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Introduction

Most patients with epidermal growth factor receptor (EGFR) 
mutant lung cancers develop acquired resistance to EGFR 
tyrosine kinase inhibitors (TKIs). This resistance to treatment 
with EGFR TKIs often involves both pharmacological and 
biological mechanisms. The biological mechanisms involve 
three main categories of molecular features: alterations in the 
drug target, activation of alternative signaling pathways, and 
phenotypic changes.[1] Because many resistance alterations 
have been defined, the screening of multigene resistance 
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mutations associated with EGFR TKIs will become the 
preferred approach for routine clinical practice.[2]
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The detection of genetic mutations can be implemented based 
on single‑base extension technology and matrix‑assisted laser 
desorption ionization time‑of‑flight  (MALDI‑TOF) mass 
spectrometry (MS) using the MassARRAY iPLEX platform, 
which utilizes multiplex polymerase chain reaction (PCR). 
Target sequences are amplified by amplification primers, 
and extension primers located one base before the mutation 
site that are complementary to the amplification products 
are used to perform single‑base extension reactions. 
Single‑nucleotide polymorphisms can be distinguished using 
MALDI‑TOF MS according to the molecular weight of the 
different extension bases of the screening site.[3] Moreover, 
the MassARRAY platform is also ideal for the screening 
of multiple mutations, as its design is both accurate and 
flexible.[2] Therefore, it is of great significance to establish 
a multigene detection method that is especially suitable for 
detecting EGFR TKI‑resistant mutations.

Methods

Ethical approval
Informed consent was obtained from each patient, and the 
study was conducted in accordance with the Declaration of 
Helsinki and was approved by the Local Ethics Committee 
of Guangdong General Hospital (No. GDREC2013013(R2)).

Materials
Patient specimens and cell lines
We randomly selected a cohort of ten lung cancer specimens 
from the Guangdong Lung Cancer Institute of Guangdong 
General Hospital in 2016. All samples, which were stored 
at −80°C after being frozen in liquid nitrogen, were assessed 
by two pathologists to ensure that more than 50% of the 
sample consisted of tumor tissue. We used nine nonsmall 
cell lung cancer cell lines  (H460, PC9, H1650, H1975, 
A549, GLC82, L78, HCC827, and H2228), which were 
purchased from the cell bank of the Chinese Academy of 
Sciences in Shanghai.

Reagents and instruments
QIAsymphony DNA Mini Kit (Qiagen, Valencia, Germany); 
LungCarta™ kit, PCR Accessory Set, iPLEX Pro Reagent 
Kit and SpectroCHIP®  (Agena Bioscience, San Diego, 
CA, USA); H2O  (Sigma‑Aldrich, St. Louis, MO, USA); 
QIAsymphony SP (Qiagen, Valencia, Germany); Ex Taq™ 
Hot Start Version Kit  (Takara Biotechnology, Dalian, 
China); Thermo NanoDrop 1000 (Thermo Fisher Scientific, 
Waltham, MA, USA); MassARRAY® Nanodispenser and 
MassARRAY® Analyzer  (Agena Bioscience, San Diego, 
CA, USA); ABI 3730xl Sequencing Machine; and PCR 
Machine  (Life Technologies, Carlsbad, CA, USA) were 
used.

Methods
Preparation of polygenic primer panel
Determination of the driver genes of lung cancer
Based on our review of the literature and data on EGFR‑targeted 
resistance to lung cancer, as well as on previous findings 
from our institution, seven target oncogenes (EGFR, KRAS, 

PIK3CA, BRAF, ERBB2, NRAS, and BIM) that are closely 
related to the targeted therapy resistance of the EGFR gene 
were used in the polygenic primer panel.

Determination of the hotspots of driver genes
Our review of the Catalogue of Somatic Mutations in 
Cancer  (COSMIC) database identified the COSMIC 
identifier numbers of the following seven genes: 
EGFR (ENST00000275493), KRAS (ENST00000256078), 
PIK3CA (ENST00000263967), BRAF (ENST00000288602), 
ERBB2 (ENST00000269571), NRAS (ENST00000369535), 
and BIM (ENST_00000393256). According to the mutation 
frequencies of the seven oncogenes in lung cancer, 
60 resistance mutations related to EGFR gene targeted 
therapy were added to the polygenic primer panel [Table 1].

Design of the polygenic primer panel
The genome sequence numbers of the following seven target 
genes were identified in GenBank: EGFR (NG_007726.3), 
KRAS  (NG_007524.2), PIK3CA  (NG_012113.2), 
BRAF  (NG_007873.3),  ERBB2  (NG_007503.1), 
NRAS (NG_007572.1), and BIM (NG_029006.1). According 
to the mutation label and format requirements of the 
MassARRAY platform, we marked 60 mutant loci in the 
genomic DNA (gDNA) sequences. It is important to note 
that the BIM gene contains a large‑fragment deletion of 
2903 bp, making it difficult to design the large‑fragment 
deletion in one assay; therefore, we designed the BIM 
wild‑type and BIM deletion in two separate assays. To 
include all 61 assays in the polygenic primer panel, the 
relevant parameters of Assay Design Software (ADS) were 
adjusted. We set the maximum number of loci capable of 
being detected simultaneously to 10 mutant loci. Sixty‑one 
loci were randomly distributed in 12 wells using ADS 
according to the primer design (avoidance of the formation 
of dimers/mismatches, etc.). In total, 183 primers comprising 
61 paired forward and reverse amplification primers and 
61 matched single‑base extension primers were designed. 
Target sequences were amplified using amplification primers, 
and extension primers were located one base before the 
mutation site and were complementary to the amplification 
products. Single‑base extension reactions were then 
performed.

Configuration of the polygenic primer panel
Primers were synthesized by Shanghai Sangon Biological 
Engineering Technology and Service Co., Ltd. The polygenic 
primer panel was configured as follows: (1) Amplification 
primers were first diluted to 10 µmol/L. The working 
liquid was a mixture of all primers in each well, including 
0.5 µmol/L of each primer. According to the ADS 
parameters, the forward and reverse amplification primers 
were distributed into 12 pipes. The forward primer P1‑F 
and reverse amplification primer P1‑R were designated as 
Group 1; the forward primer P2‑F and reverse amplification 
primer P2‑R were designed as Group 2, etc. (2) Extension 
primers were first diluted to 500 µmol/L, and the primers 
were mixed according to molecular weight. Extension 
primers E1 were Group  1, extension primers E2 were 
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Group 2, and so on (E1‑E12). The 12 amplification primers 
corresponded to 12 extension primers (e.g., P1 corresponded 
to E1, etc.).

Establishment of a detection method
1.	 The detection method was verified by analyzing nine 

cell lines (H460, PC9, H1650, H1975, A549, GLC82, 
HCC827, H1299, and H2228) and ten lung cancer 
specimens. The proposed method was then validated 
by comparison with the LungCarta™ kit or previously 
reported results. The gDNA of a healthy person, a 
sample of foreskin tissue was obtained from individuals 
after we obtained their informed consent, was used as a 
negative control, and H2O was used as a blank control. 
Each sample required a total of 120 ng of gDNA for 
10 ng/well × 12 wells.

2.	 This procedure was carried out using the MassARRAY 
system platform. Experiments using the LungCarta™ 
kit were performed according to the manufacturer’s 
protocol. The method of detection used by the polygenic 
primer kit was as follows:

Polymerase chain reaction
gDNA was extracted from cell lines and patient specimens 
according to the manufacturer’s protocol and was quantified 
on a NanoDrop ND‑1000 spectrophotometer. gDNA was 
amplified using a PCR Accessory Set. The thermocycling 
cocktail was composed of 0.5 µl PCR buffer (10×), 0.4 µl 
MgCl2 (25 mmol/L), 0.1 µl dNTPs (25 mmol/L), 0.2 µl PCR 
enzyme (5 U/µl), 1 µl amplification primer mix (P1‑P12), 
1 µl gDNA (10 ng/µl), and H2O (final volume 5 µl). The 
thermocycling conditions were: 94°C for 2 min; this was 
followed by 45 cycles at 94°C for 30 s, 56°C for 30 s, 72°C 
for 1 min, and a final extension step at 72°C for 5 min.

Shrimp Alkaline Phosphatase reaction
dNTPs in the PCR products were removed using Shrimp 
Alkaline Phosphatase  (SAP). For this reaction, 0.3 µl 
SAP (1.7 U/µl) and 0.17 µl SAP buffer (10×) were added to 
step 1 PCR products, and H2O was added to a final volume 
of 7 µl. Reaction conditions were 37°C for 40 min and 85°C 
for 5 min.

Extension reaction
The single‑base extension reaction was performed using 
the iPLEX Pro Reagent Kit to hybridize and elongate the 
extension primers at the nucleotide position of interest. For 
the single‑base extension, 0.2 µl Typeplex buffer  (10×), 
0.2 µl Typeplex Termination Mix (10×), 0.041 µl Typeplex 
Thermosequenase  (33 U/µl), and 0.804 µl extension 
primers (E1–E12) were mixed with step 2 PCR products, 
and H2O was added to a final volume of 9 µl. Reaction 
conditions were: 94°C for 30 s, followed by 35  cycles 
of (94°C for 5 s, [52°C for 5 s, 80°C for 5 s], 5 cycles), and 
a final extension at 72°C for 3 min.

Desalination
For desalination, 41 µl H2O and 15  mg clean resin 
(96‑well microplates) were added to step 3 extension 
products. The plate was rotated for 30–60  min and 
then centrifuged at 3200 ×g for 5 min.

Spotter and analysis
The supernatant from step 4 extension products 
was spotted onto a matrix‑precoated SpectroCHIP® 
using the MassARRAY® Nanodispenser and scanned 
using the MassARRAY® Analyzer. The results were 
analyzed by MassArray® Workstation software (version 4.0, 
Agena Bioscience, San Diego, CA, USA). Mutations 
were distinguished using MALDI‑TOF MS according to 
molecular weight. Peaks in the mass spectra were identified 
as mutations.

Direct sequencing
The newly established methods were evaluated by Sanger 
sequencing of EGFR, KRAS, and BIM genes in nine cell 
lines and the lung cancer specimens. EGFR and KRAS 
mutations were detected by Sanger sequencing using 
a previously published protocol.[4] Primers used for 
sequencing analysis of the BIM gene were as follows: 
forward (F), CCTCATGATGAAGGCTAACTCAA; reverse 
wild‑type  (R‑wt), TGGTGGTCACTTGTCAGAGGTT; 
and reverse mutation  (R‑mut),  TGTTCTCCATA 
GAGGCTGTGCC. For this reaction, 5 µl PCR Ex Taq™ 
buffer (10×), 4 µl dNTPs (10 mmol/L), 0.5 µl Ex Taq™ HS 
enzyme (5 U/µl), 0.5 µl each primer (12.5 µmol/L), 1 µl DNA, 

Table 1: The newly designed panel contains protein mutation loci of 7 genes

Gene Exon Protein mutation locus
EGFR Exon 18 p.G719SCDA

Exon 19 p.E746_A750delELREA p.E746_T751>A p.E746_S752>V p.L747_T751delLREAT p.L747_P753>S p.L747_
S752delLREATS p.L747_A750>P

Exon 20 p.T790M p.S768I p.G796SDA p.C797YSA p.L747S p.D761YN p.T854APS p.A763_Y764insFQEA p.V769_
D770insASV p.D770_N771insSVD p.H773_V774insNPH

Exon 21 p.L858R p.L861Q
KRAS / p.G12CRSDVA p.G13CRSDAV p.Q61H
PIK3CA / p.E542KQVAG p.E545KQAGVD p.R1023Q p.H1047RLY
BRAF / p.G469AVER p.D594NHGVA p.L597RQPSV p.V600MLEAGKRD
BIM / Del2903
ERBB2 / p.S310FY p.R678Q p.L755S p.D769YHN p.A775_G776insYVMA p.V777LM p.V842I
NRAS / p.Q61K
EGFR: Epidermal growth factor receptor. "/" indicates unclassfied Exon.
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and 38 µl H2O were added to a final volume of 50 µl. Reaction 
conditions were: 94°C for 7  min, followed by 35  cycles 
at 94°C for 30 s, 60°C for 30 s, 72°C for 30 s, and a final 
extension at 72°C for 10 min. Sequencing data were analyzed 
using Sequencing Analysis Software version 5.2 (Applied 
Biosystems, Foster City, CA, USA).

Results

The polygenic primer panel contains mutation sites
We selected 60 mutation hotspots in seven target 
genes (EGFR, KRAS, PIK3CA, BRAF, ERBB2, NRAS, and 
BIM) that are closely related to EGFR TKI‑targeted therapy 
resistance. The proposed panel included primarily the 
acquired resistance mutations to EGFR TKI treatment that 
often occur in exon 20 of the EGFR gene, including EGFR 
T790M, T797N, and exon 20 insertion mutations, as well as 
de novo resistance variants such as a 2903 bp large‑fragment 
deletion of the BIM gene. It is important to note that 
EGFR‑sensitive mutations, such as the exon 19 deletion and 
exon 21 L858R, were also included in the designed panel. 
Synchronous screening‑sensitive and ‑resistance mutations 
will provide more detailed information for analyzing the 
resistance mechanism of EGFR TKI‑targeted therapies. 
The detailed protein mutation sites of genes are shown in 
Table 1.

Establishment of a detection method in cell lines
The detection method that utilizes the polygenic primer panel 
was established by analyzing nine lung cancer cell lines. 
All cell lines were confirmed using Sanger sequencing. The 
resistance panel did not include PTEN loss and ALK fusion 
mutations, rendering it unable to detect the corresponding 
mutations in H1650 and H2228 cell lines. Other results 
from the newly established method were consistent with 
previously reported mutations in cell lines. Detailed mutation 
sites within genes and proteins are shown in Table 2. The 
detection results of H1975, an EGFR TKI‑resistant cell 
line harboring L858R and T790M mutations, are shown in 
Figure 1. No mutations were detected in either the negative 
control or blank control.

Establishment of a detection method in lung cancer 
specimens
The detection method that utilizes the polygenic primer 
panel was established by analyzing ten lung cancer tissue 
specimens and was validated by comparison with the 
LungCarta™ kit [Table 3]. A 2903 bp large‑fragment deletion 
of the BIM gene was found in lung cancer tissue sample 
No. 20455 using the newly established method [Figure 2]; 
however, the LungCarta™ kit was unable to detect the 
mutation. In addition, the resistance panel did not include a 
P53 mutation, rendering it unable to detect the P53_Y220C 
in sample No.  33070. With respect to the other clinical 
lung cancer specimens, the findings were consistent with 
observations using the LungCarta™ kit [the result of tissue 
sample No. 22840 shown in Figure 3]. We also found that 
two of the ten specimens harbor resistance variations; sample 
No.  20455 harbored EGFR_L858R and BIM_DEL, and 
sample No. 22840 harbored EGFR_L858R and PIK3CA_
E542K.

Design of a detection method for large‑fragment 
deletions
We designed the respective BIM wild‑type and BIM deletion 
using two separate assays (the sequence after the extended 
single base differs). Both the wild‑type and deletion assays 
contained peaks in the mass spectra of the BIM gene, 
indicating a large‑fragment deletion; only the wild‑type peak 
was observed in the no‑deletion specimen. According to the 
newly designed panel, one of the specimens harbored a BIM 
gene variation. This result was further confirmed by direct 
sequencing [Figure 4]. We established a detection method 
for large‑fragment deletions based on single‑base extension 
technology using the MassARRAY platform.

Discussion

The genes and mutations included in the newly designed 
panel were chosen according to three types of EGFR 
TKI resistance mechanisms. The first mechanism is the 
acquired resistance to EGFR TKI treatment, which often 
occurs in exon 20 of the EGFR gene. The most common 

Table 2: Validation results of designed resistance panel in lung cancer cell lines

Cell line Previously reported ATCC Designed resistance panel
H460 KRAS mutation

PIK3CA mutation
KRAS_Q61H (c.183A>T)
PIK3CA_E545K (c.1633G>A)

PC9 EGFR_Exon 19 deletion p.E746_A750delELREA (c.2235‑2249del15)
H1650 EGFR_Exon 19 deletion

PTEN loss
p.E746_A750delELREA (c.2235‑2249del15)
The new panel does not include PTEN gene

H1975 EGFR_L858R
EGFR_T790M

EGFR_L858R (c.2573T>G)
EGFR_T790M (c.2369C>T)

A549 KRAS mutation KRAS_G12S (c.34G>A)
GLC82 EGFR_L858R EGFR_L858R (c.2573_2574TG>GT)
HCC827 EGFR_Exon19 deletion p.E746_A750delELREA (c.2236_2250del15)
H2228 EML4‑ALK fusion No mutation

The new panel does not include ALK fusion
H1299 EGFR/ALK/KRAS negative No mutation
ATCC: American Type Culture Collection; EGFR: Epidermal growth factor receptor.
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alteration of acquired resistance involves the secondary 
T790M mutation, which accounts for approximately 
50% of EGFR TKI resistance,[5] and the C797S mutation, 

which is related to resistance to the third‑generation 
EGFR TKIs.[6] EGFR exon 20 insertion mutations, 
which account for approximately 10% of all EGFR 

Figure 2: BIM_DEL and BIM_WT were detected by the newly designed panel in lung cancer tissue sample No. 20455. (a) BIM_WT was detected 
by the newly designed panel (G: 6468.20); (b) BIM_DEL was detected by the newly designed panel (C: 6382.20).

b

a

Figure 1: EGFR_L858R and EGFR_T790M were detected by the newly designed panel in H1975 lung cancer cells. (a) EGFR_L858R was detected 
by the newly designed panel (G: 5512.60); (b) EGFR_T790M was detected by the newly designed panel (T: 6035.80). EGFR: Epidermal growth 
factor receptor.

b

a
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mutations, are generally associated with an insensitivity 
to available TKIs.[7‑9] Other rare secondary mutations 
in EGFR, including L747S, D761Y, and T854A, have 
been described in patients with acquired resistance.[10‑12] 
The second mechanism is the activation of alternative 
pathways. For example, variations in the BIM gene are 

associated with intrinsic EGFR TKI resistance.[13] Several 
other types of acquired resistance to EGFR TKIs have also 
been identified, including mutations in PIK3CA, KRAS, 
NRAS, ERBB2, and BRAF.[14‑18] The third mechanism is the 
loss of activating EGFR mutations, which is believed to 
contribute to the acquired resistance to EGFR TKIs in lung 

Figure 3: Coexistence of EGFR_L858R and PIK3CA_E542K was detected in the newly designed panel and in the LungCarta™ kit in lung cancer 
tissue sample No.  22840.  (a) EGFR_L858R was detected by LungCarta™  (G: 6139.00);  (b) PIK3CA_E542K was detected by LungCarta™ 
(A: 6563.30); (c) EGFR_L858R was detected by the newly designed panel (G: 5512.60); (d) PIK3CA_E542K was detected by the newly designed 
panel (A: 6867.50). EGFR: Epidermal growth factor receptor.

d

c

b

a
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cancer cells.[19] Our panel includes sensitive mutations 
such as G719X in exon 18, the exon 19 deletion, and 
L858R and L861Q mutations in exon 21. Synchronous 
screening of sensitive and resistance mutations will 
provide more detailed information for the analysis of the 
resistance of EGFR TKI‑targeted therapies.

The LungCarta™ kit[20,21] was used to analyze 214 mutations 
of 26 oncogenes that include therapeutic targets of lung 
cancer. We compared the newly designed resistance panel 
with the LungCarta™ kit, and the results were highly 
consistent in lung cancer specimens. However, our panel 
detected a large‑fragment deletion in the BIM gene that 
the LungCarta™ kit did not. In addition, our panel did 
not detect the P53 gene mutation that was detected in 
the LungCarta™ kit, which may be because the genes and 
mutations included in our panel were mostly intentional, 
selected resistance mutations related to EGFR TKI 
therapy. It is important to note that the BIM gene has a 
large‑fragment deletion of 2903 bp, rendering it difficult 
to design one assay using the MassARRAY platform; 
therefore, we designed the BIM wild‑type and BIM deletion 
in two separate assays, which differs from the routine 
design. Herein, we established a new method to detect 
large‑fragment deletions using the single‑base extension 
platform, which has obvious advantages for synchronously 
screening multiple genes.

The proposed MALDI‑TOF multiplex detection method of 
EGFR TKI‑resistant mutations demonstrates the following 
advantages: (1) the proposed method can be used to detect 
EGFR TKI therapy‑related resistance mutations that are 
rarely reported. The screening results provide detailed 
information for EGFR TKI‑targeted resistance.  (2) The 
proposed method is a high‑throughput technique and 
can synchronously detect 60 loci of 7 genes related to 
EGFR TKI resistance in 12 wells, which provides a 
sensitive panel‑based approach to make efficient use of 
patient diagnostic samples for a more accurate resistance 
analysis. (3) The polygenic primer panel can reduce routine 
testing costs. After clinical and translational applications, it 
will produce direct economic benefits and optimize clinical 
resource configurations. (4) Large‑fragment deletions can 
be detected via the single‑base extension reaction method 
on the MALDI‑TOF platform.

However, the established resistance panel also presents some 
limitations, the most important of which is not including 
all the drug resistance loci related to EGFR‑targeted 
therapies. First, there are too many genes and mutations 
involved in EGFR‑targeted drug resistance; therefore, 
some low‑frequency mutations could not be included in 
the panel due to throughput restrictions. For example, 
we included only five types of high‑frequency insertion 
mutation in exon 20 based on the COSMIC database; other 

Figure 4: The BIM gene was detected in sample No. 20455 using Sanger sequencing.

Table 3: Comparison results between newly designed resistance panel and LungCarta™ kit in lung cancer tissue 
samples

Sample number LungCarta™ results Designed resistance panel
20455 EGFR_L858R EGFR_L858R (c.2573T>G)

BIM_DEL
20483 EGFR_L858R EGFR_L858R (c.2573T>G)
22840 EGFR_L858R

PIK3CA_E542K
EGFR_L858R (c.2573T>G)
PIK3CA_E542K (c.1624G>A)

27001 EGFR_L858R EGFR_L858R (c.2573T>G)
33030 EGFR_Exon 19 deletion p.E746_A750delELREA

(c.2235_2249del15)
33032 No mutation No mutation
33040 No mutation No mutation
33052 EGFR_Exon 19 deletion EGFR_p.L747_P753>S (c.2240_2257del18)
33070 EGFR_Exon 19 deletion

P53_Y220C
p.E746_A750delELREA (c.2235_2249del15)

33071 No mutation No mutation
EGFR: Epidermal growth factor receptor.
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low‑frequency insertion mutations were not included in our 
panel.[8] Second, our panel could not synchronously screen 
for gene amplifications due to limitations of the single‑base 
extension technology  (i.e.,  MET amplification accounts 
for 20% of all EGFR TKI resistance cases,[22] and ERBB2 
and FGFR1 amplification also contributes to EGFR TKI 
resistance).[23,24]

Collectively, we provide a relatively comprehensive 
detection method for understanding the complexity of EGFR 
TKI resistance and choosing the appropriate treatment in 
tumors resistant to EGFR TKIs. It is necessary to develop 
more efficient approaches that would synchronously detect 
more resistance variants to EGFR TKIs.
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