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Abstract. Epidermal growth factor receptor (EGFR) gene
mutation testing is essential for choosing appropriate treatment
options in patients with advanced non-small cell lung cancer
(NSCLC). However, a time delay occurs between histological
diagnosis and molecular diagnosis in clinical situations. To
minimize this delay, we developed a novel point-of-care test for
EGFR mutations, based on a high-speed real-time polymerase
chain reaction (PCR) system designated here as ultrarapid
PCR combined with highly accurate bronchoscopic sampling.
We investigated whether our system for detecting EGFR muta-
tions was valid by comparing test results with those obtained
using a commercialized EGFR mutation test. We obtained
small amounts of bronchial lavage fluids after transbronchial
biopsies (TBBs) were performed on enrolled patients (n=168)
who underwent endobronchial ultrasonography using a guide
sheath (EBUS-GS). EGFR mutation analysis was performed
by ultrarapid PCR immediately after EBUS-GS-TBBs were
obtained (on the same day). After pathological diagnoses of
NSCLC, EGFR mutation status in formalin-fixed, paraffin-
embedded samples was confirmed by the PCR-invader
method, and the concordance rates between the PCR methods
were compared. The total diagnostic yield of EBUS-GS-TBB
was 91.0%. The positive concordance rates for detecting 19del
and L858R with the ultrarapid PCR and PCR-invader methods
were both 100%. Negative concordance rates were 97.2 and
98.1%, respectively. We also demonstrated a dramatic effect
of early erlotinib administration, based on ultrarapid PCR
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results, for a 52-year-old woman suffering from respiratory
failure due to severe intrapulmonary metastases with poor
performance status. In conclusion, ultrarapid PCR combined
with EBUS-GS-TBB enabled rapid and reliable point-of-care
testing for EGFR mutations.

Introduction

Over the last decade, the discovery of epidermal growth factor
receptor (EGFR) gene mutations and the development of tyro-
sine kinase inhibitors (TKIs) have dramatically changed the
treatment strategies for patients with advanced non-small cell
lung cancer (NSCLC) (1-5). Therefore, EGFR mutation testing
is essential for optimal treatment selection for advanced
NSCLC patients. Several methods for detecting EGFR muta-
tions mainly in formalin-fixed, paraffin-embedded (FFPE)
samples have already been validated and applied in prac-
tice (6-11). However, these methods adopt relatively complex
polymerase chain reaction (PCR) technologies with pre-
designed fluorogenic probes, are packaged by manufacturers,
and are often available through outside reference laboratories
at relatively high rates. In Japan, the use of EGFR-TKIs for
chemo-naive patients has been limited to those with EGFR
mutations since 2011. Despite this regulation, the majority of
community and university hospitals still depend on outside
laboratories for EGFR mutation testing. Accordingly, there is a
time delay between histological diagnosis and molecular diag-
nosis in clinical situations. In general, obtaining PCR-based
EGIR test results from outside laboratories requires 7-14 days
after tumor sampling. In cases where immediate treatment
is critical, failure to provide appropriate molecular targeted
therapy due to delayed molecular diagnostic test results may
cause fatal outcomes. Therefore, a quicker, simpler, and less
expensive point-of-care EGFR mutation testing system is
needed.

In the field of infectious diseases, a more rapid real-time
PCR system for detecting pathogens has been developed
(12). Similarly, we have developed a new, simple, high-speed
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Figure 1. Flow diagram. One or more expert bronchoscopists determined whether to combine EBUS-GS with VBN, based on CT findings. For all 168 patients,
analysis of EGFR mutations was performed by ultrarapid PCR immediately after the EBUS-GS-TBB procedure. A total of 121 patients (72%) were diagnosed
with lung cancer by EBUS-GS-TBB. After a pathological diagnosis of NSCLC was made, EGFR mutation status was confirmed by the PCR-invader method.
Thirteen patients (8%) who had not been diagnosed with NSCLC by EBUS-GS-TBB were later diagnosed with NSCLC by re-examination or by another

sampling method.

real-time PCR system (referred to as ultrarapid PCR) for the
detection of the 2 most common EGFR mutations. This assay
involves a pair of mutation-specific primers used in combina-
tion with a newly developed PCR machine that is equipped
with a novel thermo-control mechanism that makes ultrarapid
PCR cycling possible.

In-frame deletion in exon 19 (E746-A750del) and the point
mutation replacing leucine with arginine at codon 858 of
exon 21 (L858R) represent >90% of oncogenic EGFR muta-
tions. Large clinical trials have been conducted to establish
the efficacy of EGFR-TKIs in targeting the resulting mutated
EGFR proteins (1-5). Therefore, we designed a deletion-
specific primer targeting the exon 19 E746-A750del mutation
and a point mutation-specific primer for the exon 21 L858R
mutation. PCR conditions were optimized for amplifying
templates harboring each mutation.

Endobronchial ultrasonography using a guide sheath
(EBUS-GS) combined with a virtual bronchoscopic navigation
system (VBN) is very useful approach for collecting samples
from peripheral pulmonary lesions (13-20). However, a major
disadvantage of EBUS-GS is the low sample volume that
can be obtained, leading to reduced sensitivity in molecular
testing. Therefore, we performed this validation study to deter-
mine whether ultrarapid PCR can detect EGFR mutations with
liquid bronchial lavage fluid (BLF) samples after EBUS-GS-
transbronchial biopsies (EBUS-GS-TBBs) were taken.

Materials and methods

Patients and samples. A total of consecutive 168 patients who
underwent EBUS-GS-TBB at the Tottori University Hospital

(Yonago, Japan) from November 2012 to December 2013 were
enrolled prospectively (Fig. 1). Eligible patients had undiag-
nosed pulmonary lesions suspected to be lung cancer on chest
computed tomography (CT) findings. Samples were prepared
by mixing BLFs obtained during EBUS-GS-TBB procedures
with saline solutions mixed with EBUS-GS-brush biopsy
samples after they were stamped on glass slides. DNA was
extracted from patient fluid samples using the QIAamp Blood
Mini kit (Qiagen, Tokyo, Japan) (Fig. 2).

Ethical approval was obtained from the Tottori University
Hospital and informed consent was obtained from all patients
involved prior to performing bronchoscopies.

VBN and EBUS-GS-TBB procedures. VBNs were performed
following approval from physicians and expert bronchosco-
pists, based on CT findings. CT scan data from multi-detector
chest CTs (64- or 128-row; slice width, 0.5 mm) were acquired
from all patients before EBUS-GS-TBB. Individual CT
data sets from VBN/EBUS-GS group were transferred to
a workstation on which VBN software (Bf-NAVI; Cybernet
Systems, Co., Ltd., Tokyo, Japan) automatically created VBN
images within 15 min. VBN images could be moved multi-
directionally on a monitor beside the video-bronchoscopic
monitor. All patients were anaesthetized with midazolam and
examined using a P260F video bronchoscope (4.0 mm outer
diameter; Olympus Corp., Tokyo, Japan). The bronchoscope
was introduced into the targeted bronchus with VBN support
or the guidance of 2 expert bronchoscopists based on CT
axial images. Peripheral target lesions were visualized using a
20 MHz radial-type EBUS probe (external diameter, 1.4 mm;
UM-820-17S; Olympus) with a GS (K-201; Olympus) through
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Figure 2. Examination flow chart. An EBUS probe with GS was led into the target lesion and adjusted with EBUS imaging. After removing the EBUS probe,
forceps and brush biopsies were performed. At the end of the examinations, bronchial lavages were performed with 20 ml of saline. DNA was extracted from

a mixture of bronchial lavage fluid and brush washings.

a working channel. Ultrasound images were processed in
an ultrasound scanner (EU-ME-1 or EU-ME2; Olympus).
Pathological samples were collected using forceps and brushes
through the GS. Biopsy samples were immediately fixed in
formalin. After biopsies were obtained, the target area was
washed with 20 ml of saline.

Mutation-specific PCR using an ultrarapid PCR machine.
EGFR exon 19 E746-A750 deletion type 1 (2235-2249del;
5'-GGAATTAAGAGAAGC-3") and exon 21 LB8358R
(2573T>G) were detected using a novel high-speed real-time
PCR machine, namely a Hyper-PCR UR104MK 1V (Trust
Medical Co., Ltd., Kasai, Japan), with allele-specific primers
and SpeedSTAR HS DNA Polymerase (Takara Bio, Inc.,
Shiga, Japan). The UR104MK IV PCR machine utilized a
novel temperature control technology. In this system, the PCR
mixture is enclosed in a small vessel on a thin, flexible plastic
disk and sealed with adhesive film, and the disk is rotated
rapidly onto 3 separated heat elements. Rapid PCR can be
accomplished by controlling the speed of rotation and the
temperature of the 3 heat elements. The UR104MK also has
the capacity for real-time monitoring of PCR reactions with a
fluorescent probe and post-PCR melt curve analysis. The
typical time for amplification and detection when using this
machine was <10 min.

Optimized reaction mixtures contained 1.6 ul of 10X Fast
buffer I (Takara), 1.3 pl of 2.5 mM dNTPs, 0.4 ul of each
allele-specific primer (10 M), 0.2 pl of SpeedSTAR HS DNA
Polymerase (5 U/ul; Takara), 1 pl of template DNA, 1.6 ul of
1:2,000 SYBR-Green, and 9.5 ul of ddH,O in a volume of 16 pi.

Furthermore, dimethylsulfoxide was added to obtain a final
concentration of 5%. PCR thermal cycling conditions were
as follows. To amplify E746-A750del type 1, we used 1 cycle
of 94°C for 1 min, followed by 35 cycles of 98°C for 1.3 sec,
55°C for 5 sec, and 72°C for 3 sec. To amplify DNA sequences
harboring the L858R point mutation, we used 1 cycle of 94°C
for 1 min, followed by 30 cycles of 98°C for 1.3 sec, 68°C for
8 sec and 68°C for 8 sec.

Sensitivity assay. To validate the sensitivity of the PCR system,
sensitivity assays were performed using DNA mixtures
extracted from the following cell lines: PC9 (2235-2249del),
H1975 (2573T>G) and N417 (wild-type). The PC9 cell line
was obtained from the RIKEN Cell Bank (Tsukuba, Japan).
The H1975 cell line was obtained from the American Type
Culture Collection (Rockville, MD, USA). The N417 cell line
was provided by Dr A.F. Gazdar and Dr H. Oie (National
Cancer Institute-Navy Medical Oncology Branch, Bethesda,
MD, USA). These cell lines were mixed in different ratios.
Specifically, the PC9 and N417 cell lines were mixed in ratios
of 1:0,0.5:0.5,0.1:0.9,0.01:0.99 and O:1, respectively, while the
H1975 and N417 were mixed in ratios of 1:0, 0.5:0.5, 0.1:0.9,
0.01:0.99 and 0:1, respectively. Analysis of EGFR mutations
was performed as described above.

Comparison of ultrarapid PCR with the PCR-invader method.
EGFR mutation analysis was performed with BLF samples
from all 168 patients, regardless of pathological diagnosis,
by ultrarapid PCR immediately after EBUS-GS-TBB. After
pathological diagnosis of NSCLC, the associated EGFR
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Figure 3. Sensitivity of ultrarapid PCR. (A) Amplification of the 19del allele by ultrarapid PCR was performed using cell samples containing 100, 50, 10,1, 0.1,
0.01 and 0% PC14 cells, mixed with N417 cells containing 2 copies of the wild-type EGFR gene. As few as 1% of tumor cells with the 19del mutation could be
detected. (B) Amplification of the L858R allele by ultrarapid PCR using cell samples containing 100, 50, 10, 1, 0.1, 0.01 and 0% H1975 cells, mixed with N417

cells. As few as 1% of tumor cells with L858R mutation could be detected.

mutation statuses in FFPE samples were evaluated by the
PCR-invader method (BML, Inc., Tokyo, Japan), which is used
in clinical practice at our hospital. To assess the performance
of ultrarapid PCR, we evaluated the concordance rates and
calculated kappa coefficients for both the ultrarapid PCR and
PCR-invader methods.

Statistical analysis. Average target lesion diameters and
diagnostic yields were calculated for the VBN/EBUS-GS
and EBUS-GS groups, respectively, and analyzed using the
Mann-Whitney U test and the Chi-squared test between these
2 groups. All P-values were 2-sided. A P-value of <0.05 indi-
cated statistical significance. Concordance rates and Cohen's
kappa coefficients were determined between the ultrarapid
PCR and PCR-invader methods. Cohen's kappa coefficient
was calculated as kappa = (Po-Pe)/(1-Pe), where Po is the
observed concordance rate and Pe is the expected probability
of chance agreement (21). A kappa of zero means that there is
no agreement beyond chance, and a kappa of 1.00 means that
there is perfect agreement. Values ranging from 0.81 to 1.00
indicate near perfect agreements (22). All data were statisti-
cally analyzed using IBM SPSS Statistics, ver. 22.

Results

Sensitivity. The E746-A750del mutation was detected in mixed
cell populations containing decreasing percentages (100-1%)
of the E746-A750del-positive cell line (PCY9) and increasing
percentages of the N417 cell line containing 2 copies of the
wild-type EGFR gene. Similarly, the L858R mutation was
detected in cell line mixtures containing 100-1% of an L858R
mutation-positive cell line (H1975) and N417 cells (Fig. 3).

Characteristics of patients and patient samples. VBN was
combined with EBUS-GS for 83 out of the 168 patients
enrolled in the present study. The median and average dia-
meters of the target lesions were 25 and 30.6 mm, respectively
(range, 8-150 mm). In the VBN/EBUS-GS group, the median
and average diameters of target lesions were 19 and 20.5 mm,
respectively (range, 8-54 mm). In the EBUS-GS group, the
median and average diameters of target lesions were 34.5
and 38.6 mm, respectively (range, 8-150 mm; Table I). As
shown in Fig. 1, lung cancer was diagnosed histologically
in 121 patients, but not in 47 patients, including 5 patients
with benign diseases and 6 patients with metastatic tumors.
Thirteen out of the 41 patients who were not diagnosed with
NSCLC using EBUS-GS-TBB specimens were later diagnosed
with NSCLC by re-examination or using another sampling
method. Twenty-three patients were provided follow-up with
imaging examinations at fixed intervals, and did not show
enlargement of peripheral small lesions after EBUS-GS-TBB.
After these 23 patients were excluded from the analysis, the
total diagnostic yield obtained with EBUS-GS-TBB samples
was 91.0% (132/145 cases). In the EBUS-GS-TBB group, the
diagnostic yield was 94.6% (70/74 cases), while the diagnostic
yield of the VBN/EBUS-GS-TBB was 87.3% (62/71 cases;
Table I). Although target lesion diameters were significantly
different (P<0.001; Mann-Whitney U test), diagnostic yields
were similar in the 2 groups (P=0.18; Chi-squared test).

The median age of the 121 lung cancer patients was 70
years (range, 37-97), and all of the patients were Japanese.
NSCLC specimens were classified histologically as adeno-
carcinoma in 89 patients (73.6%), squamous cell carcinoma
in 22 patients (18.2%), large-cell neuroendocrine carcinoma
(LCNEC) in 4 patients (3.3%), adenosquamous carcinoma in 2
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Table I. Comparison of target lesions diameters and diagnostic yields between VBN/EBUS-GS-TBB and EBUS-GS-TBB.
VBN/EBUS-GS-TBB (N=83) EBUS-GS-TBB (N=85) P-value
Diameter {mm)
Median 19.0 34.5
Average 20.5 38.6 <0.001°
Range 8-54 8-150
Diagnostic yield* 87.3% 94.6% 0.18°
(62/71 cases) (70/74 cases)

*The diagnostic yield of EBUS-GS-TBB was 91.0% (132/145). The diagnostic yield was calculated for all patients, except for 23 patients
that were provided follow-up with imaging examinations at fixed intervals and for whom enlargement of peripheral small lesions after
EBUS-GS-TBB was not observed. "Mann-Whitney U test; “Chi-squared test.

Table II. Patient characteristics.

Diagnosed with Not diagnosed
lung cancer by  with lung cancer by
EBUS-GS-TBB* EBUS-GS-TBB

Characteristics (N=121) (N=47)
Age (years)

Median 70 71

Range 37-97 65-87
Male gender, n (%) 75 (64.1) 29 (56.9)
Smoking status, n (%)

Current smoker 34 (28.1) 7(14.9)

Former smoker 48 (39.7) 22 (46.8)

Never smoker 39 (32.2) 18 (38.3)
Histologic type, n (%)

Adenocarcinoma 89 (73.6)

Squamous cell 22 (18.2)

carcinoma

Large cell carcinoma 2(1.7)

Small cell carcinoma 1(0.8)

Adenosquamous 2(1.7)

carcinoma

LCNEC 4(3.3)

Pleomorphic 1(0.8)
Stage, n (%)

1 60 (49.6)

11 13 (10.7)

11 15(12.4)

v 32 (26.4)

Not evaluated 1(0.8)

?A total of 121 patients were diagnosed bronchoscopically with lung
cancer. Out of 121 cancers, 89 (73.6%) were adenocarcinoma and 32
(26.4%) were stage IV.

patients (1.7%), large cell carcinoma in 2 patients (1.7%), small
cell carcinoma in 1 patient (0.8%), and pleomorphic carcinoma
in 1 patient (0.8%). The distribution of clinical stages at the

Table III. Comparison of ultrarapid PCR and PCR-invader test
results found when detecting the 2 most common EGFR muta-
tions in samples from 120 NSCLC patients.

PCR-invader

Ultrarapid PCR Mutation (+) Mutation (-) Total
19del

Mutation (+) 11 0 11

Mutation (-) 3 106 109
Total 14 106 120
L858R

Mutation (+) 15 0 15

Mutation (-) 2 103 105
Total 17 103 120

time of diagnosis was as follows: 60 patients (49.6%) had
stage I carcinoma, 13 patients (10.7%) had stage II, 15 patients
(12.4%) had stage III, and 32 patients (26.4%) had stage IV. In
1 patient, the clinical stage was not classified (Table II).

EGFR mutation detection by ultrarapid PCR. EGFR mutations
in BLF samples were detected by ultrarapid PCR in 26 adeno-
carcinoma patients among the 120 NSCLC patients tested
(21.7%), but were not detected in any of the 48 patients who
were not diagnosed bronchoscopically with NSCLC. Eleven
patients (42.3%) had an EGFR 19del mutation, and 15 patients
(57.7%) had an L858R EGFR point mutation (Table III).

Comparison of the ultrarapid PCR and PCR-invader detec-
tion methods. EGFR mutations in FFPE tissues were detected
in 36 adenocarcinoma patients among 120 NSCLC patients
(30.0%) by the PCR-invader method (Table III). Two of these
patients (5.6%) had an exon 18 G719A point mutation, 1 patient
(2.8%) had a G719C point mutation and an exon 20 S768I
point mutation, 1 patient (2.8%) had a G719S and a S768I
mutation, 1 patient (2.8%) had a G719C mutation and an exon
21 L858R mutation, 8 patients (22.2%) had an E746-A750del
type 1 mutation, 1 patient (2.8%) had an E746-A750del type 2
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Table IV. Concordance rates and Cohen's kappa coefficients
between the ultrarapid PCR and PCR-invader methods.

Concordance rate 19del (%) L858 (%)
Positive 100 100
Negative 97.2 98.1
Kappa coefficient® 0.87 093

2A range from 0.81 to 1.00 corresponds to near perfect agreement.

Figure 4. Dramatic effect of EGFR-TKI for a poor PS EGFR mutant. A chest
CT scan obtained before treatment (A) and at 2 weeks after the administration
of erlotinib (B) are shown. The diffuse granular shadow of the bilateral lung
field bad mostly disappeared after the initiation of therapy. Consequently, the
patient’s PS score improved from 3 to 1.

mutation, 6 patients (16.7%) had low-frequency mutations in
exon 19, and 16 patients (44.4%) had an L858R mutation.

As shown in Table IV, positive concordance rates of 19del
and L858R between ultrarapid PCR and PCR-invader were
both 100%, while negative concordance rates were 97.2 and
98.1%, respectively. The kappa coefficients for detecting the
19del and L858R mutations between ultrarapid PCR and
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PCR-invader were 0.87 and 0.93, respectively. The average
turnaround time for ultrarapid PCR was only 90 min, whereas
that for the PCR-invader method by an outside laboratory was
9 days.

Case report. A 52-year-old non-smoking female, without
previous illness, was admitted to our hospital because of a
dry cough and dyspnea at rest. Her performance status (PS)
was 3 on admission. Her chest CT scan showed numerous
bilateral diffuse granular lung shadows and a 20 mm-diameter
nodular shadow on the lower right lobe (Fig. 4A). Whole body
bone scintigraphy was performed later, revealing an abnormal
accumulation in the fifth lumbar vertebra. Suspecting that
she had advanced lung cancer, we immediately performed
an EBUS-GS-TBB against the primary lesion of the lower
right lobe. By 60 min after performing the EBUS-GS-TBB
procedure, we obtained a positive result for the E746-A750del
mutation by ultrarapid PCR. Because she had respiratory
failure and a poor PS on admission, she was not eligible for
cytotoxic chemotherapy. Therefore, it was deemed appropriate
toinitiate EGFR-TKItherapy as soon as possible. The following
day, we started EGFR-TKI therapy (erlotinib 150 mg orally
every 24 h), after obtaining a definitive pathological diagnosis
of adenocarcinoma by an immunohistochemical method. Two
weeks later, the diffuse and numerous granular shadows of
bilateral lung field had mostly disappeared (Fig. 4B). Moreover,
her respiratory failure and poor PS score were dramatically
improved before PCR-invader results were provided.

Discussion

Bronchoscopy has been used to diagnose abnormal lung
lesions for ~60 years. In recent years, the development of new
diagnostic tools, such as EBUS, GS and VBN, has substantially
improved diagnostic accuracy. Eberhardt et al (15) reported
that the combination of EBUS and VBN improved the diag-
nostic yield in peripheral lung lesions, and VBN/EBUS is
recommended for the diagnosis of lung peripheral lesions in
guidelines of the European Society for Medical Oncology
(23). Ishida er al (24) reported that the diagnostic yield of VBN
combined EBUS-GS with small peripheral lesions (diameter
<30 mm) was 80%. Similarly, we found high diagnostic yields
in the present study despite the fact that most target lesions
were small, especially in the VBN/EBUS-GS group. The
appropriate decisions made regarding whether VBN should be
used reinforced the diagnostic accuracy of EBUS-GS-TBBs
for small peripheral lesions. Moreover, we usually collect
at least 6 or more tissue samples. An advantage of EBUS-
GS-TBB is that it is easy to obtain multiple biopsies through
the fixed GS safely.

In this study, we validated ultrarapid PCR as a method
for detecting the 2 most common EGFR mutations in liquid
samples obtained by the EBUS-GS-TBB method. In many
cases, even though these samples contain a very small amount
of tumor cells, our method can detect the major EGFR
mutations. Previous studies have shown similar results by
molecular analysis of liquid samples collected by bronchos-
copy. Yamaguchi ef al (25) concluded that the analysis of
EGFR, KRAS and TP53 mutations using curette lavage fluids
obtained by bronchoscopy was possible. Furthermore, some
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reports have described the molecular analysis of lymph node
samples obtained by EBUS guided trans-bronchial needle
aspiration (26-28) or trans-esophageal ultrasound scanning
with fine needle aspiration (29,30). Likewise, Buttitta ef a/ (31)
reported that EGIR mutation analysis of bronchoalveolar
lavage by next-generation sequencing was possible even in
cases where conventional methods failed. Importantly, the
accuracy of our method was remarkably high, although the
BLF samples contained a small amount of tumor cells.

The greatest advantage of the ultrarapid PCR method is
its speed. To the best of our knowledge, ultrarapid PCR is the
fastest PCR system for detecting EGFR mutations at present.
Ultrarapid PCR is completed within 10 min, while other
methods take a few hours to detect mutations. This advantage
can potentially have positive effects on treatment outcomes
in cases requiring urgent treatment by early EGFR-TKI
administration. Generally, the administration of cytotoxic
agents for patients with poor PS is not recommended (32).
However, some reports indicate that the use of EGFR-TKIs in
patients with poor PS is effective and feasible because of their
relatively mild toxicities (33). It is necessary to be careful in
selecting therapeutic measures because TKIs are associated
with an increased risk for developing interstitial pneumonitis
in patients with poor PS scores (34). In addition, it will also be
important to explore therapeutic opportunities for improving
prognoses.

Most EGFR mutations are located in exon 18, 19, 20 and
21, with ~90% of these mutations occurring in exons 19 and
21 (35). In previous phase III trials with EGFR-TKIs, patients
with hotspot mutations (exon 19 deletions or exon 21 L858R)
were mostly recruited. The response rate of patients with these
hotspot mutations was ~80% (2,5). In contrast, the response
rate of patients with minor mutations, such as exon 18 point
mutation G719X and exon 21 point mutation L861Q, was only
20% (36). Moreover, EGFR-TKIs had no proven survival
benefit in patients with minor mutations (36). Therefore, we
limited our search to these hotspot mutations in this study.

As demonstrated in our case report, ultrarapid PCR can
deliver quick results in practical clinical situations. Patients
with hotspot mutations in need of immediate care should
receive EGFR-TKI treatment as soon as possible. Failures
in providing appropriate molecular therapy due to molecular
diagnosis delays should be avoided.

Despite the promising results obtained using ultrarapid
PCR for detecting major EGFR mutations, a limitation of this
method is that it can only detect known mutations. Detecting
minor EGFR mutations in exon 18 and the T790M point muta-
tion associated with drug resistance (exon 20) will require
the development of additional probes. This current limitation
reduces patients' opportunities for rapid qualification for the
third-generation EGFR-TKIs therapy, such as AZD9291 (37)
by ultrarapid PCR alone. However, this problem may be solved
by the development of additional primer sets for minor muta-
tions in the near future.

In conclusion, it was demonstrated that ultrarapid PCR
is an extremely quick and precise method for examining
clinical liquid samples with a background of normal cells. The
combination of ultrarapid PCR and EBUS-GS-TBB methods
may enable point-of-care testing for NSCLC patient samples
harboring EGFR mutations.
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A new rapid method for detecting epidermal growth factor
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Abstract. Mutations in the epidermal growth factor receptor
(EGFR) gene are associated with a favorable clinical response
to the EGFR tyrosine kinase inhibitors gefitinib and erlotinib
in non-small cell lung cancer (NSCLC). We present here, a
new method for the rapid detection of the two most common
EGFR mutations (delE746-A750 and LL858R) from clinical
samples. The methodology involves the combination of newly
designed mutation-specific primers and a novel real-time PCR
machine with an innovative thermo-control mechanism that
enables ultrarapid PCR. We evaluated this method using a
cell mixture composed of various ratios of lung cancer cells
harboring mutated or wild-type EGFR, lung cancer tissues
obtained by surgery, and a cytology sample obtained by
bronchoscopy from a lung cancer patient. In the cell mixture
analysis, our method detected 0.1% of cells with delE746-
AT750 and 1% of cells with L858R among cells with wild-type
EGFR. In 143 lung cancer tissues, the result of this assay was
concordant with those of direct sequencing in 138 samples.
The five samples with discordant results were tested using a
PCR-Invader assay and the result matched those of our method
at 100%. We also successfully detected EGFR mutations in the
lavage obtained from a lung cancer patient. The turnaround
time for this method was <10 min, and all steps could be
accomplished in <50 min after sample collection. Thus, our
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novel PCR method offers a rapid, simple, and less expensive
test for EGFR mutations and can be applied as a point-of-care
diagnostic test.

Introduction

Lung cancer is the leading cause of death from cancer glob-
ally (1). Non-small cell lung cancer (NSCLC) accounts for
more than 80% of all lung cancer cases. Few NSCLC patients
are diagnosed at an early stage and patients with advanced
disease are treated with platinum-based combination chemo-
therapy; however, the objective response rate is very low (2).
Resent advances in understanding the molecular basis of
lung cancer has led to practical implementation of epidermal
growth factor receptor (EGFR)-targeted treatment. The EGFR
tyrosine kinase inhibitor (TKI) gefitinib was approved for the
treatment of NSCLC in Japan in January 2002, and activating
somatic mutations in EGFR, conferring sensitivity to EGFR
TKIs were discovered in 2004 (3). Since then, EGFR TKIs,
such as gefitinib and the equally effective erlotinib, have
become the first-line treatment option for NSCLC patients in
which the tumor harbors activating EGFR mutations, based on
the results of a number of phase III trials (4-9). Therefore, in
modern clinical settings, EGFR mutation testing has become
essential for offering the most suitable therapy for a patient
with advanced NSCLC.

The historical standard for EGFR mutation testing has
been direct sequencing of DNA extracted from samples of
resected tumor or from biopsies. This method is advanta-
geous as it can be applied to discover ‘new’ mutations; to date,
nearly 30 mutations in exons 18-21 have been detected in lung
cancer specimens (3,10-14). However, direct sequencing has
several limitations. The method requires complex steps and a
few days to obtain a result. More importantly, the sensitivity
of this method is low; mutant DNA must comprise ~20% of
all the DNA in a sample in order to be reliably detected (15).
Therefore, when the diagnosis is based on cytology samples
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that contain a very low percentage of tumor cells, direct
sequencing is not applicable.

More recently, based on findings that the most common
EGFR mutations are a 15-bp in-frame deletion in exon 19
(delE746-A750) and a point mutation in exon 21 (L858R),
which together account for ~90% of cases with EGFR muta-
tions (16), more focused and mutation-specific approaches have
been developed. These methods, PCR-Invader (17,18), peptide
nucleic acid-locked nucleic acid (PNA-LNA) PCR clamp (19),
cycleave PCR (20), and Scorpion Amplification Refractory
Mutation System (ARMS) (21) are PCR-based methods that
can detect known EGFR mutations with higher sensitivity and
a shorter turnaround time than direct sequencing. Therefore,
these methods are now frequently used in modern clinical
laboratory practice.

However, these methods still have several limitations.
These methods adopt relatively complex PCR technologies
with pre-designed fluorogenic probes, are packaged by manu-
facturers, and are often available through outside reference
laboratories at relatively expensive rates. The turnaround time
for receiving results is 3-5 days, which can sometimes create
a bottleneck for immediately starting TKI therapy in patients.
Moreover, the cost of the testing renders repeated examination
impossible; yet, this may sometimes be required for patients in
whom the disease recurs after prior TKI therapy. Therefore,
more rapid and less expensive EGFR mutation testing is
required.

Here, we developed a new, simple, PCR-based method
for the detection of the two most common EGFR mutations.
This assay involves a pair of mutation-specific primers used
in combination with a newly developed PCR machine that is
equipped with a novel thermo-control mechanism that makes
ultrarapid PCR cycling possible. In the present study, we
evaluated this approach for EGFR mutation detection in tumor
tissue gathered during resection and showed the feasibility of
using this approach in a cytology sample collected by bron-
choscopic examination.

Materials and methods

Cell lines and DNA samples. All lung cancer cell lines used
in the present study originated from adenocarcinoma. The
11-18 cell line was obtained from the Cell Resource Center
for Biomedical Research (Tohoku University, Sendai, Japan).
The Mal cell line was provided by Dr Hirashima (Osaka
Prefectural Habikino Hospital, Osaka, Japan). The A549 cell
line was purchased from the American Type Culture Collection
(Rockville, MD, USA). The EGFR mutation status of these
cell lines was examined in our previous study (22). Cells were
maintained in DMEM (Wako, Osaka, Japan) supplemented
with 10% fetal bovine serum (Life Technologies, Carlsbad,
CA,USA), 50 U/ml penicillin, and 50 U/ml streptomycin (both
from Wako). Genomic DNA was prepared using a Wizard®
Genomic DNA Purification kit (A1120; Promega, Madison,
WI, USA) according to the manufacturer's instructions.

Clinical samples. Ethical approval was obtained from the
Tottori University Hospital and fully informed written consent
was obtained from all patients involved prior to the surgery or
tissue collection.
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Tumor tissues were obtained from surgical specimens
of resected tumors, from 143 lung cancer patients treated at
Tottori University Hospital; these samples were embedded in
Tissue-Tek OCT Compound (Sakura Finetechnical, Tokyo,
Japan), and were immediately frozen at -80°C. Macrodissection
of the OCT-embedded tissue samples was performed to
enrich the final proportion of the tumor DNA, and DNA was
extracted using the Wizard® Genomic DNA Purification kit.
For samples with discordant results between direct sequencing
and mutation-specific PCR, a PCR-Invader method was
performed by BML, Inc. (Tokyo, Japan) as a reference test.

Direct sequence analysis. For direct sequence analysis exon 19
and 21 of EGFR, the following PCR primers were used: EGFR
exon 19F, 5-GCAATATCAGCCTTAGGTGCGGCTC-3' and
EGFR exon 19R, 5-CATAGAAAGTGAACATTTAGGAT
GTG-3'; and EGFR exon 21F, 5-“CTAACGTTCGCCAGCC
ATAAGTCC-3' and EGFR exon 21R, 5-GCTGCGAGCTCA
CCCAGAATGTCTGG-3'. The PCR conditions were as
follows: 1 cycle at 94°C for 9 min, followed by 40 cycles each
consisting of 94°C for 1 min, 57°C for 1 min, and 72°C for
2 min, and a final cycle at 72°C for 5 min. The PCR products
were purified with a MultiScreen-PCR filter plate (Millipore,
Tokyo, Japan) and then sequenced using a BigDye Terminator
v3.1 cycle sequencing kit and an ABI PRISM 3130xI genetic
analyzer (Applied Biosystems, Foster City, CA, USA).

Design of mutation-specific PCR primer sets. We designed a
deletion-specific primer for the delE746-A750 mutation within
exon 19 and a point mutation-specific primer for the L858R
mutation within exon 21 of EGFR. Sequences of the primer
sets were as follows: PCR forward primer for delE746-A750,
5-CACAATTGCCAGTTAACGTCTTC-3' (19DF) and PCR
reverse primer for delE746-A750, S-TGTTGGCTTTCGGAG
ATGTTTTG-3' (19DR3); PCR forward primer for L858R,
S TCCCATGATGATCTGTCCCT-3' 21F2f) and PCR reverse
primer for L858R, 5'-CACCCAGCAGTTTGGTCC-3'
(21ARMS3).

Mutation-specific PCR using a conventional thermal
cycler. For conventional PCR amplification using the muta-
tion-specific primer sets, PCR conditions were as follows: the
reaction mixtures contained 2 yl of 10X PCR buffer, 0.5 ul
of dNTPs, 1 pl of each allelic-specific primer (10 xM), 0.2 ul
of AmpliTaq® Gold DNA polymerase (Applied Biosystems),
I ul of template DNA, and 14.3 pl of ddH,0 in a total volume
of 20 pl. Thermal cycling conditions on a PCR Thermal
Cycler Dice (Takara, Shiga, Japan) were as follows for the
delE746-A750 mutation: 1 cycle at 94°C for 9 min, followed by
35 cycles each consisting of 94°C for 1 min, 59°C for 1 min, and
72°C for 2 min, and a final cycle at 72°C for 5 min. Similarly,
for the L.858R mutation, conditions involved 1 cycle at 94°C for
9 min, followed by 35 cycles at 94°C for 1 min, 64°C for I min,
and 72°C for 2 min, and a final cycle at 72°C for 5 min. The
PCR products were then electrophoresed on agarose gels and
stained with ethidium bromide.

Mutation-specific PCR using an ultrarapid PCR machine. For
ultrarapid PCR-based EGFR mutation detection, we utilized a
newly developed high-speed real-time PCR machine, termed
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the ‘Hyper-PCR’> UR104MK IIT (Trust Medical, Hyogo,
Japan), which was jointly developed by ourselves and Trust
Medical (23). The UR104MK III employs a novel tempera-
ture control technology. In this system, the PCR mixture is
enclosed in a small vessel on a thin, flexible plastic disk and
sealed with adhesive film, and the disk is rotated rapidly onto
three separated heat elements. By controlling the speed of
rotation and the temperature of the three heat elements, rapid
PCR can be accomplished. Real-time monitoring of the fluo-
rescent dsDNA dye produced during PCR progression, and the
ability to perform melting curve analysis of the PCR product
are also incorporated into this machine (Fig. 1). The typical
time for amplification and detection when using this apparatus
is <10 min.

The optimized reaction mixtures for use with this machine
contained 1.6 y1 of 10X Fast Buffer I, 1.3 ¢l of 2 2.5 mM dNTP
mixture, 0.4 ul of each allele-specific primer (10 yM), 0.2 pul
of SpeedSTAR HS DNA Polymerase (5 U/ul) (Takara), 1 pul
of template DNA, 1.6 ul of 1:2,000 SYBR®-Green I nucleic
acid gel stain (Cambrex Biosciences, Rockland, ME, USA),
and 9.5 ul of ddH,O in a total volume of 16 pl. Furthermore,
dimethyl sulfoxide (DMSO) Hybri-Max™ (Sigma, St. Louis,
MO, USA) was added to a final concentration of 5%. Thermal
cycling conditions for ultrarapid PCR were as follows for the
delE746-A750 mutation: 1 cycle at 94°C for 1 min, followed
by 35 cycles each including 98°C for 1.30 sec, 55°C for
5.00 sec, and 72°C for 3.00 sec. Similarly, for the L858R muta-
tion, conditions entailed 1 cycle at 94°C for 1 min, followed
by 30 cycles each consisting of 98°C for 1.30 sec, 68°C for
8.00 sec, and a further 68°C for 8.00 sec. Total PCR cycling
time for the delE746-A750 and the L.858R mutation detection
was within 6 and 9 min, respectively. Following PCR cycling,
melting curve analysis was performed within 4 min.

For interpretation of the ultrarapid PCR results, criteria
used in other studies of qualitative real-time PCR analysis
were applied (24). In brief, to be considered as a positive result,
a fluorescence signal generated during ultrarapid PCR should
display an exponential amplification above the threshold level
and the obvious crossing point (Cp) (25), with a single peak
upon melting curve analysis, giving a unique melting tempera-
ture (Tm) value. A signal was considered as negative when no
Cp value was obtained within the amplification cycles.

Results

Establishment of EGFR mutation-specific ultrarapid PCR.
We first established a specific PCR to detect mutations within
exons 19 and 21 of EGFR, which are representative mutations
underlying the responsiveness of NSCLC to EGFR inhibi-
tors (3). The genomic sequence of EGFR was retrieved from
the NCBI database (NM_005228). For the in-frame deletion
within exon 19, which removes nucleotides 2235-2249, causing
a deletion of amino acids 746 through 750 (delE746-A750),
we designed a deletion-specific primer, 19DR3 (Fig. 2A). This
primer was designed to anneal only to the genomic sequence
harboring the nucleotide 2235-2249 deletion, by connecting
the flanking sequences on either side of the deletion. By
shortening the 3'-end of the primer that corresponded to the
upstream genomic sequence, we could improve the specificity
of the primer.

ONCOLOGY REPORTS 33: 1040-1048, 2015
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Figure 1. Architecture of the ultrarapid real-time PCR, UR104MK III.
(A) External appearance of the machine. (B) A PCR reaction mixture is
pipetted onto a flat well in a plastic disk, and sealed with thin film. (C) By
high-speed rotation of the disk onto 3 independently controlled thermo-
elements, ultrarapid PCR can be accomplished in <10 min. Fluorescence
occurring with the production of PCR products is automatically monitored
during each cycle, and immediately after ultrarapid PCR, melting curve
analysis can be performed to verify product purity.

For the exon 21 amino acid substitution, in which G is
substituted for T at nucleotide 2573, causing an amino acid
substitution of L to R (L858R), a point mutation-specific primer,
21ARMS3, was designed (Fig. 2B). Here, we employed the
ARMS technique, and designed the primers to be refractory to
PCR amplification of non-matching target sequences (26,27),
by also including an additional mismatch in the candidate
point mutation-specific primers (ARMS1-10) at positions -2
or -3 from the 3'-end of the primers (data not shown). Among
these candidate primers, we chose the primer (ARMS3) that
allowed discrimination without decreasing the sensitivity and
specificity of amplification in a series of experiments in which
these candidate primers were tested under the same tempera-
ture and time conditions in ultrarapid PCR.

The forward primers for each mutation-specific primer were
designed to match the stable area of each EGFR (19F and 21F).
The concentration of the PCR primers and magnesium, the
annealing temperature and other cycling parameters, and the
type of DNA polymerase used were determined by explora-
tion, and the conditions described here are the final optimized
conditions.
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A
Deletion spectfic primerT9DR3I Tor dell 746-A730 in exen 19
Wild npe:  5-ttecegtegtegetatcaaGGAATTAAGAGAAGC aacatctccgaaagccaacaaggaas-3'
. ‘—‘*“"//
Mutant: 5'-ttecogtegetatcaaaacatelccgaaagecaacaaggaaa- 3
IODRR: 3'-fgttttgtagaggctitcggttgtt_S‘
B
Point mutation spec:fic primer 2TARMNS S tor LNSSR v enon 2
Wid . 5'-attttgggclggcecaaactgetgggtgeggaagagaaag-3'
\Mutant: 5-attttgggcGggecaaactgcetyggtgeggasgagaaag-3'
ARMINGE; 5'-Cclggtttgacgacccac-5'

Figure 2. Mutation-specific primers. (A) The reverse primer specific for delE746-A750 in exon 19 (19DR3) was designed to anneal only to the genome
containing a deletion of nucleotides 2235-2249, by connecting the regions flanking the deleted sequence. (B) The reverse primer specific for L858R in exon 21
(ARMS3) was designed to be homologous to nucleotides 2573-2590 of the mutant allele. An additional mismatch (C to T substitution) at the -2 position from
the 3'-end of the primer was introduced to improve discriminatory ability. The forward primer for each mutation was designed to be homologous to the stable

area of each exon.

Specificity of the mutation-specific primers. To evaluate the
specificity of the mutation-specific primers, ultrarapid PCR
using the mutation-specific primers was performed on lung
cancer cell lines, and the concordance of these results with
those of conventional PCR was evaluated. EGFR genotyping
of the lung cancer cell lines Mal, 11-18 and A549 had been
performed by sequence analysis in our previous study, and
were revealed as delE746-A750, L858R and wild-type,
respectively (22). As shown in Fig. 3A, using primer sets,
19DF and 19DR3, a significant increase in fluorescence
intensity was observed upon ultrarapid PCR only in Mal
cells that harbor delE746-A750, and melting curve analysis
revealed a clear peak at the expected Tm (81.3°C). The PCR
product was visualized by agarose gel electrophoresis and
the expected product of 113 bp was detected. To validate the
data, conventional PCR was performed using the same primer
sets, and a product of the same size was detected only in Mal
cells (Fig. 3B).

A similar experiment was performed using the L858R
point mutation-specific primers (21F2f and 21ARMS3) in
ultrarapid PCR. As shown in Fig. 3C, a significant increase
in fluorescence intensity and a clear melting curve peak at the
expected Tm (87.1°C) was observed only in 11-18 cells that
harbor the exon 21 L858R point mutation, and the size of the
amplicon was confirmed as 166 bp by agarose gel electro-
phoresis. The same result was obtained by conventional PCR
using this primer set (Fig. 3D). These data revealed that the
combination of mutation-specific primers and ultrarapid PCR
yielded satisfactory discrimination of the mutant alleles.

Sensitivity of mutation-specific PCR. To evaluate the sensi-
tivity of the assay, a serial dilution of lung cancer cell lines
carrying EGFR mutations (Mal or 11-18) into wild-type
cell lines (A549) was analyzed by ultrarapid PCR using the
mutation-specific primers. Using the delE746-A750 primers
in ultrarapid PCR, a mixture containing 0.1% Mal cells could
be detected as positive from the amplification curve and

melting curve analysis, and this result was confirmed by gel
electrophoresis (Fig. 4A). The same result was also obtained
by conventional PCR (Fig. 4B). Using the L858R primer sets, a
cell mixture containing 1% 11-18 cells was detected as positive
by ultrarapid PCR, and the result was confirmed by gel elec-
trophoresis of the PCR product (Fig. 4C). The same detection
limit was also observed with this primer set with conventional
PCR (Fig. 4D). These data revealed that ultrarapid PCR
combined with delE746-A750 and L.858R mutation-specific
primers allowed detection of 0.1 or 1% mutation-carrying lung
cancer cells among wild-type cells, respectively.

Clinical sample testing. We evaluated the concordance
of the results obtained by direct sequencing and using
mutation-specific primers in ultrarapid PCR or conventional
PCR in 143 lung cancer tumors. Overall, the results of 138
of 143 samples were concordant among direct sequencing,
ultrarapid and conventional PCR (Fig. 5). The remaining five
samples that demonstrated inconsistent results are shown in
Table I. In these samples, direct sequencing could not detect
any mutations, whereas the results with ultrarapid PCR and
conventional PCR were concordant: two delE746-A750 and
three L858R mutations were identified. To evaluate these
discrepant samples, we used PCR-Invader analysis, which
confirmed the PCR-based results. Therefore, we concluded that
the indicated mutations were indeed present in these samples,
yet could not be detected by direct sequencing, possibly due
to the lower sensitivity of detection of direct sequencing
methodology.

When compared with the concluded EGFR mutation
status, the sensitivity and specificity of direct sequencing was
84.8 and 100% respectively, whereas those of ultrarapid PCR
were 100 and 100%, respectively (Table II). These data revealed
that ultrarapid PCR has superior sensitivity and specificity in
clinical samples to direct sequencing, and parallels that of the
PCR-Invader method, which is one of the commonly used
PCR-based methodologies in current clinical practice.



1044 ONCOLOGY REPORTS 33: 1040-1048, 2015

A Ultrarapid PCR
Amplification curve
600 . B
500
¥ Mat
400 \

e
300 /

11-18

200 A549

,/ Dbw

Fluorescence intensity

100
0 . . -
0 310 15 20 28 30 35 40
Cyeles
Melting peak analysis
120

~(dy/dx)

=20
60.0 65.0 700 750 B0.0 850 90.0 950 1000
Temp (°C)

Conventional PCR

S

>
-

C Ultrarapid PCR
Amplification curve
700
I1-1

600 §
g s00 1
2
= 400 /
/
/
5 / Dbw

o s i 15 2w

T
il
ad
[~
Lod
=4

Cycles
Melting peak analysis

120
100
80
60
40

~(dy/dx)

20h —

0)

=20 .
60.0 650 70.0 750 80.0 850 90.0 95.0 100.0

Temp (°C)

Figure 3. Specificity of the mutation-specific primers for the two most frequent EGFR mutations. (A) The delE746-A750-specific primers were tested on Mal
cells harboring delE746-A750, 11-18 cells harboring L858R, A549 cells with the wild-type EGFR, and a negative control [double-distilled water, (DDW)] using
ultrarapid PCR. The amplification and melting curve, and electrophoresed amplified product is shown. MW, 100 bp-DNA ladder. (B) The experiment was also
performed using conventional PCR, and the results of electrophoresis of the corresponding products are shown. (C) The L858R-specific primers were tested
on each cells and negative control using ultrarapid PCR. (D) The L858R-specific primers were tested on the same samples using conventional PCR, and the
results of electrophoresis of the products are shown. EGFR, epidermal growth factor receptor.

Ultrarapid detection of EGFR mutation in a patient with
adenocarcinoma. A 39-year-old woman with no history of
smoking was referred to our hospital due to the presence
of an abnormal shadow in her left upper lung field that was

noticed during her regular medical checkup (Fig. 6A, upper
panel). A computed tomography (CT) scan of the chest of
this patient revealed a spiculated nodular shadow with a
35-mm diameter in the superior division of the left upper
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Figure 4. Sensitivity of mutation-specific ultrarapid PCR. (A) Ultrarapid PCR amplification of the delE746-A750 allele from a mixture of cell samples
containing 100, 10, 1,0.1,0.01 and 0% of Mal cells harboring the mutation. As few as 0.1% of tumor cells with the delE746-A750 mutation could be detected.
DDW, double-distilled water. (B) Conventional PCR amplification of the same samples as in A. Electrophoresis of the products showed the same detection
limit as ultrarapid PCR. (C) Ultrarapid PCR amplification of the L858R allele from a mixture of cell samples containing 100, 10, 1, 0.1, 0.01 and 0% of
11-18 cells harboring the mutation. As few as 1% of tumor cells with the L858R mutation could be detected. (D) Conventional PCR amplification of the same
samples as in C; electrophoresed products are shown. The same detection limit as with ultrarapid PCR was observed.

lobe (Fig. 6A, lower panel). F-2-deoxy-2-fluoro-D-glucose  lesions with high uptake in her liver and vertebrae. Based on
(FDG)-positron emission tomography revealed multiple the suspicion of adenocarcinoma with multiple metastases, we
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Table 1. Samples showing discordant results between sequencing and PCR detection methods.

Case Direct sequence Conventional PCR Ultrarapid PCR PCR-Invader method
i Wild-type DelE746-A750 DelE746-A750 DelE746-A750

2 Wild-type DelE746-A750 DelE746-A750 DelE746-A750

3 Wild-type L858R L858R L858R

4 Wild-type L858R L858R L858R

5 Wild-type L858R L858R L858R

Table II. Sensitivity and specificity of direct sequencing and
mutation-specific ultrarapid PCR.

Direct sequence Ultrarapid PCR
Sensitivity 84 8% 100%
(28/33) (33/33)
Specificity 100% 100%
(110/110) (110/110)
fung cancer
143 cimes
DNA extraction
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Figure 5. Detection of two major EGFR mutations in lung cancer samples.
Tumor samples obtained during resection were tested for the presence of
two major EGFR mutations using mutation-specific primers in ultrarapid
PCR or conventional PCR. Direct sequencing was used as comparison, and
PCR-Invader was used as a reflex test for samples with discordant results.
EGFR, epidermal growth factor receptor.

preformed flexible bronchoscopic examination with washing,
brushing and forceps biopsy. In addition to the cytological and
histological examination of the lavage and biopsy specimens,
we applied ultrarapid PCR analysis to the lavage sample. The
lavage was centrifuged and DNA was extracted within 40 min
after sample collection. Ultrarapid PCR analysis subsequently
revealed the presence of the delE746-A750 EGFR mutation
in her lavage sample, within 6 min (Fig. 6B). After waiting
for confirmation of positive results by cytology and histology,
which were obtained 3-4 days after bronchoscopic examination,
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B Amplification curve
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Figure 6. Mutation detection on a cytology sample obtained from a lung
cancer patient by bronchoscopic examination. (A) Chest X-ray and computed
tomography scan of the chest of a patient referred to our hospital on suspi-
cion of lung cancer. (B) Results of mutation-specific ultrarapid PCR on a
lavage sample collected by bronchoscopic examination. The presence of the
delE746-A750 mutation was detected by ultrarapid PCR in <50 min after
bronchoscopic examination.

the patient was diagnosed as having adenocarcinoma with an
EGFR mutation (cT2aNOM1b, stage IV). She commenced
treatment with 150 mg erlotinib/day immediately, and her lung
CT scan at 6 weeks after the initiation of treatment revealed a
marked improvement.



TAKATA et al: ULTRARAPID PCR TO DETECT EGFR MUTATIONS IN LUNG CANCER

Discussion

In the present study, we newly developed an ultrarapid PCR
approach for detecting EGFR mutations. This method showed
excellent specificity and sensitivity for clinical samples, which
is superior to direct sequencing and is comparable to other
PCR-based methodologies that are frequently used in modern
laboratory practice. In addition, to our knowledge, this method
has superior rapidity among the methodologies reported for
EGFR mutation detection. Therefore, introduction of this
technology to clinical practice may open new opportunities
for diagnosis and therapy of lung cancer patients.

In the present study, we used direct sequencing as a
method against which to compare our newly developed ultra-
rapid mutation-specific PCR, since it is the historical standard
and many studies reporting novel methodology have used it
for comparison (28). However, even when using macrodis-
section to enrich tumor DNA in a sample, the sensitivity of
direct sequencing was 84.8%, whereas that of ultrarapid PCR
was 100%. In addition, it is noteworthy that the mutation
analysis results of the five sequencing-discordant samples
were consistent between ultrarapid PCR and PCR-Invader,
one of the current laboratory-standard PCR-based assays.
In a recent study, these frequently used PCR-based assays,
i.e., PCR-Invader, PNA-LNA PCR clamp, Scorpion ARMS
and cycleave PCR, could detect mutations in at least 1% of
mutant/wild-type allele-admixture samples, and showed equal
sensitivity and specificity in clinical specimens (tissue and
cytology samples) (29). Based on the detection limit in the
admixture analysis and the results of surgical resected tissues
in our study, the ultrarapid PCR we present here appears
to be comparable to current sensitive laboratory-standard
PCR-based methodologies for detecting EGFR mutations.

Moreover, compared to the other current PCR-based
methods, ultrarapid PCR has several advantages. The first
significant advantage is the rapid turnaround time for ampli-
fication and detection (<10 min in the experiments reported
here). This machine employed a novel thermo-control mecha-
nism, with a thermal ramp rate of up to 20°C/sec; this is the
shortest ramp rate among the published ramp rate for thermal
cyclers (30). By combining this machine with our newly
designed mutation-specific primers, choosing an adequate
polymerase, optimizing the composition of the reaction
mixture, and adjusting the thermal conditions, we have here
developed the fastest real-time detection system for EGFR
mutation screening to date.

The second advantage of our approach is its simplicity and
cost-effectiveness. We used the double-strand DNA-binding
dye, SYBR-Green I, for real-time detection of the PCR product,
whereas other systems use fluorogenic probes. Since EGFR
mutation detection is a fundamentally qualitative detection,
we believe the simplicity, flexibility, and cost-effectiveness
of detection using SYBR-Green I may be sufficient for the
purpose. Besides their relative expense, the use of fluorogenic
probes complicates modification and optimization of real-time
PCR, and primers/probes need to be designed according to
specific rules, due to the simultaneous annealing of the primers
and probes in real-time PCR (31).

Our system was designed to detect the two major EGFR
mutations for which the majority of clinical evidence supports
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the use of EGFR TKIs; it is not able to detect all EGFR muta-
tions, similar to other PCR-based systems. However, clinical
data supporting the use of EGFR TKIs for less common muta-
tions are emerging, and adaptation of the detection system to
these more rare mutations will be required in the near feature.
Our system may present a convenient way to do this, since it
would only require the design of new primers and adjustment
of the PCR conditions.

Our ultrarapid mutation-specific PCR will open new
potential applications for the clinical management of lung
cancer patients. The representative case we presented in the
present study illustrates three important characteristics of
this test. First, this test can be applied to cytology samples
obtained in routine clinical practice, such as bronchoscopic
lavage. Second, since the test result can be obtained within
<50 min after sample collection, treatment with TKIs can
be started very rapidly. Third, since this system is simple
and less expensive, this test may enable clinicians to request
repeat tests for EGFR mutation for a given patient. Repeated
testing for EGFR mutations is in demand, particularly for
recurrent or metastatic lesions, to allow selection of optimal
treatment. Eventually, this test can be used as a point-of-care
approach, which has not been available for EGFR testing to
date.

In conclusion, we developed a simple, rapid, and less
expensive EGFR mutation detection system. This system
has comparable sensitivity and specificity to that of recently
developed laboratory-standardized PCR-based methods, and,
unlike these methods, offers high speed performance. Given
the simplicity of the methodology, this system may help to
usher in a new phase in EGFR mutation testing for the diag-
nosis and treatment of lung cancer patients.
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Abstract. Although cytotoxic chemotherapy is essential in
epidermal growth factor receptor (EGFR)-mutated non-small
cell lung cancer (NSCLC), it is unclear which regimen is
most effective. We retrospectively compared the efficacy
of standard platinum-based chemotherapy with that of
combination chemotherapy using vinorelbine (VNR) plus
dihydropyrimidine dehydrogenase-inhibitory fluoropyrimi-
dine (DIF) in EGFR-mutated lung adenocarcinomas, and we
investigated a potential mechanism by which the combination
chemotherapy of VNR + DIF was favorable in the treatment of
EGFR-mutated lung adenocarcinoma in vitro. In our retrospec-
tive analysis, the response rate and disease control rate afforded
by the VNR + DIF treatment tended to be better than those by
platinum-based chemotherapy, and the progression-free survival
of the 24 VNR + DIF-treated patients was significantly longer
than that of the 15 platinum-based chemotherapy patients. In
EGFR-mutated PC9 cells, VNR induced EGFR dephosphoryla-
tion at a clinically achievable concentration. 1BR3-LR cells, a
line of fibroblast cells transfected with a mutant EGFR construct,
were completely resistant to gefitinib in the medium containing
10% fetal bovine serum (FBS), whereas the sensitivity of

Correspondence to: Dr Tadashi Igishi, Division of Medical
Oncology and Molecular Respirology, Faculty of Medicine, Tottori
University, 36-1 Nishi-machi, Yonago 683-8504, Japan

E-mail: igishi@med.tottori-u.ac jp

Key words: vinorelbine, dihydropyrimidine dehydrogenase-inhibitory
fluoropyrimidine, S-fluorouracil, epidermal growth factor receptor,
lung adenocarcinoma

these cells to gefitinib was increased in 0.5% FBS-containing
medium. Similarly, the sensitivity of 1BR3-LR cells to VNR
was increased when they were cultured in low-serum condi-
tion. In addition, sodium orthovanadate (Na,VO,) inhibited
the EGFR dephosphorylation induced by VNR or gefitinib and
suppressed the cell growth inhibition by these agents in PC9
cells. VNR and gefitinib showed synergistic cell growth inhibi-
tion in combination with 5-fluorouracil (5-FU) in PCO cells. We
propose that the EGFR dephosphorylation induced by VNR is
related to cell growth inhibitory activity of VNR, and that this is
one of the mechanisms of the synergistic effect of VNR + 5-FU
in EGFR-mutated lung cancer cells. In conclusion, the combina-
tion chemotherapy of VNR + DIF may be a promising treatment
for NSCLC patients with EGFR mutations.

Introduction

Lung cancer is the leading cause of cancer-related death
worldwide. More than 80% of lung cancers are non-small cell
lung cancers (NSCLCs), and lung adenocarcinoma is the most
common type of NSCLC. The median survival of patients
with metastatic NSCLC treated with cytotoxic chemotherapy
agents is 10-12 months (1,2).

Epidermal growth factor receptor (EGFR), a member
of the family of growth factor receptor tyrosine kinases, is
expressed in a variety of solid cancers. EGFR somatic muta-
tions were identified in 5-40% of NSCLCs, and is especially
common in never-smokers, women, Asians, and patients with
adenocarcinoma (3-6). NSCLCs harboring-activated EGFR
mutations are addicted to EGFR signaling, and treatment with
small-molecule EGFR-tyrosine kinase inhibitors (TKIs) such
as gefitinib and erlotinib demonstrated dramatic responses to
lung adenocarcinomas with EGFR mutations (7,8). However,
almost all lung adenocarcinoma patients with EGFR mutations
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who respond to EGFR-TKIs ultimately develop resistance
to these agents. Therefore, to prolong the survival time of
advanced NSCLC patients with EGFR mutations, conventional
cytotoxic chemotherapy is necessary regardless of whether it
is administered before or after treatment with EGFR-TKIs.

At present, the combination of platinum with one of
several chemotherapeutic agents [docetaxel, paclitaxel,
gemcitabine, vinorelbine (VNR), irinotecan, pemetrexed or
FT-5-chloro-2 4-dihydroxypyridine-potassium oxonate (S-1)]
is considered a standard chemotherapy for advanced
NSCLC (1,2,9,10). However, non-platinum combinations
of third-generation drugs such as gemcitabine + VNR have
less toxicity and almost equivalent efficacy compared to
platinum-based chemotherapy (11). Therefore, non-platinum
combination chemotherapy can be an option as a first-line
treatment, even in patients with advanced NSCLC harboring
EGFR mutations.

VNR, which is widely used to treat solid tumors such as
NSCLC and breast cancer, is a semisynthetic vinca-alkaloid
derived from vinblastine. This chemotherapeutic agent is
one of the standard treatment agents for elderly patients with
NSCLC (12), and, in combination with cisplatin, VNR is the
only third-generation drug that demonstrated a consistent
improvement of survival in the adjuvant setting of resected
NSCLC (13-15).

UFT is an oral anticancer agent combining tegafur (FT)
and uracil at a molar ratio of 1:4. FT is a prodrug of 5-fluo-
rouracil (5-FU), and uracil is a competitive and reversible
inhibitor of dihydropyrimidine dehydrogenase (DPD), the
rate-limiting enzyme responsible for the catabolism of 5-FU.
S-11is anovel oral fluorouracil antitumor drug that combines FT,
5-chloro-2 4-dihydroxypyridine (which inhibits DPD activity),
and potassium oxonate (which reduces gastrointestinal toxicity).
UFT and S-1 are referred to as dehydrogenase-inhibitory fluo-
ropyrimidine (DIF).

UFT is effective in prolonging the survival of patients with
NSCLC after surgical resection (16,17). In a recent phase III
trial, the combination chemotherapy of S-1 with carboplatin
was not inferior in terms of overall survival (OS) compared
with a standard chemotherapy, carboplatin and paclitaxel, for
patients with advanced NSCLC (9). These results suggest the
potential of DIF as a chemotherapeutic agent for advanced
NSCLC.

We reported the schedule-dependent synergistic effect of
VNR and subsequent 5-FU or UFT on NSCLC in vitro and
in an animal model (18). Based on these preclinical data, we
conducted two phase II studies of VNR + DIF, under which
VNR was infused on days | and 8, and 600 mg/day UFT or
80 mg/m?*/day S-1 was administered daily from day 2 to 6
and from day 9 to 13 in a 3-week cycle. The combination
therapy of VNR + UFT was shown to be feasible and active
in the treatment of elderly patients with advanced NSCLC
(19). Promising results were also observed in unselected
advanced NSCLC patients treated with the combination of
VNR + S-1 (20).

In the process of clinical trials and clinical practice applying
the combination treatment of VNR + DIF for advanced
NSCLC, we noticed that patients exhibiting long-term stable
disease tended to harbor EGFR mutations. This finding raised
a hypothesis that the combination treatment of VNR + DIF
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may be specifically effective in NSCLC patients with EGFR
mutations.

In the present study, we retrospectively compared the
efficacy of the combination treatment of VNR + DIF with
that of the standard platinum-based chemotherapy in patients
with Jung adenocarcinoma harboring EGFR mutations. We
also sought to identify the mechanism by which the combina-
tion chemotherapy of VNR + DIF was more favorable than
platinum-based chemotherapy in NSCLC harboring EGFR
mutations in vitro.

Materials and methods

Comparison of the effects of chemotherapies. We retrospec-
tively reviewed 39 lung adenocarcinoma patients harboring
EGFR mutations who were diagnosed from November, 2004
to March, 2013 at Tottori University Hospital in Yonago, Japan
and who received the combination therapy of VNR + DIF or
platinum-based chemotherapy for the first cytotoxic chemo-
therapy. The presence of EGFR mutation was evaluated by the
polymerase chain reaction (PCR)-invader method (BML, Inc.,
Tokyo, Japan). EGFR mutation analyses were not performed in
four cases. These patients achieved long-term progression-free
survival (PFS) times of >6 months with gefitinib treatment. The
PFS was <6 months in >95% of the EGFR mutation-negative
patients (21). Thus, we considered these four patients as EGFR
mutation-positive cases.

The differences between the two groups were compared
by the Mann-Whitney test and y* or Fisher's exact test for
numerical and categorized data, respectively. Tumor response
was evaluated according to the Response Evaluation Criteria
in Solid Tumors (RECIST) (22). The OS and PFS times
following the first-line cytotoxic chemotherapy was assessed
using the Kaplan-Meier method and compared by the log-rank
test. P<0.05 was considered significant.

Chemicals and reagents. VNR (Kyowa Hakko Kirin Co.,
Ltd., Tokyo, Japan) was dissolved in distilled water and
stored at -20°C. A stock solution of cisplatin (CDDP) (Nippon
Kayaku Co., Ltd., Tokyo, Japan) was reconstituted with water,
diluted in 0.9% sodium chloride solution, and stored at -20°C.
Gefitinib(AstraZeneca,Cheshire,UK)and 5-FU (Kyowa Hakko
Kirin Co., Ltd.) were dissolved in dimethyl sulfoxide and stored
at 20°C. 3-(4,5-Dimethylhiazol-2-y1)-2,5-diphenyltetrazolium
bromide (MTT) (Wako Pure Chemical Industries, Ltd., Osaka,
Japan) was dissolved in phosphate-buffered saline (PBS) and
stored at -20°C.

Cell lines and cultures. The human NSCLC cell line
PC9, which harbors an EGFR exon 19 deletion muta-
tion (AE746-A750) (23) was obtained from the RIKEN
BioResource Center (Ibaraki, Japan). The fibroblast cell line
1BR3, stably transfected with a mutant EGFR construct with
an L858R replacement in exon 21 (1BR3-LR), was a generous
gift from Dr David J. Chen (24). The PC9 cells were main-
tained in RPMI-1640 medium supplemented with 10% fetal
bovine serum (FBS) and antibiotics (100 U/ml penicillin and
100 pg/ml streptomycin). 1BR3-LR cells were maintained in
MEM-a medium supplemented with 10% FBS and antibiotics
(100 U/ml penicillin, 100 pg/ml streptomycin, and 2 pg/ml



