence variants (SNVs, insertions/deletions, and CNVs) in a
wide variety of solid tumours with high concordance to other
NGS platforms (IT-PGM and MiSeq) and Sanger sequencing.
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Figure 4. Detection of mutation by Ion Proton (409-gene panel) in paired normal-tumour samples. As subset of tumour samples with known
mutations as detected by IT-PGM (46 gene panel) were also sequenced on Ion Proton (409-gene panel) along with their paired normal. Two
representative examples with mutations detected by IT-PGM (46-gene panel) and Ion Proton (409-gene panel) in the tumours and the lack of the
same in paired normal samples are shown (A) A PIK3Ca (p.E545K, c. GAG4AAG) mutation in a gastrointestinal tumour, (B) A TP53 (p.F113C,
c.TTC4TGC) mutation detected in a breast carcinoma at a comparable allelic fraction.
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Figure 6. CNV detection in patient samples. (A) ERBB2 amplifications in four breast adenocarcinoma samples positive for by FISH analysis
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loss, respectively.
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In addition, the higher sequencing capacity of the Ion Proton
facilitated screening all exons of the genes, resulting in the
detection of additional somatic variants. The Ion Proton (409-gene
panel) also exhibited high sensitivity for most of the SNVs tested
(up to 5% allelic fraction), had excellent inter-run and intra-run
reproducibility, and used as little as 60 ng FFPE DNA, thereby
rendering this approach well suited for routine diagnostic use.

The Ion Proton (409-gene panel) detected all expected SNVs in
the samples with IT-PGM (46-gene panel) sequencing results
unless there was amplicon failure in the 409-gene panel. The Ion
Proton also detected and called several insertions and deletions
that were not called by the IT-PGM (46-gene panel), which is
attributable to the more recent and improved version of analysis
software used on the Ion Proton (v3.6.2). However, it is interesting
that the Ion Proton did not detect and call a 6-bp insertion in exon
20 of EGFR, a 6-bp insertion in exon 9 of KIT, and a 2-bp deletion
in TP53. Visualisation of the Ion Proton sequencing reads in these
genes showed these sequence aberrations, but they were missed by
the software used (v3.6.2). Upon reanalysis of the data using a
version recently released (v4.0.2), these variants were successfully
detected. Reanalysis of an additional set of cell lines and tumours
showed complete concordance of the software versions
(Supplementary Table 4). An overall concordance of Ion Proton
(409-gene panel) sequencing with orthogonal methods and
concordance with the MiSeq (54-gene panel) sequencer established
the accuracy and robustness of the Ion Proton (409-gene panel).

The high sequencing capacity of the Ion Proton permits the
sequencing of all exons of 409 genes and ensures the detection of
any mutation occurring in the entire coding region of the gene.
This represents a major improvement and advantage over
mutational hotspot screening panels using sequencers of lower
capacity like the IT-PGM. This was evident in the detection of
several additional somatic mutations by the Ion Proton (409-gene
panel) in comparison to IT-PGM (46-gene panel). Of note,
mutations in APC and PTEN were detected in gastrointestinal and
breast carcinoma samples, respectively, that could not be detected
using the 46-gene hotspot panel and the IT-PGM. Thus, the
mutational status for these genes would be considered as wild-type
if only hotspot panel-based testing were used for screening. The
high sequencing capacity of the Ion Proton, which permits the
simultaneous screening of all exons, facilitates comprehensive
detection of all mutations in the tested genes and inspires more
confidence in CNV detection. Furthermore, the capacity to
simultaneously sequence up to 10 multiplexed samples per run
render the 409-gene sequencing using the Ion Proton very suitable
to provide timely mutational profiling of tumours with a turn-
around-time of 5 days (workflow summarised in Supplementary
Figure 4).

Overall, massive parallel sequencing of 409 genes using the Ion
Proton to simultaneously detect SNVs, insertions, deletions, and
gene CNVs was found to be a sensitive and comprehensive screen
for somatic aberrations. Importantly, this assay required only a

single expenditure of low-quantity FFPE DNA. The high level of
reproducibility, sensitivity and FFPE-compatibility make the Ion
Proton (409-gene panel) sequencing valuable for mutational
screening of tumour samples in a clinical molecular diagnostics
laboratory.
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