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Genetic testing based on next-generation sequencing (NGS) analysis has recently been used to diagnose hereditary
diseases. In this study, we explored the usefulness of our custom amplicon panel that targeted 23 genes related to hereditary
tumors given in the American College of Medical Genetics and Genomics recommendations. We applied our custom NGS
panel to samples from 12 patients previously diagnosed by Sanger sequencing as having the diseases or diagnosed clini-
cally by meeting the diagnostic criteria in this study. Our gene panel not only successfully identified all variants detected by
Sanger sequencing but also identified previously unrecognized variants that resulted in confirmation of the disease, or even
in the revision of the diagnosis. For instance, a patient identified with an SDHD gene mutation actually had von Hippel-
Lindau (VHL) syndrome, as determined by the presence of a pathogenic VHL gene variant. We also identified false-positive
results that were generated by amplification of genome regions that are not intended to be investigated. In conclusion,
NGS-based amplicon sequencing is a highly effective method to detect germline variants, as long as they are also carefully

reviewed by manual inspection.
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With the improvement of genome data acquisition
throughput and the reduced cost of such analysis, gene
panel testing via massive parallel sequencer systems (next-
generation sequencer, NGS) is becoming widely used to
diagnose various diseases caused by genome abnormality.
Also, gene mutation data obtained via NGS were recently
used in companion diagnostics, in which the indication of
a molecular targeted drug is determined by the presence
of gene mutations. For instance, the Oncomine DX Target
Test [1], which analyzes 23 genes related to non-small cell
lung cancer, was approved as a companion diagnostic by the
U.S. Food and Drug Administration (FDA) in 2017 and by
the Pharmaceuticals and Medical Devices Agency in Japan
in 2018. The Foundation One CDx test for cancer genome
profiling was also approved by the FDA in 2017 [2]. NGS has
a big advantage in that it can analyze a large genome region
at once, so it is likely to be especially useful in isolating candi-
date gene alterations for diseases in which multiple respon-

sible genes are supposedly involved. NGS is also useful to
identify the loss-of-function type of mutations in which the
position at which a mutation occurs varies among patients,
especially for large genes.

In this study, we evaluated the usefulness of our custom
gene panel for 23 genes associated with hereditary tumors.
To this end, we analyzed 12 peripheral blood specimens
obtained from patients who were previously diagnosed with
hereditary tumors via genetic testing that utilized Sanger
sequencing or patients who were determined clinically as
having the diseases, i.e. those who met the diagnostic criteria
of the diseases. For example, as the Results section shows,
a patient who was previously diagnosed to have hereditary
pheochromocytoma-paraganglioma  syndrome  (HPPS)
because of detection of a succinate dehydrogenase (SDH)
mutation [3, 4] actually had a pathogenic germline VHL
mutation according to our gene panel analysis, which led to a
corrected diagnosis of von Hippel-Lindau (VHL) syndrome
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[5, 6]. As this example illustrates, when more than two
separate syndromes that may manifest overlapping pheno-
types occur, a specific disease may sometimes be difficult to
diagnose by using conventional Sanger sequencing in terms
of time and cost of analyzing all responsible candidate genes.
NGS-based analysis may be able to resolve this issue.

In the current traditional NGS system in which short-read
sequence tags of at most 300 base pairs long are aligned to the
reference genome, certain points about this method should
be noted. In other words, simple reporting of candidate gene
alterations produced from the sequencer should be avoided.
Potential mutations must be manually reviewed by using a
genome browser to confirm that a mutation is a true mutation
as opposed to a false-positive result. For example, the PMS2
gene, which we included in our gene panel, has pseudo-
genes, including PMS2CL and PMS2P3, and the presence of
these pseudogenes has been shown to impede the analysis
of PMS2 gene mutation. A long-range polymerase chain
reaction (PCR) or other equivalent methods that can distin-
guish between PMS2 and its pseudogenes has been widely
used to search for PMS2 gene mutations [7-9]. However,
when the short-read amplicon sequencing method is applied
to PMS2 analysis, probes for PMS2 may mis-anneal to and
amplify the pseudogenes or such mis-amplified amplicons
are misaligned to PMS2, which gives rise to an incorrect
interpretation of the gene mutation. We show such data in
Results and discuss later.

In this manuscript, we reveal the usefulness of gene panel
testing for hereditary tumors by means of NGS. In addition,
we discuss the importance of considering the minor allele
frequency (MAF) and the characteristics of each amplicon
so that we can carefully evaluate the authenticity and clinical
significance of candidate gene mutations.

Patients and methods

Patients. For this study, we obtained samples from 12
patients, previously diagnosed of having hereditary tumors,
and a sample from a healthy volunteer (38 year old man).
Diagnoses were made according to the diagnostic criteria
for each disease, primarily via a genetic method - Sanger
sequencing — and according to phenotypic criteria, at medical
departments in Kumamoto University Hospital, or at hospi-
tals that referred the study patients to Kumamoto Univer-
sity Hospital. Table 1 summarizes the characteristics of the
patients.

After we obtained written informed consent from the
patients, we collected peripheral blood samples, and we then
extracted genomic DNA from lymphocytes by using DNeasy
Blood & Tissue Kit (Qiagen, Valencia, CA) according to the
manufacturer’s instructions. The quantity of the DNA was
measured by Bioanalyzer (Agilent, Santa Clara, CA), and
the quality was evaluated as DNA integrity number (DIN)
value. The DNA was then subjected to sequencing library
preparation.

The use of patients’ DNA for this purpose was approved
by the Ethics Committee for Human Genome Research of
Kumamoto University (Approval number: 354), and the
study was performed in accordance with the Declaration of
Helsinki.

Panel design. To characterize germline gene mutations
associated with hereditary tumors, we designed a custom
gene panel that targeted 23 genes. The genes were selected
according to the American College of Medical Genetics
and Genomics (ACMG) recommendations for reporting of
incidental findings but excluded genes not related to heredi-
tary tumors [10]. The amplicons for the gene panel were
designed by Design Studio (Illumina, San Diego, CA). Table
2 lists the target genes. All coding exons of the 23 genes were
designed to be amplified with the following parameters: refer-
ence genome: GRCh37/hg19, variant source: 1000 Genomes,
amplicon length: 175 bp, exon padding: 25 bp. A total of 827
amplicons with cumulative targets of 73,112 bp (with a total
gap distance of 614 bp) were designed.

Library preparation and parallel sequencing. The
sequencing library was prepared by using a TruSeq
Custom Amplicon Low Input (TSCA-LI) Kit (Illumina)
according to the manufacturer’s instructions. Briefly, 10
ng of non-fragmented genomic DNA was first hybrid-
ized with the custom oligo probes that contained upstream
and downstream oligo-DNA probes complementary to the
designed regions. The hybridized upstream probes were then
complementarily extended by a DNA polymerase through
targeted regions, which was followed by ligation to the 3’ end
of the downstream probes. Finally, synthesized DNA with
universal sequences at both ends was amplified via PCR with
primers with an index and a sequence required for cluster
formation. The amplified products were measured with a
Bioanalyzer (Agilent) to determine whether they were within
the expected sizes and concentrations, after which they were
stored as sequencing libraries.

The prepared libraries mixed in equal amounts were
subjected to parallel sequencing on a MiSeq platform
(Illumina) by using the MiSeq Reagent kit v2 for 151 cycles
at paired-end mode. The PhiX control library (Illumina) was
spiked-in during each run at a final concentration of 12 pM
to estimate the sequencing error rate, as described in the
manufacturer’s protocol.

Bioinformatics. MiSeq reporter v2.6.2 was used for data
analysis, including sequence alignment to the reference
genome (GRCh37/hgl9), single-nucleotide variant calling,
and insertion/deletion (indel) detection. As Figure 1 shows,
each variant call format (VCF) file generated by the MiSeq
reporter was then subjected to Base Space Variant Interpreter
(Illumina). The annotated variants were first filtered against
a depth of <30 at each position, intronic and synonymous
variants, and low variant allele frequency. Splice site variants
were retained. The remaining variants were subsequently
filtered foran MAF of >0.02 in the population-based databases
including the Genome Aggregation Database (gnomAD), the
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Exome Aggregation Consortium (ExAC), 1000 Genomes,
and human genetic variation database (HGVD) [11], which
is a Japanese variant database. In this study, the MAF filter
was not applied to the variants detected in previous genetic
tests so that we could compare the previous variants with
candidate variants obtained by our NGS analysis (Table 2).
The remaining variants were manually and carefully reviewed
by using an Integrative Genomics Viewer (IGV) [12, 13].
Variants also detected in a sample that was obtained from
the healthy volunteer were removed. For interpretation of the
variants, we used the following public databases (last access:
March 2019): ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar/) and COSMIC (https://cancer.sanger.ac.uk/cosmic).
Then, we conducted a literature review of the clinical signifi-
cance of the remaining variants of uncertain significance
(VUS) by using PubMed and public databases, which was
followed by discussions with attending physicians about the
validity of a variant as the cause of a patient’s disease. On
the basis of the patients’ detailed clinical manifestations, we
performed a literature search again. Sanger sequencing was
used to verify the variants as necessary. Finally, we report on
variants including VUS with detailed information about the
bioinformatics analysis and clinical significances.

Results

Participant characteristics. Table 1 provides detailed
characteristics of the 12 patients included in this study.

Sample Preparation

Genomic DNA extraction
from peripheral blood

l

Library preparation
(hereditary tumor NGS panel)

¥

NGS sequencing
platform

Not detected in healthy sample —

Sanger sequencing —

Previous reports —| Clinical information
Discussion with clinicians

According to clinical criteria, they had been diagnosed as
having hereditary tumor syndromes including multiple
endocrine neoplasia (MEN) type 1 (n=5), MEN type 2
(n=2), hereditary breast and ovarian cancer (HBOC, n=1),
HBOC carrier (n=1), familial adenomatous polyposis (FAP,
n=1), HPPS/VHL (n=1), and Lynch syndrome (n=1). Of
six patients (UPN1, 6, 8-10, and 12) whose family histo-
ries were not typical, five patients other than UPN12 had
relatives with benign or malignant tumors. All cases except
for the FAP case (UPN5) had been genetically tested by DNA
Sanger sequencing. For one breast cancer patient (UPN2),
no pathogenic BRCA mutation had been reported, and this
patient was tentatively diagnosed as having Lynch syndrome.
We analyzed the genomic DNA in peripheral blood samples
from these patients and a healthy volunteer via NGS with our
custom hereditary tumor panel and analysis pipeline.

Sequence quality control and coverage. We devel-
oped a custom hereditary tumor NGS panel covering all
coding exons of 23 genes associated with hereditary tumor
syndromes (Table 2; see also Patients and methods). Figure 1
shows our analytical workflow system that utilizes this panel
consisting of sample preparation, sequencing, and data
analysis.

First, we monitored sequencing run quality by using
parameters including cluster density, cluster passing filter,
Q30, and error rate based on the PhiX spike-in. Every run
was performed with reasonable values for all parameters:
average cluster density (K/mm?) between 620 and 990, cluster

Custom data analysis

MiSeq reporter (Illumina)

¥
VCF BAM
v
Variant Interpreter
(Hlumina)

y

1. Remove synonymous and
noncoding variants

2. Remove variants with low
depth (<30), quality, and VAF — GV

3. MAF < 0.02 (global and/or Japanese) |

Ignore nonspecific reads

ClinVar, COSMIC —

v

Candidate variants

Figure 1. Diagnostic workflow with our hereditary tumor NGS panel. The workflow consists of sample preparation, sequencing, and our custom data
analysis process. The TSCA-LI system was used for library preparation, and sequencing was performed with the MiSeq instrument. In the data analysis
process, VCF and BAM files generated by the MiSeq reporter were carefully analyzed. The MAF filter was not applied to variants detected in previous

genetic tests. VAF - variant allele frequency
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passing filter of >91.7%, Q30 of
>86%, and error rate of <0.45%.
These results indicated that every
sequencing run performed was of

To analyze the sequencing
quality at each genome position,

sufficient quality.

These

coverage values were automati-
cally generated for every sample
in the run via a coverage file

amplicon and the mean coverage
that

we utilized the coverage per

per sample as proxies.

in-house
coverage

developed
of

evaluation
breadth revealed that amplicons

we
was specified as the proportion of
unique reads that were mapped

paired reads. Coverage breadth
unambiguously to target regions.

(Supplementary Table S1). The
sequencing runs produced an
average of 2.0x10° (0.73-8.2 x10°)
with the depth of 230, which is a

Our

recommended minimal threshold
to provide reliable diagnostic

analysis of germline mutations
in blood-derived samples [14],

(90.5-100%)

of all amplicons (Figure 2A). In
addition, the coverage unifor-
mity was 90.840.4% (Supple-
mentary Table S1). Therefore, the
majority of exons were sequenced
at a reasonable depth for germline
varjant calling. Variants with a
depth of <30 were regarded as

occupied 91.9%

non-informative, and we defined
amplicons with a depth of <30

relationship

assessed the
between guanine-cytosine (GC)

(2/48: 4.2%), STK11 (1/15: 6.7%),
and WTI (1/19: 5.3%) genes
content and amplicon coverage.
We found no apparent correlation
ized coverage depth (Figure 2B).
Although all the repeatedly failing
regions had relatively high GC

in more than 75% of the samples
as repeatedly failing ones. We
found 8 repeatedly failing regions
in TSC2 (4/75 amplicons: 5.3%,
Supplementary Figure S1), MSH6
(Supplementary Table S1). Next,
of GC content with mean normal-

we
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Table 2. Target genes in our hereditary tumor NGS panel.

Genes Syndromes Associated tumors

BRCAI HBOC Breast cancer, ovarian cancer

BRCA2 HBOC Breast cancer, ovarian cancer

TP53 Li-Fraumeni syndrome Osteosarcoma, brain tumor, soft tissue sarcoma, and others

STK11 Peutz-Jeghers syndrome Small intestinal polyps, adenomatous polyposis, and others

MLHI Lynch syndrome Colorectal cancer, endometrial carcinoma, ovarian cancer, gastric cancer, skin cancer, and others
MLH2 Lynch syndrome Colorectal cancer, endometrial carcinoma, ovarian cancer, gastric cancer, skin cancer, and others
MLH6 Lynch syndrome Colorectal cancer, endometrial carcinoma, ovarian cancer, gastric cancer, skin cancer, and others
PMS2 Lynch syndrome Colorectal cancer, endometrial carcinoma, ovarian cancer, gastric cancer, skin cancer, and others
APC FAP Colorectal cancer and others

MUTYH MAP Colorectal cancer and others

VHL VHL Brain hemangioma, retinal hemangioma, renal cell carcinoma, pancreatic tumors, and others
MENI MEN1 Hyperparathyroidism, pituitary adenoma, neuroendocrine tumor, and others

RET MEN2 Medullary thyroid carcinoma, pheochromocytoma, hyperparathyroidism, and others

NTRKI FMTC Thyroid carcinoma and others

PTEN PTHS Thyroid carcinoma endometrial carcinoma, breast cancer, kidney cancer, and others

RBI Retinoblastoma Retinoblastoma

SDHD HPPS Pheochromocytoma, paraganglioma

SDHAF2 HPPS Pheochromocytoma, paraganglioma

SDHC HPPS Pheochromocytoma, paraganglioma

SDHB HPPS Pheochromocytoma, paraganglioma

TSC1 TSC Angiofibroma, brain tumor, kidney tumor, and others

TSC2 TSC Angiofibroma, brain tumor, kidney tumor, and others

WTI Wilms’ tumor Wilms’ tumor

MAP - MUTYH-associated polyposis; FMTC - familial medullary thyroid carcinoma; PTHS - PTEN hamartoma tumor syndrome; HPPS - hereditary
pheochromocytoma-paraganglioma syndrome; TSC - tuberous sclerosis complex.

A

APC
BRCA1
BRCA2

MEN1
MLH1
MSH2
MSH6
MUTYH
NTRK1
PMS2
PTEN
RB1
RET
SDHAF2
SDHB
SDHC
SDHD
STK11
TP53
TSC1
TSC2

VHL

wr1

Genes

0%

100000 A

10000 A

1000 H

100 A

Normalized coverage

10 A

1 T T T T d
0 20 40 60 80 100

GC content (%)

10% 20%

. Coverage depth 230

30% 40%
Coverage breadth

50%

60% 70% 80% 90% 100% Figure 2. Sequence coverage. A) The bar chart shows the mean per-

centage of amplicons with 230 coverage depth for each target gene.
B) The relationship between GC content and mean normalized cov-
erage depth, and on-target reads per kilobase target region of all

Il Coverage depth <30 amplicons. Open dots indicate repeatedly failing amplicons.
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contents, this feature was not believed to be the only cause
of low coverage depth. Similar results were obtained when
coverage depth was normalized by total or mean reads for
each sample (data not shown).

Next, to review the structure of the sequenced amplicons,
we analyzed BAM files by using IGV, a genome browser,
against the remaining variants. Because of our analytical
pipeline in which sequence tags were aligned to the whole
genome, we found splice site variants in PMS2CL (n.947-
6C>G) in UPNI, 8, and 10, and PMS2P3 (n.996+4A>T) in
UPNI11, both of which were not targeted in our gene panel
(Supplementary Figure S2). Our manual inspections via IGV
and BLAST showed that the sequences of the corresponding
amplicons in PMS2CL and PMS2P3 were identical to the
intron 11 to exon 12 and intron 2 to exon 2 in the PMS2 gene,
respectively. Inasmuch as we detected no variant in the corre-
sponding position in PMS2, we concluded that the probes
mis-annealed to and amplified the PMS2CL and PMS2P3

K

MEN1
1 7

UPN 12 6 100 4 3 8

9

regions. As mentioned in the Introduction, PMS2 has a large
number of highly homologous sequences. The PMS2CL
pseudogene, in particular, has more than 98% sequence
identity with the 30 regions of PMS2, including exons 9 and
11-15 [15, 16]. Indeed, we found that the amplicons with a
depth of 230 may be generated by mis-amplification in part
of exons 2-5 of PMS2CL and in part of exons 5, 7, and 8 of
PMS2P3 (Supplementary Tables S2 and S3). Although our
panel did not miss PMS2 gene mutations, because all coding
exons of this gene were amplified and sequenced with enough
coverage in all samples (Supplementary Table S1), the speci-
ficity for PMS2 needs improvement.

Variants detected and clinical implications. The average
number and standard deviation of initially called variants
in VCEF files for all samples including the healthy volunteer
sample was 154+9. The variants were decreased to 22+3 just
before being filtered by MAF (see the filtering process in
Figure 1). The non-synonymous infrequent variants detected
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Figure 3. The landscape of candidate variants identified by our custom hereditary tumor panel. Non-synonymous infrequent variants detected by NGS
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in the RET gene was identified as pathogenic.
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in our panel analysis as possible causal mutations in each
patient and detailed information about these variants are
given in Table 1 and Supplementary Table S4, which also
include all previously identified variants to show why they
were removed from candidate status.

NGS analysis with our custom panel correctly detected all
10 previously recognized disease-causing variants, providing
a sensitivity of 100% (Table 1 and Supplementary Table S4).
However, only half of the variants (in UPN1, 3, 6, 7, and
9) could be classified as pathogenic mutations, and hence
the initial diagnosis was not changed for these patients. The
remaining half of the variants (in UPNS, 10, 11 and 12) were
determined to be VUS, except for that in UPN4 described
later. The RET p.Gly691Ser previously detected in UPNS8
with medullary thyroid carcinoma (MTC) had a high MAF,
and the clinical significance of this mutation is uncertain but
is considered low [17]. In addition, this variant was detected
in UPN12 without a thyroid tumor (data not shown). To our
knowledge, the biological relationship between the mutation
in TSC2 (UPNS8) and the occurrence of thyroid cancer, and
between the mutation in PMS2 (UPN11) and pancreatic
neuroendocrine tumor, has rarely been reported. Virtually
no candidate pathogenic variant was observed for UPN2
and UPN10, in which MENI p.Ala546Thr that was previ-
ously believed to be pathogenic in UPN10 had a high MAF
and indeed was also detected in other 3 patients analyzed in
this study. Figure 3 shows a summary of candidate variants
identified by our custom hereditary tumor panel.

One of the important findings was that our NGS analyses
identified a VHL gene mutation (p.Vall66Phe), which is
known to be a causal mutation of VHL [18-20], in UPN4.
This female patient suffered from bilateral pheochromocy-
toma and a pancreatic endocrine tumor. When the unilat-
eral pheochromocytoma firstly developed, the RET gene
mutation had been ruled out by Sanger sequencing. The
physician in charge screened mutations in SDHB and SDHD
genes when the patient developed bilateral pheochromo-
cytomas and a pancreatic tumor and identified the SDHD
p.-Valllllle mutation (Table 1). The MAF of this SDHD
mutation is indeed low, but the clinical significance is still
uncertain. Subsequently, her son also developed pheochro-
mocytoma, i.e. inherited pheochromocytoma. An important
feature of SDHD-related disease is that it is characterized by
maternal genomic imprinting [21]. Maternal imprinting is
caused by DNA or histone methylation and hence silencing
of the maternal allele [22, 23]. Therefore, individuals who
inherit a mutation from the mother should not develop such
tumors [3, 24]. Given the presence of inherited pheochro-
mocytoma, pancreatic endocrine tumor, and then suspected
hemangioblastoma, we concluded that the disease of UPN4
is sporadic VHL and, according to the necessary ethical
procedure, we changed the diagnosis to VHL.

UPN5 was diagnosed on a clinical basis (without
genetic tests) as having FAP by meeting the diagnostic
criteria (multiple adenomas in the colon with a clear family

history). Our NGS analysis detected the deletion mutation
p-lle391ThrfsTer3 (c.1172_1179delTTCACTCA) and the
missense mutation p.Serl126Arg in the APC gene. The
use of Sanger sequencing confirmed the presence of these
mutations, but whether these two variants were on the same
allele or not, was not confirmed. The deletion that causes
the frameshift is located at the distal 3’ end of exon 16 of the
APC gene and is characterized by a deletion of eight nucleo-
tides, which generates a premature stop codon at codon 393
(Supplementary Figure S3). Although we did not analyze the
presence of the additional somatic mutation (“second hit”)
in the tumor lesion or find detailed epidemiological infor-
mation, we believe this frameshift mutation to be the cause
of FAP. Given that this patient had less than 100 polyps, the
disease was classified as attenuated FAP (AFAP), which is
characterized by a reduced number of polyps (10-100), later
age at disease onset, right-side directed distribution of polyps,
and lower colorectal cancer risk (up to 70%) compared with
classical FAP [25, 26]. Consistent with our finding, mutations
associated with AFAP have been found at the 5’ end, exon 9,
and the distal 3’ end of the APC gene [27].

UPNI12 had typical manifestations of MEN type 1
including a pancreatic endocrine tumor, primary hyperpara-
thyroidism, and a pituitary tumor. Although we detected
MEN]1 p.Ala342Asp, also identified in previous genetic tests,
this variant remained as a VUS. However, this patient had
4 RET gene variants, among which p.Gly691Ser (data not
shown), also detected in UPN8 (Table 1 and Supplemen-
tary Table S4), has conflicting significance. As an inter-
esting finding, we found a previous report in the literature
showing a familial MTC case harboring RET p.Val292Met,
p-Arg67His, and p.Arg982Cys, the variants that UPN12 also
had [28]. Although UPN12 did not show any indication of
thyroid tumor, a follow-up with a focus on the thyroid may
be needed.

Although the analyses via our hereditary tumor NGS
panel presented certain difficulties that would be common
to amplicon sequencing methodology and a need for
design improvement, we did identify all previously identi-
fied variants as well as certain clinically valid new variants,
which suggests the usefulness of this panel and our analytical
pipeline for the diagnosis of hereditary tumors.

Discussion

Genomic analysis using an NGS platform is an innova-
tive technology that allows a large amount of data to be
obtained and analyzed at once, and it has therefore been
introduced in many fields from basic research to clinical
applications. In clinical use, NGS is being used to diagnose
diseases caused by genomic abnormalities as well as to assist
in deciding about the use of molecular target drugs; some
genetic testing panels have thus been approved for clinical
use [1, 2]. However, as many experts in this field recognize,
genomic medicine is still developing. For example, reports
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have indicated that the detection of gene mutations in cancer
patients is not always linked to the selection of therapeutic
agents, so patient outcomes have not improved as much as
we expected in this NGS era [29]. Even if this is the case,
the importance of genomic medicine is expected to increase,
along with the accumulation of genomic information that is
closely associated with the development of molecular target
drugs [29, 30].

In addition, for genomic analysis by NGS, no standard
bioinformatics pipeline yet exists in which the entire
analytical process is automated and qualified for clinical
use, although the sensitivity and accuracy of detecting gene
mutation shave clearly improved. This situation occurs at
least partially because a wide variety of gene panels exist
that depend on their purpose. Data characteristics differ for
amplicon sequencing and capture-based panel sequencing.
For example, the variant allele frequency might be overesti-
mated or underestimated by a biased amplification of input
DNA molecule in amplicon sequencing, while this can be
largely prevented by capture-based sequencing because both
ends of each fragment in a library prepared from the captured
DNA are usually different. Also, panel-specific characteristics
exist because of a high degree of flexibility in panel design,
where a mutation detected by a gene panel cannot be always
identified by another gene panel [31]. Therefore, a quite
careful inspection of the clinical utility and of the validity of
a designed gene panel is needed before clinical application.

Given this background, in this study we validated our
original gene panel that targets 23 genes associated with
hereditary tumors by analyzing peripheral blood samples
obtained from patients who had previously been diagnosed
as having the diseases. As a result, our gene panel success-
fully identified all mutations that were previously identified
by means of Sanger sequencing. Our gene panel also newly
identified a germline APC gene deletion and mutation in a
patient who had a clinical diagnosis of FAP without having
genetic tests. The position of the APC gene deletion in this
patient was at exon 16, which suggested that the patient had
AFAP; this conclusion was compatible with the phenotypic
characteristics of the patient’s polyps [25, 26]. Also, the infre-
quent variant p.Ser1126Arg in the APC gene was detected
in this AFAP patient, although whether this variant and the
frameshift mutation are in cis or in trans position remains to
be determined. This missense variant, which was previously
reported in Taiwanese patients with FAP [32, 33], is located
close to the first 15-amino acid P-catenin binding repeat
(amino acids 1136-1151) at the middle of the P-catenin
downregulation domain, which may lead to disturbance
in the putative cell signaling of the APC protein. Similarly,
we changed the diagnosis for one of our patients with
pheochromocytoma from HPPS (by an SDHD mutation)
to VHL because of our identification of a pathogenic VHL
gene mutation by NGS analysis. As mentioned in the Results
section, inasmuch as an SDHD gene mutation was previously
identified by using Sanger sequencing for this patient, other

genes including VHL had not been evaluated. If all genes that
are involved in pheochromocytoma development had been
tested at that time, the patient might not have been diagnosed
with HPPS. However, examining the full set of multiple genes
by Sanger sequencing simultaneously was not generally
practical because of limited cost and time. Particularly in a
case in which the restrictive order of genes to be tested is not
fixed, a serial single-gene analysis will likely cause misinter-
pretation because of the overestimation of the first mutation
identified. In view of these data, the NGS platform is superior
to conventional Sanger sequencing, because NGS-based
gene panel analysis can prevent overlooking such existing
mutations.

Each NGS panel has its own characteristics, and
sequencing data are not always uniformly available for all
designed regions. In this study, we performed a gene panel
analysis for hereditary tumors by means of the amplicon
sequencing method, but a 614-bp gap existed when the panel
was designed. Indeed, in our panel, an adequate sequencing
depth, which was defined as having a depth of >30, was not
achieved for an average of 8.1% across genes for all samples
that we analyzed. Therefore, in our panel, there may be
mutations that cannot be identified even though they exist,
which would give rise to false-negative results. Combined
application of Sanger sequencing or other methods with
NGS for such regions is ideal but not always practical for all
analyses. Thus, we should design a gene panel with as high
uniformity as possible and re-design it if necessary.

In addition, careful interpretation of the pathogenic
significance of identified mutations is clearly required.
NGS-based panel sequencing scans large genome regions, so
usually many non-pathogenic, benign gene variants will be
detected. The ClinVar database, which we used as a reference
in this study, contains about 41,800 variants with conflicting
interpretations in about 794,000 records, and these variants
are now reported as VUS. However, interpretations of these
variants may change as data accumulate in the future. Similar
to RET ¢.2071G>A in UPN8 and MENI c.1636G>A in
UPNI0 that we detected in this study, certain gene variants
were initially regarded as disease-causing variants but were
later excluded because of relatively high allele frequencies.
These misinterpretations were unavoidable because of the
limited information available from the database when these
variants were initially identified by Sanger sequencing, but as
a result, the original diagnoses of the diseases were incorrect.
Likewise, interpretations of variants that were judged to be
VUS in this NGS-based analysis may be altered in the future.
A periodic review of the identified VUS in the latest database
is thus absolutely necessary.

Finally, in this study, we recognized the importance
of manual inspection of NGS data. In the NGS system in
which short fragments are amplified and aligned to refer-
ence genome databases, amplicons are not always ampli-
fied from the desired genome region. Actually, in this study,
we found cases in which parts of PMS2CL or PMS2P3 not



CUSTOM PANEL FOR HEREDITARY TUMOR DIAGNOSIS

907

included in this panel were mis-amplified and aligned to
PMS2. Inasmuch as these examples cannot be confirmed as
true mutations by simply looking at the VCF file, ensuring
the quality of the sequencing at the post-analytical phase by
references to pre-existing data for samples, including those
from normal individuals, obtained via the same gene panel,
as well as by careful manual monitoring of the data by using
a genome browser, are important.

In summary, validation of our original gene panel for
hereditary tumors revealed the usefulness of our amplicon-
based custom gene panel, as well as the need for skills to
interpret the data produced by NGS.

Supplementary information is available in the online version
of the paper.
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Supplementary Figure S2. Nonspecific amplification of the pseudogenes of PMS2 - PMS2CL and PMS2P3. Mis-amplified regions in PMS2CL in UPN10
(A) and PMS2P3 in UPN11 (B) are shown. The arrows indicate the variants in the pseudogenes that were not detected in PMS2.
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bl

Wild-type allele AGTGCAGCACTCCACAACATCATTCACTCACAGCCTGATGACAAG
S A A L H N I I H S O P D D K

Mutant allele AGTGCAGCACTCCACAACATCACAGCCTGATGACAAGAGAGGCAG
S A A L H N I T A Stop

A

Codon 393

Supplementary Figure S3. Sanger sequencing results for a frameshift variant in the APC gene. A frameshift variant c.1172_1179delTTCACTCA
(p.Ile391ThrfsTer3) in the APC gene in UPN5 was confirmed by using Sanger sequencing. The electropherogram for the sense strand of exon 16 of the
APC gene is shown. The bold letters on wild-type and mutant alleles indicate a heterozygous 8-nucleotide deletion that resulted in the frameshift and
the subsequent chain termination, respectively.




