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Abstract. Background/Aim: Cancer profiling tests using
formalin-fixed paraffin-embedded (FFPE) specimens with
various conditions have become an essential tool for cancer
treatment. The robustness of these tests needs to be addressed.
Materials and Methods: A cancer profiling test, NCC
oncopanel, was tested with FFPE specimens from various
tissues with different storage conditions and fixation lengths.
Next generation sequencing was performed with Miseq and
the data were assembled using the human reference genome
hgl9. Results: Duration of storage and fixation affected the
mapping statistics. Prolonged storage increased outward read
paring and longer fixation rates caused increased singletons
and unmapped reads. Conclusion: Our results indicate that a
cancer profiling test with target capturing method, NCC
oncopanel, shows robustness for FFPE cancer specimens with
various storage conditions.

Next generation sequencing (NGS) cancer profiling tests for
surgical specimens is an essential tool for cancer treatment.
In Japan, the national health insurance system recently
approved the use of two cancer profiling tests,
FoundationOne CDx (1) and NCC oncopanel (2), at
government-certified hospitals. The costs of these cancer
profiling tests are high and can only be covered once in the
lifetime of a patient by the national health insurance in
Japan. Therefore, the robustness of the cancer profiling test
for a given specimen quality is critical.
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The NCC oncopanel is a hybridization capture based NGS
assay designed to examine mutations, amplifications and
homozygous deletions of the entire coding regions of 114
genes of clinical or preclinical relevance along with
rearrangements in 12 oncogenes. The present version of NCC
oncopanel (version 4) is widely used as a cancer profiling test
in the Japanese hospitals certified by the Japanese
government. Version 2 of the panel is provided for research
use and we can test the effect of storage of formalin-fixed
paraffin-embedded (FFPE) specimen on the target capturing
cancer profiling tests in a research laboratory setting.

Various clinical factors can affect the quality of FFPE
specimens, from surgical procedures to the sectioning of
paraffin blocks (3). For example, samples fixed in
unbuffered formalin for a long period (>7 days) may not be
suitable for molecular analysis (4). It is also known that
formalin can induce artificial mutations via cytosine to
thymine (C to T) mutations and that these artificial mutations
can be reduced by uracil-DNA glycosylase treatment (5, 6).

It is important to understand the degree to which the
output of cancer profiling tests is affected by the variations
in FFPE sample quality in a clinical setting. Therefore, we
investigated the mapping quality of the output of a cancer
profiling test, NCC oncopanel (experimental version). We
found that the NCC oncopanel showed robustness regarding
the length of storage and fixation time for representative
variants of the tumor tissue.

Materials and Methods

FFPE samples. We selected tissues of interest from our archive at the
Miyagi Cancer Center Hospital (Table I). Surgically removed cancer
tissue was treated with a 10-fold diluted 37% formaldehyde solution
(069-0047; Fujifilm Wako Pure Chemical Co., Osaka, Japan). Only
sample 15 was fixed with 10% neutral buffered formalin solution
(060-01667; Fujifilm Wako Pure Chemical Co.). Paraffin embedding
and preparation of slides were done according to standard protocols.

1341



ANTICANCER RESEARCH 47: 1341-1348 (2021)

Table 1. Summary of samples.

Sample ID Tissue of origin Storage  Fixation AACq*
(years) (days)

Sample 1 Prostate 3 1 1.387
Sample 2 Pancreas 3 1 0.928
Sample 3 Soft tissue 3 1 2.327
Sample 4 Prostate 1 1 0.748
Sample 5 Pancreas 1 1 1.089
Sample 6 Soft tissue 1 1 0.792
Sample 7 Uterus 3 1 0.884
Sample 8 Lung 3 1 1.166
Sample 9 Uterus 1 1 0.436
Sample 10 Lung 1 1 0.201
Sample 11 Prostate 5 7 1.665
Sample 12 Prostate 1 14 1.35
Sample 13 Ovary (serous adenoca.) 1 3 0.789
Sample 14 Ovary (Clear cell ca.) 1 4 0.441
Sample 15 Tongue 1 6 0.622
Panc-1 Cell Line 0 0 -0.615

*Based on the estimates by qubit data.

This study was approved by the in-house ethical committee of the
Miyagi Cancer Center (registration number 2018-069).

DNA extraction from FFPE specimens. Tissues were cut from
paraffin blocks (5 uM thick, 10 pieces) and DNA was extracted with
the Maxwell RSC DNA FFPE Kit - PKK, Custom (AX2500;
Promega Corporation, Madison, WI, USA) and Maxwell RSC
Instrument (Promega Corporation), according to the manufacturer’s
instructions.

Cell culture and cellular DNA extraction. PANC-1 human pancreatic
carcinoma cells were cultured in RPMI-1640 medium (189-02025;
Fujifilm Wako Pure Chemical Co.) containing 9% fetal bovine serum
(SFBM30; Equitech-Bio, Kerrville, TX, USA). Cells were incubated
at 37°C with 5% CO, and collected for DNA extraction at 60%
confluence in a 10-cm dish. DNA was extracted from cells using a
DNeasy Blood & Tissue Kit (69504; Qiagen Gmbh, Hilden,
Germany) according to the manufacturer’s instructions.

Measurement of extracted DNA concentration and quality control.
A Qubit dsDNA HS Assay Kit (Q32851; Thermo Fisher Scientific,
Waltham, MA, USA) and a Qubit Fluorometer (Thermo Fisher
Scientific) was used to measure the concentration of DNA
extracted from surgical specimens and cultured cells. We also used
the Agilent NGS FFPE QC Kit (G9700A; Agilent Technologies,
Santa Clara, CA, USA) and LightCycler 480 System (Roche
Diagnostics, Indianapolis, IN, USA) for quantitative polymerase
chain reaction (qQPCR) assessment of DNA concentration and
sample DNA fragmentation. qPCR was performed according the
manufacturer’s instructions. DNA concentrations of the samples
with a AACq value less than 1 were based on the DNA
concentration measured by the Qubit.

Library preparation for NGS. 200 ng of each DNA sample was used
for library preparation. DNA was fragmented with SureSelect XT HS
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Table II. Correlation and coefficient of variables among duration of
storage or fixation of samples with mapping statistics.

Mapping (Y R2 R2 R2
statistics Storage Fixation ~AACq
Singletons 0.388 0.001 0406  0.01696
Unmapped reads 0.346  0.000000273 0412  0.01352
Non-primary alignments 0.318 0.520 0.027 0.676
Outward oriented pairs  0.227 0.457 0.00969  0.592
Pairs on different 0.210 0.229 0.196 0.260
chromosomes

Inward oriented pairs 0.014 0512 0.00141  0.637
Reads properly paired 0.003 0.144 0.262 0.137
Bases mapped (cigar) 0.002 0.500 0.147 0.509
Reads mapped and 0.002 0.000301 0410 0.015

paired

and XT Low Input Enzymatic Fragmentation (5191-4079; Agilent
Technologies). SureSelect XT HS Reagents (G9702A, Agilent
Technologies) and SureSelect NCC oncopanel (931195; Agilent
Technologies) was used for the preparation of the NCC oncopanel
capture library for the Illumina Next Generation sequencers. The
TapeStation 2200 system (Agilent Technologies) and D1000
ScreenTape and its reagent (5067-5582 and 5067-5583, respectively)
were used for pre-capture and post-capture library size checks and
quantification. All processes from DNA fragmentation to library
quality control were performed according to the manufacturer’s
instructions.

NGS sequencing. The prepared NGS libraries were diluted to 8 nM
each based on the quantitative results from TapeStation. A library
pool was created by mixing equal amounts of these libraries. Paired
end sequencing was performed with the MiSeq Reagents Kit v2 300
Cycle (MS102-2002; Illumina, Inc., San Diego, CA, USA) and
MiSeq (Illumina) in 151-cycles run.

Bioinformatics. The raw reads were trimmed of adapter sequences
and low-quality bases by Trimmomatic 0.39 with default options
(7). Only paired reads were mapped onto the hgl9 reference
genome with BWA-MEM (8) and the generated sam files were
sorted and compressed with samtools (9). The mapping statistics
data were obtained with samtools stat and flagstat options. Variant
calling was then performed with Mutect2 in the Genome Analysis
Toolkit (GATK), version 4.1.4.1. The filtering conditions were as
following: false-discovery-rate=0.01, unique-alt-read-count=20,
min-allele-fraction=0.1, minimum depth=100, and within the
regions defined by 0471501_Padded.bed in the NCC oncopanel
target region [(911 kb)+100 bp flanking sequences] (1.4 Mb total).

The annotations for the called variants were performed with
Annovar (10) with a custom-made 4.7 KJPN variant dataset and
COSMIC 90 (11). The 4.7KJPN variant data, consisted of whole
genome sequencing variant data of more than 4,700 Japanese
individuals, were downloaded from the jMorp database
(https://jmorp.megabank.tohoku.ac.jp/) (12). Variant extraction was
performed with bcftools (9, 13). The variants were also annotated
with the COSMIC database version 90 (11).
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Table III. Cosmic mutations identified in this study.

Chrom. Position Ref Alt Ref. Gene AA change ClinVar Detected tumors

1 11188183 C T MTOR A1971T Likely_pathogenic Prostate

2 212288934 G A ERBB4 R938C UNK Sarcoma

3 178952072 A G PIK3CA M1043V Likely_pathogenic Sacoma

3 178952085 A G PIK3CA HI1047R Pathogenic Pancreas

4 1807896 C T FGFR3 T6521 UNK Ovary

7 55259515 T G EGFR L858R drug_response Panc-1, Prostate
10 43607221 C G RET (Intronic) UNK Panc-1

10 123247515 T A FGFR2 K659M UNK Tongue

12 25398284 C T KRAS GI12D Pathogenic Panc-1, Lung, Tongue
12 25398284 C A KRAS GI12V Pathogenic Panc-1, Lung, Tongue
16 3779343 G A CREBBP T1902M UNK Lung

17 7577120 C T TP53 R273H Pathogenic/Likely_pathogenic Panc-1

Verification of variants. Prrimers were designed to amplify the regions
containing the 12 mutations and 4 indels selected for validation
(primer sequences are available upon request). The targeted regions
were amplified by PCR with KOD FX (KFX-101; TOYOBO CO.,
Osaka, Japan), PCRx Enhancer System (11495017; Thermo Fisher
Scientific), and the corresponding primer sets. After denaturation at
94°C for 2 min, 35 cycles of denaturation at 98°C for 10 s, annealing
at 55°C for 30 s, and extension at 68°C for 30 s were performed,
followed by a 7-min extension reaction at 68°C. After PCR
amplification, PCR products were subjected to ExoSAP-IT Express
PCR Cleanup Reagents (75001; Thermo Fisher Scientific) and
processed at 37°C for 4 min and at 80°C for 1 min to remove single-
strand DNA and dNTPs. Sanger sequence analysis of each PCR
product was performed by Eurofins Genomics K.K. (Tokyo, Japan).
Electrophoresis was performed with NuSieve GTG Agarose (50081;
Lonza, Rockland, ME) and Agarose S (316-01191; Nippon Gene,
Tokyo, Japan) 3:1 mixture gel for verification of large indels. The
presence or absence of indels in the PCR products was verified by the
differentiation of electrophoretic mobility. The molecular marker was
Quick-Load 100 bp DNA Ladder (N0467; NEB, Ipswich, MA, USA).

Results

The effects of the storage and fixation lengths of FFPE samples
on genomic DNA quality may vary. The initial aim of the
present study was to identify “thresholds” for the cancer
profiling test regarding the storage and fixation periods for
FFPE samples. Table I summarizes the conditions of the
samples tested in this study. The storage and fixation durations
ranged from 1-5 years and 1-14 days, respectively. Quick
estimates of the genomic DNA quality of FFPE samples can
be undertaken by quantitative PCR. A higher AACq value
indicates more damaged DNA templates. The same storage and
fixation times resulted in a variety of AACq values among the
samples of different origins, indicating that a number of clinical
factors may affect the quality of genomic DNA extracted from
FFPE specimens (Table I). The storage length (years) are more
correlated to AACq than the fixation length (days) for all

samples analyzed in this study (Pearson’s correlation
coefficients are 0.70 and 0.26, respectively).

Prolonged fixation and storage of FFPE samples may affect
the mapping quality of the NGS output. The obtained
sequence reads from damaged genomic DNA showed high-
quality base calls, while the mapping data of the sequence
reads to the reference genome may have been affected by
formalin fixation-derived artifacts. Table II summarizes the
relationship between the mapping statistics and the condition
of the FFPE samples. The coefficient variables (CVs) among
samples normalized with the number of total sequencing
reads (Table II) were used for comparison with the length of
storage (years) or fixation (days) or the AACq value of the
samples, regardless of their origins (Table II). Some of the
mapping statistics were very invariable; the CVs of “Reads
properly paired”, “Bases mapped (cigar)”, and “Reads
mapped and paired” were less than 0.005 (Table II). The CVs
of “Singletons”, “Unmapped reads”, “Non-primary
alignments”, “Outward oriented pairs”, and “Pairs on
different chromosomes” appeared as >0.2, indicating these
mapping statistics may have been affected by the prolonged
storage and/or formalin fixation. These events were relatively
rare and seem to be caused by either biological mutations
occurring in small subclones in cancer tissue, or through
storage-fixation artifacts, or both.

Interestingly, different mapping statistics were affected by
the variations in storage and fixation duration. The storage
length of FFPE samples affected the “Inward oriented pairs”,
“Non-primary alignment”, and “Bases mapped (cigar)”
(R220.5) (Figure la and c¢). Meanwhile, the fixation length
affected the “Unmapped reads” and “Singletons” (R%=0.4)
(Figure 1b and d). AACq shows similar but stronger pattern
of correlations with mapping parameters to the storage length
(Table II).
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Figure 1. Correlation between storage and fixation length and mapping statistics. (a) Correlation between storage length and ratio of non-primary
mapping (i.e. duplication). Vertical axis indicates the ratio of non-primary mapping reads against the total reads. Horizontal axis indicates the
storage years of the FFPE samples. Dotted line indicates the linear regression. (b) Correlation between fixation length and ratio of unmapped
reads. (c) Correlation between storage length and ratio of inward-oriented pairs. (d) Correlation between fixation length and ratio of singletons.

Storage and fixation length may not affect the detection of ~ Considering the target sizes (~1.4 MB), around 660
variants of major cancer mutations. Cancer profiling tests  germline variants per individual sample would be expected.
are mainly used to detect drug-targetable mutations that  Most of the variants found in this study were annotated as
should be found in the majority of the sample analyzed. positive in 4.7 KIPN (93.7% to 99.8%), suggesting that
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Table IV. Comparison between NCC oncopanel and Sanger sequencing.

Chr Start End 1IGV Sanger Cocordance Databases* gnomAD MNV DB#*
chrl 65311116 65311117 GC/CT GC/CT Concordant 0.2782 and 0.2782 Positive
chr2 29447523 29447524 AC/CA AC/CA Concordant 0.0184 and 0.0184 Negative
chr3 178952072 178952072 A/G A/G Concordant COSMIC NA
chr3 178952085 178952085 A/G A/G Concordant COSMIC NA
chr7 55222610 55222610 -/A -/A Concordant 0.0002 NA
chr7 140485334 140485335 GT/AC GT/AC Concordant 0.0693 and 0.1333 Positive
chr7 55259515 55259515 T/G T/G Concordant COSMIC NA
chr9 139377498 139377499 GG/CA GG/CA Concordant 0.2483 and 0.1264 Positive
chr10 104850568 104850569 TC/GT TC/GT Concordant 0.0809 and 0.0809 Positive
chrl2 25398284 25398284 C/T C/T Concordant COSMIC NA
chrl6 33373381 33373382 TG/CA TG/CA Concordant 0.4298 and 0.4298 Negative

*Numbers are minor allele frequencies in 4. 7KJPN (DNP is splitted as two SNPs) and COSMIC indicates the variation is found in the COSMIC
database. **The gnomAD MNV DB indicates the variation is in the gnomAD multinucleotide variants database.

chr2:29447523
Sample1

Ref AC
Alt CA

AR RN

Figure 2. Verification of DNVs found in the NCC oncopanel data by Sanger sequencing. Verification of dinucleotide variants (DNVs). Left image is
generated with the Integrative Genomics Viewer (16). Right image is Sanger fluorogram corresponding to the DNV.

most came from germline mutations. In addition, PANC-1
pancreatic cancer cells, which originated from a Caucasian
patient, showed relatively high numbers (34 variants) of
4.7KJPN-negative variants. More than half of the samples
showed variants in the COSMIC database but not in the
4.7KJPN. All of them (13 variants) are single nucleotide
variants (SNVs) and detected in most of the tissues
analyzed (Table III).

Unexpectedly, we found a few dinucleotide variants
(DNVs) per sample in our dataset. Sanger sequencing of the
selected variants (SNVs and DNVs) was undertaken for 12
loci (Table IV and Figures 2 and 3). One locus, g.chrl7:

29663624-29663625, is in the middle of the T stretch and
A stretch inverted repeat (11 T followed by 11 A: chrl7:
29663615-29552636). We failed to confirm the sequence of
this locus for one sample and thus we could only verify 11
loci (Table IIT). All the DNVs except one were confirmed
by the Sanger method and we speculated whether the two
nucleotide changes occurred in one chromosome or were
split in two chromosomes, as suggested by the database.
Figure 2 indicates that the DNVs were basically localized
in single reads, suggesting that most of the DNVs that
appeared in this study should be considered as one variant
rather than two SNVs (14). Two DNVs showed different
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a chr7:55222610 b

Sample?7

Insertion A

k / | I\ !ﬂ f

Lanes
Indel Start Position wt alt wt/alt wt/wt
Deletion chr1:27087890 200bp 180bp 1 2
Deletion chr1:27106338 182bp 134bp 3 4
Deletion chr7:55242490 157bp 133bp 5 6
Insertion chr7:140491331 191bp 213bp 7 8

M12345678

Figure 3. Verification of indels in NCC oncopanel data. (a) Verification of one nucleotide insertion by Sanger sequencing. Top image is generated
with the Integrative Genomics Viewer and one base (Adenine) insertion is visible in the middle of the image. Bottom image is Sanger fluorogram

corresponding to one-base insertion (b) Verification of indel variants. The genomic positions, amplicon sizes, and sample genotypes are indicated
at the top of the gel image. The nucleotide lengths are indicated on the left and right sides of the gel image. The PCR templates are sample 14
(lanes 1, 3, and 7), sample 13 (lanes 2, 4, and 8), sample 8 (lane 5) and sample 10 (lane 6). The alt alleles are indicated with triangles in the gel
image. “wt” and “alt” indicate the lengths of wild-type and of alternate alleles, respectively.

minor allele frequencies between the first and second
variant nucleotides (chr7:140185334-140185334 and
chr9:13977498-13977499). In one of these, chr9:13977498—
13977499, we observed three different alleles in our
collection. One allele corresponded to the reference, the
DNV, and g.chr9: 13977499G>C SNV among our samples,
indicating that the overlapped nucleotide between the DNV
and SNV showed a larger minor allele frequency in the
4.7KJPN database. We could not identify overlapping SNVs
for the other, chr7:140185334-140185334, in our dataset.
We also verified indels by Sanger sequencing and agarose
gel electrophoresis of the amplicons including the indel-
detected regions. Figure 3 shows that all the four indels
tested showed the expected one-base shift in the fluorogram
(Figure 3a) or in the band sizes of the amplicon products
(Figure 3b), showing the accuracy of the NCC oncopanel
variant call data.
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Discussion

The present study was focused on the robustness of a cancer
profiling test for the quality of genomic DNA extracted from
FFPE surgical specimens from various cancerous tissues
with different storage conditions. To address this issue, we
investigated a cancer profiling test, NCC oncopanel. Initial
quality estimates by real-time PCR indicated that the quality
of the extracted genomic DNA was not strongly correlated
with the storage conditions. Similarly, the quality of the next
generation sequencing reads was not different significantly,
regardless of their storage conditions. However, the mapping
quality of the sequence reads was affected by the FFPE
storage conditions. Interestingly, the length of storage and
fixation affected distinct mapping statistics of the NCC
oncopanel cancer profiling test reads. Prolonged storage
increased non-primary alignments and longer fixation caused
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an increase in unmapped reads. However, appropriate
filtration of the variant calls produced reasonable results as
an NCC oncopanel cancer profiling test, regardless of the
variation in the storage or fixation length of FFPE samples.
Our results indicate that the NCC oncopanel is a very robust
cancer profiling test for most FFPE cancer specimens.

In the present study, we tested the quality of FFPE
samples with real-time PCR and adjusted the amount of
DNA sample based on the results. This may not be possible
for most of the hospitals in Japan because the real-time PCR
kits for the quality control of FFPE samples are not covered
by Japanese health insurance. Therefore, judging the quality
of FFPE samples for cancer profiling tests by storage periods
or fixation length should be critical.

One of our interesting observations was that the mapping
statistics can differ with different storage and fixation lengths.
Increases in non-primary alignment resulted in increases in
PCR duplication and may cause a decrease in SNV detection
(15). Most likely, prolonged storage could cause an overall
decrease in the “amplifiable DNA” in the FFPE samples and
consequentially a decrease in the complexity of the NGS
libraries. At the bedside, biopsy specimens are frequently
used for cancer profiling tests. In the case of biopsy samples
with prolonged storage, more sections may be required for
cancer profiling tests than for newer biopsy samples. In the
case of fixation, its effects are mainly to increase the
sequence variations compared with the reference genome. C
to T deamination is the mechanism of the increase in
“unmapped reads” and “singletons” (5, 6). “Unmapped reads”
and “singletons” would be caused by a few nucleotide
changes in sequence reads and cause mismapping.

We identified a substantial number of DNVs that were not
found in the genome variant databases of the general
population. Wang et al. pointed out that there are three major
mutational mechanisms for DNVs: combinations of
independent SNVs, replication errors by DNA polymerase-
zeta, and slippage at the repeat junctions (14). The first type
of DNV mutation mechanism was detected in our dataset and
showed different allele frequencies in the 4.7KJPN (Table
IV). The third type of DNV was hgl19/g.chr17:29663624-
29663625, which we failed to verify in one sample because
of the slippage during Sanger sequencing reactions. We
believe some of the DN'Vs in Table IV are a result of the
second mutational DNV mechanism, although the pattern of
variation was not typical for polymerase-zeta (TC or
GC>AA) (14). The variant databases did not have DNVs
because the default option of the variant caller (GATK
HaplotypeCaller) splits the MNVs into SNVs for subsequent
joint genotyping in population studies.

The recommended conditions for FFPE samples for cancer
profiling panel tests are as following: firstly, the prolonged
stored samples (more than 4 years) may be detrimental for
cancer profiling tests. Secondly, prolonged fixation (more

than 3 days) should also be avoided. Ideally, the resected
tumor samples should be cut for the better permeability of
formalin. In summary, our results show that a cancer
profiling test, the NCC oncopanel, is robust for FFPE sample
quality. The storage and fixation conditions of samples tested
in this study are within the expected range of FFPE samples
at most Japanese hospitals. Hence, we conclude that most
FFPE samples can be examined using cancer profiling tests.
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