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Proteins associated with EGFR-TKIs resistance in patients with
non-small cell lung cancer revealed by mass spectrometry
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Abstract. The present study aimed to identify potential
serum biomarkers for predicting the clinical outcomes of
patients with advanced non-small cell lung cancer (NSCLC)
treated with epidermal growth factor receptor tyrosine kinase
inhibitors (EGFR-TKIs). A total of 61 samples were collected
and analyzed using the integrated approach of magnetic
bead-based weak cation exchange chromatography and
matrix-assisted laser desorption/ionization-time of flight-mass
spectrometry. The Zhejiang University Protein Chip Data
Analysis system was used to identify the protein spectra
of patients that are resistant and sensitive to EGFR-TKIs.
Furthermore, a support vector machine was used to construct
a predictive model with high accuracy. The model was trained
using 46 samples and tested with the remaining 15 samples.
In addition, the ExPASy Bioinformatics Resource Portal
was used to search potential candidate proteins for peaks
in the predictive model. Seven mass/charge (m/z) peaks
at 3,264, 9,156, 9,172, 3,964, 9,451, 4,295 and 3,983 Da,
were identified as significantly different peaks between the
EGFR-TKIs sensitive and resistant groups. A predictive
model was generated with three protein peaks at 3,264, 9,451
and 4,295 Da (m/z). This three-peak model was capable of
distinguishing EGFR-TKIs resistant patients from sensitive
patients with a specificity of 80% and a sensitivity of 80.77%.
Furthermore, in a blind test, this model exhibited a high
specificity (80%) and a high sensitivity (90%). Apelin, TYRO
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protein tyrosine kinase-binding protein and big endothelin-1
may be potential candidates for the proteins identified with an
m/z of 3,264, 9,451 and 4,295 Da, respectively. The predic-
tive model used in the present study may provide an improved
understanding of the pathogenesis of NSCLC, and may provide
insights for the development of TKI treatment plans tailored to
specific patients.

Introduction

Lung cancer has been identified as one of the leading causes
of cancer-associated mortality worldwide, and 80-85% of
lung cancer cases are classified as non-small cell lung cancer
(NSCLC) (1). Considerable progress has been made in the
development of epidermal growth factor receptor tyrosine
kinase inhibitors (EGFR-TKIs), such as erlotinib and gefitinib,
which regulate the expression levels of specific molecules in
lung cancer cells (2). Gefitinib monotherapy has become more
popular as a treatment option for chemotherapy-refractory
patients and is also considered a first-line treatment option in
specific advanced cancers, including NSCLC (3.,4). However,
after 6-12 months of treatment, a number of patients that
initially responded to EGFR-TKIs treatment ultimately
became resistant and underwent tumor progression. This
phenomenon has been defined as ‘acquired resistance’, and is
common in patients with NSCLC (5,6). Therefore, acquired
resistance to EGFR-TKIs is an important issue to overcome
for the successful treatment of patients with NSCLC (7). A
previous study was performed with the aim of investigating
the underlying mechanisms and regulating acquired resis-
tance; however, in 30% of cases it remained inevitable (8).
Therefore, more arduous efforts should be made to identify
effective diagnostic markers and to provide tailor-made TKI
treatment for each patient with EGFR-TKIs resistance.
Previous studies have attempted to identify clinical and
laboratory hematological biomarkers in order to distinguish
patients with NSCLC that were resistant to EGFR-TKIs
treatment (9-11). An EGFR mutation has been reported
to be associated with increased EGFR-TKI sensitivity
in patients with NSCLC, and ~80% of patients exhibit a
good response to EGFR-TKIs treatment when EGFR was
mutated (12). However, performing EGFR mutational
profiling at every treatment stage on patients with NSCLC
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is complicated, expensive and time-consuming (13). Blood
testing is an alternative option for monitoring the treat-
ment progress at a low cost and convenience; however, the
sensitivity of this method is low (14). Matrix-assisted laser
desorption/ionization-time of flight-mass spectrometry
(MALDI-TOF MS) has been developed for the analysis of
various biological specimens, including serum, urine and
tissue samples (15,16). MALDI-TOF MS is able to simulta-
neously investigate large quantities of proteins and identify
the proteomic patterns with high sensitivity, and has been
used to determine the proteomic patterns in NSCLC (17).
Furthermore, the magnetic bead (MB)-based platform for
proteomic profiling with high sensitivity has been used to
screen for biomarkers of several types of cancer, including
breast cancer, esophageal carcinoma and lung cancer, in
combination with MALDI-TOF MS (18-20).

The present study aimed to investigate the serum
biomarkers that may predict the efficacy of EGFR-TKISs treat-
ment by combining MALDI-TOF MS and MB methods. In
addition, a model to predict EGFR-TKIs targeted therapy
resistance among patients with advanced NSCLC was estab-
lished, and its accuracy and sensitivity were assessed using a
blind test set.

Materials and methods

Patients and materials. A total of 61 patients with NSCLC
treated at Hangzhou First People's Hospital (Hangzhou,
China) between June 2009 and May 2014 were enrolled in
the present study. The inclusion criteria were as follows:
i) Patients with advanced NSCLC, identified as stage IV
according to TNM staging (21); ii) patients with a perfor-
mance status of 0-2, which was defined according to the
Eastern Cooperative Oncology Group (22); and iii) patients
accepted target therapy by one of three EGFR-TKISs, specifi-
cally erlotinib, gefitinib or icotinib. Written informed consent
was obtained from all enrolled patients. Following treatment
with EGFR-TKIs, patients with progressive disease or a
stable disease >6 months were considered to be EGFR-TKIs
resistant, whereas patients with a partial response or stable
disease <6 months were considered to be EGFR-TKISs sensi-
tive. The protocol of the present study was approved by the
Institutional Ethics Committee of Hangzhou First People's
Hospital.

Protein extraction and MALDI-TOF MS protocol. Blood
samples (2 ml) were collected at the Hangzhou First People's
Hospital by venipuncture from the patients with advanced
NSCLC prior to EGFR-TKIs treatment and stored at 4°C
within 1 h. Subsequently, the samples were centrifuged at
5,500 x g for 5 min at 4°C. Serum samples were isolated from
the whole blood, divided into 100 ul aliquots and stored at
-80°C for future use.

MB-based weak cation exchange chromatography
(MB-WCX; CM10 spin columns; Ciphergen Biosystems Inc.,
Freemont, CA, USA) was used for peptidome separation of
samples according to the standard protocol of the manufac-
turer. Initially, 10 xl magnetic suspension with weak cation
was thoroughly mixed with 10 ul binding solution in a 0.5 ml
microfuge tube. Subsequently, 5 ul serum was added to each

YANG et al: EGFR-TKIs RESISTANCE IN NSCLC

tube at room temperature. All the tubes were placed in an
MB separator (MBS; Miltenyi Biotec, Inc., Cambridge, MA,
USA) for 1 min and the MB was then collected from the wall
of the tubes. Each sample was washed twice, and 5 ul eluting
solution was added for each sample. MB was separated again
from the suspension using the MBS and the supernatant
was removed to another sample and was blended with 5 ul
stabilization solutions. Finally, prior to the MALDI-TOF MS
analysis, the targets were prepared by spotting 1 pul
proteome fraction obtained from MB-WCX on the polished
steel target (Bruker Daltonik GmbH, Bremen, Germany).
Following air drying, 1 xl mixture solution, containing
3 mg/ml a-cyano-4-hydroxycinnamic acid in 50% ACN and
50% Milli-Q (EMD Millipore, Billerica, MA, USA) with 2%
trifluoroacetic acid, was applied onto each spot and the target
was air dried again in order to achieve co-crystallization. The
peptide calibration standard (1 pmol/ul peptide mixture) was
applied in order to calibrate the machine.

MS analysis. For proteome analysis, a linear Ultraflex
MALDI-TOF MS (Bruker Daltonik GmbH) was used at
the following settings: Ion source 1, 20.00 kV; ion source 2,
18.60 kV; lens, 6.60 kV; pulsed ion extraction, 120 ns.
Tonization was achieved by irradiation with a crystal laser
operating at 200.0 Hz. For matrix suppression, a high
gating factor with signal suppression up to 600 Da was
used. Mass spectra were detected using linear positive
mode. Mass calibration was conducted using the calibra-
tion mixture (TuneMix mixture; Bruker Daltonics GmbH,
Leipig, Germany) of proteins and peptides in the mass range
of 1,000-20,000 Da. Three MALDI preparations (MALDI
spots) were quantified for each MB fraction. Concurrently,
a total of 1,600 spectra were acquired (200 laser shots at
eight different spot positions) for each MALDI spot. Spectra
were collected automatically through the Autoflex Analysis
software (version 2.2; Bruker Daltonik GmbH) to generate
the optimized raw data by controlled adjustment of critical
instrument settings.

The criteria selected for protein mass peak detection
(mass/charge; m/z) were as follows: Signal-to-noise ratio >3
and a 2-Da peak width filter. The intensities of the interest
peaks were normalized to total peak intensity. More than 10%
of the molecular weight was sieved in simultaneous samples,
with the discrepancy of identical peaks in different samples
<0.3% following the removal of initial data noise.

Protein identification and bioinformatics analysis. Zhejiang
University Protein Chip Data Analysis system was used to iden-
tify the mass peaks that were significantly different between
the sensitive and resistant patient groups. All of the peaks
were analyzed by one-way analysis of variance, followed by a
Student-Newman-Keuls post-hoc test using SPSS version 19.0
(IBM SPSS, Armonk, NY, USA). P<0.05 was considered to
indicate a statistically significant difference. A predictive model
using the marker proteins was constructed using a support
vector machine (SVM), which was then trained and tested for
prediction accuracy. Subsequently, ExPASy Bioinformatics
Resource Portal (www.expasy.org/proteomics) (23) was used
to detect potential candidate proteins for the protein peaks
observed in the present study.
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Results

Clinical characteristics of the participants. Among the
61 patients enrolled in the present study, none had a complete
response to EGFR-TKIs therapy: 18 patients had a partial
response (29.5%); 18 patients had stable disease for <6 months
(29.5%), whereas another 25 patients had progressive disease
or stable disease for >6 months (41%). There were 36 patients
identified as sensitive to EGFR-TKIs and 25 patients identi-
fied as resistant to EGFR-TKIs. The clinical characteristics of
the participants are presented in Table I. The median overall
survival time in the sensitive group was significantly
greater compared with the resistant group (19.56+1.97 vs.
8.41£1.97 months; P<0.05; Fig. 1).

Comparison of mass spectra between EGFR-TKIs sensitive
and resistant groups. A total of seven mass peaks were identi-
fied as significantly different between the sensitive and resistant
groups: 3,264, 9,156, 9,172, 3,964, 9,451, 4,295 and 3,983 Da
(Table IT). Among them, the peaks at 9,156, 9,172, 3,964, 9,451,
4,295 and 3,983 Da were low in the resistant group and high in
the sensitive group. However, the m/z peak at 3,264 Da was the
only peak that was higher in the EGFR-TKISs resistant group
compared with the EGFR-TKIs sensitive group.

Construction and validation of the predictive model. From
the seven mass peaks, three were used for the construction of
the SVM model with the highest accuracy. This model was
used as a predictive model and consisted of three potential
biomarkers with a m/z ratio of 3,264, 9,451 and 4,295 Da
(Fig. 2). The predictive model was trained with 46 samples and
tested using the remaining 15 samples. Following the 10-fold
cross-validation SVM, the three-peak model established in
the training set was able to distinguish EGFR-TKIs sensitive
patients from EGFR-TKIs resistant patients with a specificity
of 80% and a sensitivity of 80.77%. In the blind test sets, 9 out
of 10 EGFR-TKIs sensitive samples and 4 out 5 EGFR-TKIs
resistant samples were identified correctly with a specificity of
80% and a sensitivity of 90% (Table III).

The ExPASy Bioinformatics Resource Portal was used
to identify candidate proteins for the three peaks. Apelin
was identified as a potential candidate for the protein peak
with an m/z of 3,264 Da, which was the only high peak in
the resistant group. TYRO protein tyrosine kinase-binding
protein (TYROBP; 9,450 Da), and big endothelin-1 (big ET-1;
2,487 Da) may be the potential candidates for the proteins with
an m/z of 9,451 and 4,295 Da, respectively.

Discussion

For the successful clinical development of individual thera-
peutic strategies for patients with NSCLC, it is critical to
identify biomarkers that may predict drug resistance in
patients. MALDI-TOF MS, which is a high-throughput
proteomic technique, has been widely used to increase the
success of screening for novel biomarkers of numerous
diseases (24,25). In the present study, the protein fingerprints
in blood serum samples from 36 EGFR-TKIs sensitive
patients and 25 EGFR-TKIs resistant patients were analyzed.
The combination of several biomarkers is considered to be
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Table I. Clinical characteristics of the patients with non-small
cell lung cancer included in the present study.

Characteristic Patients (n=61)  Percentage (%)
Gender
Male 35 57
Female 26 43
Age, years
Median (range) 62 32-85
<62 31 51
>62 30 49
Smoking history
Never 41 67
Current or past smoker 20 33
Histology
Adenocarcinoma 55 90
Others 6 10
Patients treated with TKIs
Gefitinib 26 43
Erlotinib 6 9
Icotinib 29 48
TKIs, tyrosine kinase inhibitors.
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Figure 1. Overall survival for patients treated with epidermal growth factor
receptor tyrosine kinase inhibitors in sensitive and resistant groups.

more reliable and powerful for diagnosis compared with the
use of a single marker (18). The present study used the SVM
method to construct a three protein peak model and screened
samples to distinguish between EGFR-TKIs resistant and
sensitive patients. Further analysis revealed apelin, TYROBP
and big ET-1 may be the potential proteins in the predictive
model.

Apelin is a 36-amino acid peptide, which has a wide
endogenous expression in various tissues, including the gastro-
intestinal tract, lung, heart, liver and bone (26,27). Apelin has
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Table II. Distinct protein peaks between EGFR-TKIs sensitive group and resistant group.

Relative intensity

Intensity of Sensitive group

Resistant group

protein peak (m/z) (n=36, mean + SD) (n=25, mean + SD) P-value
3,264 273.53+83.13 425.52+200.28 0.0025
9,156 298.50+421.61 141.07+130.07 0.0162
9,172 252.60+264.53 139.56+123.41 0.0206
3,964 1,043.65+839.88 516.94+470.90 0.0275
9,451 318.10+£371.29 190.33+121.18 0.0426
4,295 390.54+417.55 213.61+£360.41 0.0449
3,983 353.76+437.12 242724472 91 0.0473

EGFR-TKIs, epidermal growth factor receptor tyrosine kinase inhibitors; SD, standard deviation.

Table I1I. Predicted results of the model for discriminating tar-
geted therapy resistance from targeted therapy sensitivity.

Training set Testing set

(n=46) (n=15)
Group S R Sum S R Sum
S 16 4 20 4 1 5
R 5 21 26 1 9 10
Sensitivity, % 80.77 90
Specificity, % 80 80

S, sensitive; R, resistant.

been shown to regulate glucose homeostasis and is closely
associated with obesity (28). A previous study reported that
apelin may act as a potential proangiogenic factor in various
cancers (29). Increased apelin levels stimulate the microvessel
densities and perimeters by suppressing the proliferation of
endothelial cells in NSCLC (30,31). Furthermore, apelin has
been reported to be overexpressed in NSCLC, and its expres-
sion may influence the clinical outcomes of NSCLC (30).
The present study demonstrated that the expression of apelin,
possibly the 3,264 Da protein peak observed, was significantly
increased in the EGFR-TKIs resistant group compared with
the EGFR-TKIs sensitive group. Therefore, it is possible that
high apelin expression may be associated with EGFR-TKIs
resistance by affecting angiogenesis.

TYROBP, also known as DNAX-activation protein 12, is
primarily expressed in macrophages, natural killer cells and
myeloid cells (32). TYROBP has a preventive function in
various diseases due to its ability to modulate immune cells
via the activation and inhibition of immune signals (33,34).
TYROBP has also been reported to affect cancer metas-
tasis (35). In a previous study, aberrant expression of TYROBP
was observed in lung cancer (36). Considering the high
expression of TYROBP in the EGFR-TKIs sensitive group, it
is possible that TYROBP may contribute to the EGFR-TKIs
sensitivity of patients with NSCLC.

Big ET-1 is a biological precursor of ET-1. ET-1 has
been determined to have a direct effect on the angiogenesis
of perivascular and endothelial cells, and to be able to indi-
rectly upregulate the release of vascular endothelial growth
factor (37). ET-1 has also been identified as a novel regulator
of tumor angiogenesis and may be a potential anti-angiogenic
treatment target (38). Furthermore, the overexpression of
plasma big ET-1 and ET-1 levels have been previously detected
in NSCLC (39,40). However, in the present study a high
expression level of big ET-1 was identified in the EGFR-TKIs
sensitive group. Kappers et al (41) previously reported that
administration of the EGFR-TKI sunitinib could significantly
enhance the serum concentration of ET-1 (41). The ET axis
(ETA) and the ET receptor are two distinct receptor subtypes
of ET-1, which regulate the downstream effects. Dysregulation
of ETA may promote tumour development and progression;
therefore, ETA-targeting treatment has been considered as a
novel approach for future cancer therapy (42). High expres-
sion levels of big ET-1 were identified in the sensitive group;
therefore, big ET-1 may regulate ETA activation following
EGFR-TKIs treatment of patients with NSCLC.

In conclusion, combining the expression levels of these
three proteins may be an effective diagnostic method for
EGFR-TKISs resistance. To the best of our knowledge, this
study is the first to investigate the diagnostic performance
of EGFR-TKIs-associated proteins in serum by combining
MB-WCX and MALDI-TOF MS. The predictive model
proposed in the present study may provide an improved under-
standing of the pathogenesis of NSCLC and aid in identifying
patient-specific treatments using TKIs. However, despite the
high sensitivity and specificity of this predictive model, the
number of specimens analyzed in the present study was small,
which may limit the validity of the results. Further studies with
a larger number of samples are required to verify the current
findings. Related experiments should also be performed to
confirm the prediction function of the three protein model.
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