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1 | INTRODUCTION

Bronchoscopy is broadly employed in the diagnosis of lung
cancer. Accordingly, most lung cancers are diagnosed by
bronchoscopy in Japan, while percutaneous needle biopsy
is applied only in limited cases. Furthermore, with tech-
nical advances in the endobronchial ultrasound-guided
transbronchial needle aspiration and the endobronchial
ultrasonography with guide-sheath procedures,'™ iso-
lation of samples from small peripheral lesions or trans-
murally from the mediastinal lymph nodes has become
possible. Consequently, the size of specimens becomes
much smaller and a cytological sample is often the only
sample obtained. Cytological samples are sufficient for
establishing the diagnosis of lung cancer. A procedure
that authenticates cytological samples for mutation test-
ing has been documented.* Nevertheless, most of the
mutation tests that have been introduced into clinical
practice requires tissue samples. The development of tests
that enables the investigation of cytological samples is
anticipated.

Oncogenic driver mutations are found in 62-64% of
lung adenocarcinoma.””’ The frequency rises to 71% in
East Asia.® Administration of molecular targeting drugs
matching the mutation has demonstrated an excellent
clinical response and a decrease in the mortality rate.’
The drugs include epidermal growth factor receptor
(EGFR)-tyrosine kinase inhibitors (TKI) for lung can-
cers with EGFR-sensitive mutations,'®!” osimertinib
for those with the EGFR T790M mutation,'® anaplastic
Ilymphoma kinase (ALK) inhibitors for those with ALK
mutations, and ROS1 inhibitors with c-ROS oncogene
1 (ROS-1) fusion genes.'*** Currently, investigation of
oncogenic driver mutations has become mandatory in
clinical practice.

To harmonize the advanced bronchoscopic proce-
dures with mutation testing, we developed a highly sen-
sitive method, peptide nucleic acid (PNA)***-locked
nucleic acid (LNA)*-dual PCR (hereafter PLDP), that
quickly detects mutations from cytological samples. The
reaction completes within 2 h after DNA isolation. First,
a high-fidelity PCR reaction with a PNA clamp prim-
er(s) preferentially amplifies mutant sequences. Then,
an LNA-probe(s) is employed to detect a limited num-
ber of frequent mutations. If no mutations are found,
direct sequencing is performed for a comprehensive mu-
tation search, which takes one more day. In the current
study, EGFR exon 19 deletion p.E746_A750del [Catalog
of Somatic Mutation in Cancer (https://cancer.sanger.
ac.uk/cosmic) mutation ID (COSM) 6223]; EGFR exon
19 deletion p.E746_A750delELREA (COSM6225); EGFR
p-T790M (COSM6240, hereafter EGFR T790M); EGFR
p.L858R (COSM6224, hereafter EGFR L858R); KRAS

p-G12C (COSM516); and BRAF p.V600E (COSM476, here-
after BRAF V600E) were entitled as frequent mutations
and investigated by LNA-probes. They are able to identify
most of the patients to whom current molecular targeting
drugs are applicable.'* '~ Hereafter, EGFR exon 19 de-
letions p.E746_A750del plus p.E746_A750delELREA are
collectively called as Ex19del, EGFR p.L858R is as L858R,
and EGFR p.T790M as T790M.

Cell-free DNA (cfDNA) isolated from peripheral
blood is an alternative sample for mutation testing
when both tissue and cytological samples are not avail-
able. PLDP may be applicable to cfDNA, which we also
investigated.

The PLDP has been in operation since 16 December
2016. Here, cytological samples were investigated by PLDP.
When tissue samples were also obtained, they were submit-
ted either to the cobas® EGFR mutation test version 2*°°
(cobas hereafter) or to the PNA-LNA PCR clamp (P-LPC).*
Moreover, cfDNA was tested by PLDP. This practice allowed
us to test multitypes of samples (a sample set) by multiple
tests and compare their performance. The results were as
follows: (1) PLDP outperformed the cobas or the P-LPC;
(2) PLDP detected more mutations in cfDNA as the disease
stage advances. Thus, PLDP is an excellent option in clini-
cal settings where cytological samples are highly engaged.
Although the use of cfDNA does not completely replace the
use of cytological samples or tissue samples, it may be an
alternative option for patients with advanced diseases.

2 | MATERIALS AND METHODS

2.1 | Clinical samples

A sample set consisted of a cytological sample, a tissue
sample, and a blood sample. The cytological and tissue
samples were collected from the same lesion. The blood
sample was collected on the same day. A sample set may
lack a tissue sample because a tissue sample is more diffi-
cult to collect than a cytological or a blood sample in clini-
cal practice. Cytological and blood samples were tested by
PLDP in our laboratory. Tissue samples were formalin-
fixed, paraffin-embedded, and submitted to the EGFR
mutation test at the LST Medience Corporation (Tokyo,
Japan) either by the cobas or by the P-LPC depending on
the physicians' preference.

2.2 | DNA extraction

Cytological samples pathologically confirmed positive
for cancer was centrifuged at 1200x g for 3 min (Figure
S1A). DNA was extracted from the precipitate using the
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Promega Maxwell RSC AS1400 (Promega). Plasma was
isolated from blood samples by two times of centrifuga-
tion at 260x g for 10 min. DNA was extracted using the
Promega Maxwell RSC AX1114/AX1115 (Figure S1B).

2.3 | PLDP reaction

Polymerase chain reaction was performed in a 25-ul reac-
tion containing 10-50 ng DNA, six primer pairs (60 nM
for EGFR exon 18 mutations and 160 nM for the others),
six different PNA clamp primers (4 uM each), 1x KOD
buffer #2, 200 nM dNTPs, 1 mM MgSO,, and 0.5 units
of KOD-plus-DNA polymerase version 2 (PCR enzyme
and derived from DNA polymerase extracted from bac-
teria Thermococcus kodakarensis KOD 1 strain) (Toyobo
[KOD-211]; Figure 1A; Figure S2A). The PCR cycling was
a 94°C hold for 120 s followed by 45 cycles at 94°C for
6 s, 58°C for 6 s, and 68°C for 30 s. The detection reac-
tion with the LNA-probe(s) was performed in six separate
tubes. Each tube contained a 25-ul reaction consisted of
1 ul of 1000-fold diluted PCR product, 200 nM of PCR
primers, 100 nM each of LNA-probe, 1x Ex Taq buffer,
200 nM dNTP, and 0.625 units of Ex Taq DNA polymerase
hot start version (Takara Bio [RR006]; Figure S2B,C). The
cycling was a 95°C hold for 30 s followed by 35 cycles of
95°C for 15 s and 61°C for 30 s.

In PLDP, the amplification step and the detection step
are separated into two PCR reactions. The KOD-plus-DNA
polymerase version 2, which has 80 times higher-fidelity
than Taq DNA polymerase, provides a large amount of
DNA without incorporating artifactual mutations and
allows highly sensitive detection of inherent mutations.
Thus, PLDP outperforms P-LPC.

2.4 | Limit of detection

Plasmid with a mutant sequence and two additional nu-
cleotide replacements were constructed (Figure 1B). The
nucleotide replacements marked the sequence as having
a plasmid origin. Samples for investigating Limit of detec-
tion (LOD) contained 103,10% 10%, or 0 copies of each mu-
tation in 50 ng of normal human genomic DNA (1.5 x 10*
copies of a haploid genome).4 LOD was determined by in-
vestigating 48 samples for each dilution.

2.5 | Direct sequencing

Direct sequencing was outsourced to FASMAC. The sam-
ples were shipped by the postal service and the results
were received the next day by e-mail.

.. 8597
Cancer Medicine -WI LEYJ—

Open Access,

2.6 | Sequencing using a
next- generation sequencer

Mutations in some of the cytological samples were ex-
ploratorily investigated using the MINtS system that em-
ploys the MiSeq sequencer (Illumina K.K.) as previously
reported.*?

3 | RESULTS

3.1 | System design

A high-fidelity DNA polymerase, KOD-plus-DNA poly-
merase version 23 (Toyobo), was used for PCR in the
presence of a clamp primer that is, an oligomer of PNA
having a wild-type sequence. The clamp primer anneals
to the target amplicon, inhibits the amplification of the
wild-type sequence, and preferentially amplifies the mu-
tant sequences. Each mutation was detected by an LNA-
probe that was TagMan probes®* having a LNA at the
mutation site (Figure 1A). Other mutant sequences that
overlap the PNA oligo sequence were also preferentially
amplified over the wild-type sequence. Amplified DNA
fragments where mutations were undetected by the LNA
probes were submitted to direct sequencing in search of
other mutations.

3.2 | Limit of detection

In the clinical samples, mutant sequences and the
background wild-type sequences co-exist. The LOD,
which is the lower limit of the frequency of a mutant
sequence that a method detects, is one of the essential
indicators of its performance. Plasmids with a mutation
hotspot sequence, together with two extra nucleotide
replacements in the flanking sequence (Ex19del-AG/
MN, T790M-AG/MN, L858R-AG/MN, G12C-AG/MN,
or V600E-AG/MN [AG: artificial gene, MN: maker
nucleotide]), were synthesized to determine the LOD
(Figure 1B). These nucleotide replacements were for
discriminating the sequence from the artifact mutant
sequences that stemmed from a DNA polymerase error
during PCR reaction.

Peptide nucleic acid-LNA dual-PCR reaction detected
10* copies of a mutant sequence in 50 ng genomic DNA
(1.5 x 10* copies of haploid genome) for Ex19del-AG/MN,
10" for T790M-AG/MN, 10” for L858R-AG/MN, 10> for
G12C-AG/MN, and 10? for V600E-AG/MN (Figure 1C).
The LOD was 0.0007-0.007. The sensitivity and specificity
by investigating 48 samples were both 1.0. No artifactual
mutation was detected. The LOD of the P-LPC, which is
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(A) [PCR] [ Detection by a LNA probe ]
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PCR primer PNA clamp primer PCR primer LNA TagMan probe
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P PP Additional EGFR | Lsssr ATCACAGATTTTGGGCGGGCCAAACTGCTGGGT
— nucleotide changes L858R-AG/MN  ATCACAGATTTTGGGCGGGCCAAACTGCGGAGT
1
EX20WT ACCGTGCAGCTCATCACGCAGCTCATGCCCTTC
_._‘l._ T790M ACCGTGCAGCTCATCATGCAGCTCATGCCCTTC
TI90M-AG/MN  ACCGTGCAGCTCATCATGCAGCTCATGCACGTC
Mutation B2 WT GTGGTAGTTGGAGCTGGTGGCGTAGGCAAGAGT
hotspot PCR bri KRAS | G12c GTGGTAGTTGGAGCTTGTGGCGTAGGCAAGAGT
primer GI2CAG/MN  GTGGTAGTTGGAGCTTGTGGCGTAGGTAGGAGT
EXISWT TTTGGTCTAGCTACAGTGAAATCTCGATGGAGTGGGTCC
BRAF | veooe TTTGGTCTAGCTACAGAGAAATCTCGATGGAGTGGGTCC
V600E-AG/MN  TTTGGTCTAGCTACAGAGAAATCTCGATGGAGTGAGTCT
(€)
o 60 A
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b EGFR Ex21 L858R-AG/MN
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>
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0 b—— — Nagative
1 1 1
10 20 30 Cycles

FIGURE 1 Peptide nucleic acid-locked nucleic acid dual-PCR reaction. (A) Reaction. (B) Structure of plasmids that have two additional
nucleotide changes that discriminate the plasmid-derived sequences from the artifacts. (C) The fluorescence curves obtained at the limit of

detection (LOD)

one of the most sensitive tests clinically used, was simi-
larly investigated. The results showed that the P-LPC de-
tected 10° copies for Ex19del-AG/MN, 10 for T790M-AG/
MN, 10° for L858R-AG/MN, 10’ for G12C-AG/MN, and

10" for V60OE-AG/MN. The LOD was 0.017-0.17. We con-
cluded that PLDP outperformed the P-LPC. The LOD of
cobas was 0.05 according to the manufacture's informa-
tion and thus was not tested in the current study.
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3.3 | Clinical samples

Most of the patients enrolled had stage IVA (24%)-IVB
(31%) adenocarcinoma or squamous cell carcinoma
(Table 1; Table S1). Samples were isolated either at the
time of diagnosis or at the time of disease exacerbation.
The presence of cancer cells was pathologically con-
firmed. A total of 233 sample set (149 sets had both a cy-
tological sample and a tissue sample, while 84 had only a
cytological sample) and were enrolled from 16 December
2016 to 11 March 2019. Some patients provided samples
at both at the time of diagnosis or at the time of disease
exacerbation; thus, two sample sets may be enrolled for
some patients.

3.4 | Detection of EGFR by PLDP in
clinical samples

Cytological samples were obtained by bronchoscopy
(84%), obtained as pleural effusion (9%), or obtained by
the other procedures (7%) (Table 1). A total of 149 sam-
ple sets had both cytological samples and tissue samples.
Thus, we were able to compare the results between them.
We analyzed EGFR mutation in cytological samples tested
by PLDP and in tissue samples tested by cobas or P-LPC. A
total of 80 mutations (Ex19del, 34; L858R, 30; and T790M,
16) were detected from cytological samples, and 66 (31, 30,
and 5) from tissue samples. We subgrouped the samples

TABLE 1 Characteristics of samples

Origin Bronchoscopy specimen 194
Pleural effusion 22
Lymph node aspiration 6
Others® 11
Stage 0 2
(8th RECIST) IA1-3 36
1B 5
ITA-B 21
IIIA-C 40
IVA-B 129
Pathological Adenocarcinoma 169
diagnosis Squamous cell carcinoma 45

Non-small cell lung cancer
Carcinoma 4

Others®

*Percutaneous needle aspiration, sputum, pericardial fluid, echo-guided
percutaneous liver needle biopsy, cerebrospinal fluid, and echo-guided
lymph node needle biopsy obtained by gastroscopy.

bAdeno—squamous carcinoma, neuroendocrine cell carcinoma, ciliated
muconodular papillary tumor, and large cell neuroendocrine carcinoma plus
squamous cell carcinoma.
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into those obtained at initial diagnosis and those obtained
at exacerbation. This is because re-biopsy at exacerba-
tion is a common clinical practice for adenocarcinoma in
search of T790M mutation for which osimertinib is effec-
tive (Figure 2A). The results for samples obtained at ini-
tial diagnosis well concorded, indicating that cytological
samples are excellent material for mutation tests. On the
other hand, sample sets taken at exacerbation showed
discordant results. Here, PLDP detected T790M in more
samples: cobas detected T790M in a fraction of samples
in which PLDP detected T790M. The samples taken at
exacerbation may contain more fibrous tissue and harbor
more heterogeneous cell populations, making mutation
detection more difficult. We speculated that better sensi-
tivity of PLDP contributed to a higher detection rate. To
confirm the speculation, we performed two investigation.
First, we submitted DNA to a next-generation sequencer-
based system, MINtS.3? The rate of T790M detected was
cobas < MINtS = PLDP. Second, we retrospectively inves-
tigated the survival curve of the median time to treatment
failure (Figure 2B). Here, one plot is for five patients who
were administered osimertinib because cobas detected
T790M. PLDP detected all these five patients and four
more patients with T790M. Thus, the other plot is for a
total of nine patients who were administered according to
the results by PLDP. Although a statistical analysis may be
difficult because of a limited number of patients, patients
selected by PLDP seems to show a plausible response. We
concluded that, at least for T790M mutation, an excellent
performance of PLDP contributed to better detection.

3.5 | Results of cytological samples
and cfDNA

We compared the frequency of EGFR mutation detected
from cytological samples and cfDNA using 149 sample
sets. PLDP detected mutations in 80 cytological sam-
ples (Ex19del, 34; L858R, 30; and T790M, 16) and in 30
cfDNA (Ex19del, 14; L858R, 7; and T790M, 9) (Figures 2A
and 3). The frequencies were comparable with previous
studies.> * These indicate that cfDNA may provide false-
negative results in a significant proportion of the patients
even using highly sensitive methods like PLDP.

4 | DISCUSSION

Detection of oncogenic driver mutations from a small
sample is important in clinical practice. Nevertheless,
many of the mutation tests having introduced into clinical
medicine require a large tissue sample and often analyze
genes for which no drugs are currently available on the
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Samples taken at initial diagnosis

Samples taken at exacerbation

Cytological cample Tissue sam Cytological cample Tissue sample
(PLDP) (cobas, P-LPC) (PLDP) (cobas*)
Ex19del Ex19del L858R Ex19del Ex19del
L858R L858R
L858R
Ex19del
I +T790M c
L858R
+T790M Ex19del Ex19dé
+T790M +T790M
(B) —— PLIP
c 10 L A -——- cobas*
5
= 09 - Phase Il trial as
208l T T reported
c
o
° 07 N Under continuous treatment of osimertinib
é 06 0 Quit osimertinib due to other disease
§ os{ 7T A Quit osimertinib due to disease progression
Z 04| _
c (¥ e
2034 4 T T
§ o2 b === S
| REIIEE
DE_) 0.1 : _______ E
0 3 6 9 12 15 18 21 24 27 30 months
PLCP 9 9 6 5 4 4 2 1 1 1 1 n
(100.0) (100.0) (66.7) (55.5) (44.4) (44.4) (222) (11.1) (11.1) (1.1) (A1) (%)
cobas 5 5 3 1 1 1 1 1 1 0 0 n
(100.0) (100.0) (60.0) (20.0) (20.0) (20.0) (20.0) (20.0) (20.0) (0.0) (0.0) (%)
Phase lll trial 253 173 111 50 21 4 n
as reported  (100.0) (68.4) (49.3) (19.8) (8.3) (1.6) (%)

FIGURE 2 Clinical performance of peptide nucleic acid (PNA)-locked nucleic acid (LNA) dual-PCR (PLDP). (A) Mutations detected
using cytological samples by PLDP and tissue samples by cobas EGFR mutation test or PNA-LNA PCR clamp method (P-LPC). Sample

sets that had both cytological samples and tissue samples were investigated. A total of 43 mutations (Ex19del, 19; L858R, 22; and T790M,

2) were detected from cytological samples in combination with PLDP, and that of 41 mutations (Ex19del, 19; L858R, 22; and T790M, 0)
were detected from tissue samples in combination with cobas or P-LPC at initial diagnosis. In addition, a total of 37 mutations (Ex19del, 15;
L858R, 8; and T790M, 14) was detected from cytological samples in combination with PLDP, and that of 25 mutations (Ex19del, 12; L858R,
8; and T790M, 5) were detected from tissue samples in combination with cobas at exacerbation. (B) Time to treatment failure survival curve.
All samples positive for T790M by cobas were also positive by PLDP, thus PLDP detected additional patients to whom osimertinib was
effective. The result of a randomized phase III clinical trial is shown overlaid. *We found physicians only used cobas for samples taken at

exacerbation and thus no data were available for P-LPC

market. There is an apparent discrepancy between the
specification of these tests and the clinical needs. One of
the reasons we developed PLDP is to fill this gap.

Peptide nucleic acid-LNA dual-PCR (LOD: 0.0007-
0.007) exhibited a good performance in comparison with
cobas (LOD: 0.05, according to the instruction sheet) or
the P-LPC (LOD: 0.017-0.17). PLDP detected 10'-10*

copies of mutant sequences in 50 ng of human genomic
DNA (1.5 X 10" copies); this is the rate comparable to one
mutant cell to 1000 normal cells. The cancer cell con-
tent of cytologically cancer-positive samples is usually
>1%.4 Furthermore, 10-50 ng of DNA is readily avail-
able from cytological samples isolated by bronchoscopy.
This indicates that PLDP has specifications suitable
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FIGURE 3 Performance of peptide (A)
nucleic acid (PNA)-locked nucleic acid
under IlIA
(LNA) dual-PCR (PLDP) on cfDNA. (A)
The number of mutation-positive samples B + lIC

at initial diagnosis were shown by stage.
The detection of Ex19del from cfDNA/ IVA
cytological samples was 0/6 under IIIA, VB
0/0 in ITIIB+IIIC, 1/4 in IVA, and 8/9 in

IVB. The detection of L858R from cfDNA/

Ex19del

. 10 15 (n)
cytological samples was 0/13 under IIIA,
1/1 in IIB+IIIC, 2/5 in IVA, and 2/3 in
IVB. (B) The number. of mutatlon—p(.)smve under HIA I
samples at exacerbation. The detection of
Ex19del, L858R, and T790M from cfDNA/ Qco 1B + llIC
cytological samples was 5/15, 2/8, and 9
9/14 o IVA
VB
10 15 (n)
(B)
Ex19del |
L858R
T790M |
0 5 10 15 (n)

I:I Mutation detected from cytological sample by PLDP

] Mutation detected both from cytological sample and cfDNA by PLDP

for application to clinical settings where bronchoscopy
is highly engaged. Previous reports*™** have demon-
strated that the utility of cytological samples in com-
bination with P-LPC for mutation detection. However,
they lacked to investigate the LOD, and thus the utility of
P-LPC to more challenging materials including samples
with small number of cancer cells or cfDNA was hard to
speculate. In the current study, we clarified the perfor-
mance and the LOD of PLDP and both were excellent.
PLDP may serve as a good touch stone for evaluating
novel mutation tests.

The list of LNA-probe(s) used in this study detects
only a limited number of mutations. Nevertheless, it cov-
ers 75% of the occurrences of the drug-sensitive EGFR
mutations. Moreover, PNA clamp primer was designed
to preferentially amplify many of the other EGFR muta-
tions. As a result, 90% of the drug-sensitive EGFR mu-
tation occurrences are detected with a use of the direct
sequence step.**** The insurance system may require mu-
tation testing by approved companion diagnostics before
the use of corresponding drugs. Even in such cases, pre-
screening using PLDP provides valuable information, and

physicians will be prepared for the treatment before the
result of companion diagnostics is returned.

Secondary mutations that occur during the treatment
of molecular targeting drugs are a cause of drug resis-
tance. They are known to occur in a limited number of
sites. Nevertheless, their detection is often difficult be-
cause the tumor contains more amount of connective
tissue and the cells are more genetically heterogeneous
than at the initial treatment.***’ Accordingly, a highly
sensitive mutation test is required. PLDP is suited to
meet this need, as shown in the detection of T790M in
the current study.

One of the principal clinical questions is whether
cfDNA serves as an alternative of cytological or tissue
samples in mutation testing. We preliminary investigated
KRAS codons 12 and 13 mutations and found the detec-
tion rate was similar to that obtained for EGFR mutation
(Figure S3). The frequencies were comparable with the
studies that mainly investigated Stage IV patients®* or
that investigated patients with acquired EGFR-TKI re-
sistance.” The source of cfDNA is apoptotic or necrotic
cells and may be live cells.***’ The amount depends on
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the location, size, and vascularity of the tumor, thus it is
uncertain whether a patient provide sufficient amount of
cfDNA for mutation testing. We found that mutation is
sometimes not detected in cfDNA in Stage IV disease and
often not detected in Stages IIIA or earlier disease. Thus,
cfDNA may not be a good material for diagnosing muta-
tions in the patients with Stages IIIA or earlier disease.

In the current study, we developed a highly sensi-
tive mutation test called PLDP. The combination of
PLDP and cytological samples exhibited an excellent
performance and considered useful in the clinical set-
tings where cytological samples play an important role.
cfDNA from patients with stage IIIB or more disease
may partially serve as a material for testing mutation.
The current study warrants further investigation on the
utility of cytological samples in mutation testing, as
our ongoing study in which the utility of the cytology
samples is being investigated using a next-generation
sequencer (Clinical trial ID: UMIN000015665 and
UMINO000040415).
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