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Mechanism of intrinsic resistance of lung squamous cell carcinoma
to epithelial growth factor receptor-tyrosine kinase inhibitors
revealed by high-throughput RNA interference screening
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Abstract. Although targeted therapy has achieved a great
breakthrough in the treatment of lung adenocarcinoma, there
are still no effective targeted drugs for lung squamous cell
carcinoma (SqCC). In addition, as immunotherapy can only
prolong the overall survival (OS) of lung SqQCC by <5 months,
chemotherapy and radiotherapy are still the main types of
therapy for advanced SqCC. The expression level of epithelial
growth factor receptor (EGFR) in patients with lung SqCC
is higher compared with those with adenocarcinoma, but the
former group is intrinsically resistant to EGFR-tyrosine kinase
inhibitors (EGFR-TKIs). Therefore, if the drug resistance in
patients with lung SqCC could be reversed, the majority of
patients may benefit from EGFR-TKIs. In the present study,
the high-throughput RNA interference technology was used
to screen the genes involved in the EGFR-TKI erlotinib resis-
tance of lung SqCCs, and integrin-linked kinase (ILK) was
identified to be the most effective. The role of ILK in erlotinib
resistance was further studied in cell lines, and the expression
of ILK was analyzed in patients with SqCC and adeno-
carcinoma. Finally, the mechanism of ILK in EGFR-TKIs
resistance was analyzed using Kyoto Encyclopedia of Genes
and Genomes (KEGG), Gene Ontology (GO) and ingenuity
pathway analysis (IPA). The results demonstrated that the
ILK gene knockdown could overcome erlotinib resistance by
inhibiting cell proliferation, inducing apoptosis and blocking
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the cell cycle at the G2/M phase. The expression of ILK in
patients with SqCC was significantly higher compared with
those with adenocarcinoma with sensitizing EGFR mutations.
In addition, the cell cycle pathway ‘G2/M DNA damage and
checkpoint regulation’ was identified to be significantly inhib-
ited by ILK knockdown in IPA, KEGG and GO analysis. The
results of the present study may improve the understanding
of EGFR-TKI resistance in lung SqCCs, thus promoting the
development of potential targeted therapies for lung SqCCs.

Introduction

Lung squamous cell carcinoma (SqCC) accounts for ~30% of
non-small cell lung cancer (NSCLC) (1). In recent years, the
treatment of lung SqCC has been less successful compared with
lung adenocarcinoma (2). Although complex biological studies
have improved our understanding of the pathological mecha-
nisms of SqCC, for example identifying PI3K catalytic subunit
o (PIK3CA), hepatocyte growth factor receptor and fibroblast
growth factor receptor as important driver mutations, there
are currently no effective agents for its treatment (3). In the
era of immunotherapy, pembrolizumab has been listed as the
first-line treatment for patients with NSCLC with programmed
death-ligand 1 tumor proportion score (TPS) =50%, according
to the 2019 National Comprehensive Cancer Network (NCCN)
guidelines (4). However, the median overall survival (OS)
time of the patients with NSCLC treated with pembroli-
zumab alone is only 20 months (5), which is poor compared
with targeted therapy in adenocarcinomas (6). In the most
notable clinical trial of SqCC, CheckMate-017, the median
OS time of patients treated with nivolumab as the second-line
treatment for advanced lung SqCC was prolonged by only 3
months compared with those treated with docetaxel (7). In
the KEYNOTE-010 clinical trial, the OS time in the 2 and
10 mg/kg pembrolizumab groups was prolonged by 2 and 4
months, respectively, compared with that in patients treated
with docetaxel (8). At present, chemotherapy and radiotherapy
remain the main treatment options for advanced lung SqCC.
Since epithelial growth factor receptor-tyrosine kinase
inhibitors (EGFR-TKIs) inhibit the phosphorylation of EGFR
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tyrosine kinase, they are supposed to exhibit high efficacy in
the tumors with high expression levels of EGFR (9). However,
this is not the case in lung SqCC. Previous studies have
demonstrated that <84% of patients with lung SqCC express
EGFR, which is significantly higher than the percentage of
patients with EGFR-positive adenocarcinoma (~44%) (10,11);
however, only patients with adenocarcinoma with sensitizing
EGFR mutations respond to EGFR-TKI treatment, whereas
for the other patients with adenocarcinomas and SqCCs, the
efficacy of EGFR-TKIs is not satisfactory (9). In addition,
EGFR mutations, in terms of their predictive value for the
response to EGFR-TKI treatment, are different between SqCC
and adenocarcinoma. For example, EGFR mutations are not
valid predictors for EGFR-TKI response in lung SqCC, with
the response rate <30% in patients with lung SqQCC with sensi-
tizing EGFR mutations, as well as the median progression-free
survival time of only 2-3 months (12-14), which is shorter
compared with that in patients with adenocarcinoma with
sensitizing EGFR mutations (10-12 months) (9). Therefore, the
intrinsic resistance to EGFR-TKIs in patients with lung SqCC
has become an urgent problem. The present study was based
on the hypothesis that certain genes may be associated with
intrinsic EGFR-TKIs resistance.

In the past decade, the application of next generation
sequencing to investigate the genomic characterization of
lung SqCC has provided a further understanding of the
possible treatment targets. Filipits (15) have reported that
the potential targeted therapies in lung SqCC include EGFR,
fibroblast growth factor receptor 1, Met proto-oncogene, PI3K,
discoidin domain receptor tyrosine kinase 2, BRAF, AKT,
cytotoxic T lymphocyte-associated protein and programmed
cell death 1. Additionally, Schwaederle et al (16) have iden-
tified some mutations in TP53 (64.5% of analyzed patients)
that are not targeted by any existing agents, PIK3CA (28.5%),
cyclin-dependent kinase inhibitor 2A (24.4%), SOX2 (17.7%)
and cyclin D1 (15.8%). EGFR is highly expressed in the
majority of SqQCC tumor tissues, but the clinical benefits of
EGFR-TKIs are modest (17,18). At present, no effective
targeted agents for SqQCC have been approved for use in
clinical practice. Therefore, it is crucial to explore the possible
mechanisms of intrinsic EGFR-TKI resistance in lung SqCC.

The high-throughput RNA interference (RNAi) technology
is the combination of high-throughput chromatin immuno-
precipitation and small interference RNA library that makes
RNAI no longer limited to one gene being silenced, but can be
used for simultaneous large-scale screening of genes and their
functions. In the present study, the most effective gene inhibi-
tors that can overcome EGFR-TKI resistance of lung SqCC
were screened using high-throughput RNAi technology. The
results may bring aid the development of novel treatments for
patients with SqCC.

Materials and methods

Cell lines and culture. The human lung squamous carcinoma
cell lines SK-MES-1, H1688, H1299 and H226 were provided
by Cancer Institute of Tongji University Medical School,
(Shanghai, China). The cells were cultured at 37°C with
5% CO, in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) (Gibco;

Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and
100 mg/ml streptomycin.

Tumor samples. Tumor samples were collected from 50 patients
recruited at the Shanghai Pulmonary Hospital between
July 2012 and June 2015. The patients were newly diagnosed
with histologically confirmed lung SqCC and adenocarcinoma
by biopsy. The mean age was 63.77 (49-74) years, 63.44 (47-71)
years and 62.9 (49-72) years in SqCC, wide-type EGFR
adenocarcinoma and mutated-EGFR adenocarcinoma groups,
respectively. There was no females in the SqQCC group, but
three (33.3%) females in the wide-type EGFR adenocarcinoma
group, and seven (70%) female in the mutated-EGFR adenocar-
cinoma group. The rest of the patients were male. Patients with
a previous medical history of cancer, radiotherapy or chemo-
therapy were excluded. This study was approved by the Ethics
Committee of Tongji University (approval no. 2012-FK-14), and
all patients provided signed informed consent.

High content screening (HCS). In total, 18 target shRNAs
(Table I) were selected using the following criteria according
to Genechem database based on the NIH Cancer Genome
Project database, OMIM, MalaCards and UniProtKB data-
base (https:/www.genechem.com.cn/index/index/index.html).
Firstly, the genes were highly correlated with EGFR-TKIs
and certified by pathway and functional network analysis
from Genechem, and the gene function annotations should
be relatively clear. Subsequently, the genes that were reported
in PubMed <100 times, or those whose function were obvi-
ously inconsistent with their expected function, were removed.
Lentiviruses carrying the green fluorescent protein (GFP) gene
and expressing short hairpin (sh)RNA against ILK, phospha-
tase and tensin homolog (PTEN), mitogen-activated protein
kinase kinase kinase 14 (MAP3K14), myeloid differentiation
primary response gene 88 (MYDS8S), serum response factor
(SRF), interleukin-1 receptor associated kinase 1 (IRAK1),
baculoviral TAP repeat containing 5 (BIRCS), phos-
phoinositide-3-kinase, class 2, o polypeptide (PIK3C2A),
protein tyrosine phosphatase type IVA, member 3 (PTP4A3),
Bruton's tyrosine kinase (BTK), nemo-like kinase (NLK),
Raf-1 proto-oncogene (RAFI), signal transducer and acti-
vator of transcription 3 (STAT3), sarcoma gene (SRC),
aurora kinase A (AURKA), interleukin-1 receptor-associated
kinase 4 (IRAK4), erbb2-interacting protein (ERBB2IP) or
Cadherin (CDH), as well as negative control (NC) shRNA,
were purchased from Shanghai GeneChem Co., Ltd.
SK-MES-1 cells were transfected with shRNA lentiviruses
(non-targeting shRNA, PSC1369, PSC1446, PSC14867 mix,
PSC14872, PSC3584, PSC1489 6 mix, PSC14359, PSC14907,
PSC1675, PSC14821 mix, PSC1786, PSC1809, PSC8012,
PSC4913, PSC2260, PSC14817 mix, PSC4899, and PSC3306
that target the NC, ILK, PTEN, MAP3K14, MYDS88, SRF,
IRAKI1, BIRCS, PIK3C2A, PTP4A3, BTK, NLK, RAFI,
STAT3, SRC, AURKA, IRAK4, ERBB2IP, and CDH genes,
respectively; Table I) using Polybrene (Shanghai GeneChem
Co., Ltd.) at 37°C for 12 h, and MOI was 10. Following 2 or
3 days of transfection, when the fluorescence rate reached
80%, the cells were collected for subsequent cell proliferation
experiments. In the HCS experiment, 2 #M erlotinib was used
to screen the combined effects of erlotinib and shRNAs after
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Table I. Target and lentiviral shRNA and fold-changes of cell
proliferation after 72-h treatment with shRNA and erlotinib.

Target Identifier of sShRNA Fold-change
NC Non-targeting shRNA 1.00
ILK PSC1369 1.29*
PTEN PSC1446 1.14
MAP3K14 PSC14867mix 1.09
MYD88 PSC14872 1.05
SRF PSC3584 1.04
IRAK1 PSC14896mix 1.03
BIRCS PSC14359 1.03
PIK3C2A PSC14907 1.00
PTP4A3 PSC1675 1.00
BTK PSC14821mix 0.97
NLK PSC1786 0.97
RAFI1 PSC1809 0.93
STAT3 PSC8012 0.92
SRC PSC4913 0.92
AURKA PSC2260 0.89
IRAK4 PSC14817mix 0.87
ERBB2IP PSC4899 0.86
CDH PSC3306 0.83

2P<0.05. shRNA, short hairpin RNA; NC, negative control.

72 h treatment. The high-throughput RNAi experiments were
performed by Shanghai GeneChem Co., Ltd.

Celigo, a high-throughput screening system based on auto-
matic image acquisition and image data analysis, was used
for the HCS test. The target in this test was the SK-MES-1
cells (growing in a 96-well plate) expressing GFP following
lentiviral infection. Celigo was used to identify the cells with
green fluorescence, capture, analyze and process images and
calculate the number of cells in the various groups in the plate.
After 5 days of continuous reading, the cell growth curves
were produced to determine the cell proliferation.

Cell proliferation analysis. The cells were seeded into 96-well
plates (3x10° cells/well) in triplicate and exposed to various
concentrations (2, 4 and 10 gmol) of erlotinib. After 72 h,
20 pul 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) solution (Abcam) (5 mg/ml) was added to
each well and incubated for 4 h at 37°C. Subsequently, the
formazan crystal was dissolved with dimethyl sulfoxide,
and the absorbance at 530 nm was read using a microplate
reader. The percentage of surviving cells was calculated as
follows: Survival rate=(mean absorbance of the replicate wells
containing drugs-mean absorbance of the replicate background
wells)/(mean absorbance of the replicate drug-free wells-mean
absorbance of the replicate background wells) x100%.
Fold-change=[(NC + drug)/NC)/(target shRNA + drug)/target
shRNA]. The test was performed independently three times.

Apoptosis analysis. Annexin V-APC Apoptosis Detection
kit (eBioscience; Thermo Fisher Scientific, Inc.) and a

transferase-mediated deoxyuridine triphosphate nick-end
labeling (TUNEL) kit (Promega Corporation) were used
to determine apoptosis levels. In the flow cytometry assay,
SK-MES-1 cells (1.2x10° cells/well) were plated in 6-well
plates. Following 24 h incubation at 37°C, 2 uM erlotinib was
added into the experimental wells and incubated for another
72 h at 37°C. The cells were harvested, washed with PBS and
resuspended in 500 ul binding buffer (from the aforemen-
tioned kit). The cells were stained with 5 ul Annexin V-PE
and incubated for 5 min at room temperature in the dark.
Quantification of apoptosis was determined by flow cytometer
(FACSCalibur; BD Bioscience). Fluorescence microscope
(micropublisher 3.3RTV, Olympus Corporation) was used to
count the cells with Annexin V-APC. BD CellQuest software
was used for analysis.

For the TUNEL assay, SK-MES-1 cells (5x10° cells/well)
were seeded in 24-well plates and exposed to 2 uM erlotinib
for 72 h. Apoptosis was assessed by the TUNEL assay kit
according to the manufacturer's protocol. The apoptotic
index (%) was calculated using the following formula:
Apoptotic index=positive for Annexin V- or PE-stained
cells/total cells x100%. The apoptotic index for Annexin V
and PE-stained cells were calculated separately.

Western blotting. Cells were washed twice with ice-cold
PBS and lysed in 0.1 ml lysis buffer (HyClone; Cyvita) on
ice for 30 min. Insoluble debris was removed by centrifuging
at 12,000 x g for 15 min at 4°C. BCA Protein Assay kit
(HyClone; Cyvita) was used for protein detection, and 20 ug
protein was loaded per lane. The percentage of the SDS-PAGE
gel was 10% and then the proteins were transferred to PVDF
membrane. PVDF membrane was sealed with blocking
solution (TBST solution containing 5% skimmed milk) at
room temperature for 1 h or 4°C overnight. Mouse Anti-Flag
(1:3,000; cat. no. F1804; Sigma-Aldrich; Merck KGaA) was
diluted with blocking solution, and then incubated with the
closed PVDF membrane at room temperature for 2 h or 4°C
overnight. Mouse anti-GAPDH (1:5,000; cat. no. sc-32233;
Santa Cruz Biotechnology, Inc.) was for the reference.
Goat anti-mouse IgG (1:5,000; cat. no. sc-2005; Santa Cruz
Biotechnology, Inc.) was diluted with blocking solution, and
then incubated with the closed PVDF membrane at room
temperature for 2 h. Antibodies against human ILK (1:3,000;
cat.no. MAB4266-SP), EGFR (1:1,000; cat.no. MAB3570-SP),
p-actin (1:1,000; cat. no. MAB8929-SP) and GAPDH
(1:1,000; cat. no. AF5718-SP) (all from R&D Systems, Inc.)
were used according to the manufacturer's instructions. The
ECL + Plus™ Substrate (Amersham) was used for color
development. Densitometry analysis was performed using an
Odyssey® Infrared Imaging system (LI-COR Biosciences).

Quantitative (q)PCR. Total RNA was extracted from tumors
using TRIzol (Shanghai Perfectics Co., Ltd), and reverse
transcribed to cDNA using M-MLV Reverse Transcriptase
kit (Promega Corporation). Reverse transcription was carried
out at 37°C for 10 min. In total, 1 ug cDNA was used for
gPCR analysis using a LightCycler PCR instrument (Roche
Diagnostics) according to the manufacturer's instructions. The
upstream primer of ILK and GAPDH was 5-GACGACATT
TTCACTCAGTGCC-3' and 5-TGACTTCAACAGCGACAC
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CCA-3' respectively, and the downstream primer was 5'-ACG
GTTCATTACATTGATCCGTG-3' and 5'-CACCCTGTTGCT
GTAGCCAAA-3', respectively. Amplifications were carried
out in 20-ul reaction mixtures under the following conditions:
Initial denaturation at 95°C for 2 min; followed by 40 cycles
of 95°C for 20 sec, 55°C for 20 sec and 72°C for 35 sec; and
a final extension at 72°C for 3 min. GAPDH was used as the
internal control. SYBR Master Mixture (DRR041B, Takara)
was used for your gene expression analysis. The copy numbers
of the ILK gene were determined as follows: Target gene
copy number Z-AAcq:(tharget gene'cqreference gene) experimental

group'(cqtarget gene'cqreference gene) control group (19)

Cell cycle analysis. SK-MES-1 cells (1.2x10° cells/well) were
incubated in 6-well plates at 37°C for 24 h, and the cell culture
medium was replaced with fresh medium containing 10% FBS
with or without erlotinib at 37°C for another 72 h. The cells
were trypsinized, fixed in ice-cold 70% ethanol overnight and
stained with propidium iodide containing 1 mg/ml RNase
(Sigma-Aldrich; Merck KGaA) according to the instructions
of the Cell Cycle Phase Determination kit (Cayman Chemical
Company). The samples were analyzed using a flow cytometer
(FACSCalibur; BD Bioscience). The cell cycle parameters
from 10,000 events were analyzed using multi-cycle software
(version 3.1.1, Phoenix Flow Systems).

Clone formation analysis. Cells (200 cells/well) were seeded
in 24-well plates and treated with erlotinib at 37°C after 12 h.
After 2 weeks of culture, the cells were stained with GIEMSA
at room temperature for 20 min, and the number of visible
colonies were counted manually. The relative clone formation
ability was calculated by clone number/well.

Signaling pathway microarray analysis. The lung SqCC cells
were separated into two groups: i) NC (SK-MES-1 cells treated
with erlotinib); and ii) knockdown (KD; SK-MES-1 cells
treated with erlotinib after ILK knockdown by shRNA). Total
RNA was extracted from cells by TRIzol (Shanghai Perfectics
Co., Ltd), and RNA probes were prepared and hybridized to
the GeneChip primeview human 100 format (cat. no. 901838;
Affymetrix GeneChip System; Affymetrix; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
For each sample, three biological replicates were performed.
All arrays were washed, stained, and read by a GeneChip
Scanner 3000 (Affymetrix; Thermo Fisher Scientific, Inc.).
The fluorescence signal was excited at 532 nm and detected
at 570 nm. Data were analyzed using GeneChip Operating
Software 1.4 (Affymetrix; Thermo Fisher Scientific, Inc.)

Bioinformatics analysis. To analyze differentially expressed
genes (DEGs) between NC and KD groups, the GEO2R tool
(http://www.ncbi.nlm.nih.gov/geo/geo2r/) were used. To control
errors, the false discovery rate (FDR) determination feature
automatically included in the GEO2R tool was employed.
Significant DEGs were those that remained significant after
FDR correction. DEGs were selected based on Ifold-changel>2
and P<0.05 for GeneChip analysis (GeneChip Hybridization
Wash and Stain kit; Thermo Fisher Scientific, Inc.). Based on
the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base (https://www.kegg.jp/kegg/pathway.html), significantly

changed pathways were identified and connected in a pathway
network (Path-net) to show the association between these
pathways. GO analysis (http:/geneontology.org/) was used
to organize DEGs into hierarchical categories. The list of
DEGs, containing gene identifiers and corresponding expres-
sion values, was also uploaded into the IPA software 2012
(Ingenuity Systems, Inc.). The ‘core analysis’ function
included in the software was used to interpret the differentially
expressed genes between NC and KD groups, which included
biological processes, canonical pathways, upstream transcrip-
tional regulators and gene networks. Each gene identifier was
mapped to its corresponding gene target in the Ingenuity
Pathway Knowledge Base (www.ingenuity.com).

Statistical analysis. Data are presented as the mean + SEM.
Statistical analysis was performed using SPSS Statistics 23
software (IBM Corp.). Data were analyzed using unpaired
Student's t-test or one-way ANOVA with Tukey's post hoc test,
and P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

ILK knockdown improves the effects of erlotinib in lung
SqCC. The MTT assay results demonstrated that the ICs, of
SK-MES-1 cells was 11.35 uM, the results of western blotting
revealed that this cell line expressed EGFR (Fig. 1A and B).
The SK-MES-1 cells were treated with a gradient of different
concentrations of erlotinib following transfection with lenti-
viral NC shRNA. Cell proliferation was inhibited by 2 uM
erlotinib; thus, 2 M was used as the screening concentration
in subsequent experiments (Fig. 1C).

In HCS, the fold-changes of cell proliferation were
detected by MTT after 72-h treatment with shRNAs and erlo-
tinib. Transfection with the shRNAs targeting ILK, PTEN,
MAP3K14 and MYDSS, increased the effects of erlotinib on
SK-MES-1 cells compared with NC. Following ILK knock-
down, the cell proliferation was significantly inhibited by
treatment with erlotinib compared with NC (fold-change, 1.29;
P<0.05; Fig. 1D and Table I).

To identify the role of ILK in EGFR-TKI resistance, the
cell survival rates of SK-MES-1 cells transfected with NC and
ILK, MYD8S target shRNAs were measured following 72-h
incubation with 2, 4 or 10 M erlotinib. The results demon-
strated that ILK shRNA significantly reduced the survival rate
of SK-MES-1 cells, indicating that ILK knockdown improved
the effects of erlotinib (Fig. 2A). The results of PCR confirmed
that ILK was expressed in lung cancer cell lines, including the
SqCC cell lines SK-MES-1 and H226 (Fig. 2B).

Effects of ILK on erlotinib resistance in lung SqCC SK-MES-1
cells. The results of gPCR and western blotting confirmed that
the expression of ILK was significantly inhibited in SK-MES-1
cells after RNA interference (P<0.01; Fig. 3A and B). Treatment
with erlotinib following ILK knockdown significantly inhibited
the proliferation of SK-MES-1 cells (P<0.05; Fig. 3C), induced
apoptosis (P<0.01; Fig. 3D) and cell cycle arrest at the G2/M
and G1 phases (P<0.01; Fig. 4A) compared with those in the
group treated with erlotinib alone. The flow cytometry apop-
tosis assay results were verified by TUNEL assay; the observed
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Figure 1. High-throughput RNA interference analysis of the effects of erlotinib in lung squamous cell carcinoma following integrin-linked kinase knockout.
(A) The MTT assay results demonstrated that the ICy, of erlotinib in the SK-MES-1 cell line was 11.35 zM. (B) Western blotting results revealed that SK-MES-1
cells expressed EGFR. (C) SK-MES-1 cells were treated with a gradient of concentrations of erlotinib after transfection with lentiviral NC shRNA. The prolif-
eration of cells significantly decreased after administration of 2 uM erlotinib. (D) In the high content screening experiment, the critical drug concentration of
2 uM was used to screen the combined effects of erlotinib and shRNAs after 72-h treatment. "P<0.05. NC, non-targeting control; sShRNA, short hairpin RNA.

apoptotic rate was 83.24% in cells treated with erlotinib after
ILK knockdown, which was notably higher compared with
that of cells treated with erlotinib alone (P<0.01; Fig. 4B). The
results also demonstrated that the cell clone formation ability
decreased significantly in the group treated with erlotinib after
ILK knockdown compared with that in the group treated with
erlotinib alone (P<0.01; Fig. 4C).

Expression of ILK in patients with lung SqCC. ILK expres-
sion was detected in tumors of patients with lung squamous
cell carcinoma, adenocarcinoma with wild-type EGFR or with
sensitizing EGFR mutations using qPCR. A total of 31 cases
of SqCC, 9 cases of wild-type EGFR adenocarcinoma and
10 cases of adenocarcinoma with sensitizing EGFR mutations
were included in the analysis. The results demonstrated that the
expression levels of ILK in patients with adenocarcinoma with
sensitizing EGFR mutations were significantly lower compared
with those in patients with adenocarcinoma with wild-type
EGFR or SqCC (P<0.01; Fig. 5A). No significant differences
were observed in ILK expression levels between patients with
adenocarcinoma with wild-type EGFR and SqCC.

Genome-wide transcriptional analysis of the key pathways
of ILK in EGFR-TKI resistance of the SK-MES-1 cell
line. In order to further explore the mechanism of ILK in
intrinsic EGFR-TKI resistance of lung SqCC, genome-wide
transcriptional microarray analysis was carried out to
compare the global gene expression between the control (NC

group) and ILK-knockdown (KD group) SK-MES-1 cells
following treatment with erlotinib using the Affymetrix
GeneChip PrimeView Human Gene Expression Array. A
total of 484 transcripts (317 upregulated and 167 downregu-
lated) that were differentially expressed in the KD group
compared with the NC group were selected for the cluster
analysis (Fig. 5B).

The pathway enrichment analysis of the gene expression
profiling based on KEGG and the BioCarta Database revealed
that the top three targets enriched by ILK knockdown were the
‘cell cycle’, ‘(ECM receptor interaction’ and ‘oocyte meiosis’,
as shown in Fig. 5C.

The DEGs were also subjected to GO analysis. Among
the molecular function-associated terms, the DEGs affected
‘protein kinase activity’ and ‘DNA binding’, which associ-
ated with the action mechanism of EGFR-TKIs (20,21). In the
cellular component analysis, changes occurred in the ‘intracel-
lular non-membrane bound organelle’, ‘spindle’ and ‘cytoplasm’.
These parts are closely associated with cell proliferation and
intracellular signal transduction, which are the important factors
for EGFR-TKI efficacy (22,23). In the biological process analysis,
the changes involved ‘mitotic cell cycle’, ‘mitosis’, ‘response to
stress’ and ‘cell proliferation’, suggesting that ILK knockdown
may affect EGFR-TKI resistance via these cell processes.

The results of the IPA analysis revealed highly significant
overlap of 207 canonical pathways associated with the DEGs in
the SK-MES-1 cell line, including the ‘mitotic roles of polo-like
kinase’, ‘protein ubiquitination pathway’, ‘inhibition of matrix
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Figure 2. ILK knockout improves the effects of erlotinib in lung SqCC. (A) ILK knockout decreased the cell survival rate of SK-MES-1 cells. (B) Quantitative
PCR confirmed that ILK was expressed in lung cancer cell lines, including the SqCC cell lines SK-MES-1 and H226. ILK, integrin-linked kinase; SqCC, squa-

mous cell carcinoma; shRNA, short hairpin RNA; NC, non-targeting control.

metalloproteases’ and ‘cell cycle: G2/M DNA damage checkpoint
regulation’. These pathways were scored based on the number
of genes participating in any particular network. The results
demonstrated that the ‘cell cycle pathway: G2/M DNA damage
checkpoint regulation’ (Z-score, -2), was significantly inhibited in
the Classic Pathway Analysis (Fig. 6A). The IPA-based network
analysis demonstrated the interaction between molecules in the
data set; all networks were sorted according to score values. The
network diagram ranked first in this study was mainly associ-
ated with the ‘cell cycle’, ‘cellular assembly organization’, ‘DNA
replication’, ‘recombination’ and ‘repair’ (Fig. 6B).

Discussion

Despite recent advances in immunotherapy, the prognosis
of the majority of patients with SqCC is considerably worse
compared with those with adenocarcinoma due to targeted
therapy (24). However, patients with SqCC express higher levels
EGFR compared with those with adenocarcinoma (9); thus, it
is important to identify the mechanism of intrinsic resistance
to EGFR-TKIs. In the present study, high-throughput RNAi
screening revealed that the knockout of ILK improved the
efficacy of erlotinib in the SqCC cell line SK-MES-1. Based
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after ILK knockdown inhibited the proliferation of SK-MES-1 cells. (D) Erlotinib increased the apoptotic rate in SK-MES-1 cells transfected with ILK siRNA.
“P<0.01. ILK, integrin-linked kinase; siRNA, small interfering RNA; NC, negative control; E, erlotinib.

on these observations, the effects of ILK knockout on the
biological activities of SK-MES-1 cells was investigated. The
results demonstrated that cell proliferation and clone formation
was inhibited, apoptosis was upregulated, and the cells were
arrested at the G1 and G2/M phases following transfection

with ILK siRNA compared with. These results confirmed that
inhibition of ILK may be involved in reversing the resistance
to erlotinib.

ILK, an important serine/threonine protein phosphatase,
serves a key role in the regulation of signal transduction and
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remodeling of the tumor extracellular matrix (ECM) (25). erlotinib resistance. The results of the present study confirmed
High expression of ILK is associated with the occurrence and  that the expression of ILK was remarkably higher in patients
development of lung cancer, as well as with anti-cancer drug  with lung SqCC compared with that in patients with adenocar-
resistance, including resistance to EGFR-TKIs (26-31); thus, cinoma with sensitizing EGFR mutations, suggesting that ILK
it was hypothesized that ILK may be a target for reversing may be a key marker of EGFR-TKI resistance in lung SqCC.
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To gain further insight into the mechanism of ILK in the and gene networks in the present study. The ‘cell cycle’,
resistance of lung SqCC to EGFR-TKIs, KEGG, GO and ‘oocyte meiosis, ‘ECM-receptor interaction’, ‘protein kinase
IPA were used to explore the associated signaling pathways activity’ and ‘DNA binding’ were identified to be closely
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Figure 6. Genome-wide transcriptional analysis of the key pathways of ILK in EGFR-TKI resistance of SK-MES-1 cell line. (A) IPA results identified that the
‘cell cycle: G2/M DNA damage and checkpoint regulation’ pathway (Z-score, -2) was significantly inhibited in the classic pathway analysis. (B) The IPA-based
network analysis demonstrated that the ranked first network diagram in the present study mainly affected the cell cycle, cellular assembly organization, DNA
replication, recombination and repair. ILK, integrin-linked kinase; IPA, ingenuity pathway analysis.

associated with the effects of ILK on EGFR-TKI resistance.
As the cell cycle (32,33), ECM-receptor interaction (34,35)
and mitosis (36) have been identified to be activated in cancer
drug resistance, ILK may serve a crucial role in the EGFR-TKI
resistance of lung SqCC via these pathways. GO analysis
results also demonstrated that ‘mitotic cell cycle’ and ‘mitosis’
were important signaling pathways involved in EGFR-TKI
resistance in ILK-knockout cells. IPA further confirmed that
‘cell cycle: G,/M DNA damage checkpoint regulation” was the
most key signaling pathway regulated by ILK knockout in the
EGFR-TKI resistance of lung SqQCC. In conclusion, ILK may
improve our understanding of lung SqQCC and may be a future
therapeutic target.
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