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Abstract. The presence of EGFR mutations is correlated with 
a positive therapeutic response to tyrosine kinase inhibitors; 
therefore, the accurate detection of EGFR mutations is crucial 
when deciding appropriate therapeutic strategies. Recently, 
the rapid and sensitive assay smart amplification process 
version 2 (SmartAmp2) was developed. However, this method 
can only detect one type of mutation in EGFR exon 19; 
therefore, we applied the PNA technology to the SmartAmp2 
assay to develop PNA-clamp SmartAmp2 for the detection of 
many types of deletions in EGFR exon 19, in a single reaction. 
This new assay was evaluated using 172 clinical samples. 
Thirty-nine (22.7%) samples were found to have deletions by 
PNA-clamp SmartAmp2; whereas 30 (17.4%) and 38 (22.1%) 
tumors were found to have deletions by direct sequencing and 
PNA-enriched sequencing, respectively. Three cases, in which 
we detected mutations with PNA-clamp SmartAmp2, but not 
with direct sequencing, were treated with gefitinib, and all 
cases showed a partial therapeutic response. Using clinical 
samples, we demonstrated that PNA-clamp SmartAmp2 can 
detect various types of mutations in EGFR exon 19 in a 
relatively short time and with high sensitivity. This method 
detected small amounts of mutant DNA and identified patients 
for whom clinical information was previously unavailable 
from other tests. This test may contribute to the administration 
of efficient therapeutic strategies.

Introduction

The epidermal growth factor receptor (EGFR) tyrosine kinase 
inhibitor (TKI) gefitinib has emerged as an effective thera-
peutic agent for some patients with advanced non-small cell 
lung cancer (NSCLC) (1). Recently, a significant association 
between somatic mutations in the EGFR gene and dramatic 
positive clinical responses to TKIs, such as gefitinib and 
elrotinib, has been reported in NSCLC patients (2,3). 
Approximately 85-90% of these mutations occur in exons 19 
and 21 near the ATP cleft of the tyrosine kinase domain (2-6). 
Therefore, information concerning somatic mutation of the 
EGFR gene in lung cancer cells is very useful for physicians 
to design optimal therapeutic strategies for NSCLC patients.

Recently, several highly sensitive methods, such as mutant-
enriched assays, the PCR-invader method, cycleave-PCR 
assay, Scorpion-Amplified refractory mutation system assay, 
TaqMan PCR assay, denaturing high-performance liquid 
chromatography method, high resolution melting assay, high-
resolution chipCE assay, immunohistochemistry (IHC) assay, 
and the peptide nucleic acid-locked nucleic acid (PNA-LNA) 
PCR clamp method, have been reported for the detection of 
EGFR mutations (7-25). Some of these techniques have quite 
high sensitivity, but they are still not ideal for routine clinical 
use in general hospitals or outpatient clinics due to various 
reasons such as long turn-around times and complexity.

In 2007, the rapid, simple and sensitive mutation detection 
assays, smart amplification process version 2 (SmartAmp2) 
and PNA-clamp SmartAmp2 for SNP detection, were 
developed (26,27). The SmartAmp2 method is a unique 
genotyping technology that can detect a mutation within 
30 min under isothermal conditions and in a single step. This 
method was applied to the detection of one specific deletion of 
EGFR exon 19, del 2235-2249 (del E746-A750 DEL) (28). 
However, since many types of mutations in exon 19 are 
associated with the response to gefitinib, the SmartAmp2 
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assay still has a low performance and is less desirable for 
clinical screening. Therefore, we adopted PNA technology, 
which clamps to the commonly deleted sequences containing 
codons 747–749 (6), to SmartAmp2 and developed PNA-clamp 
SmartAmp2 for detection of a range of different deletions in 
EGFR exon 19 in one reaction, not only for the detection of 
SNPs. Furthermore, we compared this method with PCR-based 
direct sequencing and PNA-enriched sequencing using clinical 
samples from 172 patients with lung adenocarcinoma and 
demonstrated that the PNA-clamp SmartAmp2 assay has high 
sensitivity and is a very useful and reliable tool for the clinical 
screening of EGFR exon 19 deletions.

Materials and methods

Clinical samples, cell lines, and DNA extraction. Tumor 
samples containing EGFR mutations obtained from 172 
consecutive patients with lung adenocarcinoma who were 
surgically treated at Gunma University Hospital (Gunma, 
Japan) between September 2002 and December 2008 were 
enrolled in this study. Thirty non-malignant specimens from 
peripheral lung tissue surrounding the tumors were used to 
examine the specificity of the assays. This study was conducted 
in accordance with the Declaration of Helsinki and its amend-
ments, and was approved by the Institutional Review Board 
for Clinical Trials at Gunma University Hospital and the Ethics 
Committee for Human Genome Analysis at Gunma University. 
Written consent was obtained from all participants after they 
had been informed of the experimental procedure and the 
purpose of the study. All tumor tissues were diagnosed as 
lung cancer by hematoxylin and eosin staining. After surgical 
removal, all tumor samples were immediately frozen and 
stored at -80˚C.

To assist in the comparison of mutation detection methods, 
we used DNA harboring EGFR mutations derived from the 
PC-9 lung cancer cell line, which contains the del 2235-2249 
EGFR exon 19 mutation (del E746-A750). In addition, DNA 

containing wild-type EGFR was derived from the A549 
human alveolar epithelial cell line. The gene sequences of 
EGFR exon 19 obtained from each cell line were confirmed 
by PCR-based direct sequencing.

DNA samples were extracted from tumor tissues and cell 
lines using the QIAamp DNA Mini Kit (Qiagen Inc., Valencia, 
CA, USA) according to the manufacturer's instructions and 
were serially diluted to a concentration of 20 ng/µl. For the 
evaluation of sensitivity, DNA from the PC-9 cell line was 
diluted with DNA from the A549 cell line to give mutation-
wild-type ratios of 50, 10, 5, 1, 0.5 and 0.1%. The DNA 
templates extracted from the tumor samples and cell lines 
were stored at -20˚C.

PNA-clamp SmartAmp2 and established SmartAmp2. We 
performed the established SmartAmp2 using an EGFR 
detection kit (K.K. DNAFORM; Kanagawa, Japan) to detect 
mutations in EGFR exon 19, according to the manufacturer's 
instructions. The principles of the SmartAmp2 have been 
previously described (26). We designed the PNA-clamp 
SmartAmp2 so it would amplify almost all types of deletions 
that occur in the hot spot of the mutation in EGFR exon 19. 
The primers were modified, and the 18-bp PNA clamp primer 
was designed to fully match the wild-type sequence so that 
it spanned the commonly deleted region (codon 747-749).  
Consequently, hybridization of the wild-type PNA clamp 
primer inhibited chain elongation from the turn-back primer, 
resulting in suppressed amplification of the wild-type allele 
(Fig. 1). The master mix and primer mix and PNA-clamp 
primers were prepared according to previous reports (26,27) 
by the company K.K. DNAFORM. The reaction was 
performed in a total volume of 25 µl containing 1X master 
mix, 2 µl primer mix, 1 µl Aac DNA Polymerase, and 40 ng 
genomic DNA. The PNA-clamp SmartAmp2 and established 
SmartAmp2 assay reactions were assembled on ice and 
incubated at 60˚C for 60 min. The Mx3000P system (Stratagene, 
La Jolla, CA, USA) was used to maintain isothermal 

Figure 1. Principle of PNA-clamp SmartAmp2 for detection of EGFR exon 19 deletions. The PNA-clamp competitive probe is designed for the wild-type 
allele sequence at codon 747-749. The greater stability of the PNA probe during hybridization inhibits wild-type allele amplification. Amplification of the 
mutant allele is not inhibited by PNA.
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conditions and monitor the transition of fluorescence intensity 
of intercalating SYBR-Green I (Invitrogen, Tokyo, Japan) 
during the reactions. We evaluated the results of the 
PNA-clamp SmartAmp2 and established SmartAmp2 assays 
according to the criterion of amplification versus non- 
amplification within 60 min. Each DNA sample was analyzed 
in triplicate.

PNA-enriched sequencing. We identified EGFR exon 19 
deletions by PNA-enriched sequencing (29). PNA-enriched 
PCR was performed in a total volume of 25 µl containing 
1X PCR Gold Buffer, 1.5 mmol/l MgCl2, 200 µmol/l dNTPs, 
500 nmol/l each primer, 1 µmol/l PNA clamp primer, 1 U Taq 
DNA Gold polymerase (Applied Biosystems, CA, USA), and 
20 ng genomic DNA. The PNA clamp primer was designed 
to be exactly homologous to the wild-type allele at codons 
746-751. Thermal cycling conditions included a pre-incubation 
step at 94˚C for 5 min, followed by 40 cycles at 94˚C for 
15 sec, 60˚C for 30 sec, 72˚C for 1 min, and a final extension 
at 72˚C for 5 min. The PCR products were then purified using 
the QIAquick PCR Purification Kit (Qiagen). DNA sequencing 
was performed with the ABI PRISM 3100 DNA Analyzer 
(Applied Biosystems) using the ABI PRISM BigDye 
Terminator version 3.1 (Applied Biosystems).

PCR-based direct sequencing. We performed PCR-based 
direct sequencing. The PCR conditions were the same as for 
the PNA-enriched PCR, but without the PNA clamp primer. 

The PCR products were then purified and sequenced under 
the aforementioned conditions.

PNA-clamp SmartAmp2-based sequencing. We performed 
PNA-clamp SmartAmp2-based sequencing on 2 samples in 
which mutations were detected by the PNA-clamp SmartAmp2 
assay, but not by the other PCR-based methods. The 
PNA-clamp SmartAmp2 products were diluted 1000-fold 
with distilled water, and 1 µl of the diluted product was 
processed for PCR. The PCR reactions were performed in 
a total volume of 20 µl containing 1X PCR Gold Buffer, 
1.3 mmol/l MgCl2, 200 µmol/l dNTPs, 500 nmol/l of each 
pr imer (ex19-SF and ex19-SR), 1 U Taq DNA Gold 
polymerase, and 1 µl diluted DNA. Thermal cycling conditions 
included a pre-incubation step at 94˚C for 5 min, followed by 
35 cycles at 94˚C for 30 sec, 52˚C for 30 sec, and 72˚C for 
30 sec, and a final extension at 72˚C for 7 min. The PCR 
products were purified and sequenced under the aforementioned 
conditions.

Results

Detection sensitivity. To evaluate the sensitivity of PNA-clamp 
SmartAmp2 for the detection of EGFR exon 19 deletions, we 
used serially diluted DNA obtained from lung cancer cell 
lines containing EGFR mutant and wild-type genes. The 
results of PNA-enriched sequencing and the PNA-clamp 
SmartAmp2 method for the detection of EGFR exon 19 

Figure 2. Evaluation of the sensitivity of each detection method for EGFR exon 19 deletions. (A) Sensitivity of PNA-clamp SmartAmp2. (B) Sensitivity of 
PNA-enriched sequencing.



ARAKI et al:  PNA-clamp SmartAmp2 FOR EGFR MUTATIONAL ANALYSIS1216

deletions diluted with wild-type DNA are shown in Fig. 2. 
It was difficult to differentiate these samples containing 0.5 or 
1% mutant DNA from the background noise by PNA-enriched 
sequencing (Fig. 2B), whereas we clearly detected a sample 
containing 0.5% mutant DNA by PNA-clamp SmartAmp2 
(Fig. 2A). The detection limits of PNA-enriched sequencing 
and PCR-based direct sequencing were 1 and 10% mutant 
DNA, respectively.

Mutation detection in clinical samples. We screened 172 lung 
adenocarcinoma samples obtained from Asian patients for 
mutations in EGFR exon 19. We compared the detection 
abilities of PCR-based direct sequencing, PNA-enriched 
sequencing, established SmartAmp2 and PNA-clamp 
SmartAmp2.

Among the 172 tumor samples, 39 (22.7%) samples were 
found to have EGFR exon 19 deletions by PNA-clamp 

Table I. Comparison of mutation detection methods in the clinical samples.

Case PNA-clamp SmartAmp2 Established SmartAmp2 Direct sequencing PNA-enriched sequencing

19-1 Mutant-type Wild-type L747-T751 del L747-T751 del
19-2 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-3 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-4 Mutant-type Wild-type Wild-type L747-T751del
19-5 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-6 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-7 Mutant-type E746-A750 del (type 1) Wild-type E746-A750 del (type 1)
19-8 Mutant-type Wild-type L747-E749 del, A750P L747-E749 del, A750P
19-9 Wild-type Wild-type 26 bp deletion+AT ins 26 bp deletion+AT ins
19-10 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-11 Mutant-type Wild-type Wild-type E746-A750 del (type 2)
19-12 Mutant-type Wild-type L747-E749del, A750P L747-E749del, A750P
19-13 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-14 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-15 Mutant-type Wild-type Wild-type E746-E749, S752-T753
19-16 Mutant-type Wild-type L747-E749 del, A750P L747-E749 del, A750P
19-17 Mutant-type Wild-type Wild-type E746-A750 del (type 2)
19-18 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-19 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-20 Mutant-type Wild-type L747-S752 del L747-S752 del
19-21 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-22 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-23 Mutant-type Wild-type L747-E749 del, A750P L747-E749 del, A750P
19-24 Mutant-type Wild-type E746-E749, T751-P753 del E746-E749, T751-P753 del
19-25 Mutant-type Wild-type Wild-type E746-A750 del (type 2)
19-26 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-27 Mutant-type Wild-type L74-E749 del, A750P L74-E749 del, A750P
19-28 Mutant-type Wild-type L747-T751 del, K754N L747-T751 del, K754N
19-29 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-30 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-31 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-32 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-33 Mutant-type Wild-type Wild-type Wild-type
19-34 Mutant-type Wild-type Wild-type L747-S752 del
19-35 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-36 Mutant-type Wild-type Wild-type Wild-type
19-37 Mutant-type Wild-type E746-A750 del (type 2) E746-A750 del (type 2)
19-38 Mutant-type Wild-type Wild-type L747-S752 del
19-39 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)
19-40 Mutant-type E746-A750 del (type 1) E746-A750 del (type 1) E746-A750 del (type 1)

Type 1, del 2235-2249; type 2, del 2236-2250.
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SmartAmp2, whereas 30 (17.4%), 38 (22.1%), and 12 (7.0%) 
tumors were found to have EGFR exon 19 deletions by 
PCR-based direct sequencing, PNA-enriched sequencing, 
and the established SmartAmp2 method, respectively. The   
39 (22.7%) tumors with EGFR exon 19 deletions detected 
by PNA-clamp SmartAmp2 included 2 tumors that were 
undetected by the other methods. Only 1 sample was found to 
have an EGFR exon 19 deletion by PNA-enriched sequencing 
but not by PNA-clamp SmartAmp2 (case 19-9). A summary 
of the 40 EGFR exon 19 deletions detected in this study is 
presented in Table I. The deletions in the 39 tumors that 
were detected by PNA-clamp SmartAmp2 were verified by 
PNA-clamp SmartAmp2-based sequencing, and all tumors 
were confirmed to be harboring EGFR exon 19 deletions.

We also examined 30 peripheral lung tissue specimens as 
non-malignant samples and found no exon 19 mutations in 
any of the samples using the PNA-clamp SmartAmp2 and 
established SmartAmp2 assays.

Screening capacity. In this study, we identified 9 types of 
deletions (40 tumors) by PNA-enriched sequencing or 
PNA-clamp SmartAmp2-based sequencing and we detected 
8 types (39 tumors) by the PNA-clamp SmartAmp2 assay, 
whereas only 1 type (12 tumors) could be detected by the 
established SmartAmp2 assay (Table I). The PNA-clamp 
SmartAmp2 failed to detect del 2252-2277 deletion because 
this deletion area contained the primer binding site.

In addition to detecting these mutations, PNA-clamp 
SmartAmp2 provided reproducible amplification curves 
when each sample was examined in triplicate. Furthermore, 
performing the PNA-clamp SmartAmp2 assay required only 
60 min, whereas PNA-enriched sequencing required more 
than 9 h to detect EGFR exon 19 mutations.

Low amounts of mutant EGFR DNA and the gefitinib 
response. Of the 10 cases in which we detected EGFR exon 19 
deletions by PNA-clamp SmartAmp2, but not by PCR-based 

Figure 3. Partial response to gefitinib treatment in patient with EGFR exon 19 deletions (case 19-15). (A) Results using different methods of detection for 
mutations in EGFR exon 19. The deletion was detected by PNA-clamp SmartAmp2 and PNA-enriched sequencing but not by the established SmartAmp2 
assay or PCR-based direct sequencing. (B) Pre-treatment CT scan shows multiple micronodules in the bilateral lung fields. (C) After 3 months of gefitinib 
administration. Multiple micronodules in the bilateral lung fields were diminished.
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direct sequencing, 3 cases (cases 19-7, 19-15 and 19-25) were 
treated with gefitinib according to the patients' wishes. All 
cases showed a partial response to gefitinib. Case 19-7 carried 
a major deletion (del 2235-2249) and was detected by 
PNA-clamp SmartAmp2 and the established SmartAmp2 
method. However, cases 19-15 and 19-25 carried a minor 
deletion that was detected by PNA-clamp SmartAmp2, but 
not by the established SmartAmp2. The results of mutation 
detection by each method and the results of a computed 
tomography scan taken before and after gefitinib treatment 
are shown in Fig. 3. Seven additional patients were treated 
with other chemotherapy regimens according to their wishes.

Discussion

The rapid, simple and sensitive SNP detection assay, 
SmartAmp2, has been recently developed (26). Although the 
SmartAmp2 assay has been applied to the detection of EGFR 
exon 19 deletions, it can detect only one specific deletion of 
EGFR exon 19, del 2235-2249 (28). Since many types of exon 19 
mutations are associated with the therapeutic response to 
gefitinib, the established SmartAmp2 assay has a low 
performance in clinical screening.

In this study, we modified the primers and adopted PNA as 
a clamp primer for SmartAmp2 and developed the PNA-clamp 
SmartAmp2 assay to detect many types of EGFR exon 19 
deletions, not only SNPs, in one tube and one reaction. We also 
assessed the usefulness of this technique for routine clinical 
diagnosis. We applied this technique to the detection of EGFR 
exon 19 deletions in tumor samples from 172 patients with lung 
adenocarcinoma and compared it to other conven tional 
methods and the established SmartAmp2 assay.

In evaluating the 172 clinical samples, PNA-clamp 
SmartAmp2 had a similarly high-sensitivity (39/172) as the 
PNA-enriched sequencing (37/172). We evaluated the slides 
from tumors with the mutant EGFR gene that were detected 
by PNA-clamp SmartAmp2 but not by PCR-based methods 
and observed that they had a lower percentage of tumor cells 
or more marked fibrosis than tumors that were detected by 
PNA-clamp SmartAmp2 and PCR-sequencing. Thus, the 
higher sensitivity of the PNA-clamp SmartAmp2 assay may 
make it more suitable for detecting the presence of small 
amounts of DNA containing EGFR mutations in fibrotic 
samples.

However, there was one mutant sample that was not 
detected by PNA-clamp SmartAmp2, but was detected by 
PCR-based direct sequencing and PNA-enriched sequencing. 
This mutation was a fairly minor type, and this false-negative 
appeared to be the result of a limitation of PNA technology; 
the PNA designed for PNA-clamp SmartAmp2 did not include 
this exceedingly rare deletion area. If this mutation is also 
associated with the response to TKIs and is clinically signif-
icant, the primer and PNA clamp primer should be redesigned 
and another new assay kit should be developed  to detect this 
rare deletion. The other 96 patients who were identified with 
the wild-type EGFR exon 19 allele by PNA-clamp SmartAmp2 
were also shown to have the wild-type allele by the other 
methods. In the future, as no strong evidence exists concerning 
the appropriate sensitivity of genetic testing methods to 
identify responders, the appropriate sensitivity with which to 

identify real responders must be clarified so more suitable 
diagnostic methods can be developed.

We previously reported that the SmartAmp2 assay 
effectively detects mutations in DNA extracted from formalin-
fixed paraffin-embedded (FFPE) tissue because of this 
method's ability to amplify quite short sequences (30). We 
believe that the advantages of PNA-clamp SmartAmp2, its 
rapid detection time and ability to detect mutations in FFPE 
tissue, will enable this method to be particularly useful in 
the treatment of outpatients. If the conventional methods 
are utilized, patients who wish to receive EGFR-TKI treat-
ment must come to the hospital twice; initially to receive 
information concerning EGFR-TKI treatment and to undergo 
genetic testing, and a second time to receive the results of the 
genetic testing and to start EGFR-TKI treatment. Conversely, 
if EGFR mutations can be determined within a short time 
period using PNA-clamp SmartAmp2, which is conceivable 
as this test can be performed in the hospital, patients with 
EGFR mutations can immediately receive appropriate treat-
ment without any unnecessary waiting. Thus, the advantages 
of the PNA-clamp SmartAmp2 assay will improve the efficacy 
of EGFR-TKI and other treatments and improve the quality of 
life of patients by minimizing the waiting time until the 
initiation of the appropriate treatment. Recently, the presence 
of EGFR mutations in plasma, serum, and pleural effusion 
has become a focus of interest (31-34). The PNA-clamp 
SmartAmp2 assay may also contribute to the development 
of mutant DNA detection methods in these specimens, which 
contain extremely small amounts of mutant cells.

In conclusion, we adopted PNA, which clamps to the 
commonly deleted sequence containing codons 747-749 for 
the SmartAmp2 assay and developed PNA-clamp SmartAmp2 
for detection of a wide range of deletions in EGFR exon 19 in 
one reaction. We detected small amounts of mutant DNA by 
this method that were not detected by traditional methods 
and identified patients for whom this assay provided clinical 
information that was unavailable from the other available tests, 
thereby contributing to the design of appropriate therapeutic 
strategies. The sensitivity of this assay highlights the need to 
clarify the association between the effects of TKIs and low 
levels of mutant EGFR alleles, and points to important new 
areas of study. The PNA-clamp SmartAmp2 should be 
developed to detect mutations in EGFR exons other than exon 
19. The advantages and reliability of this method for the 
clinical diagnosis of EGFR mutations in lung cancer may 
contribute to the effective and safe use of lung cancer 
pharmacotherapies.
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