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Evaluation of EGFR mutations in NSCLC with highly
sensitive droplet digital PCR assays
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Abstract. Targeted drugs have been widely used in the treat-
ment of patients with lung cancer, particularly for those with
non-small cell lung cancer (NSCLC). Plasma cell-free DNA is
an emerging clinical tool for the detection of epidermal growth
factor receptor (EGFR) gene mutation in patients with lung
cancer. Detection of circulating tumor (ct) DNA by droplet
digital PCR (ddPCR) is a highly sensitive and minimally inva-
sive alternative for the assessment and management of cancer.
In the present study, four ddPCR systems were developed to
detect the 19DELSs, L858R, T790M and C797S mutations of
the EGFR gene in plasma ctDNA samples, and all exhibited
higher sensitivity compared with the amplification refractory
mutation system (ARMS)-PCR assays. The results revealed
that the sensitivity of the ddPCR assays for the four major
types of EGFR mutant reached 0.04%. In total, 50 plasma
ctDNA samples were collected from patients with NSCLC
to detect the 19DELSs, L858R, T790M and C797S mutations
by ddPCR and ARMS-PCR. All the mutations except for
C797S were detected and the concordance rates between
ddPCR and ARMS-PCR were 96% (19DELs), 98% (L858R)
and 100% (T790M). The fraction of EGFR mutation ranged
from 0.43 to 68.07% using the ddPCR method. Therefore, the
present study suggests that the four ddPCR testing systems
could be used for early detection of EGFR mutations in plasma
samples, so that patients can better select the targeted drugs
according to the EGFR mutation.

Correspondence to: Dr Xi-Wen Jiang, Da An Gene Co., Ltd. of Sun
Yat-sen University, 19 Xiangshan Road, Science Park, High & New
Technology Development District, Guangzhou, Guangdong 510665,
P.R. China

E-mail: yuanyecat@vip.sina.com

“Contributed equally

Key words: epidermal growth factor receptor, non-small cell lung
cancer, circulating tumor DNA, droplet digital polymerase chain
reaction, amplification refractory mutation system-polymerase
chain reaction

Introduction

Lung cancer is the most common type of cancer, with ~326,600
novel cases and 569,400 mortalities due to lung cancer in
China in 2012 (1). Non-small cell lung cancer (NSCLC) is
one of the most common types of lung cancer, accounting for
~85% of lung cancer cases (2). Notably, ~75% of patients are
in the middle or advanced stages at the beginning of diagnosis
and the 5-year survival rate is very low (3,4). Therefore, the
diagnosis of NSCLC is crucial for its treatment.

Molecular studies have identified that the epidermal growth
factor receptor (EGFR) gene is a key player in the tumor devel-
opment of NSCLC (5). EGFR is not only a transmembrane
tyrosine kinase receptor, but also a member of the ErbB/HER
family (6). Binding of EGFR proteins to other members
of the HER family forms homo or heterodimers and deter-
mines the autophosphorylation of the intracellular domain
and the activation of downstream RAS/RAF/dual specificity
mitogen-activated protein kinase kinase mek-2/extracellular
signal regulated kinase or phosphatidylinositol 3 kinase/protein
kinase B signaling pathways (7). Multiple EGFR mutations
have been identified. Most activating mutations of EGFR favor
cell survival, proliferation and migration, and metastasis devel-
opment by increasing the activity of EGFR tyrosine kinase (8).
Previous studies have demonstrated that these mutations are
in exons 18-21 of the TK domain of EGFR and include either
point mutations or in-frame small deletions or insertions (9,10).
In unselected Caucasian patients with NSCLC, EGFR muta-
tions are infrequent (5.5% of all NSCLC cases), but they are
quite frequent in East Asian patients (33.4% of all NSCLC
cases) (11). In total ~250 different types of mutation have been
described, of which a single point mutation in exon 21 (L858R)
and a group of small in-frame deletions in exon 19 are the
most frequent and account for ~90% of all EGFR mutations.
In addition, the point mutations of the exon 18 in the amino
acid residue 719, the L861Q mutation in exon 21 and the
in-frame insertions in exon 19 account for ~6% of all EGFR
mutations (12).

Currently, patients with any type of activating EGFR muta-
tion are treated with EGFR-tyrosine kinase inhibitors (TKIs).
The reversible EGFR TKIs erlotinib and gefitinib offer a
therapeutic alternative for patients with metastatic EGFR
mutation-positive lung cancer and are superior to standard
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platinum-based chemotherapy (13). However, the therapeutic
success of these targeted agentsislimited by primary oracquired
drug resistance. Acquired resistance to EGFR-TKIs is either
caused by alterations in the EGFR gene that are mediated by a
number of molecular mechanisms or by an EGFR-independent
mechanism that is facilitated by the activation of alternative
signaling pathways to support tumor growth. The T790M
mutation is the most frequent mechanism of acquired resis-
tance to EGFR-TKIs in NSCLC (14,15). To date, studies have
demonstrated that 50-60% of tumors have acquired resis-
tance to EGFR-TKIs (10,16). The mono-anilino-pyrimidine
compound AZD9291, as a representative of third-generation
inhibitors, is a novel, irreversible EGFR-TKI that has been
demonstrated to be effective against T790M resistance and
EGFR-TKI sensitizing mutations in preclinical models (17).
However, resistance to third-generation inhibitors develops
rapidly and the EGFR C797S mutation is the main mecha-
nism (18). Therefore, in order to overcome acquired resistance
to the third-generation inhibitors, next-generation EGFR-TKIs
may be an ideal therapeutic solution.

Currently, genetic alterations in EGFR can be evaluated
with a variety of technologies. In general, sequencing, albeit
with the limitation of low sensitivity, is the most common
method capable of screening all the mutations and includes
pyrosequencing, high resolution melting analysis (HRMA) and
single-strand conformation polymorphism analysis (SSCP).
However, direct sequencing and pyrosequencing can directly
identify the mutation, while HRMA and SSCP can only
identify the absence or presence of a mutation (19). Therefore,
a method to identify the mutations is crucial because of the
effect on the therapeutic choice. Quantitative polymerase
chain reaction (PCR) is the foundation of most of the methods
that detect specific mutations, including amplification refrac-
tory mutation system (ARMS) technology (20,21). The source
of biological material is one of the most important issues for
these molecular tests. In general, sampling the tumor tissue is
considered to be the gold standard for genotyping. However,
tumor tissue is unavailable in most cases as most patients
have tumor metastasis or undergo resection upon diagnosis.
Therefore, circulating tumor (ct) DNA is emerging as a novel
strategy for genotyping. ctDNA can provide the same infor-
mation as tumor tissue and avoids tumor heterogeneity, so it
can be used in cases where tumor tissue is unavailable (22).
At present, various methods are used to detect EGFR muta-
tions in the plasma or serum of patients with NSCLC. Among
them, droplet digital PCR (ddPCR) is a novel method that
can quantify absolute nucleic acids without using calibration
curves (23). This method depends on the ultimate dilutions of
the PCR mix volume and Poisson statistics (24-26). Following
the ultimate dilutions, the PCR mix is distributed into multiple
reactions and the copy number of the target nucleic acids in
each reaction is independently tested with single-molecule
sensitivity (27). Poisson statistics can be used to calculate the
absolute copy number of the target nucleic acids in the original
sample (28,29). Compared with traditional PCR and qPCR, the
major advantages of ddPCR were to provide a high sensitivity
and an absolute quantification for detection. In addition, the
development of ddPCR assays for detection of EGFR muta-
tions with high specificity has been reported by a large number
of studies (30-32).
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In the present study, highly sensitive and specific ddPCR
assays were developed for detecting four mutations of the
EGFR gene. The sensitivity reached 0.04%. A total of 50
plasma samples were tested by the assays and ARMS-PCR.
The ddPCR assays could detect the mutations in the plasma
earlier than ARMS-PCR. The consistency was between the
ddPCR assays and ARMS-PCR was up to 96%.

Materials and methods

Cells, samples and reagent kits. The human NSCLC cell line
H1975 with mutations of L858R and T790M in EGFR, the
human NSCLC cell line H1650 and the cervical carcinoma
cell line Hela with mutation of 19DELSs, and the wild-type
colon carcinoma Caco-2 cell line were obtained from the
Institute of Cell Sciences, Shanghai Institutes for Biological
Sciences, Chinese Academy of Sciences (Shanghai, China).
Peripheral blood samples and paraffin-embedded tissue
samples from advanced lung cancer patients were obtained
from the Third Affiliated Hospital of Sun Yat-sen University
(Guangzhou, China). Acquisition of the samples was approved
by the Research Ethics Committee of the Third Affiliated
Hospital of Sun Yat-sen University and all subjects provided
informed consent.

All synthetic oligonucleotides were purchased from Sangon
Biotech Co., Ltd. (Shanghai, China). The peptide nucleic acid
(PNA) was synthesized by Panagene (Daejeon, South Korea).
Ardent cell-free DNA blood collection tubes were purchased
from Ardent BioMed (Mountain view, CA, USA). The droplet
reader oil, droplet generation oil for probes, droplet generator
cartridges and gaskets, droplet PCR supermix and ddPCR
96-well plates were purchased from Bio-Rad Laboratories,
Inc. (Hercules, CA, USA).

Cell culture. The Hela and Caco-2 cells were cultured in
Dulbecco's modified Eagles medium (Hyclone; GE Healthcare
Life Sciences, Logan, UT, USA), while the H1975 cells and
H1650cells were growninRPMI-1640 medium (Sigma-Aldrich;
Merck KGaA, Darmstadt, Germany). The media was supple-
mented with 10% fetal bovine serum (Sigma-Aldrich; Merck
KGaA) and 100 U/ml penicillin-streptomycin (Sigma-Aldrich;
Merck KGaA) in a humidified atmosphere of 5% CO, at 37°C.

Primer design. The primers and specific Minor Groove Binder
(MGB) probes for the L858R, T790M and C797S mutations
in EGFR were designed using Oligo 7.37 software (Molecular
Biology Insights, Inc., Colorado Springs, CO, USA). The
sequences of the primers and probes were used in ddPCR and
ARMS-PCR as stated in Table I.

Clinical sample processing and DNA extraction. In order to
extract the ctDNA in the plasma from the clinical samples,
5 ml blood samples were collected in tubes and centrifuged at
16,000 x g for 10 min at 4°C to obtain the plasma. The ctDNA
in the plasma was then extracted using a QIAamp Circulating
Nucleic Acid kit (Qiagen GmbH, Hilden, Germany)
according to the manufacturer's protocol. In order to obtain
the genomic DNA from the appropriate clinical samples of
paraffin-embedded tissue, a total of 350 ul xylene was added
to the samples and then they were centrifuged at 13,000 x g
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Table 1. Sequence of primers and probes.

A, Droplet digital-PCR

Primer Sequence (5'-3")

ET7-F CTCCAGGAAGCCTACGTGA

ET7-R GACATAGTCCAGGAGGCAGC
ET7-MP FAM-CAGCTCATCATGCAGCTC-MGB
ET7-WP VIC-CAGCTCATCACGCAGCT-MGB
ELS8-F TGGCAGCCAGGAACGTACT

EL8-R TGCCTCCTTCTGCATGGTAT

EL8-MP FAM-TTTGGGCGGGCCAAACT-MGB
EL8-WP VIC-TTTGGGCTGGCCAAACT-MGB
E19D-F TCTCTGTCATAGGGACTCTGG
E19D-R GAGGATTTCCTTGTTGGCT

E19D-P FAM-AAAGCCAACAAGGAAATCC-MGB
E19D-B TGCTTCTCTTAATTC

E19D-CF CTCAGCCTCCAGAGGATGTT
E19D-CR GGAAAATCAAAGTCACCAACC
E19D-CP VIC-AGGTGGTCCTTGGGAATTTG-MGB
EC-F CATCTGCCTCACCTCCACC

EC-R CTTTGTGTTCCCGGACATAGT
EC-MPI FAM-CTTCGGCAGCCTCCT-MGB
EC-MP2 FAM-CTTCGGCTCCCTCCTG-MGB
EC-WPI VIC-CTTCGGCTGCCTCCT-MGB

B, Amplification refractory mutation system-PCR

Primer Sequence (5'-3")

T7-F CACCGTGCAGCTCATCGT

T7-R CCTTCCCTGATTACCTTTGC

T7-P FAM-CCTTCGGCTGCCTCCTG-MGB

L8-F CAAGATCACAGATTTTGGGAG

L8-R CCTGGTCCCTGGTGTCA

L8-P FAM-CAAACTGCTGGGTGCGGA-MGB

19D-F1 TCCCGTCGCTATCAAAACA

19D-F2 CCGTCGCTATCAAGGAATC

19D-F3 CCCGTCGCTATCAAGGC

19D-F4 TCGTCGCTATCAAGGATC

19D-F5 CGTCGCTATCAAGGCATC

19D-R GGATGTGGAGATGAGCAGG

19D-P FAM-AAATCCTCGATGTGAGTTTCTG
C-MGB

C-F1 TCATGCCCTTCGGCAC

C-F2 GCTCATGCCCTTCGGAA

C-R GCAGACCGCATGTGAGGAT

C-P FAM-ATTGGCTCCCAGTACCTGCTC-MGB

GAPDH-F ACAACAGCCTCAAGATCATCAG

GAPDH-R GGTGCTAAGCAGTTGGTGG

GAPDH-P FAM-CCTGGCACCCTATGGACACGC-MGB

MP, mutant probe; WP, wild-type probe; -F or -CF, forward primer;
-R or -CR, reverse primer; -P or -CP, probe; -B, blocking primer.

for 2 min at room temperature. Subsequently, 350 ul alcohol
was added to the sediment and it was drained with a vacuum
pump for ~0.5-1 h. The genomic DNA was separated from the
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cells using a DNA extraction kit (DAAN Gene Co., Ltd., of
Sun Yat-sen University, Guangzhou, China) according to the
manufacturer's protocol.

To evaluate the DNA copy numbers of L858R, T790M and
19DELs, the DNA from the H1975 cells (harboring the L858R
and T790M mutations) and Hela cells (harboring the 19DELs
mutation) was extracted and diluted to 50 ng/ul. The plasmids
of L858R, T790M, 19DELs, C797S and the wild-types were
dissolved and diluted to 10°¢ using sterile double distilled
water.

Optimization of digital PCR amplification. PCR reactions
were assembled into the individual wells of a single-use injec-
tion molded cartridge. Subsequently, 70 ul droplet generation
oil was loaded and the cartridge was placed into the droplet
generator. Mono-dispersed droplets were generated by mixing
the sample and oil and 40 ul were transferred into a 96-well
PCR plate for the thermal cycling amplification. The reac-
tion conditions for the L858R, T790M and C797S mutations
were as follows: 95°C for 10 min; 94°C for 30 sec; 39 cycles
of 60°C (C797S), 58°C (L858R) or 54°C (T790M) for 60 sec;
98°C for 10 min; and 4°C hold. The reaction conditions for the
19DELSs mutations were as follows: 95°C for 10 min; 94°C for
30 sec; 70°C for 10 sec; 39 cycles of 60°C for 60 sec; 98°C for
10 min; and 4°C hold. A droplet reader (Bio-Rad Laboratories,
Inc.) was used for fluorescence signal quantification. A total
of four negative controls were routinely included to reduce
false-positive results. Human internal reference genomic
DNA (GAPDH) was routinely used as a negative control to
determine the cut-off for allele calling. The PCR reactions of
L858R, T790M, C797S and 19DELSs are presented in Table II.

Evaluation of DNA copy number and sensitivity testing of
the ddPCR assays. After the PCR amplification reactions,
the droplet reader was used for fluorescence signal quantifi-
cation. According to the copy number of DNA, the extracted
DNA and plasmid of C797S was diluted to 3,000 copies/ul.
To evaluate the sensitivity of the L858R, T790M and 19DELs
assays, the DNA solutions from the H1975 cells (harboring
the L858R and T790M mutations), Hela cells (harboring the
19DELs mutation) and plasmid were serially diluted with
the DNA solution from the Caco-2 cells (wild-type) to achieve
decreasing ratios (1:10 to 4:10,000). A total of four negative
controls were routinely included to reduce false-positive
results. Human internal reference genomic DNA was routinely
used as a negative control to determine the cut-off for allele
calling.

EGFR mutation detection of plasma ctDNA and
paraffin-embedded tumor tissue sample DNA by ddPCR assays
and ARMS-PCR. The plasma ctDNA and paraffin-embedded
tumor tissues samples were tested using the optimal reaction
system and amplification conditions of the aforementioned
ddPCR assays. The plasma ctDNA and paraffin-embedded
tumor tissue samples were also tested using ARMS quanti-
tative PCR. The ARMS quantitative PCR reaction mixture
contained 10 mM Tris-HCI (pH 8.3), 20 mM KCl, 200 mM
dNTPs, 3.5 mM MgCl,, forward primers (10 pM each), MGB
block primers (4 pM each), reverse primers (10 pM each), probes
(3 pM each) and =10 ng genomic DNA. PCR amplification
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Table II. PCR reactions system of mutant sites.
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PCR reaction Reagents Dosage (u1)
Mutant PCR reactions of L858R, 2X Droplet PCR Supermix 10
T790M and C797S Mutant primers/FAM probe (450 nM/250 nM) 1
Sterile double distilled water 5
Mutant/wild-type plasmid 4
Wild-type PCR reactions of 2X Droplet PCR Supermix 10
L858R, T790M and C797S Wild-type primers/VIC probe (450 nM/250 nM) 1
Sterile double distilled water 5
Mutant/wild-type plasmid 4
Mutant PCR reaction of 19DELs 2X Droplet PCR Supermix 10
Mutant primers/FAM probe (450 nM/250 nM) 1
PNA (450 nM) 1
Sterile double distilled water 4
Mutant/wild-type plasmid 4

PCR, polymerase chain reaction; PNA, peptide nucleic acid.
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Figure 1. Specificity of the ddPCR for 19DELs, L858R, T790M and C797S mutations. Representation of the specificity results of the ddPCR for 19DELs,
L858R, T790M and C797S mutations. ddPCR, droplet digital polymerase chain reaction; Pos, positive; Neg, negative.

was performed using an ABI7500 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc., Waltham,
MA, USA) with the following protocol: 50°C for 2 min; 95°C
for 5 min; 40 cycles of 94°C for 15 sec and 55°C for 45 sec.
In the ARMS-PCR amplification system, the housekeeping
gene GAPDH was used as the internal control gene and the
results were directly obtained by the Cq value (33). When the
Cq value of the tested sample was <36, it was considered to be
positive and >36 was considered to be negative.

Statistical analysis. The ddPCR data for allele calling was
analyzed using QuantaSoft software, version 1.7.0 (Bio-Rad
Laboratories, Inc.). Analysis of the results of the ARMS-PCR
data was performed with SDSShell 2.0 software (Applied
Biosystems; Thermo Fisher Scientific, Inc.).

Results

Specificity of the primers and probes. The specificity for
all mutations of EGFR was tested. The wild-type plasmid
(containing the wild-type EGFR) exhibited high fluorescence
signal in the 2'-chloro-7'phenyl-1,4-dichloro-6-carboxy-fluo-
rescein (VIC) channel and no fluorescence signal in the
fluorescein amidite (FAM) channel. However, the mutant
plasmid (containing the mutant EGFR) exhibited high fluo-
rescence signal in the FAM channel and no fluorescence
signal in the VIC channel, meaning that the primers and
probes exhibited good specificity. To develop the detection
assays of the EGFR mutations, the MGB probe was intro-
duced to improve the specificity of the assays. MGB can bind
in the minor groove of double-stranded DNA as its small size
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Table III. Copy numbers of DNA and plasmid.

Mutation
Template Copies/4 ul Copies/ng ratio (%)
H1975 (L858R) 23,000 115 78.3%
H1975 (T790M) 23,000 115 79.5%
Hela (19DELs) 8,851 44 33.4%
Caco-2 9,622 48 /
Plasmid 12,736 / /
Table I'V. Mutation ratio of 20 repetitions.
19DELSs (%) L858R (%) T790M (%) C797S (%)
0.028 0.026 0.08 0.031
0.039 0.037 0.07 0011
0.027 0.047 0.032 0.09
0.028 0.043 0.013 0.031
0.022 0.045 0.07 0.021
0.022 0.028 0.1 0018
0.06 0.045 0.11 0.08
0.04 0.038 0.08 0.02
0.032 0.08 0.07 0.02
0.048 0.028 0.06 0.035
0.033 0.031 0.14 0.039
0.036 0.07 0.08 0.056
0.054 0.012 0.75 0.025
0.07 0.06 0.056 0011
0.06 0013 0.076 0.042
0.05 0.05 0.066 0.08
0.011 0013 0.022 0.021
0.011 0.044 0.08 0.053
0.017 0.024 0.05 0.024
0.021 0.027 0.038 0.05

leads to a high melting temperature (22,23). According to
the results, the mutation amplification reactions of the four
assays were of high specificity, which suggested that the
MGB probe can distinguish a single mismatch between the
wild-type and mutation-type (Fig. 1). According to the fluo-
rescent signal of the negative control, the threshold values
of 19DELs, L858R, T790M and C797S were 9,600, 2,000,
4,000 and 2,880, respectively. The 19DELSs reactions exhib-
ited higher threshold values compared with the other three
reactions due to the use of PNA to block amplification of
the wild-type (Fig. 1). There were large micro-reactions with
different fluorescence signals in the FAM channel, which
may be due to the different blocking efficiency of PNA in
micro-reactions.

Sensitivity of the assays. In order to evaluate the sensitivity
of the assay for EGFR mutation, the copy number of 50 ng/ul
DNA from cells and plasmids was tested. It is known that
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33 ng of human genomic DNA contains 10,000 copies. The
total copy numbers of the three cell types were different and
described in Table III. Through testing serial dilutions of
EGFR mutations by mixing mutation-type DNA derived from
the positive cell lines (H1650 and Hela for 19DELs, and H1975
for L858R and T790M) with wild-type DNA from the Caco-2
cell line, it was possible to stably detect the four major types of
EGFR mutation until the ratio of mutation-type to wild-type
was 1:2,500 (0.04%; Figs. 2 and 3). Although the mutation
ratios were different in the 20 repetitions, all the reactions
were mutation-positive (Table IV). Therefore, the selec-
tive sensitivity of the ddPCR assays for 19DELs, L858R,
T790M and C797S was 0.04% in the testing of cell line DNA
(Figs. 2 and 3). Digital PCR is the third generation of PCR
with a high sensitivity, which can reach 0.001-0.0001% (25).
In the present study, although the sensitivity of the ddPCR
assays reached 0.04%, it is lower than the theoretical amount;
therefore, further optimization of the assays to obtain a more
sensitive result is required.

EGFR mutation testing by ddPCR and ARMS-PCR in clinical
plasma ctDNA samples. In total, 50 plasma ctDNA samples
collected from patients with EGFR TKI-naive NSCLC were
tested by ddPCR and ARMS-PCR for the mutations of EGFR
exonl9 deletions, L858R, T790M and C797S. All 50 samples
were negative for C797S, which may be due to the rarity of
the C797S mutation (34). For the remaining mutation types,
11 plasma samples were positive for the 19DELSs in the ddPCR
assay, while 9 plasma samples of the 11 were also positive for
19DELs by ARMS-PCR (Fig. 4). Therefore, the concordance
rate between ddPCR and ARMS-PCR was 96% (48 of 50) in
the 19DELs mutation testing (Fig. 5). In the L858R ddPCR
assay, 7 plasma samples were identified to be positive, but
6 plasma samples of the 7 were also positive for L858R by
ARMS-PCR (Fig. 4). Therefore, the concordance rate between
ddPCR and ARMS-PCR was 98% (49 of 50) in the L858R
mutation testing (Fig. 5). A total of 5 plasma samples were iden-
tified to be positive in the T790M ddPCR assay as well as the
ARMS-PCR testing. Therefore, the concordance rate between
ddPCR and ARMS-PCR was 100% (50 of 50) in the T790M
mutation testing (Fig. 5). In conclusion, for these 23 samples, the
fraction with each EGFR mutation ranged from 0.43 to 68.07%
and three plasma samples were positive for EGFR mutations
by ddPCR but negative by ARMS-PCR testing. The EGFR
mutation fractions of these three plasma samples were 0.43,0.67
and 0.86%, respectively (Table V), which were generally low
compared to the other positive plasma samples but still much
higher than the 0.04% detection limit of the ddPCR assays. The
results suggested that the ddPCR assays exhibit higher sensi-
tivity compared to the ARMS-PCR assays.

EGFR mutation testing by ddPCR and ARMS-PCR in
paraffin-embedded tumor tissue samples. In the plasma
testing, three samples were positive for EGFR mutations by
ddPCR but were negative by ARMS-PCR testing, as they
had extremely low fractions of mutation DNA. However, the
possibility of experimental artifacts could not be completely
ruled out. Therefore, the EGFR mutation was also detected
by ddPCR and ARMS-PCR in the paraffin-embedded tumor
tissues samples of the three patients. The results revealed that
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Figure 2. Sensitivity of the ddPCR for EGFR 19DELs and L858R mutations. Up to 0.04% dilution of mutation-type to wild-type of EGFR, at least two positive
droplets were stably detected by ddPCR assays. The numbers presented in the positive area were the amounts of EGFR mutation positive droplets by detection.
ddPCR, droplet digital polymerase chain reaction; EGFR, epidermal growth factor receptor.

Table V. Summary of EGFR mutation fraction of 23 EGFR
mutation-positive plasma samples.

Summary of Summary of

Plasma EGFR mutation Plasma EGFR mutation
samples fraction (%) samples fraction (%)

1 22.48 13 32.76

2 15.76 14 28.96

3 5.67 15 043

4 30.56 16 26.67

5 891 17 0.67

6 14.48 18 13.48

7 0.86 19 12.56

8 16.75 20 3.59

9 15.62 21 11.78
10 68.07 22 26.86
11 23.46 23 19.48
12 44.76

EGFR, epidermal growth factor receptor.

two paraffin-embedded tumor tissues samples were identified
to be 19DELs mutation-positive and one paraffin-embedded
tumor tissues sample was identified to be L858R muta-
tion-positive by ddPCR, which was consistent with the plasma
samples (Figs. 4 and 6). Therefore, the result of the previous
small mutation detection by digital PCR was correct. This
suggested that the ddPCR assays exhibited higher sensitivity
compared to ARMS-PCR assays.

Discussion

Lung cancer is one of the most common types of malig-
nant tumor worldwide and NSCLC is the leading cause
of cancer-associated mortalities globally (35). Molecular
studies have demonstrated that EGFR is a key factor in
NSCLC tumor development (5). Tissue biopsy is the current
standard diagnostic procedure and it has high reliability,
but the success rate is poor. A previous study revealed that
~10-50% of patients undergo a biopsy but not enough tumor
tissue is obtained for EGFR genotyping (36). Therefore, a
non-invasive, quantitative, blood-based ctDNA assay is
urgently required as a novel strategy for the detection of
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Figure 3. Sensitivity of the ddPCR for EGFR T790M and C797S mutations. Up to 0.04% dilution of mutation-type to wild-type of EGFR, at least two positive
droplets were stably detected by ddPCR assays. The numbers presented in the positive area were the amounts of EGFR mutation positive droplets by detection.
ddPCR, droplet digital polymerase chain reaction; EGFR, epidermal growth factor receptor.

EGFR-activating mutations. However, for EGFR mutations,
the analysis of plasma ctDNA has technical challenges.
For example, the tumor-derived ctDNA fraction is low in
quantity and variable between individuals. Therefore, in
the present study, four ddPCR testing systems for 19DELs,
L858R, T790M and C797S were developed to detect these
EGFR mutations with high sensitivity.

There are numerous methods to detect EGFR gene
mutation (15-18); however, they vary widely in sensitivity,
assay complexity and cost. For example, automated dideoxy
sequencing has been considered the gold standard for
mutation detection, but its sensitivity only reaches 10-20%.
Allele-specific PCR is a huge improvement with 1-5%
sensitivity. Researchers are focusing on developing more
sensitive and easy-to-use methods (37). ddPCR is emerging
as a method to detect a low abundance of plasma ctDNA with
ultra-sensitivity and absolute quantification. Digital PCR is
the third generation of PCR and has high sensitivity, which
can reach 0.001-0.0001%. In the present study, a novel digital
PCR method was developed to detect EGFR mutations,
which had high sensitivity in plasma ctDNA. Furthermore,
a 15-bp PNA was introduced to block amplification of the

wild-type EGFR allele with high efficiency. It was possible
to detect the four major types of EGFR mutation and the
selective sensitivity of the assays achieved was at least 0.04%
in 20 stable repetitions. In addition, highly sensitive ddPCR
may avoid false negative results that are associated with
tumor heterogeneity in the evaluation of enriched samples in
tumor cells (23).

In the present study, 50 plasma samples of patients with
NSCLC were tested using ddPCR assays and ARMS-PCR. A
total of three mutations were detected, which were 19DELSs,
T790M and L861Q, and the concordance rate between
ddPCR and ARMS-PCR was 96, 98 and 100%, respectively.
For the 23 positive samples, the fraction of EGFR mutation
ranged from 0.43 to 68.07% and three plasma samples were
positive for EGFR mutations by ddPCR but negative by
ARMS-PCR testing. However, the positive mutation rate of
these three plasma samples was 0.43, 0.67 and 0.86%, respec-
tively (Table V), which may not be detected by ARMS-PCR.
Therefore, in order to verify the results, paraffin-embedded
tumor tissues samples from these three patients were collected
and simultaneously detected by digital PCR and ARMS-PCR.
The results revealed that two of the three paraffin-embedded
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Figure 4. EGFR mutation testing by ddPCR and ARMS-PCR in clinical plasma ctDNA samples. A total of 50 plasma ctDNA samples collected from EGFR
tyrosine kinase inhibitor-naive non-small cell lung cancer patients were tested respectively by ddPCR and ARMs-PCR for the mutations of EGFR 19DELs,
L858R, T790M. The testing results by ddPCR and ARMs-PCR of patient 7, 15 and 17 are illustrated. ddPCR, droplet digital polymerase chain reaction;
EGFR, epidermal growth factor receptor; ARMS, amplification refractory mutation system; ct, circulating tumor; Pos, positive; Neg, negative.
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Figure 6. EGFR mutation testing by ddPCR and ARMS-PCR in paraffin tumor tissues samples. The three patients whose EGFR mutations were positive
by ddPCR but negative by ARMS-PCR in plasma samples, the paraffin tumor tissues samples also were tested respectively by ddPCR and ARMS-PCR for
the mutations of EGFR 19DELs and L858R. The testing results by ddPCR and ARMS-PCR of patient 7, 15 and 17 are illustrated. ddPCR, droplet digital
polymerase chain reaction; EGFR, epidermal growth factor receptor; ARMS, amplification refractory mutation system; Pos, positive; Neg, negative.

tumor tissues samples were identified to be 19DELs muta-
tion-positive and the other paraffin-embedded tumor tissue
sample was identified to be L858R mutation-positive by the
two methods. These results suggest that the ddPCR assays
exhibited higher sensitivity compared with the ARMS-PCR
assays and ddPCR is able to detect EGFR mutations early in
plasma samples.

Furthermore, plasma ctDNA samples of two patients not
only had 19DELs, but also had a T790M mutation. In addi-
tion, one L858R mutation-positive patient was also T790M
mutation-positive by ddPCR testing. A previous study has
demonstrated that if patients only have the 19DELs or
L858R mutation, they could benefit from first-generation
EGFR-targeted TKI drugs (28). However, once the patients
have a double mutation with 19DELs and T790M or 19DELs
and L858R, they will not benefit from first-generation
EGFR-targeted TKI drugs and they may benefit from the
third-generation EGFR-targeted TKI drug AZD9291 (29).
Therefore, the ddPCR technique may be used for early detec-
tion of these mutations in plasma samples, so that the patient
can select the targeted drugs according to the EGFR mutation.
Blood-based ctDNA can provide a homogeneous representa-
tion of all tumor DNA and allow continual monitoring for
tumor mutation profiles without invasive biopsies, tissue
archives and tumor heterogeneity. Overall, the results suggest
that the ddPCR assays exhibit higher sensitivity compared to

ARMS-PCR assays and they can detect EGFR mutations early
and noninvasively.

Similar experiments have been done in previous studies.
For examples, Kim et al (38) used ddPCR to quantify EGFR
mutations in paraffin-embedded tissues with having a high
sensitivity and Zhu et al (39) used a novel ARMS-based assay
to detect the L858R, 19DELSs and T790M mutations of EGFR
proving that it demonstrated similar detection effect with
ddPCR. However, the present experiment was mainly used to
detect plasma cell-free DNA as a novel generation of markers
for non-invasive detection of tumors and detected the unusual
drug-resistant mutation C797S of EGFR whose detection limit
reached 0.04%. Therefore, the present study's digital PCR
system has a great advantage over previous studies.

In conclusion, four ddPCR testing systems for the detection
of the 19DELs, L858R, T790M and C797S mutations of the
EGFR gene in plasma ctDNA samples have been developed,
which all exhibit higher sensitivity compared to ARMS-PCR
assays. Therefore, the four ddPCR testing systems could be
used for early detection of EGFR mutations in plasma samples,
so that patients can better select the targeted drugs according
to the EGFR mutation.
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