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Introduction

Adenocarcinoma is the most common histological class of 
lung carcinoma, and its relative incidence is increasing (1). 
A great deal of progress has been made in targeted therapy 
for non-small cell lung cancer (NSCLC), largely as a result 
of the development of small-molecular inhibitors, such as 
epidermal growth factor receptor tyrosine kinase inhibitors 
(EGFR-TKIs) (2-4) and anaplastic lymphoma kinase (ALK)  
inhibitors (5). However, molecular targeted therapy is 
associated with some problems. A gatekeeper T790M 
mutation is known to cause resistance to EGFR-TKIs (6-10). 

This mutation is reported in 50–60% of cases with acquired 
resistance to EGFR-TKIs (7,9). The mutation detected 
rates are different from the mutation detection methods (11). 
T790M substitution has been shown to alter the proper 
binding of the drug to the ATP pocket of EGFR and/or return 
the affinity of the ATP to the drug to the wild-type level (8,9).

The mechanism through which patients develop acquired 
resistance remains to be elucidated. However, it has been 
reported that a small quantity of T790M mutation would be 
included in the pretreatment tumor of EGFR-TKIs (12-14).  
Watanabe et al. (12) reported that pretreatment EGFR 
T790M mutations were detected in NSCLC patients with 
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EGFR activating mutations using a droplet digital PCR. 
However, they used genomic DNA (gDNA) extracted from 
formalin-fixed, paraffin-embedded (FFPE) samples. Thus, 
the poor preservation of the tumor tissues might have 
affected the reliability of their analysis. 

In the present study, we analyzed the incidence and 
clinical significance of pretreatment T790M mutations 
in surgically resected lung adenocarcinoma tissues from 
tumors with EGFR-activating mutations using competitive 
allele-specific polymerase chain reaction (CAST-PCR) and 
a digital PCR. To increase the accuracy in the detection of 

T790M mutations, we used gDNA that had been extracted 
from frozen tumor specimens.

Methods

We studied 153 lung adenocarcinoma patients with EGFR-
activating mutations who underwent surgery at Nagoya 
City University Hospital from 1997 to 2014. In all cases, 
EGFR-activating mutations were detected by the direct 
sequencing of EGFR (exon 18–21). In one case, we detected 
both L858R and T790M mutations in pretreated tissue 
specimens by direct sequencing (15). The characteristics of the 
153 patients are shown in Table 1. Twenty-four of these patients 
were treated with EGFR-TKIs (either gefitinib or erlotinib). 
We used a CAST-PCR to examine the incidence of T790M 
mutations in all 153 patients. Twenty randomly selected 
samples were also subjected to a digital PCR. The present 
study was approved by the Institutional Review Board of 
Nagoya City University Hospital (No. 39), and written 
consent was obtained from all of the patients.

All of the tumor samples were immediately frozen and 
stored at −80 ℃ until use. Genomic DNA was extracted from 
tumor tissues using a Wizard SV Genomic DNA Purification 
System (Promega, Madison, WI, USA) according to the 
manufacturer’s instructions. The DNA concentration was 
determined using a NanoDrop spectrophotometer (NaoDrop 
Technologies, Ind. Rockland, DE, USA); the concentration 
was then adjusted to 20 ng/μL.

We used 4 μL of gDNA per sample for the PCRs to 
detect EGFR T790M mutation. The CAST-PCRs were 
run in a final volume of 20 μL in 96-well plates that 
included 10 μL of 2× TaqMan genotyping master mix  
(Life Technologies, Foster City, CA, USA), 2 μL of  
10× Assay Mix, 5 μL of deionized water, and 4 μL of 
each sample. The CAST-PCRs were performed using a 
7500 Fast Real-Time PCR System (Life Technologies), 
in accordance with the manufacturer’s protocol (15). The 
cycling conditions were as follows: initial denaturation at  
95 ℃ for 10 min, followed by 5 cycles at 92 ℃ for 15 sec and 
58 ℃ for 1 min, 40 cycles at 92 ℃ for 15 sec and 60 ℃ for 1 min. 
The results of the mutation detection assays were analyzed 
using the Mutation DetectorTM Software version 2.0 (Life 
Technologies) and the %mutation value was determined. The 
%mutation value was calculated using the following formula:

%mutation = [1/2normalizedΔCt ÷ (1/2 normalizedΔCt + 1) ] ×100%
normalizedΔCt = [Ct (mutant allele assay) – Ct (wild type 
allele assay)] − CalibrationΔCtd

Table 1 The clinical and pathological characteristic and EGFR 
mutation status of the 153 lung adenocarcinoma patients

Factor Value %

Age (years)

Range 38–89

Average 67

Median 68

Sex

Male 59 38.6

Female 94 61.4

Pathological stage

IA 86 56.2

IB 33 21.6

IIA 7 4.6

IIB 6 3.9

IIIA 15 9.8

IIIB 4 2.6

IV 2 1.3

EGFR mutation status

Exon19 deletion 71 46.4

L858R 62 40.5

Exon 20 insertion 6 3.9

L861Q 5 3.3

G719 4 2.6

L858R + Exon 19 deletion 3 1.9

L858R + T790M 1 0.7

G719R + Exon 20 insertion 1 0.7

EGFR, epidermal growth factor receptor.



2399Journal of Thoracic Disease, Vol 9, No 8 August 2017

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2017;9(8):2397-2403jtd.amegroups.com

CalibrationΔCt = Ct (Mutant allele assay positive control) – 
Ct (Wild type allele)

We used 5 μL of gDNA per sample for the QuantStudioTM 
3D Digital PCR assay. The digital PCR was run in a final 
volume of 15 μL, which included QuantStudioTM 3D Master 
Mix (Life Technologies) (7.5 μL), a 40× TaqMan Assay 
(EGFR_6240) 0.375 μL, nuclease-free water (2.125 μL),  
and 5 μL of each sample. The cycling conditions were as 
follows: initial denaturation at 96 ℃ for 10 min, followed by 
39 cycles at 62 ℃ for 2 min, 98 ℃ for 30 sec and 60 ℃ for 2 min.

The overall survival (OS) and recurrence-free survival (RFS)  
of the 153 patients for whom a CAST-PCR was performed 
were assessed by the Kaplan-Meier method and differences 
were examined by the log-rank test. P values of <0.05 were 
considered to indicated statistical significance. All of the 
data were analyzed using the EZR software program (16).

Results

We used the CAST-PCR to detect T790M mutations in 
tissue specimens of 153 adenocarcinoma patients with EGFR-
activating mutations. T790M mutations were detected in 
45 (29.4%) of the 153 cases. The %mutation values of the 
45 cases ranged from 0.13% to 2.65% (average 0.27%,  
median 0.20%). We analyzed the OS and RFS according to the 
T790M mutation status in the 153 cases (Figure 1A,B). T790M 
mutations did not have a significant effect on the OS or RFS. 
Furthermore, the prognosis of patients with or without T790M 

mutations did not differ to a statistically significant extent, 
irrespective of the status of the specimens before treatment. 
Although the results did not reach statistical significance, the 
patients without T790M mutations were likely to show a better 
prognosis than those with T790M mutations.

We also used a digital PCR assay to investigate the 
T790M mutation status of 20 of the 153 cases. The T790M 
mutation status was considered to be positive when at least 
one plot of T790M mutation-type high-intensity FAM 
fluorescence (blue plot) was present (Figures 2,3). T790M 
mutations that showed high-intensity FAM fluorescence 
and wild-type (green plot) were considered to be false 
positives—thus, the green plot was recognized as wild-type. 
Table 2 compares the results of the CAST-PCR and the 
digital PCR in the detection of EGFR T790M mutations. 
T790M mutations were detected in 8 out of the 20 (40%) cases 
in which mutations had been detected by the digital PCR. 
T790M mutations were detected in 15 of the 20 (75%) cases 
 by the CAST-PCR.

Discussion

Third-generation EGFR-TKIs that overcome EGFR-TKI-
resistance in patients with T790M mutations have recently 
been developed. To prescribe these drugs to patients with 
acquired resistance, we need to perform re-biopsy to prove 
that a T790M mutation exists. This is associated with 
several problems. Re-biopsy is invasive, and, depending 
on the site of recurrence, it may be difficult to obtain 

Figure 1 Overall survival (A) and recurrence-free survival (B) stratified according to the T790M mutation status.
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Figure 2 The T790M mutation status was investigated using a 
digital PCR. Blue plot (T790-positive): high FAM fluorescence 
intensity was only observed in T790M mutations. Green plot 
(T790M-negative): the T790M mutation + wild-type showed a 
high FAM fluorescence intensity. Red plot (T790M-negative): only 
the wild-type showed a high FAM fluorescence intensity. PCR, 
polymerase chain reaction.

a sufficient amount of tissue. The heterogeneity of the 
tumors can also affect the accuracy of the re-biopsy result.  
False-negative results therefore remain a possibility.

Thus, a method of detecting T790M mutations that are 
associated with resistance to treatment using either a small 
amount of tissue from the main tumor, or by analyzing 
tumor cells in blood, would be useful for identifying 
patients who are likely to acquire resistance to gefitinib or 
erlotinib. Third-generation EGFR-TKIs could be suitable 
for these patients. 

The detection limit of direct sequencing is approximately 3%; 
thus, if the number of cells with T790M mutations is small, they 
would be undetectable by this technique. In our study, we used 
a CAST-PCR and a QuantStudioTM 3D Digital PCR to detect 
T790M mutations in such cases. Roma et al. (17) reported that 
it was possible to detect minimal EGFR mutations with 

Figure 3 Four cases in which a digital PCR was performed to detect T790M mutations. Blue plot (T790-positive): High FAM fluorescence 
intensity was only observed in T790M mutations. Green plot (T790M-negative): the T790M mutation + wild-type showed a high FAM 
fluorescence intensity. Red plot (T790M-negative): only the wild-type showed a high FAM fluorescence intensity. A (case 3) and B (case 13) 
show T790M mutation-negative cases. C (case 14) and D (case 15) show T790M mutation-positive cases. PCR, polymerase chain reaction.
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high sensitivity and specificity using the CAST-PCR system. 
However, they concluded that the CAST-PCR was associated 
with a high false-positive rate in the detection of T790M 
mutations. On the other hand, Kinz et al. (18) reported 
that the QuantStudioTM 3D Digital PCR system was more 
sensitive than an allele-specific real-time quantitative 
polymerase chain reaction (RQ-PCR). Accurate quantitation 
revealed that the JAK2 V617F allele burden fell to 0.1%.

The use of the Cobas® EGFR mutation kit (Roche) with 
FFPE specimens is now acceptable for detecting EGFR 
mutations. We should investigate the appropriate samples 
and methods for determining the EGFR mutation status, 
which should be confirmed if EGFR inhibitors are to be 
properly administered. The identification of mutation-
positive patients will allow patients who are more likely 

to benefit from molecular targeted drugs to be selected, 
while mutation-negative patients can avoid unnecessary 
side-effects associated with the use of molecular targeted drugs.

We should investigate methods for detecting small 
amounts of T790M mutations. We should also consider 
the conditions in which specimens are preserved. Based on 
this consideration, we used frozen tumor tissue specimens 
rather than FFPE tissue specimens. Our result concerning 
about T790M mutation detection rate is similar to some 
reports (19-21). On the other hands, some reports (22-25) 
are higher rate of T790M detection than our results. This 
discrepancy is considered to depend on the measurement 
method and the preservation condition of the specimens. 
When DNAs are damaged by the fixation of tumor tissues 
in formalin, artificial mutations, such as C-T or G-A 

Table 2 The detection of the pretreatment EGFR T790M mutations in 20 lung adenocarcinoma patients using CAST-PCR and digital PCR

Case number EGFR mutation status

T790M mutation

CAST-PCR Digital PCR

% Mutation Assessment % Mutation Assessment

1 L858R 0.17 Positive 0.02 Negative

2 L858R 0.32 Positive 0.06 Positive

3 deletion 0.21 Positive 0.03 Negative

4 L858R 0.26 Positive 0.01 Negative

5 L858R 0.15 Positive 0 Negative

6 L861Q 0.23 Positive 0.03 Positive

7 deletion 0 Negative 0 Negative

8 L858R 0 Negative 0.02 Positive

9 deletion 0 Negative 0 Negative

10 L858R 0.15 Positive 0.02 Positive

11 L858R 0 Negative 0.01 Negative

12 G719S 0.21 Positive 0.01 Negative

13 L861Q 0.71 Positive 0 Negative

14 L858R 0.61 Positive 0.29 Positive

15 deletion 0.21 Positive 0.01 Positive

16 L861Q 0 Negative 0.05 Negative

17 deletion 0.26 Positive 0 Negative

18 deletion 0.4 Positive 0.02 Negative

19 G719R/insertion 0.13 Positive 0.06 Positive

20 L858R 2.65 Positive 4.22 Positive

CAST-PCR, competitive allele-specific polymerase chain reaction; EGFR, epidermal growth factor receptor.
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transitions were detected in 90% of the samples. Thus, there 
were cases in which the detected T790M mutations were 
false-positives. In the present study, we detected T790M 
mutation in 29.4% of the pretreatment specimens with 
EGFR mutations (45 of 153 cases) using a CAST-PCR, and 
in 40% of pretreatment specimens with EGFR mutations 
(8 of 20cases) using a digital PCR. In contrast to our study, 
Watanabe et al. (12) and Iwama et al. (14) reported that they 
detected T790M mutations in 79.9% (298 of 373 cases) 
and 100% (25 of 25 cases) of pretreatment FFPE tissue 
specimens, respectively, using a digital PCR. Moreover, the 
incidence of pretreatment T790M mutations in the present 
study was lower in comparison to previous studies. The use 
of frozen, surgically-resected tissue specimens meant that 
our data was more precise. Thus, the false-positive rate 
would be expected to be lower in comparison to studies 
using FFPE tissue specimens. Moreover, our detection rate 
(for T790M mutations) was adjusted to the rate of acquired 
resistance (obtained from actual clinical data) (26,27). In 
interpreting the results of the reports, we should confirm 
the patients’ characteristics (including pathological stage), 
mutation detected method and condition of the tissues.

Previous studies (19-21) have indicated that the presence 
of the drug-resistance mutation T790M before initiation of 
treatment was associated with decreased PFS in patients with 
EGFR activating mutations who were receiving with gefitinib 
or erlotinib. In this study, almost patients were not received 
EGFR-TKIs. So, there is no difference about OS and RFS 
according to the T790M mutation status (Figure 1A,B). 

It is necessary carefully consider patients with T790M 
mutations that are proven to confer EGFR-TKI resistance. 
The pretreatment tissue specimens obtained by re-biopsy  
had small T790M-resistant mutations, while some patients 
in whom the presence of T790M mutations was not detected 
in re-biopsy specimens, showed acquired resistance. We 
should establish new, reliable treatment strategies for patients 
with acquired resistant to EGFR-TKIs.

In the present study, we investigated the pretreatment 
EGFR T790M mutation status using frozen, surgically-
resected tissue specimens from lung adenocarcinoma cases 
with EGFR-activating mutations using a digital PCR 
and a CAST-PCR. The mutation analysis showed that 
there was a discrepancy between their results. In order to 
clinically apply the T790M identification method using the 
pretreatment specimen for the patients with resistant to  
1st or 2nd generation EGFR-TKI, it is necessary to establish 
an appropriate measurement method.
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