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Abstract

Background Several sensitive assays, including the PCR-

invader method (structure-specific 50 nuclease-based

method), have been used to detect EGFR mutations in non-

small-cell lung cancer (NSCLC). However, validation has

not been reported. We assessed the detection rate of EGFR

mutation by the PCR-invader method and direct sequenc-

ing using same clinical specimens.

Patients and methods EGFR mutations were analyzed

with the PCR-invader method and compared with direct

sequencing using paraffin tissues and pleural and pericar-

dial effusions from NSCLC patients. The relationships

between the treatment responses and mutations were

evaluated retrospectively.

Results Fifty-four samples from 42 NSCLC patients were

studied. EGFR mutations were identified in 52% of the

patients and 52% of the samples with the PCR-invader

method, but only in 43% of the patients and in 35% of the

samples by direct sequencing. In the samples obtained from

the same patients at different sites and different times,

EGFR mutations were coincident in nine out of ten patients

by the PCR-invader method but in six out of ten patients by

direct sequencing. Seventeen patients with EGFR muta-

tions were treated with gefitinib; the response rate (RR) and

disease control rate (DCR) were 41 and 94%, and median

treatment duration was more than 6 months. Seven EGFR

mutation-negative patients were treated with gefitinib; the

RR and DCR were 0 and 14%, and median treatment

duration was 1 month.

Conclusion The PCR-invader method was useful for

detecting EGFR mutations in clinical lung cancer speci-

mens and is more sensitive than direct sequencing.

Keywords EGFR mutation � Non-small-cell lung cancer �
PCR-invader method � Direct sequencing � Validation �
Gefitinib

Introduction

Lung cancer is the leading cause of cancer death in the world

today. Recent efforts, including large-scale DNA sequenc-

ing, indicate that activating mutations in EGFR, BRAF,

PI3K, and K-ras genes are generally non-overlapping and

identifiable in approximately 40% of non-small-cell lung

cancer (NSCLC) [1–4]. EGFR mutation has been reported as

a very important factor in decision-making for treatment of

NSCLC [3–6]. A recent prospective randomized phase III

study (IPASS study) revealed the superiority of gefitinib (an

EGFR inhibitor) to standard platinum-based treatment for

first line treatment of lung adenocarcinoma, and docu-

mented a significantly higher response rate (RR) of 71.2% in

EGFR mutation-positive patients but an extremely low RR

of 1.1% in mutation-negative patients [5].

Several different EGFR mutation-detection methods are

used in daily practical settings and laboratories [7–11], but
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standardization and validation of these methods are needed

[12]. The PCR-invader assay (serial invasive signal

amplification reaction with structure-specific 50 nuclease

using PCR product) is a sensitive method with which to

detect gene mutations such as SNPs [13–17]. To compare

the detection rate of EGFR mutation with the PCR-invader

method and direct sequencing, which is the current stan-

dard [12], we analyzed clinical samples from NSCLC

patients.

Patients and methods

Patients with NSCLC whose specimens were available for

DNA extraction were eligible. From May 2007 to August

2008, 42 patients provided written informed consent at

Yokohama Municipal Citizen’s Hospital. Approval for the

study was obtained from the institutional review board.

Specimens (archived paraffin-embedded tissues, pleural

effusions, and pericardial effusions) were obtained by

surgery, transbronchial lung biopsy (TBLB), lymph node

biopsy, or effusion drainage. DNA was extracted using a

QIAamp DNA Mini Kit (Qiagen, California, USA). In

cases with paraffin-embedded specimens, DNA was

extracted with gross dissection with confirmation of adja-

cent slices having enough (at least 70% of surface area)

cancer cells. DNA extraction, the PCR-invader method,

and direct sequencing were performed by BML (Tokyo,

Japan).

EGFR exons 18, 19, 20, and 21 were amplified by poly-

merase chain reaction (PCR) using specific primers

(Table 1) with Ex Taq polymerase (Takara Bio, Shiga,

Japan). PCR reaction was performed with the cycles: 94�C

2 min, 96�C 10 s, 65�C 30 s for 50 cycles, 72�C 7 min, 95�C

5 min, 4�C: hold. EGFR mutations were analyzed using the

PCR-invader method (Fig. 1) [13–17] and the results were

compared with those of direct sequencing. Briefly, in the

initial reaction of the PCR-invader method, the target

nucleic acid, invader-oligo, and signal probe form a three-

dimensional invader structure. A highly specific enzyme

(cleavase) recognizes the structure and cleaves the flap

portion. In the second reaction, the released flap hybridizes

with FRET-probe to make a three-dimensional structure as

in the first reaction, and cleavase cleaves it to produce a

fluorophore whose signal can be measured [13–17]. The

PCR-invader method can only detect known mutations

(exon 18: G719A/C/S, exon 19: deletion, exon 20: S768I,

exon 21: L858R�L861Q, and known resistant mutation exon

20: T790M) by using probes specific to those mutations

(Table 1). The ‘‘exon 19 deletion’’ mutations are in fact

several types. The invader assay probes (Table 1) used here

for the PCR-invader method are specially constructed

to detect three types of ‘‘exon 19 deletion’’ mutations:

E746-A750del type1 (DEL1; 2235-2249del GGAATTAAG

AGAAGC), E746-A750del type2 (DEL2; 2236-2250del

GAATTAAGAGAAGCA), and L747-P753del insS (INS-

S). There are other mutations with the ‘‘exon 19 deletion’’,

although the frequency is not high. To ensure detection of

other types of ‘‘exon 19 deletion’’ mutations, the PCR-

invader method included electrophoresis of exon 19 PCR

products in the clinical setting. If there were several bands

suggesting ‘‘exon 19 deletion’’ but the invader assay probes

did not detect the three types of ‘‘exon 19 deletion’’,

sequencing followed to elucidate the exact deletion.

Direct sequencing was performed using purified PCR

products with a BigDye terminator sequencing kit (Ver.

1.1; Applied Biosystems, California, USA). Sequencing

was carried out with the primers as indicated in Table 1.

Sequencing was confirmed with forward and reverse

reactions. An ABI Prism 3130xl genetic analyzer (Applied

Biosystems) was used for analysis.

In patients treated with an EGFR-tyrosine kinase

inhibitor (EGFR-TKI), the relationships between the

responses (according to RECIST criteria [18]) and EGFR

gene mutations were evaluated retrospectively.

To show the sensitivity of the PCR-invader method,

sensitivity assay was done using cell lines with known

EGFR mutation status, H1650 (exon 19 deletion: DEL1),

H1975 (L858R and T790 M), and SK-MES-1 (wild type)

[8, 19]. These cell lines were purchased from ATCC. Cell

lines were mixed with different ratio, H1650 and SK-MES-

1: 0:1, 0.5:0.5, 0.1:0.9, 0.01:0.99, 0.001:0.999, and 1:0;

H1975 and SK-MES-1: 0:1, 0.5:0.5, 0.1:0.9, 0.01:0.99,

0.001:0.999, and 1:0. These cell mixtures were sent to

BML (Tokyo, Japan) for the analysis of EGFR mutation by

PCR-invader method. BML were not aware of the com-

position of the cell mixtures.

Results

Characteristics of patients and samples

The median age of the 42 patients was 65 years (range

33–82) (Table 2). All of the patients were Japanese. The

histology was adenocarcinoma in 90% of patients, squa-

mous cell carcinoma in 7% of patients. The samples used

were archived paraffin-embedded tissues (n = 49), pleural

effusion specimens (n = 4), and pericardial effusion

specimens (n = 1).

EGFR mutation by the PCR-invader method

EGFR mutations were detected in 22 patients (n = 22/42:

52%) and in 28 samples (n = 28/54: 52%) by use of the

PCR-invader method. Eleven patients (50%) had an exon
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Table 1 Primers

Lesion Name Sequence

PCR primers

Exon 18 EGFRex18-F GAGAAGCTCCCAACCAAGCTC

EGFRex18-R CAGGGACCTTACCTTATACACCG

Exon 19 EGFRex19-F GTCATAGGGACTCTGGATCCCA

EGFRex19-R CAGCAAAGCAGAAACTCACATCG

Exon 20 EGFRex20-F GCCTCTCCCTCCCTCCAGGAAG

EGFRex20-R CCGGACATAGTCCAGGAGGCA

Exon 21 EGFRex21-F CAGCCAGGAACGTACTGGTG

EGFRex21-R CCACCTCCTTACTTTGCCTCC

Lesion Name Sequence Modification

Invader assay probes (primer mixture)

G719A sG719A_S1f CGCGCCGAGGCCCAGCACTTTGATCTT 30 Amination

sG719A_S2r ACGGACGCGGAGGCCAGCACTTTGATCTT 3’ Amination

sG719A_Inv ACCGTGCCGAACGCACCGGAGT

G719C sG719C_S1f CGCGCCGAGGCCAGCACTTTGATCTTTTT 30 Amination

sG719C_S2r ACGGACGCGGAGACAGCACTTTGATCTTTTTG 30 Amination

sG719C_Inv CGTGCCGAACGCACCGGAGCT

G719S asG719S_S1f CGCGCCGAGGGGCTCCGGTGCG 30 Amination

asG719S_S2r ACGGACGCGGAGAGCTCCGGTGCG 30 Amination

asG719S_Inv CTTGAGGATCTTGAAGGAAACTGAATTCAAAA

AGATCAAAGTGCTGT

‘‘E746-A750del type1’’ s746-del1_S1f CGCGCCGAGGTGCTTCTCTTAATTCCTTGAT 30 Amination

s746-del1_S2r ACGGACGCGGAGTTTGATAGCGACGGGA 30 Amination

s746-del1_Inv CATCGAGGATTTCCTTGTTGGCTTTCGGAGATGTC

‘‘E746-A750del type2’’ s746-del2_S1f CGCGCCGAGGTTGCTTCTCTTAATTCCTTGA 30 Amination

s746-del2_S2r ACGGACGCGGAGTCTTGATAGCGACGGG 30 Amination

s746-del2_Inv ACATCGAGGATTTCCTTGTTGGCTTTCGGAGATGC

‘‘L747-P753del insS’’ as747-delinsS_S1f CGCGCCGAGGTTAAGAGAAGCAACATCTCC 30 Amination

as747-delinsS_S2r ACGGACGCGGAGTCGAAAGCCAACAAGG 30 Amination

as747-delinsS_Inv CAGAAGGTGAGAAAGTTAAAATTCCCGTCG

CTATCAAGGAAC

S768I sS768I_S1f CGCGCCGAGGCTGGCCATCACGTAG 30 Amination

sS768I_S2r ACGGACGCGGAGATGGCCATCACGTAGG 30 Amination

sS768I_Inv GGCACACGTGGGGGTTGTCCACGT

T790M sT790M_S1f CGCGCCGAGGGGTGATGAGGTGCACGGTG 30 Amination

sT790M_S2r ACGGACGCGGAGATGATGAGGTGCACGGTG 30 Amination

sT790M_Inv GCAGCCGAAGGGCATGAGCTGCT

L858R asL858R_S1f CGCGCCGAGGTGGCCAAACTGCTG 30 Amination

asL858R_S2r ACGGACGCGGAGGGGCCAAACTGCTG 30 Amination

asL858R_Inv CCGCAGCATGTCAAGATCACAGATTTTGGGCC

L861Q sL861Q_S1f CGCGCCGAGGAGTTTGGCCAGCC 30 Amination

sL861Q_S2r ACGGACGCGGAGTGTTTGGCCAGCC 30 Amination

sL861Q_Inv GCATGGTATTCTTTCTCTTCCGCACCCAGCC

Lesion Name Sequence

Sequencing primers

Exon 18 EGFR18F CATGCCGTGGCTGCTGGTCC

EGFR18R AGTAGATGATGGAAATATACAGCTTGCA
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19 deletion, 10 patients (45.5%) an L858R point mutation,

and 1 case (4.5%) a L861Q point mutation. All mutations

detected in this study were gefitinib-sensitive mutations

and none had the EGFR-TKI resistant T790M mutation.

Comparison of PCR-invader and direct sequencing

methods

The PCR-invader method detected EGFR mutations in 5

patients with a negative result by direct sequencing

(Table 3). In contrast, direct sequencing detected a rare but

known EGFR mutation (T847I) in one patient (2.4%) with

a negative result by use of the PCR-invader method. Direct

Table 1 continued

Lesion Name Sequence

Exon 19 EGFR19F CAGATCACTGGGCAGCATGT

EGFR19R AGAGCAGCTGCCAGACATGA

Exon 20 EGFR20F CCCTCCTTCTGGCCACCATGC

EGFR20R CCATGGCAAACTCTTGCTATCC

Exon 21 EGFR21F AGAGCTTCTTCCCATGATGATCTG

EGFR21R ACAGCTAGTGGGAAGGCAGC

Fig. 1 Schematic illustration of

the EGFR-invader method.

Target DNA is amplified by

multiplex PCR. During the

primary reaction, an invader

oligo and a matched primary

probe are annealed to the target

PCR product, overlapping at the

mutation position (in this case

‘‘A’’). The cleavase enzyme

recognizes this three-

dimensional structure and

releases the 50 flap. If the

primary probe does not match

the mutation position, cleavase

will not act and cleavage of the

primary probe will not occur. In

the secondary reaction, the 50

flap anneals to the FRET probe

and the second cleavage

reaction releases the fluorescent

dye (Refs. [15–17]).

F fluorescein, Q quencher

Table 2 Baseline patients characteristics (n = 42)

Age Median (range) 65 (33–82)

Sex Male:female 15:27

Histology Adeno:sqamous:large 38:3:1

Smoking Never:former:current:unknown 16:12:8:6

Adeno adenocarcinoma, squamous squamous cell carcinoma, large
large-cell carcinoma

Table 3 Comparison of PCR-invader method and direct sequencing

for detection of EGFR mutation in 42 patients (a) and 54 samples (b)

PCR-invader method

Mutation (?) Mutation (-)

(a) Patients, n (%)

Direct sequencing

Mutation (?) 17 (40%) 1 (2%)

Mutation (-) 5 (12%) 19 (45%)

(b) Samples, n (%)

Direct sequencing

Mutation (?) 17 (31%) 1 (2%)

Mutation (-) 11 (20%) 25 (46%)
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sequencing detected EGFR mutations in 18/42 patients

(43%) and 19/54 samples (35%).

Sex, smoking, and EGFR mutation status

EGFR mutations were detected in 19/27 females (70%) and

in 4/15 males (27%) (Table 4). EGFR mutations were

detected in 13/16 non-smokers (81%) and in 5/20 smokers

(25%).

EGFR mutation search with different specimens

EGFR mutations detected by use of the PCR-invader

method were coincident at different sites and different

times in nine out of ten patients (Table 5). In one patient,

the primary lung biopsy sample was negative for EGFR

mutation, but a pleural effusion sample obtained at the time

of relapse was positive for EGFR mutation. More precisely,

the PCR-invader method yielded the same results for 9

different samples from 4 EGFR mutation-positive patients,

and for 10 samples from 5 EGFR mutation-negative

patients. The reproducibility of different times and differ-

ent sites was verified in most cases by use of the PCR-

invader method.

On the other hand, direct sequencing furnished coinci-

dent results for different specimens for only one patient out

of five EGFR mutation-positive patients.

Treatment with EGFR-TKI

Twenty-four patients were treated with EGFR-TKI (gefi-

tinib) at some point during the treatment courses (from 1st

line to 6th line) (Table 6). In the EGFR mutation-positive

patients (n = 17), RR was 41%, and the disease control

Table 4 Relationship between EGFR mutation and sex (a) and

smoking status (b)

Patients, n (%) Mutation (?) Mutation (-)

(a)

Female 19 (45%) 8 (19%)

Male 4 (10%) 11 (26%)

(b)

Never smoker 13 (36%) 3 (8%)

Smoker (current/former) 5 (1/4) (14%) 15 (7/8) (42%)

Mutation positive (?) means positive results from the PCR-invader

method or from direct sequencing, or both

Table 5 EGFR mutations with different specimens

Pt Sex Sample Date EGFR mutation

Mutation PCR invader result Sequencing result K-ras

1 F Surgery March 1999 (?) L858R (-) ND

TBLB January 2006 (?) L858R L858R ND

Supra clavicular LN June 2007 (?) L858R (-) ND

2 F Pleural effusion May 2007 (?) E746-A750del type2 (-) ND

TBLB October 2005 (?) E746-A750del type2 E746-A750del type2 ND

3 M Surgery (rt-upper lobe) March 2007 (?) L858R (-) ND

Surgery (rt-middle lobe) March 2007 (?) L858R (-) ND

4 F TBLB September 2007 Wild type (-) (-) ND

Pleural effusion November 2007 (?) E746-A750del type1 E746-A750del type1 ND

5 F TBLB August 2007 (?) L747-A750del insP L747-A750del insP ND

Pleural effusion January 2008 (?) L747-A750del insP L747-A750del insP ND

6 F Upper lobe (partial resection) February 2007 Wild type (-) (-) Wild type

Lower lobe February 2007 Wild type (-) (-) Wild type

7 M TBLB September 2006 Wild type (-) (-) ND

Neck LN September 2006 Wild type (-) (-) ND

8 M Surgery September 2006 Wild type (-) (-) Mutation (GAT)

Partial resection May 2007 Wild type (-) (-) Mutation (GAT)

9 M TBLB December 2007 Wild type (-) (-) ND

Pericardial effusion January 2008 Wild type (-) (-) ND

10 M TBLB December 2007 Wild type (-) (-) ND

Brain metastasis January 2008 Wild type (-) (-) ND

Pt patient, date the time the samples were taken from patients, mutation final decision from both PCR-invader result and sequencing result, (?)

mutation positive, (-) EGFR wild type, ND not determined
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rate (DCR; PR ? SD) was 94%. The range of treatment

duration was 3 weeks to more than 20 months and the

median treatment duration was more than 6 months. In the

EGFR mutation-negative patients (n = 7), RR was 0% and

DCR was 14%. The range of treatment duration was

2 weeks to 2 months and the median treatment duration

was 1 month. Patients with EGFR mutation were treated

longer and had better disease control with EGFR-TKI.

Assessment of the sensitivity of the PCR-invader

method

To show the sensitivity of the PCR-invader method, sen-

sitivity was assessed by use of cell lines with known EGFR

mutation status. As shown in Fig. 2, exon 19 deletion was

detected in the cell line mixture of 1% (Fig. 2d) to 0.1 %

(Fig. 2e) of a mutation-positive cell line (H1650). Also,

L858R and T790M were detected in the cell line mixture of

1% (Fig. 2j) to 0.1 % (Fig. 2k) of a mutation-positive cell

line (H1975), although with borderline threshold for

T790M in the 0.1% mixture (Fig. 2k). For the exon 19

deletion, the results were positive for both DEL1 and DEL2

in Fig. 2b and f, although the fluorescence level is much

higher for DEL1. This suggests cross-reaction might be a

problem for exon 19 deletion, especially for amounts of

mutation-positive cells as high as 50% (Fig. 2b, f).

According to the results, the PCR-invader method can

detect the known EGFR mutation in lung cancer cells at

100–1000-fold dilution.

Discussion

The PCR-invader method detected EGFR mutations in

clinical lung cancer specimens more effectively than direct

sequencing. Direct sequencing detected a rare but known

mutation in one patient. Most important mutations can be

detected by use of the PCR-invader method. By use of the

PCR-invader method, EGFR mutations were coincident in

samples obtained from the same patients at different sites

Table 6 Comparison between EGFR mutation status and response to EGFR tyrosine kinase inhibitor

Pt Sex Histology EGFR mutation PCR-invader Sequencing EGFR-TKI Response Durationa

1 F Ad (?) DEL1 DEL1 1st PR 7M

2 F Ad (?) DEL1 DEL1 2nd PR 6M

3 M Ad (?) DEL2 DEL2 2nd PR 10M

4 F Ad (?) L747-T751delb L747-T751del 2nd PR 7M

5 F Ad (?) L858R L858R 1st PR 6M

6 F Ad (?) L858R L858R 2nd PR 8M

7 F Ad (?) L858R L858R 5th PR 3M

8 M Ad (?) DEL1 (-) 4th SD 20M

9 F Ad (?) DEL2 (-) 3rd SD 4M

10 F Ad (?) DEL1 DEL1 1st SD 7M

11 F Ad (?) DEL1 DEL1 3rd SD 4M

12 F Ad (?) DEL2 DEL2 2nd SD 21M

13 F Ad (?) L858R L858R 1st SD 1.5M

14 F Ad (?) L858R L858R 2nd SD 7M

15 M Ad (?) L858R L858R 6th SD 4M

16 F Ad (?) L861Q L861Q 4th SD 4M

17 F Ad (?) del insPb del insP 2nd PD 0.75M

1 M Ad (-) 2nd PD 0.75M

2 F Ad (-) 2nd PD 1M

3 F Sq (-) 2nd PD 1M

4 F Ad (-) 3rd PD 0.5M

5 M Ad (-) 3rd PD 0.5M

6 M Ad (-) 3rd PD 1M

7 M Sq (-) 3rd SD 2M

Ad adenocarcinoma, Sq squamous cell carcinoma, EGFR-TKI the line of the chemotherapy when the EGFR-TKI was used, DEL1 E746-A750del

(2235-2249del GGAATTAAGAGAAGC), DEL2 E746-A750del (2236-2250del GAATTAAGAGAAGCA), del insP L747-A750del insP
a Treatment duration with the EGFR-TKI (months)
b Detected on the basis of multiple bands in electrophoresis of PCR product, and after sequencing
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and different times in nine out of ten patients. Time-inde-

pendent and site-independent reproducibility were verified.

By using the EGFR-invader method, we can only detect

known targeted mutations. However, most of the important

mutations are covered and other studies such as the IPASS

study mainly targeted the major mutations [5].

It is not possible to draw any definite conclusions from

the current results regarding the effect with EGFR-TKI,

because the study design was not prospective. The RR of

our study with mutation-positive patients was relatively

low (41%) compared with reported clinical trials (RR

71.2–95%) [20–25]. Several possible reasons for this are

the heterogeneity of our patients including treatment line

(from 1st line to 6th line), and the fact it was a non-pro-

spective study, which means evaluation to decide a RE-

CIST response may not be sufficient. However, the DCR in

this study (94%) was almost the same as that in recent

reports (81–96.5%) [5, 20–25]. This higher DCR and

longer treatment duration compared with EGFR mutation-

negative patients suggested these are meaningful differ-

ences and that there are biological differences between

these two groups classified according to the presence of

EGFR mutation. EGFR mutation detected by the PCR-

invader method can be a predictive marker of the effect

with EGFR-TKI.

As shown in Table 6, association between results of

treatment with EGFR-TKI and EGFR mutation status by

the two methods (i.e. PCR-invader/direct sequencing, ?/?

vs. ?/-) are not evident. There are two EGFR mutation

?/- (invader ?, direct sequencing -) patients with the

treatment effect of SD treated for 4 and 20 months with

EGFR-TKI. On the other hand, 15 patients with EGFR

mutation ?/? (invader ?, direct sequencing ?) were

treated with EGFR-TKI and resulted in 7 PR, 7 SD, and 1

PD. Because the patients with EGFR mutation ?/- had

reasonable results (SD) with EGFR-TKI, it seems the

EGFR mutation results with PCR-invader method are

predictive of treatment.

Fig. 2 Sensitivity assay of the PCR-invader method. Sensitivity

assay was done using cell lines with known EGFR mutation status,

H1650 (exon 19 del: DEL1), H1975 (L858R and T790M), and SK-

MES-1 (wild type) (Refs. [8, 19]). Cell lines were mixed in different

ratios. For a to f, H1650 and SK-MES-1 were mixed 0:1, 0.5:0.5,

0.1:0.9, 0.01:0.99, 0.001:0.999, and 1:0. For g to l H1975 and SK-

MES-1 were mixed 0:1, 0.5:0.5, 0.1:0.9, 0.01:0.99, 0.001:0.999, and

1:0. White squares show quality control and a value above zero means

PCR quality is good: the value = (fluorescence of the samples with

detection probe for wild type sequences) - ([fluorescence of the

normal control with the same probe] 9 0.8). Values of solid squares
above zero means positive results with the detection probe for

mutation sequences excluding false positives: the value = (fluores-

cence of the samples with detection probe for mutation sequences) -

([fluorescence of the normal control with the same probe] 9 2). To

exclude false positivity, this criterion was introduced and used in

clinical laboratories. Normal control is the mixture of white blood cell

DNA from normal human volunteers. According to the results, PCR-

invader methods could detect a known EGFR mutation of lung cancer

cell lines diluted 100 to 1000-fold
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There are several limitations in this study. First, the

work was carried out at a single institution in Japan.

Samples were collected for the purpose of general clinical

practice and some samples were several years old, so

sample quality may be heterogeneous. No one knows the

‘‘true’’ positive rate for EGFR mutation in our samples.

Treatments were also heterogeneous and were not pro-

spectively planned. Even though there were sample-quality

issues, we were able to detect a fairly reasonable occur-

rence of mutation in this study. In cases with negative

results, the possibility of false negative (because of quality

of samples, etc.) should be evaluated, but positive results

obtained by this method should be regarded as truly

positive.

One of the issues regarding the sensitivity of mutation

detection with archived specimens is the quality of the

formalin-fixed samples. Previous reports suggested the

feasibility of combining conventional DNA extraction and

the PCR-invader method using formalin-fixed paraffin wax

tissues [26]. In our hands, we could not elucidate the direct

effect of formalin fixation on the quality of DNA and the

sensitivity of mutation detection method, even though we

used the same samples with the PCR-invader method and

with direct sequencing. Further study is warranted to

clarify the direct effect of formalin fixation on the sensi-

tivity of the PCR-invader method and direct sequencing.

Exon 20 insertion was not detected by the PCR-invader

method, because the PCR primers were not constructed to

detect those mutations. Exon 20 insertion is thought to be a

resistant mutation [27]. In a review paper, the frequency

reported is approximately 3% [28]. On the other hand, in

the phase III study with 1st line gefitinib treatment, EGFR

mutation was checked by the ARMS method, and no exon

20 insertion was detected in 132 EGFR mutation-positive

patients (IPASS trial) [5]. In recent phase III studies done

in Japan with 1st line gefitinib against EGFR mutation-

positive NSCLC [29, 30], the targeted patients were mainly

exon 19 deletion and L858R without T790M resistant

mutation. Neither study has counted the exon 20 insertion

mutation. One study used results from several detection

methods including the PCR-invader method [29]. Exon 20

insertion may be important but from those large scale data

and clinical trials, in treatment decision making with

EGFR-TKI, the inclusion of exon 20 insertion detection

does not seem to be mandatory.

For detection of ‘‘exon 19 deletion’’, it is very important

that the ‘‘exon 19 deletion’’ are in fact several types as

mentioned in ‘‘Patients and methods’’. In the 11 patients

with ‘‘exon 19 deletion’’, 8 patients were diagnosed as

DEL1 and DEL2 and none had INS-S. One patient was

diagnosed as DEL2 by the PCR-invader method, but

the sequencing results revealed the exact mutation was

Fig. 2 continued
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E746-T751del insA, one base different from DEL2. Two

other patients had L747-T751del and L747-A750del insP,

those were noticed by electrophoresis of the exon 19 PCR

product with negative results with the invader assay probes

specific to the three ‘‘deletion’’ mutations. Table 7 shows

the frequency of different types of exon 19 deletion from

several papers. Summation of these reports revealed that

the percentage of the same exon 19 deletions detected in

this study was 88.6%. Even with other exon 19 deletions

which were not seen in our patients, the PCR-invader

method with electrophoresis and subsequent sequencing

may enable us to check other rare mutations.

It is very important to address false positivity in highly

specific techniques. Basically, the PCR-invader method has

always been performed with positive and negative controls

for quality assurance. Furthermore, detection was con-

ducted with pre-specified thresholds as follows. If the

fluorescence of the sample with the mutation detection

invader probe was more than twice that of normal control

DNA with same probe, the samples were regarded as

mutation positive (as shown in Fig. 2). To exclude false

positivity, this criterion was introduced and has been used

in general practice in Japan. In the sensitivity assay,

average of fluorescence values of normal control DNA with

mutation detection invader probe were 21–89 according to

the probes (data not shown). On the other hand, actual

fluorescence values of sample with mutation detection

invader probe were approximately 1000–100. For example,

in the sensitivity assay with H1975 cell line (Fig. 2g–l) the

actual fluorescence values of the sample with L858R probe

were 1013–142.5, and that with T790M were 966–79.5

according to the mixture rate with SK-MES-1. In contrast,

normal control values were 42.5 for L858R and 39.0 for

T790M. So the actual values were always more than twice

as high as controls in this situation with up to 1:1000 cell

mixture (Fig. 2). Even though we could not eliminate the

possibility of contamination, for example sample carry

over, the above mentioned threshold seems good enough to

eliminate the non-specific false positive results.

Our results with relatively low RR might be because of

hidden mutation (for example resistant mutation of exon

19 ins), and/or other clinical factors. We believe that the

most likely reasons are the retrospective nature of this

study and the patients’ characteristics (mainly heavily

treated patients). Further validation study in a prospective

setting is warranted.

Several different sensitive EGFR mutation-detection

methods are available in clinics in Japan. Direct compari-

sons of these sensitive methods are needed. However, on

the basis of the results of this study, which compared the

PCR-invader method and direct sequencing, which is the

‘‘current standard’’, the former can be regarded as a stan-

dard and reliable sensitive method.T
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In conclusion, the PCR-invader method detected EGFR

mutations in clinical lung cancer specimens more effec-

tively than direct sequencing. Time-independent and site-

independent reproducibility was verified.
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