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Abstract

Liquid-based cytology (LBC) specimens of lung adenocarcinoma have the potential to be widely used for genetic analysis.
However, formaldehyde contained in some LBC preservation solutions can cause DNA fragmentation during specimen storage,
rendering the samples unsuitable for molecular analysis. To investigate a novel preservation technique for improved DNA
stability, which was evaluated by mutation analysis of epidermal growth factor receptor (EGFR) gene in human lung adenocar-
cinoma cell lines. Cells were fixed in CytoRich Red preservation solution. After 30 min of fixation, cells were either stored using
the conventional method (suspended in preservation solution) or washed in phosphate-buffered saline and stored as a cell pellet
(newly proposed method). The effect of storage was evaluated after 5, 7, and 9 days of storage at ambient temperature. The cell
pellet group was also tested after 14 and 28 days. Specifically, we evaluated the DNA stability, DNA yield, and sample suitability
for polymerase chain reaction (PCR), and EGFR mutation detection. The DNA yields and degree of stability from the cell pellet
group were higher than those from the suspension group at every time point examined. PCR amplification from the cell pellet
group was successful up to day 28. Mutation detection using the Cycleave PCR method indicated that the Ct values of the cell
pellet group were significantly lower than those of the suspension group. Storing LBC specimens as a cell pellet post-fixation can
maintain the DNA quality for a longer period than the conventional method, making it a promising strategy for molecular
analysis.
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Introduction

Lung cancer is the most common cause of death in Japan and
worldwide [1]. Since the 2000s, the effectiveness of molecular
targeted therapy has improved for those who harbour certain
active cancer-driving mutations that can be specifically
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targeted in comparison with the usual anticancer drug treat-
ment [2-4]. Typically, non-small cell lung cancer (NSCLC)
with epidermal growth factor receptor (EGFR) active muta-
tion is highly responsive to EGFR tyrosine kinase inhibitors
(TKIs). Thus, mutation testing for the selection of patients
who can receive molecular targeted therapy has already been
standardized for therapeutic strategies in recent years [5, 6].
Liquid-based cytology (LBC) method for clinical diagnosis
began to be widely used in the early 2000s. The technical
advantages over the conventional Papanicolaou smear method
include uniform distribution of cells, elimination of drying of
samples, and reduced loss of specimens [7-12]. Studies have
reported promising results for the utilization of LBC for ge-
netic analysis of lung cancer specimens [13—17]. Thus, in the
near future, LBC specimens of lung adenocarcinoma for ge-
netic analysis may become widely used. Some commercial
preservative solutions for LBC include small amounts of
formaldehyde, which is known to improve the imaging of
specimens for diagnosis by preservation of cellular morphol-
ogy. However, formaldehyde is also well known to cause
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degradation of DNA in formalin-fixed paraffin-embedded
(FFPE) specimens [18-21]. The small amount of formalde-
hyde in LBC preservation solution may also cause some DNA
degradation. Therefore, numerous studies have examined
whether specimens fixed in preservative solution containing
formaldehyde are suitable for genomic analyses. These studies
have investigated various factors, such as required cell num-
ber [22], storage duration [23-26], preparation techniques
[27], and DNA quality for next-generation sequencing [26].
However, till date, there has been no clear evidence indicating
whether LBC specimens can be utilized for genetic analysis
under certain conditions.

Therefore, in the current study, we evaluated whether stor-
ing LBC specimens in a state of cell pellet could improve the
DNA stability compared with the conventional method, which
stores LBC specimens as a suspension in the preservation
solution. Particularly, we examined the quality of DNA and
mutation analysis of EGFR using human lung adenocarcino-
ma cell lines.

Materials and methods
Ethics statement

The current study was preformed according to the Declaration
of Helsinki and was approved by the ethics committee of
Kitasato University Medical Ethics Organization (Approval
No. KME B14-155).

Cell lines

The human lung adenocarcinoma cell line H1975 was pur-
chased from the American Type Culture Collection (ATCC;
Manassas, Virginia). H1975 cells were cultured in Roswell
Park Memorial Institute 1640 (RPMI-1640; Merck,
Darmstadt, Germany) supplemented with 10% foetal calf se-
rum (Biosera, Nuaille, France), 2 mM L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin (Thermo Fisher
Scientific, Waltham, Massachusetts), and incubated at 37 °C
in 5% CO,/95% air. H1975 is known to contain the EGFR
double mutation: T790M in exon 20 and L858R in exon 21.

Sample fixation and storage

The cultured cells were collected using TrypLE Express
(Thermo Fisher Scientific) and washed with phosphate-
buffered saline (PBS) (Thermo Fisher Scientific). The collect-
ed cells were immersed in CytoRich Red preservative
(CytoRich Red; Becton, Dickinson and Company, Franklin
Lakes, New Jersey, USA) at 1 x 10% cells/mL. CytoRich
Red consisted mainly of 23.3% isopropanol, 10% methanol,
6.7% ethylene glycol, and 0.4% formaldehyde, with a pH of
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7.5. After fixation time of 30 min, the fixed cells were split
into two groups: group of suspension in CytoRich Red (S-CR)
and group of cell pellet (CP). The cells in each group were
stored for 5, 7, and 9 days. In the case of the CP group, cells
were stored for an additional 14 and 28 days. In each case,
1 mL of the fixed cells (1 x 10%) was dispensed into a 1.5-mL
tube; ten specimens each were prepared for the 5, 7, and 9 days
of storage, and 8 specimens for the 14 and 28 days of storage.
The cells in the S-CR group were stored as cells immersed in
preservation solution at ambient temperature (conventional
method, recommended by manufacturer). The cells of CP
group were centrifuged at 2000 xg for 5 min at 23 °C, follow-
ed by removal of CytoRich Red by aspiration. Subsequently,
the cells were washed once with PBS and spun down. After
removal of the supernatant, the cell pellets were stored at
ambient temperature.

Genomic DNA extraction

Genomic DNA from cells was purified using a QlAamp DNA
Mini Kit (Qiagen, Hilden, Germany). Extraction protocol “for
tissues” was used based on our previous study [28]. In the case
of the S-CR group, cells were spun down, washed once with
PBS, and then resuspended in 80 uL PBS, before continuing
with the extraction procedure. In the case of the CP group, the
cell pellet was resuspended in 80 uLL PBS, and without wash-
ing was subjected to the extraction procedure. Extracted DNA
was quantified using the NanoDrop ND-1000 UV-Vis
Spectrophotometer (Thermo Fisher Scientific). The DNA
quality was analyzed using a 4200 TapeStation system
(Agilent Technologies; Santa Clara, CA), which measures
DNA integrity number (DIN) and quantifies double-stranded
(ds) DNA by electrophoretic separation. The gel electropho-
resis was performed using Genomic DNA ScreenTape
(Agilent Technologies). The DIN is represented from 1 to
10, with a higher number representing highly intact DNA
and smaller number representing highly degraded DNA.

DNA fragmentation analysis and PCR amplification

To analyze DNA fragmentation, genomic DNA samples
(500 ng/lane, quantified by NanoDrop) were separated by
gel electrophoresis using a 0.8% agarose gel in 0.5 % tris-
borate-EDTA buffer. Next, the L858R mutation region was
amplified using genomic DNA (100 ng, quantified by
NanoDrop). The primer sequences for exon 21 of the EGFR
gene are as follows: forward primer, 5'-AGGG
CATGAACTACTTGGA-3'; reverse primer 5-AAAT
GCTGGCTGACCTAAAG-3' (amplicon size: 190 bp). The
DNA was amplified using AmpliTaq Gold 360 PCR Master
Mix (Thermo Fisher Scientific) in a reaction volume of 20 uL
and the cycling conditions were as follows: initial denatur-
ation at 95 °C for 10 min followed by 35 cycles of 95 °C for
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30 s, 60 °C for 30 s, and 72 °C for 30 s, and then a final
extension at 72 °C for 7 min using a TaKaRa PCR Thermal
Cycler Dice® Touch (Takara Bio, Shiga, Japan). Then, 3 uL
of the PCR product was loaded in each lane of a 1.5% agarose
gel in 0.5 x tris-borate-EDTA buffer and separated by gel
electrophoresis. The agarose gels were stained with ethidium
bromide solution, and the amplified DNA bands were semi-
quantified.

EGFR mutation analysis

To determine whether genomic DNA extracted from cells of
both groups can be utilized for detecting EGFR mutations, we
analyzed the mutation in exon 20 (T790M) and exon 21
(L858R) by Cycleave PCR using a C1000 Touch thermal
cycler (Bio-Rad Laboratories, Inc., Hercules, California).
The primer and probe sequences for exon 20 are as follows:
forward primer, 5-TGCGAAGCCACACTGAC-3'; reverse
primer, 5'-TCTGCACACACCAGTTGA-3'; and probe, 5'-
CTGCATGATG (FAM)-3'. The primer and probe sequences
for exon 21 are as follows: forward primer, 5'-GCAG
CATGTCAAGATCAC-3'; reverse primer, 5'-TGAC
CTAAAGCCACCTC-3', and probe 5-GCCCGCC (FAM)-
3'. The genomic DNA samples (5 ng, quantified by
NanoDrop) were amplified using Cycleave PCR Reaction
Mix (Takara Bio) and the following cycling conditions: initial
denaturation at 95 °C for 20 s, followed by 50 cycles of 95 °C
for 5 s, 60 °C for 30 s. DNA damage and fragmentation were
evaluated by comparing the Ct (threshold cycle) values for
each preservation time.

Statistical analysis

All data are expressed as the mean + standard error of the
mean. Statistical analysis was performed using the JMPPro
14.2 software (SAS Institute Inc., Cary, North Carolina).
The Wilcoxon comparison test was used to compare the
groups. P value <0.05 was considered to be statistically
significant.

Results
Genomic DNA yield and quality

The yield of nucleic acids and dsDNA extracted from cells in
the CP group was significantly higher than that from the S-CR
group for storage durations of 5, 7, and 9 days. Further, the
yields tended to decrease with increasing storage duration.
The tendency of the A260 value and amount of dsDNA were
almost the same. However, in the S-CR group, the value of
A260 increased approximately twofold at day 9 compared
with that at days 5 and 7, while the yields at days 5 and 7 were

similar for both groups (Fig. la). Meanwhile, the dsSDNA
yield increased only slightly at day 9 compared with that at
days 5 and 7 (Fig. 1b). The average DNA purity (ratio of the
absorbance at 260 and 280 nm) on the days 5, 7, and 9 of the
S-CR group and days 5, 7, 9, 14, and 28 of the CP group were
2.22,2.05,2.10,2.06, 2.02,2.04, 2.02, and 2.00, respectively.

The DNA extracted from cells in the CP group showed
significantly higher DIN than that from the S-CR group at
storage durations of 5, 7, and 9 days. In the CP group, the
DINs were almost equivalent at all time points. In contrast, the
average DIN on day 9 in the S-CR group was increased com-
pared with that at days 5 and 7 (Fig. 1c). In the CP group, the
yield of nucleic acids and dsDNA was decreased after day 9,
and the decrease in the A260 value and dsDNA from day 9 to
day 28 was approximately 70% and 30%, respectively.
However, the DNA qualities were maintained high from day
5 to day 28, evident from the similar DIN values.

Genomic DNA visualized by agarose gel electrophoresis is
shown in Fig. 2 a. In the S-CR group, the DNA fragmentation
pattern was markedly observed at all preservation durations
and almost no residue of intact high molecular weight geno-
mic DNA band was seen. In the CP group, undegraded geno-
mic DNA band was observed in all storage duration samples.
The smear bands observed below 2 kbp on days 5, 7 and 9 for
both groups were decreased in the CP group on days 14 and
28 (Fig. 2a). The dsDNA visualized by electrophoresis using
TapeStation is shown Fig. 2 b. The tendencies were same with
agarose gel electrophoresis. In the CP group, the bands of
intact dsSDNA at high molecular weight were observed mark-
edly at all storage durations. In the S-CR group, the high
molecular weight bands disappeared at all storage durations
(Supplementary Fig. 1).

PCR and mutation analyses of the EGFR gene

High levels of the amplified PCR products (exon 21 pf EGFR
gene) were detected in the S-CR group for days 5 and 7, but
the band for day 9 was weaker than that for day 5 or 7. In
contrast, in the CP group, high levels of amplified PCR prod-
ucts were detected for all samples (day 5 through 28)
(Supplementary Fig. 2).

To assess efficiency of mutation detection for each preser-
vation time, we compared the Ct values of quantitative PCR
by Cycleave PCR method. In the S-CR group, detection rates
ofthe EGFR exon 20 (T790M) mutation were 100% (10 of 10
specimens) on day 5, 80% (8 of 10 specimens) on day 7, and
20% (2 of 10 specimens) on day 9, while those of EGFR exon
21 (L858R) mutation were 90% (9 of 10 specimens) on day 5,
50% (5 of 10 specimens) on day 7, and 20% (2 of 10 speci-
mens) on day 9. In the CP group, detections of both exon 20
and 21 mutations were possible in all specimens (all storage
durations). Ct value of the samples from the CP group was
significantly lower than that of samples from the S-CR group

@ Springer
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Fig. 1 a Absorbance values measured at 260 nm (A260) of DNA, b total
amount of dsDNA, and ¢ value of DIN from 1 x 10° cells after fixation at
indicated time points. In the S-CR group, the specimens were stored by
immersing in the preservation solution (CytoRich Red) for 5, 7, and
9 days. In the CP group, the specimens were washed with PBS after
30 min of fixation and then stored as cell pellets for 5, 7, 9, 14, and

for days 5 to 9 for both exon 20 (T790M) and 21 (L858R)
mutations (Table 1). The difference in CT values of S-CR and
CP was approximately 9 to 10, indicating that the DNA
amounts in the CP group were ~ 500 to 1000 times more than
those in the S-CR group.

Discussion

In this study, we showed that storing LBC specimens of lung
cancer cell in a cell pellet state improved the stability of the
DNA in the sample. Important steps include the washing of
fixed cells with PBS and removing the preservation solution
immediately to avoid over fixation. Although CytoRich Red
contains 0.4% formaldehyde, the novel method yielded higher
amounts of DNA as well as better stability of the extracted
DNA than storing specimens in the state of suspension. In the
S-CR group, the A260 values were increased approximately
twofold at day 9 compared with that at days 5 and 7, whereas
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28 days. (n =10 for samples stored for 5, 7, and 9 days, n = 8 for samples
stored for 14 and 28 days; n is lower owing to insufficient numbers of
cells). In the SC-R group, the DINs were undetectable in 20% (2 of 10
specimens) on day 5 and 10% (1 of 10 specimens) samples on day 9.
$5<0.001

the values were decreased with the preservation time in the CP
group. This result can be explained by various factors. Firstly,
UV absorbance can increase by hyperchromic effect caused
by denaturation of DNA due to formaldehyde. The increase in
the A260 value on day 9 was larger than that at days 5 and 7 in
the case of dsDNA. Therefore, the increased UV absorbance
on day 9 could be caused by DNA or RNA denaturation and
secondly, reduction of dsDNA by unknown causes, effect of
collection rate, and loss of cells or DNA during extraction.
Therefore, the amount of DNA on day 9 could be the same
as that on day 5 or 7. A similar tendency was observed in our
previous study using the same cell line H1975 [28]. Our re-
sults indicated that DNA extracted from the pellet did not
degrade and retained high quality during storage at ambient
temperature.

Moreover, in the S-CR group, the DIN value on the day 9
was higher than that on days 5 and 7. Some specimens showed
DIN value around 4 on day 9; this might be due to fluores-
cence caused by denaturation of higher order structures of
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DNA or RNA. PCR efficiency on day 9 was lower than that ~ denaturation of DNA or RNA. Therefore, when analyzing
on days 5 and 7, whereas the DIN on day 9 was almost the  stored specimens, both A260 value and DIN should be deter-
same as that on days 5 and 7. Thus, these results indicated that ~ mined. The smear bands below 2 kbp were decreased on days
PCR efficiencies on day 9 were inhibited by excessive 14 and 28 in the CP group on agarose gel electrophoresis. The

a S-CR Group CP Group
M 12 3456 78 910 M1 23 456 7 8 910

Fig. 2 Images of DNA fragmentation for each preservation time. A DNA HindIII digest marker. b DNA (1 uL) was electrophoresed using
Numbers 1 to 10 indicate the sample number (n = 10 for samples stored Genomic DNA ScreenTape. Lane M shows the marker included in the
for 5,7, and 9 days, n = 8 for samples stored for 14 and 28 days). a DNA Genomic DNA Reagents (Agilent Technologies)

(500 ng) was electrophoresed using 0.8% agarose gels. Lane M shows the
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Fig. 2 (continued)

decrease indicated a lack of RNA, because the degraded RNA
could not have mingled with the collected DNA. Moreover,
the decreasing rate of A260 values from day 9 to days 14 and
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28 in the CP group was higher than that of dsDNA yields,
further suggesting that the decreasing A260 values reflected a
lack of RNA.
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Table 1
Analysis of EGFR exon 20 (T790M) and (b) exon 21 (L858R)

Ct values obtained with Cycleave PCR method for epidermal growth factor receptor (EGFR) mutations for each preservation duration. (a)

a

T790M
Day 5 Day 7 Day 9 Day 14 Day 28

Sample number S-CR CP S-CR CP S-CR CP S-CR CP S-CR CP
1 38.39 29.34 N.A. 29.50 N.A. 30.14 N.D. 2843 N.D. 28.56
2 38.20 29.59 39.67 29.14 N.A. 29.81 N.D. 29.50 N.D. 2843
3 39.00 29.71 38.20 29.34 41.67 29.43 N.D. 2735 N.D. 27.96
4 37.34 29.52 38.66 29.43 N.A. 29.25 N.D. 2821 N.D. 28.19
5 35.96 29.57 36.59 29.18 N.A. 29.11 N.D. 2845 N.D. 2826
6 39.51 29.43 40.74 29.64 N.A. 29.32 N.D. 28.17 N.D. 2820
7 38.76 29.16 40.13 29.35 N.A. 28.92 N.D. 2830 N.D. 28.15
8 38.71 29.98 N.A. 29.65 43.68 29.82 N.D. 29.15 N.D. 27.84
9 39.35 29.24 38.04 29.02 N.A. 29.62 N.D. N.D. N.D. N.D.
10 37.99 29.89 38.82 29.05 N.A. 29.41 N.D. N.D. N.D. N.D.

Mean £ SEM  3832+1.05 29.54+0.26 38.85+1.32 2933+0.23 42.68+142 29.48+0.37 N.D. 2844+0.65 N.D. 2820+0.23

b

L858R

Sample number Day 5 Day 7 Day 9 Day 14 Day 28

S-CR CP S-CR CP S-CR CP S-CR CP S-CR CP

1 37.25 28.91 N.A. 2891 N.A. 29.37 N.D. 28.16 N.D. 28.65
2 37.50 28.70 37.88 28.70 37.88 29.14 N.D. 29.04 N.D. 2825
3 37.50 28.56 N.A. 28.56 N.A. 28.77 N.D. 27.17 N.D. 27.75
4 38.02 28.50 N.A. 28.50 N.A. 28.39 N.D. 27.83 N.D. 27.72
5 36.12 28.42 40.44 28.42 40.44 28.59 N.D. 27.79 N.D. 27091
6 42.02 28.81 N.A. 28.81 N.A. 28.59 N.D. 27.60 N.D. 2793
7 N.A. 28.72 N.A. 28.72 N.A. 28.36 N.D. 27.70 N.D. 27.90
8 37.02 28.71 N.A. 28.71 N.A. 29.18 N.D. 2847 N.D. 28.00
9 35.89 28.34 N.A. 28.34 N.A. 29.09 N.D. N.D. N.D. N.D.
10 37.79 28.33 N.A. 28.33 N.A. 28.88 N.D. N.D. N.D. N.D.

Mean = SEM  37.68+1.78 28.60+0.20 39.16+1.81 28.60+£0.20 39.16+1.81 28.84+0.35 N.D. 2797+0.58 N.D. 28.02+0.31

CP group wherein specimen is stored as a cell pellet, N.A not available, N.D not determined, S-CR group wherein specimen is stored suspended in
CytoRich Red. Data are presented as mean = standard error of mean (SEM). (n =10 for days 5, 7, and 9, and n =8 for days 14 and 28)

LBC specimens fixed in CytoRich Red are recommended
to be stored at ambient temperature for approximately 30 days
and a maximum of 6 months for morphological stabilization
by the manufacturer. In our previous study, we investigated
the effect of storage time from 30 min to 9 days after fixation
in CytoRich using two extraction protocols. The results indi-
cated that genomic DNA extracted from human adenocarci-
noma cell lines fixed in CytoRich Red can be utilized for
EGFR mutation detection, although yields of DNA tended to
decrease with the storage time and the DNA showed fragmen-
tation after 1 h in the fixation solution. In addition, we found
that the DNA extraction protocol for tissue (QIAamp DNA
Mini Kit) is suitable for cells fixed in CytoRich Red [28].

Generally, biopsy specimens are stored at below 4 °C for
stability of DNA. However, previous studies reported that
there was no difference in the suitability of LBC specimens
for human papillomavirus DNA test between ambient and

refrigerated temperature when fixed in SurePath preservation
solution [29, 30]. We also attempted to maintain the quality of
LBC specimens immersed in CytoRich Red preservation so-
lution by storing the samples in the refrigerator or freezer
using 3 cell lines: H1975, A549, and PC-9 (Supplementary
Fig. 3). Specifically, we compared fragmentation by agarose
gel electrophoresis and EGFR PCR product of the DNA ex-
tracted from suspension and pellet specimens after 3 days of
storage at ambient temperatures, 4, —20, and — 80 °C. DNA
fragmentation was observed only in the suspension specimen
stored at ambient temperature (Supplementary Fig. 3a). EGFR
PCR product was successfully detected in all specimens at
each storage condition, although suspension specimen stored
at ambient temperature showed a weak signal (Supplementary
Fig. 3b).

Recently, Kawahara et al. reported that DNA extracted
from LBC specimens of cell lines preserved for 5 or 40 days
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at room temperature can be used to detect EGFR mutations by
PNA-LNA PCR clamp and TagMan assays, but details were
not included [24]. Akahane et al. reported that DNA extracted
from specimens fixed in LBC preservation solution and stored
at 4 °C could be successfully subjected to next-generation
sequencing of either lines stored for 90 days and residual
LBC specimens for 1 year [26]. We demonstrated only a mo-
lecular monogenic test such as EGFR mutation in this study.
Multiple or comprehensive gene analysis by NGS would be
succeed by both CP- and S-CR-treated specimens. However,
CP-treated specimens show extremely higher value of DIN
than S-CR-treated specimens (Fig. 1c), suggesting that CP-
treated genomic DNA might be suitable for such whole exome
analysis. Clinical liquid cytology specimens treated by CP
method such as pleural effusion or ascites would be useful
for comprehensive gene analysis in the near future. As a result
of our preliminary experiment using the 3 cell lines including
H1975, the qualities of DNA extracted from cells stored at
ambient temperature compared favourably with those of
DNA extracted from cells stored at other temperatures in the
case of the CP groups (Supplementary Fig. 3a). In addition, it
is more practical to store clinical specimens at ambient tem-
perature. Therefore, our method of storing residual LBC spec-
imens in microtubes at ambient temperature could be benefi-
cial, easy, and economical for use in clinical laboratories.

The results of the current study indicated that pellet
specimens could be stored for longer than suspension spec-
imens at ambient temperature for obtaining sufficient qual-
ity for molecular analysis. Therefore, we considered that
the condition of DNA extracted from pellet is similar to
that from specimens scratched from the LBC slide, and
both specimens should be stored separately from the pres-
ervation solution after fixation for further analyses. Kim
et al. reported that DNA extracted from LBC slide of thy-
roid fine needle aspiration biopsy stored for 6 months
could be successfully used for PCR amplification, whereas
storage for 9 months failed to provide DNA of sufficient
quality [31]. We found that the DNA quality of LBC spec-
imens is maintained for longer when the preservative solu-
tion is removed (thereby removing formaldehyde) than
when it is stored immersed in the solution. Thus, the pres-
ent study suggested that the improvement of DNA stability
was achieved by avoiding over fixation. Over fixation
using formalin is already well known to cause deterioration
of DNA and protein quality. Generally, each specimen
type has to be observed after a recommended fixation time
for efficient molecular testing [18, 19, 32, 33]. However,
the new storage method could allow longer storage dura-
tions of specimens for molecular testing.

There are some limitations and considerations in this study.
First, our study was limited to using only CytoRich Red pres-
ervation solution, and to the detection of only EGFR mutations
using only one lung adenocarcinoma cell line with high allelic
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fraction of the mutation, with sufficient cell numbers.
Therefore, future studies should test other preservation solu-
tions and various kinds of mutations using residual clinical
LBC specimens including some impurities such as blood or
other components to confirm the effective utilization of LBC
specimens. Moreover, we will perform mutation analyses using
low allele cells mixed with known number of mutant types,
such as H1975, and wild type artificially in the future.
Second, the following consideration should be made: LBC
slides cannot be duplicated for morphological diagnosis, which
was the original purpose; therefore, if one needs to also carry
out morphological examination, then the specimens can be left
suspended in the preservation solution at ambient temperature
for 3 to 4 days, and DNA extracted from it can be used for
molecular testing, according to our previous study [28].

In conclusion, LBC specimens fixed in preservation solu-
tion containing a low concentration of formaldehyde can be
stably preserved for good-quality DNA for 4 weeks as a cell
pellet after PBS washing. Thus, our demonstrated method is
promising for obtaining good-quality DNA from residual
LBC specimens for genomic analysis. Thus, using this meth-
od, LBC specimens of lung cancer could be used not only for
morphological diagnosis, but also for molecular testing after a
long period of preservation.

Acknowledgements The authors would like to thank Becton, Dickinson
and Company for providing the BD CytoRich Red preservative used in
the current study.

Authors’ contributions Yukiko Matsuo: Conception and design of this
study, acquisition, analysis, and interpretation of data, writing—original
draft, and writing—review and editing. Kazuya Yamashita: Conception
and design of this study, acquisition, analysis, and interpretation of data,
and writing—review and editing. Tsutomu Y oshida: Conception and de-
sign of this study, interpretation of data, and writing—review and editing.
Yukitoshi Satoh: Conception and design of this study, interpretation of
data, project administration, and writing—review and editing. All authors
approved the final version of the manuscript to be published and are
accountable for all aspects of the work.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Ethics approval The current study was preformed according to the
Declaration of Helsinki and was approved by the ethics committee of
Kitasato University Medical Ethics Organization (Approval No. KME
B14-155).

Consent to participate Not applicable.

Availability of data and material The datasets generated during and/or
analyzed during the current study are available from the corresponding
author on reasonable request.

Code availability Not applicable.



Virchows Arch (2021) 478:507-516

515

References

Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A
(2018) Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries.
CA Cancer J Clin 68(6):394-424. https://doi.org/10.3322/caac.
21492

Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S,
Isobe H, Gemma A, Harada M, Yoshizawa H, Kinoshita I, Fujita
Y, Okinaga S, Hirano H, Yoshimori K, Harada T, Ogura T, Ando
M, Miyazawa H, Tanaka T, Saijo Y, Hagiwara K, Morita S,
Nukiwa T (2010) Gefitinib or chemotherapy for non-small-cell
lung cancer with mutated EGFR. N Engl J Med 362(25):2380—
2388. https://doi.org/10.1056/NEJM0a0909530

Rosell R, Carcereny E, Gervais R, Vergnenegre A, Massuti B, Felip
E, Palmero R, Garcia-Gomez R, Pallares C, Sanchez JM, Porta R,
Cobo M, Garrido P, Longo F, Moran T, Insa A, De Marinis F,
Corre R, Bover I, Illiano A, Dansin E, de Castro J, Milella M,
Reguart N, Altavilla G, Jimenez U, Provencio M, Moreno MA,
Terrasa J, Munoz-Langa J, Valdivia J, Isla D, Domine M,
Molinier O, Mazieres J, Baize N, Garcia-Campelo R, Robinet G,
Rodriguez-Abreu D, Lopez-Vivanco G, Gebbia V, Ferrera-
Delgado L, Bombaron P, Bernabe R, Bearz A, Artal A, Cortesi E,
Rolfo C, Sanchez-Ronco M, Drozdowskyj A, Queralt C, de
Aguirre I, Ramirez JL, Sanchez JJ, Molina MA, Taron M, Paz-
Ares L (2012) Erlotinib versus standard chemotherapy as first-line
treatment for European patients with advanced EGFR mutation-
positive non-small-cell lung cancer (EURTAC): a multicentre,
open-label, randomised phase 3 trial. Lancet Oncol 13(3):239—
246. https://doi.org/10.1016/s1470-2045(11)70393-x

Yang JC, Wu YL, Schuler M, Sebastian M, Popat S, Yamamoto N,
Zhou C, Hu CP, O’Byme K, Feng J, Lu S, Huang Y, Geater SL,
Lee KY, Tsai CM, Gorbunova V, Hirsh V, Bennouna J, Orlov S,
Mok T, Boyer M, Su WC, Lee KH, Kato T, Massey D, Shahidi M,
Zazulina V, Sequist LV (2015) Afatinib versus cisplatin-based che-
motherapy for EGFR mutation-positive lung adenocarcinoma
(LUX-lung 3 and LUX-lung 6): analysis of overall survival data
from two randomised, phase 3 trials. Lancet Oncol 16(2):141-151.
https://doi.org/10.1016/s1470-2045(14)71173-8

Lindeman NI, Cagle PT, Aisner DL, Arcila ME, Beasley MB,
Bernicker EH, Colasacco C, Dacic S, Hirsch FR, Kerr K,
Kwiatkowski DJ, Ladanyi M, Nowak JA, Sholl L, Temple-
Smolkin R, Solomon B, Souter LH, Thunnissen E, Tsao MS,
Ventura CB, Wynes MW, Yatabe Y (2018) Updated molecular
testing guideline for the selection of lung cancer patients for treat-
ment with targeted tyrosine kinase inhibitors: guideline from the
College of American Pathologists, the International Association
for the Study of Lung Cancer, and the Association for Molecular
Pathology. J Thorac Oncol 13(3):323-358. https://doi.org/10.1016/
jjth0.2017.12.001

Tan DS, Yom SS, Tsao MS, Pass HI, Kelly K, Peled N, Yung RC,
Wistuba II, Yatabe Y, Unger M, Mack PC, Wynes MW, Mitsudomi
T, Weder W, Yankelevitz D, Herbst RS, Gandara DR, Carbone DP,
Bunn PA Jr, Mok TS, Hirsch FR (2016) The International
Association for the Study of Lung Cancer consensus statement on
optimizing management of EGFR mutation-positive non-small cell
lung cancer: status in 2016. J Thorac Oncol 11(7):946-963. https://
doi.org/10.1016/j.jtho.2016.05.008

Cheung AN, Szeto EF, Leung BS, Khoo US, Ng AW (2003)
Liquid-based cytology and conventional cervical smears: a compar-
ison study in an Asian screening population. Cancer 99(6):331—
335. https://doi.org/10.1002/cncr.11786

Ronco G, Cuzick J, Pierotti P, Cariaggi MP, Dalla Palma P,
Naldoni C, Ghiringhello B, Giorgi-Rossi P, Minucci D, Parisio F,
Pojer A, Schiboni ML, Sintoni C, Zorzi M, Segnan N, Confortini M

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

(2007) Accuracy of liquid based versus conventional cytology:
overall results of new technologies for cervical cancer screening:
randomised controlled trial. BMJ 335(7609):28. https://doi.org/10.
1136/bm;j.39196.740995.BE

Siebers AG, Klinkhamer PJ, Arbyn M, Raifu AO, Massuger LF,
Bulten J (2008) Cytologic detection of cervical abnormalities using
liquid-based compared with conventional cytology: a randomized
controlled trial. Obstet Gynecol 112(6):1327—1334. https://doi.org/
10.1097/A0G.0b013e31818¢2b20

Akamatsu S, Kodama S, Himeji Y, Ikuta N, Shimagaki N (2012) A
comparison of liquid-based cytology with conventional cytology in
cervical cancer screening. Acta Cytol 56(4):370-374. https://doi.
org/10.1159/000337641

Sigurdsson K (2013) Is a liquid-based cytology more sensitive than
a conventional pap smear? Cytopathology 24(4):254-263. https:/
doi.org/10.1111/cyt.12037

Jeong H, Hong SR, Chae SW, Jin SY, Yoon HK, Lee J, Kim EK,
Ha ST, Kim SN, Park EJ, Jung JJ, Sung SH, Lim SC (2017)
Comparison of unsatisfactory samples from conventional smear
versus liquid-based cytology in uterine cervical cancer screening
test. J Pathol Transl Med 51(3):314-319. https://doi.org/10.4132/
jptm.2017.03.17

Cai G, Wong R, Chhieng D, Levy GH, Gettinger SN, Herbst RS,
Puchalski JT, Homer RJ, Hui P (2013) Identification of EGFR
mutation, KRAS mutation, and ALK gene rearrangement in cyto-
logical specimens of primary and metastatic lung adenocarcinoma.
Cancer Cytopathol 121(9):500-507. https://doi.org/10.1002/cncy.
21288

Wu CY, Hou LK, Ren SX, Su B, Chen G (2014) High feasibility of
liquid-based cytological samples for detection of EGFR mutations
in Chinese patients with NSCLC. Asian Pac J Cancer Prev 15(18):
7885-7889. https://doi.org/10.7314/apjcp.2014.15.18.7885
Reynolds JP, Zhou Y, Jakubowski MA, Wang Z, Brainard JA,
Klein RD, Farver CF, Almeida FA, Cheng YW (2017) Next-
generation sequencing of liquid-based cytology non-small cell lung
cancer samples. Cancer Cytopathol 125(3):178-187. https://doi.
org/10.1002/cncy.21812

Reynolds JP, Tubbs RR, Minca EC, MacNamara S, Almeida FA,
Ma PC, Pennell NA, Cicenia JC (2014) EGFR mutational genotyp-
ing of liquid based cytology samples obtained via fine needle aspi-
ration (FNA) at endobronchial ultrasound of non-small cell lung
cancer (NSCLC). Lung Cancer 86(2):158-163. https://doi.org/10.
1016/j.lungcan.2014.09.003

Zhao H, Qiu T, Guo H, Ying J, Li J, Zhang Z (2017) Detection of
EGFR and KRAS gene mutations using suspension liquid-based
cytology specimens in metastatic lung adenocarcinoma.
Oncotarget 8(63):106685-106692. https://doi.org/10.18632/
oncotarget.22530

Ben-Ezra J, Johnson DA, Rossi J, Cook N, Wu A (1991) Effect of
fixation on the amplification of nucleic acids from paraffin-
embedded material by the polymerase chain reaction. J Histochem
Cytochem 39(3):351-354

Srinivasan M, Sedmak D, Jewel 1, S. (2002) Effect of fixatives and
tissue processing on the content and integrity of nucleic acids. Am J
Pathol 161(6):1961-1971

Do H, Dobrovic A (2015) Sequence artifacts in DNA from
formalin-fixed tissues: causes and strategies for minimization.
Clin Chem 61(1):64-71. https://doi.org/10.1373/clinchem.2014.
223040

Guyard A, Boyez A, Pujals A, Robe C, Tran Van Nhieu J, Allory
Y, Moroch J, Georges O, Fournet JC, Zafrani ES, Leroy K (2017)
DNA degrades during storage in formalin-fixed and paraffin-
embedded tissue blocks. Virchows Arch 471(4):491-500. https:/
doi.org/10.1007/s00428-017-2213-0

Fujii T, Asano A, Shimada K, Tatsumi Y, Obayashi C, Konishi N
(2016) Evaluation of RNA and DNA extraction from liquid-based

@ Springer


https://doi.org/10.3322/caac.21492
https://doi.org/10.3322/caac.21492
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1016/s1470-2045(11)70393-x
https://doi.org/10.1016/s1470-2045(14)71173-8
https://doi.org/10.1016/j.jtho.2017.12.001
https://doi.org/10.1016/j.jtho.2017.12.001
https://doi.org/10.1016/j.jtho.2016.05.008
https://doi.org/10.1016/j.jtho.2016.05.008
https://doi.org/10.1002/cncr.11786
https://doi.org/10.1136/bmj.39196.740995.BE
https://doi.org/10.1136/bmj.39196.740995.BE
https://doi.org/10.1097/AOG.0b013e31818c2b20
https://doi.org/10.1097/AOG.0b013e31818c2b20
https://doi.org/10.1159/000337641
https://doi.org/10.1159/000337641
https://doi.org/10.1111/cyt.12037
https://doi.org/10.1111/cyt.12037
https://doi.org/10.4132/jptm.2017.03.17
https://doi.org/10.4132/jptm.2017.03.17
https://doi.org/10.1002/cncy.21288
https://doi.org/10.1002/cncy.21288
https://doi.org/10.7314/apjcp.2014.15.18.7885
https://doi.org/10.1002/cncy.21812
https://doi.org/10.1002/cncy.21812
https://doi.org/10.1016/j.lungcan.2014.09.003
https://doi.org/10.1016/j.lungcan.2014.09.003
https://doi.org/10.18632/oncotarget.22530
https://doi.org/10.18632/oncotarget.22530
https://doi.org/10.1373/clinchem.2014.223040
https://doi.org/10.1373/clinchem.2014.223040
https://doi.org/10.1007/s00428-017-2213-0
https://doi.org/10.1007/s00428-017-2213-0

516

Virchows Arch (2021) 478:507-516

23.

24.

25.

26.

27.

28.

cytology specimens. Diagn Cytopathol 44(10):833—-840. https:/
doi.org/10.1002/dc.23524

Agreda PM, Beitman GH, Gutierrez EC, Harris JM, Koch KR,
LaViers WD, Leitch SV, Maus CE, McMillian RA, Nussbaumer
WA, Palmer ML, Porter MJ, Richart GA, Schwab RJ, Vaughan LM
(2013) Long-term stability of human genomic and human papillo-
mavirus DNA stored in BD SurePath and Hologic PreservCyt
liquid-based cytology media. J Clin Microbiol 51(8):2702-2706.
https://doi.org/10.1128/JCM.00759-13

Kawahara A, Taira T, Abe H, Watari K, Murakami Y, Fukumitsu
C, Takase Y, Yamaguchi T, Azuma K, Akiba J, Ono M, Kage M
(2014) Fixation effect of SurePath preservative fluids using epider-
mal growth factor receptor mutation-specific antibodies for immu-
nocytochemistry. Cancer Cytopathol 122(2):145-152. https://doi.
org/10.1002/cncy.21355

Kubik MJ, Permenter T, Saremian J (2015) Specimen age stability
for human papilloma virus DNA testing using BD SurePath. Lab
Med 46(1):51-54; quiz el3. https://doi.org/10.1309/
Im87nedSlrseluoq

Akahane T, Yamaguchi T, Kato Y, Yokoyama S, Hamada T,
Nishida Y, Higashi M, Nishihara H, Suzuki S, Ueno S, Tanimoto
A (2019) Comprehensive validation of liquid-based cytology spec-
imens for next-generation sequencing in cancer genome analysis.
PLoS One 14(6):¢0217724. https://doi.org/10.1371/journal.pone.
0217724

Dejmek A, Zendehrokh N, Tomaszewska M, Edsjo A (2013)
Preparation of DNA from cytological material: effects of fixation,
staining, and mounting medium on DNA yield and quality. Cancer
Cytopathol 121(7):344-353. https://doi.org/10.1002/cncy.21276
Matsuo Y, Yoshida T, Yamashita K, Satoh Y (2018) Reducing
DNA damage by formaldehyde in liquid-based cytology preserva-
tion solutions to enable the molecular testing of lung cancer spec-
imens. Cancer Cytopathol 126(12):1011-1021. https://doi.org/10.
1002/cncy.22069

@ Springer

29.

30.

31

32.

33.

Hardie A, Moore C, Patnick J, Cuschieri K, Graham C, Beadling C,
Ellis K, Frew V, Cubie HA (2009) High-risk HPV detection in
specimens collected in SurePath preservative fluid: comparison of
ambient and refrigerated storage. Cytopathology 20(4):235-241.
https://doi.org/10.1111/j.1365-2303.2009.00661.x

Dixon EP, Lenz KL, Doobay H, Brown CA, Malinowski DP,
Fischer TJ (2010) Recovery of DNA from BD SurePath cytology
specimens and compatibility with the Roche AMPLICOR human
papillomavirus (HPV) test. J Clin Virol 48(1):31-35. https://doi.
org/10.1016/j.jev.2010.02.010

Kim WY, Oh SY, Kim H, Hwang TS (2016) DNA degradation in
liquid-based cytology and its comparison with conventional smear.
Diagn Cytopathol 44(5):450—458. https://doi.org/10.1002/dc.
23441

Carithers LJ, Agarwal R, Guan P, Odeh H, Sachs MC, Engel KB,
Greytak SR, Barcus M, Soria C, Lih CJ, Williams PM, Branton PA,
Sobin L, Fombonne B, Bocklage T, Andry C, Duffy ER, Sica G,
Dhir R, Jewell S, Roche N, Moore HM (2019) The biospecimen
preanalytical variables program: a multiassay comparison of effects
of delay to fixation and fixation duration on nucleic acid quality.
Arch Pathol Lab Med 143(9):1106—1118. https://doi.org/10.5858/
arpa.2018-0172-OA

Lindeman NI, Cagle PT, Beasley MB, Chitale DA, Dacic S,
Giaccone G, Jenkins RB, Kwiatkowski DJ, Saldivar JS, Squire J,
Thunnissen E, Ladanyi M (2013) Molecular testing guideline for
selection of lung cancer patients for EGFR and ALK tyrosine ki-
nase inhibitors: guideline from the College of American
Pathologists, International Association for the Study of Lung
Cancer, and Association for Molecular Pathology. J Thorac
Oncol 8(7):823-859. https://doi.org/10.1097/JTO.
0b013e318290868f

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1002/dc.23524
https://doi.org/10.1002/dc.23524
https://doi.org/10.1128/JCM.00759-13
https://doi.org/10.1002/cncy.21355
https://doi.org/10.1002/cncy.21355
https://doi.org/10.1309/lm87ned5lrseluoq
https://doi.org/10.1309/lm87ned5lrseluoq
https://doi.org/10.1371/journal.pone.0217724
https://doi.org/10.1371/journal.pone.0217724
https://doi.org/10.1002/cncy.21276
https://doi.org/10.1002/cncy.22069
https://doi.org/10.1002/cncy.22069
https://doi.org/10.1111/j.1365-2303.2009.00661.x
https://doi.org/10.1016/j.jcv.2010.02.010
https://doi.org/10.1016/j.jcv.2010.02.010
https://doi.org/10.1002/dc.23441
https://doi.org/10.1002/dc.23441
https://doi.org/10.5858/arpa.2018-0172-OA
https://doi.org/10.5858/arpa.2018-0172-OA
https://doi.org/10.1097/JTO.0b013e318290868f
https://doi.org/10.1097/JTO.0b013e318290868f

	Method for preservation of DNA stability of liquid-based cytology specimens from a lung adenocarcinoma cell line
	Abstract
	Introduction
	Materials and methods
	Ethics statement
	Cell lines
	Sample fixation and storage
	Genomic DNA extraction
	DNA fragmentation analysis and PCR amplification
	EGFR mutation analysis
	Statistical analysis

	Results
	Genomic DNA yield and quality
	PCR and mutation analyses of the EGFR gene

	Discussion
	References


