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Abstract. Epidermal growth factor receptor (EGFR) is a 
receptor tyrosine kinase and mutations in this gene are major 
drivers of lung cancer development. EGFR tyrosine kinase 
inhibitors (TKIs) are standard first‑line therapies for patients 
with advanced non-small cell lung cancer (NSCLC) with 
activating EGFR mutations, but are not effective in patients 
with wild-type EGFR. In the present study, the cytotoxic 
effects of various TKIs against EGFR were investigated in 
wild-type NSCLC cells as single treatments or in combina-
tion with Fingolimod (FTY720), which has been approved for 
treating multiple sclerosis and has cytotoxic effects against 
several tumor cell lines. It was found that the combined 
treatment with TKIs lapatinib (Lap) or sorafenib (Sor) and 
FTY720 synergistically suppressed the viability of the 
NSCLC cell lines A549 and H596. Additionally, FTY720 
inhibited lysosomal acidification and suppressed autophagy 
flux. Immunoblotting and reverse transcription‑quantitative 
polymerase chain reaction showed that FTY720 combined 
with Lap or Sor, enhanced endoplasmic reticulum (ER) stress 
loading and cell cycle arrest in A549 cells. The enhancement 

of ER stress loading and cell cycle arrest induced by combined 
treatment with Lap or Sor and FTY720, which was associated 
with the cytotoxicity induced by the combination of these 
drugs. These findings suggested that FTY720 improved TKI 
therapy in NSCLC patients with wild-type EGFR, by sensi-
tizing NSCLC cells to TKIs.

Introduction

Lung cancer is the second most common cancer and the leading 
cause of cancer-associated mortality worldwide. The vast 
majority of lung cancer cases are non-small cell lung cancer 
(NSCLC) (1,2). Epidermal growth factor receptor (EGFR) is 
a receptor tyrosine kinase that belongs to the ErbB family and 
mutations in this gene are a major driver of lung cancer (3-9). 
Mutations in the tyrosine kinase region of EGFR involving 
the L858R substitution or small internal deletions of exon 19, 
lead to constitutive activation of EGFR (10). EGFR tyrosine 
kinase inhibitors (TKIs) such as gefitinib (Gef) and erlotinib 
(Erl) inhibit the phosphorylation of EGFR, preventing the 
subsequent activation of the downstream signaling networks, 
which would lead to cancer cell proliferation and survival (11). 
EGFR TKIs are standard first-line therapies for patients 
with advanced NSCLC with activating EGFR mutations, 
whereas they show low efficacy in patients with wild‑type 
EGFR (12-16). Therefore, additional therapeutic strategies are 
urgently necessary for NSCLC patients with wild-type EGFR.

Since the first TKI drug imatinib (Ima) was approved for 
the treatment of chronic myeloid leukemia in 2001, more than 
20 TKIs have been approved by the FDA. Lapatinib (Lap), 
which is used to treat advanced or metastatic breast cancer, 
is a reversible dual inhibitor of EGFR and ERBB2. The 
response to Lap is strongly associated with ERBB2 overex-
pression, which inhibits the phosphorylation of ERBB2 and 
its subsequent signaling molecules (17). Sorafenib (Sor) is the 
first anti‑tumor drug targeting RAF kinase and VEGFR, that 
is approved for treating renal cell and hepatocellular carci-
nomas. This agent can directly inhibit tumor cell proliferation 
by blocking the RAF/MEK/ERK signaling pathway and by 
inhibiting VEGFR‑mediated angiogenesis (18).

Fingolimod (FTY720), a sphingosine analog, was recently 
shown to be highly effective for treating relapsing-remitting 
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multiple sclerosis (19). In addition to its immunomodulatory 
effects, FTY720 showed preclinical antitumor efficacy in 
several cancer models (20-23). In most cases, the anticancer 
mechanism of FTY720 involves inhibition of the proto-onco-
gene sphingosine kinase 1; however, the anticancer properties 
of FTY720 may be attributable to its effects on several other 
molecular targets (24,25). Furthermore, FTY720 was reported 
to modulate autophagy; a number of studies have reported the 
induction of autophagy by FTY720 (26-29), while others have 
reported autophagy suppression (30-33). Autophagy exhibits 
complex, context-dependent properties in cancer, and interven-
tions that stimulate or inhibit autophagy have been proposed 
as potential anti-cancer therapies (34).

Drug repositioning, which is the discovery of new medical 
indications for existing drugs that are different from their 
original indications, is an increasingly attractive mode of 
therapeutic discovery (35-37). We previously reported that 
macrolide antibiotics, such as clarithromycin and azithromycin, 
block autophagy flux and that the combination of Gef with 
macrolide antibiotics enhances the cytotoxic effect in NSCLC 
cells via endoplasmic reticulum (ER)-stress loading (38). 
Under remediable levels of ER stress, the homeostatic unfolded 
protein response (UPR) outputs activate transcriptional and 
translational changes that promote cellular adaptation (39-41). 
Contrary to its pro-survival roles, prolonged UPR activa-
tion caused by severe or unresolved ER stress leads to cell 
death (39-41). In the present study, in order to discover more 
effective combinations of the existing drugs, the cytotoxic 
effects of various TKIs against EGFR wild-type NSCLC cells 
were investigated, using TKIs in single or combination treat-
ments with FTY720 as the repurposed candidate drug.

Materials and methods

Reagents. Gef, Erl, Lap, Sor and FTY720 were purchased 
from Cayman Chemical Company (Ann Arbor, MI, USA). Ima 
was obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, 
Japan). These drugs were dissolved in dimethyl sulfoxide 
(DMSO) at a concentration of 20 mM as a stock solution. 
FTY720 (S)-phosphate (FTY720-P) was also purchased from 
Cayman Chemical Company and dissolved in DMSO at a 
concentration of 0.5 mM as a stock solution. Thapsigargin 
(Tg) and bafilomycin A1 (BafA1) were purchased from Wako 
Pure Chemical Industries, Ltd. (Osaka, Japan). Tunicamycin 
(Tm) was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). 
Z‑VAD‑FMK (Z‑VAD), a pan‑caspase inhibitor, was purchased 
from Peptide Institute, Inc. (Osaka, Japan). Necrostatin-1 
(Nec-1), a specific inhibitor of receptor-interacting 
serine/threonine-protein kinase 1 (RIPK1), was purchased 
from Enzo Life Sciences, Inc. (Farmingdale, NY, USA). 
Azithromycin was purchased from Tokyo Chemical Industry 
Co., Ltd. These reagents: Tg, BafA1, Tm, Z‑VAD, Nec‑1 and 
azithromycin were also dissolved in DMSO as a stock solution.

Cell lines. Human NSCLC cell lines A549, H596, and H226, as 
well as the ERBB2-positive breast cancer cell line BT474 were 
purchased from American Type Culture Collection (Manassas, 
VA, USA). These cell lines were cultured in RPMI‑1640 
medium (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 
supplemented with 10% heat inactivated fetal bovine serum 

(Biosera, Nuaillé, France) at 37˚C in a 5% CO2 atmosphere. 
Stable A549/GFP-LC3-RFP-LC3ΔG cell lines were gener-
ated as follows: A549 cells (2x106 cells/100 mm dish) were 
transfected with the plasmid DNA (GFP-LC3-RFP-LC3ΔG 
plasmid, 10 µg) using Lipofectamine® 3000 (Thermo Fisher 
Scientific, Inc., Waltham, MA, USA) according to the manu-
facturer's instructions. The GFP-LC3-RFP-LC3ΔG plasmid 
used in the present study was a kind gift from Dr N. Mizushima 
(University of Tokyo, Tokyo, Japan). After selecting trans-
fected cells using puromycin (2 µg/ml), single clones of the 
cells were isolated, and GFP-LC3 and RFP-LC3ΔG expression 
was confirmed by immunoblotting using specific antibodies 
against green fluorescent protein (GFP), red fluorescent 
protein (RFP), and microtubule associated proteins 1A/1B 
light chain 3B (MAP1LC3B).

Cell viability assay. The number of viable cells was assessed 
by the CellTiter Blue cell viability assay kit (Promega 
Corporation, Madison, WI, USA) according to the manu-
facturer's instructions. Briefly, cells were incubated with the 
CellTiter Blue reagent for 2 h at 37˚C in 5% CO2 atmosphere. 
Fluorescence (560 nm for excitation and 590 nm for emission) 
was measured using the POWERSCAN HT 96-well plate 
reader (BioTek Instruments, Inc., Winooski, VT, USA). In 
order to determine IC50 (half-maximal inhibitory concentra-
tion) values, A549 cells treated with different concentrations of 
TKIs or FTY720 were tested for cell viability at 48 h after the 
treatments. Dose response curves were fitted and IC50 values 
were analyzed using the four-parameter logistic regression 
analysis by means of ImageJ software (version 1.52a).

Immunoblotting. Total cellular proteins were extracted using 
radioimmunoprecipitation assay lysis buffer containing 
50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1.0% Nonidet 
P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl 
sulfate (SDS), and a protease inhibitor cocktail (Nacalai 
Tesque, Inc.). Each sample was sonicated for 20 pulses 
(0.5 sec on/off) to disrupt the aggregated proteins, using 
a Branson 450D Sonifier (Emerson, Danbury, CT, USA). 
Protein concentrations were measured using a Bicinchoninic 
Acid Protein Assay kit (Pierce; Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. Equal 
amounts of proteins were resolved by SDS-PAGE (5-20% 
gradient gel) and transferred onto Immobilon-P membranes 
(EMD Millipore, Billerica, MA, USA). The membranes were 
then blocked with 5% non-fat milk for 1 h at room tempera-
ture and probed with the following primary antibodies at 
4˚C overnight: Anti‑MAP1LC3B (cat. no. NB600-1384; 
1:4,000 dilution; Novus Biologicals, Inc. Littleton, CO, USA). 
Anti‑sequestosome (SQSTM1; cat. no. sc-28359; 1:1,000 dilu-
tion), anti-GAPDH (cat. no. sc-32233; 1:2,000 dilution), anti-heat 
shock protein family A member 5 (HSPA5; cat. no. sc-13968; 
1:1,000 dilution), anti-β-actin (cat. no. sc-47778; 1:2,000 dilu-
tion), anti-EGFR (cat. no. sc-03; 1:1,000 dilution), and 
anti-phosphorylated (p)-EGFR (Tyr1173; cat. no. sc-101668, 
1:1,000 dilution) from Santa Cruz Biotechnology, Inc. (Santa 
Cruz, CA, USA); anti-cyclin D (CCND)1 (cat. no. 2978, 
1:1,000 dilution), anti-CCND3 (cat. no. 2936, 1:1,000 dilu-
tion), anti-cyclin-dependent kinase (CDK)4 (cat. no. 12790, 
1:1,000 dilution), anti-CDK6 (cat. no. 3136, 1:1,000 dilution), 
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anti-DNA damage-inducible transcript 3 protein (DDIT3; 
cat. no. 2895, 1:1,000 dilution), anti-eukaryotic translation 
initiation factor 2-α kinase 3 (EIF2AK3; cat. no. 3192, 
1:1,000 dilution), anti-p-CDK substrate motif [(K/H)pSP] 
MultiMab™ (cat. no. 9477, 1:1,000 dilution), anti-CCNA2 
(cat. no. 4656, 1:1,000 dilution), anti-CCNB1 (cat. no. 4138, 
1:1,000 dilution), anti-autophagy protein 5 (ATG5; 
cat. no. 12994, 1:1,000 dilution), anti-RIPK1 (cat. no. 3493, 
1:1,000 dilution), anti-ERBB2 (cat. no. 4290, 1:1,000 dilution), 
and anti-p-ERBB2 (Tyr1221/1222) (cat. no. 2243, 1:1,000 dilu-
tion) from Cell Signaling Technology (Danvers, MA, USA). 
Anti-CDK1 (A17) antibody was a kind gift from Dr J Gannon 
and Dr T Hunt (Francis Crick Institute, London, UK). The 
membranes were followed by incubation with horseradish 
peroxidase-conjugated secondary antibodies [anti-mouse 
immunoglobulin G (IgG); cat. no. 115-035-003; 1:5,000 dilu-
tion; or anti-rabbit IgG; cat. no. 711-035-152; 1:5,000 dilution; 
Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 
USA] for 1 h at room temperature. Immunoreactive proteins 
were detected with enhanced chemiluminescence reagent 
(Immobilon Western Chemiluminescent HRP Substrate; 
EMD Millipore). Densitometry analysis was performed 
using the WSE-6300 Luminograph III molecular imager 
(ATTO Corporation, Tokyo, Japan) and ATTO CS Analyzer 
4 densitograph software (version 2.3.1, ATTO Corporation).

Gene expression analysis. Total RNA was extracted from 
A549 cells using a NucleoSpin RNA kit (Takara Bio, 
Inc., Otsu, Japan) and reverse transcribed to cDNA using 
PrimeScript RT Master mix (Takara Bio, Inc.) according 
to the manufacturer's instructions. The expression of ER 
stress‑associated genes was determined by quantitative 
polymerase chain reaction (qPCR) using SYBR Premix Ex 
Taq II Tli RNase H Plus (Takara Bio, Inc.). The sequences 
of validated primers and reaction conditions were as 
follows (42,43): 5'-CCT AGC TGT GTC AGA ATC TCC ATC 
C-3' and 5'-GTT TCA ATG TCA CCA TCC AAG ATC C-3' for 
HSPA5; 5'-AAA TCA GAG CTG GAA CCT GAG GA-3' and 
5'-CCA TCT CTG CAG TTG GAT CAG TC-3' for DDIT3; 
5'-AAC CAG CAG TTC CCT TCC TG-3' and 5'-TTG CCT CTC 
GCT CAC CAT AC-3' for protein phosphatase 1 regulatory 
subunit 15A (PPP1R15A); 5'-AAG TGC CGC ACA GGG 
TGT CC-3' and 5'-GCT GGG ACT TCC CCA CTG TGC-3' for 
tumor necrosis factor receptor superfamily member 10B 
(TNFRSF10B); 5'-CCC GAT CGT GAA GCA GTT AGA-3' 
and 5'-CAG AAC CAC CTT TAT AGG TCC TGA A-3' for ER 
to nucleus signaling 1 (ERN1); 5'-AAG CCC TGA TGG TGC 
TAA CTG AA-3' and 5'-CAT GTC TAT GAA CCC ATC CTC 
GAA-3' for activating transcription factor 6 (ATF6); and 
5'-GCA CCG TCA AGG CTG AGA AC-3' and 5'-TGG TGA 
AGA CGC CAG TGG A-3' for GAPDH. qPCR was performed 
in a Thermal Cycler Dice Real-Time System TP800 (Takara 
Bio, Inc.) under the following conditions: Initial denaturation 
at 95˚C for 30 sec, followed by 45 cycles of the sequence of 
denaturation at 95˚C for 5 sec and simultaneous annealing 
and extension at 60˚C for 30 sec. Data were analyzed using 
Thermal Cycler Dice Real-Time System Software (Takara 
Bio, Inc.) and the comparative Cq method (2-ΔΔCq) was used 
for relative quantification of gene expression (44). The data 
were standardized to GAPDH as an internal control.

Assessment of autophagy flux using the GFP‑LC3‑RFP‑ 
LC3ΔG system. A549/GFP-LC3-RFP-LC3ΔG cells (8x103 
cells/well) were plated on a 96-well plate 24 h before treat-
ment with FTY720. Fluorescence intensities derived from 
GFP-LC3B and RFP-LC3ΔG were monitored during the 24 h 
exposure to the drug, using an Incu-Cyte ZOOM cell imaging 
system (Essen BioScience, Ltd., Ann Arbor, MI, USA). 
Autophagy flux was measured as alterations in the relative 
intensities of GFP/RFP, using DMSO-treated groups as the 
control (45).

Lysotracker staining. A549 cells (8x104 cells/well) were 
seeded onto glass coverslips in a 24-well culture plate for 
24 h. Next, A549 cells were treated with FTY720 or BafA1 
for 4 h and then incubated for 30 min in 50 nM LysoTracker 
Red DND‑99 (Molecular Probes; Thermo Fisher Scientific, 
Inc.). Coverslips were washed twice with PBS and cells were 
fixed in 2% paraformaldehyde for 10 min at room temperature. 
Following washing, the coverslips were mounted in ProLong 
Diamond Antifade Mountant (Thermo Fisher Scientific, 
Inc.). The cells were visualized using an LSM 700 confocal 
laser scanning fluorescence microscope (Zeiss GmbH, Jena, 
Germany) equipped with Plan‑Apochromat 40x/1.4 oil DIC 
(Zeiss GmbH). All images were acquired and processed equally 
using ZEN 2012 software (version 8.1.0.484, Zeiss GmbH).

Cell cycle analysis. A549 cells (1x106 cells/100 mm dish) were 
plated on 100 mm dishes. After seeding for 24 h, A549 cells 
were treated with the indicated drugs for 24 h. The cells were 
harvested and fixed in 75% ethanol for 1 h at 4˚C. Next, the 
cells were treated with RNaseA (0.1 mg/ml) at 37˚C for 30 min 
and stained with propidium iodide (PI) (25 µg/ml) for 15 min at 
room temperature. DNA content was determined using Attune 
Acoustic Focusing Flow Cytometer (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) and the cell cycle distribution 
was analyzed using ModFit LT version 5.0 (Verity Software 
House, Inc., Topsham, ME, USA).

Immunofluorescence analysis. A549 cells (8x104 cells/well) 
were seeded onto glass coverslips in a 24-well culture plate 
for 24 h. A549 cells were subsequently treated with FTY720 
or FTY720-P for 1 or 4 h. Coverslips were washed twice 
with PBS and cells were fixed in 2% paraformaldehyde for 
10 min at room temperature. Following washing, cells were 
permeabilized in 0.1% Triton X-100 for 5 min, followed by 
washing twice with PBS. The coverslips were blocked with 
10% newborn calf serum (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) for 1 h at room temperature, then 
incubated with a primary anti-sphingosine 1-phosphate 
receptor 1 (S1PR1) antibody (cat. no. ab11424; 1:200 dilution; 
Abcam, Cambridge, MA, USA) at 4˚C overnight. Following 
three washes, coverslips were incubated with Alexa Fluor 
488-conjugated anti-Rabbit IgG (cat. no. A-11034; 1:1,000 dilu-
tion; Molecular Probes; Thermo Fisher Scientific, Inc.) and 
DAPI (1 µM; Sigma-Aldrich; Merck KGaA) at 37˚C for 1 h. 
Following washing, the coverslips were mounted in ProLong 
Diamond Antifade Mountant (Thermo Fisher Scientific, 
Inc.). Cells were visualized using an LSM 700 confocal laser 
scanning fluorescence microscope (Zeiss GmbH) equipped 
with Plan-Apochromat 40x/1.4 oil DIC (Zeiss GmbH) and 
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acquired images were analyzed using ZEN 2012 software 
(version 8.1.0.484; Zeiss GmbH).

May‑Grünwald‑Giemsa staining. A549 (4x104 cells/well) cells 
were seeded onto glass coverslips in a 24-well culture plate. 
After 24 h, the cells were treated with the indicated reagents 
for 24 or 48 h. Coverslips were washed twice with PBS and 
fixed in methanol for 10 min. These cells were stained with 
May-Grünwald's stain solution (Muto Pure Chemicals Co., 
Ltd., Tokyo Japan) for 3 min at room temperature. After 
adding equal volume of PBS, coverslips were left to stand for 
another 3 min. Once the May-Grünwald's stain solution was 
removed, the cells were stained with diluted (1:20 with water) 
Giemsa's stain solution (Muto Pure Chemicals Co., Ltd.) for 
20 min at room temperature. After washing and drying, the 
cells were examined under a BZ-8100 digital microscope 
(Keyence Co., Osaka, Japan) equipped with PlanApo 20x 
NA0.75 (Nikon Corporation, Tokyo, Japan).

Knockout of ATG5 gene by CRISPR/Cas9‑mediated genome 
editing. Target sequences for CRISPR interference for human 
ATG5, AAC TTG TTT CAC GCT ATA TC (exon 2) or AAG AGT 
AAG TTA TTT GAC GT (exon 3), were derived from a previous 
report (46). In total, two complementary oligonucleotides with 
BpiI restriction sites for guide RNAs (gRNAs) were synthe-
sized at FASMAC (Kanagawa, Japan), and cloned into the 
pX459 CRISPR/Cas9-Puro vector (Addgene, Inc., Cambridge, 
MA, USA) deposited by the Feng Zhang Laboratory. A549 cells 
(2x106 cells/100 mm dish) were transfected with pX459-gRNA 
using Lipofectamine® 3000 according to the manufacturer's 
instructions. The day after transfection, cells were treated with 
2 µg/ml puromycin for 2 days. Surviving cells were diluted in 
growth medium (RPMI-1640 medium supplemented with 10% 
heat inactivated fetal bovine serum) to prepare cell suspension 
(5 cells/ml) and distributed in 100 µl of the cell suspension 
per well in a 96-well plate. The expression of ATG5 in the 
expanded colonies was detected by immunoblotting using 
anti-ATG5 antibody (cat. no. 12994; 1:1,000 dilution) at 4˚C 
overnight to select the ATG5-depleted colonies. The genome 
sequences of the edited locus in selected colonies were 
also confirmed by Sanger DNA sequencing performed at 
FASMAC, which demonstrated that the expected deletion and 
frameshifting were present in each exon of ATG5.

Gene silencing of RIPK1. A549 cells (2x106 cells/100 mm dish) 
were transfected with either a control small interfering RNA 
(siRNA; 15 nM; cat. no. 46‑2001; Thermo Fisher Scientific, 
Inc.) or Stealth siRNA (15 nM) targeting human RIPK1 
(HSS112847; cat. no. 10620318; Thermo Fisher Scientific, Inc.) 
using Lipofectamine RNAiMAX (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's instructions. A total of 
24 h post-transfection, these cells were re-plated on a 96-well 
plate for cell viability assays.

Statistical analysis. All data are shown as the mean ± standard 
deviation. Statistical analysis was performed using a one-way 
analysis of variance (ANOVA), followed by Dunnett's 
post hoc test for comparisons with a control group, or with 
the Student-Newman-Keuls post hoc test for multiple 
comparisons between all pairs of groups. These statistical 

analyses were performed using Excel Statistical Program File 
ystat2008 (Igakutosho-shuppan, Ltd., Tokyo, Japan). P<0.01 
was considered to indicate a statistically significant difference.

Results and discussion

Cell growth inhibition in NSCLC cells after single or combined 
treatment with TKIs and FTY720. A549 cells, expressing 
wild-type EGFR, were treated with different concentrations 
(0-40 µM) of the TKIs Sor, Gef, Erl, Lap, and Ima (Fig. 1A). 
The half-maximal inhibition concentration (IC50) values of 
each tested compound were shown in Table I. Sor markedly 
decreased A549 cell viability in a dose- and time-dependent 
manner. The effectiveness of Sor may be attributable to the 
activating KRAS proto-oncogene, GTPase (KRAS) mutations 
in A549 cells (47). A target molecule of Sor is Raf kinase, a 
downstream effector molecule of KRAS (48). In contrast, Gef, 
Erl, and Lap only slightly decreased A549 cell viability, while 
Ima showed nearly no effects on A549 cell viability.

Treatment with 15 µM FTY720 resulted in apparent 
cytotoxicity, although FTY720 at a concentration of ≤5 µM 
showed no cytotoxicity (Fig. 1B). It is well known that one of 
the biological effects of FTY720 is attributed to its phosphory-
lated form, FTY720-P: It strongly binds to S1PR1, inducing the 
internalization and degradation of S1PR1 at submicromolar 
concentrations (19,25). However, in the current study, the 
cytocidal activity of FTY720 in A549 cells was observed only 
at micromolar concentrations, and FTY720-P was not found 
to be cytocidal (Fig. 1B). In addition, most S1PR1 molecules 
were localized in the nucleus in A549 cells and the localization 
of S1PR1 did not change following treatment with FTY720 or 
FTY720-P (Fig. S1). Therefore, FTY720-mediated cytotox-
icity in A549 cells was not attributed to its phosphorylated 
form, FTY720-P.

Next, the effects of combined treatment with TKIs and 
FTY720 was evaluated. It was found that the combined 
treatment with Lap or Sor and FTY720 effectively enhanced 
A549 cell cytotoxicity (Fig. 1C). To determine what type of 
combinatory effect was exerted, the combination index (CI) 
values were calculated. Specifically, CI <1, CI=1, and CI >1 
indicate synergistic, additive and antagonistic effects, 
respectively (49). The CI value of combined treatment 
with Sor (10 µM) and FTY720 (10 µM) was 0.74, and that 

Table I. IC50 values of the drugs used in this study in A549 
cells.

Drugs IC50 (µM)

Sorafenib 11.1
Gefitinib 25.6
Erlotinib >40
Lapatinib 21.7
Imatinib >40
FTY720 10.5
FTY720-P ND

ND, not determined.
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of Lap (10 µM) and FTY720 (10 µM) was 0.77 (data not 
shown); therefore, both combinations showed synergistic 
effects on A549 cells. In contrast, FTY720 only marginally 
enhanced Gef- or Erl-induced cytotoxicity (Fig. 1C). This 
synergistic effect of Lap and FTY720 or Sor and FTY720 was 
also observed in another NSCLC cell line H596, which also 
expresses wild-type EGFR (Fig 1D). These data demonstrated 
that the cytotoxicity of NSCLC cells with wild-type EGFR 
was increased following combined treatment with Lap or Sor 
and FTY720.

Changes of autophagy flux in NSCLC cells following treat‑
ment with FTY720. As described above, it has been previously 

reported that macrolide antibiotics suppress autophagy flux 
and promote the cytotoxic effects of TKIs in various cancer 
cell lines, including A549 (38,50). Therefore, whether the 
modulation of autophagy flux was involved in the enhanced 
cytotoxicity exerted by FTY720 was examined. Treating 
A549 cells with each TKI resulted in an increased expression 
of MAP1LC3B-II, a lipidated form of MAP1LC3B, which 
is a hallmark of autophagosome formation (51) (Fig. 2A). 
Additionally, SQSTM1, a substrate of autophagy (51), 
decreased in response to Sor treatment and accumulated in 
response to Gef, Lap, or Ima treatment (Fig. 2A). These results 
suggested that Sor induced autophagy flux and Gef, Lap or 
Ima suppressed autophagy flux in A549 cells. Treating A549 

Figure 1. Cell growth inhibition in NSCLC cells. Cell viability was assessed at 24 and 48 h following treatment with the indicated drug. (A) A549 cells 
were treated with one of the following tyrosine kinase inhibitors: Sor, Gef, Erl, Lap or Ima, at the indicated concentrations. *P<0.01 vs. treatment with Gef. 
Gef-treated group were used for comparisons because Gef is a well-known tyrosine kinase inhibitors for the treatment of non-small cell lung cancer. (B) A549 
cells were treated with FTY720 or FTY720-P at the indicated concentrations. *P<0.01 vs. 0 µM. (C) A549 cells were treated with FTY720 at the indicated 
concentrations, combined with Sor, Gef, Erl, Lap or Ima (at 10 µM). *P<0.01 vs. combined treatment with Gef and FTY720. (D) H596 cells were also treated 
with reagents and cell viability was assessed. *P<0.01 vs. combined treatment with Gef and FTY720. Sor, sorafenib; Gef, gefitinib; Erl, erlotinib; Lap, lapatinib; 
Ima, imatinib; FTY720-P, FTY720 (S)-phosphate.
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cells with FTY720 resulted in an increased expression of 
MAP1LC3B‑II and an accumulation of SQSTM1 (Fig. 2B). 
In addition, treatment with BafA1, a well-known lysosomal 
inhibitor (52), also increased the expression of MAP1LC3B-II, 
by blocking the catabolic flux of autophagy. However, 
combined treatment with FTY720 and BafA1 failed to further 
increase MAP1LC3B-II expression, compared with the treat-
ment with either FTY720 or BafA1 alone (Fig. 2B). This result 
indicated that FTY720 suppressed autophagy flux, but does 
not induce autophagy.

To analyze the autophagy f lux, a GFP-LC3-RFP- 
LC3ΔG-based system was used (45). GFP-LC3-RFP-LC3ΔG 
is cleaved into equimolar amounts of GFP‑LC3 and 
RFP-LC3ΔG. GFP-LC3 is degraded by autophagy, while 
RFP-LC3ΔG remains in the cytosol, functioning as an internal 
control. Thus, autophagy flux can be estimated by calculating 
the GFP/RFP signal ratio. In the present study, FTY720 or 
Lap evidently suppressed autophagy flux in a dose‑dependent 
manner, as indicated by an increased GFP/RFP ratio, whereas 
Sor induced autophagy flux in a dose‑dependent manner, as 
shown by a reduced GFP/RFP ratio (Fig. 2C). These results, 
namely that Lap-mediated autophagy suppression and 
Sor-mediated autophagy induction, obtained in A549 cells 
were consistent with a previous study in HeLa cells (45). 
Alterations in autophagy flux after treatment with Gef, Erl, or 
Ima were small and were not dose-dependent (data not shown).

Furthermore, the effects of FTY720 on lysosomes using 
LysoTracker dye were investigated, which stains lysosomes 
and other acidic organelles. After treatment with FTY720 or 
BafA1 for 4 h, the intensity of LysoTracker dye was clearly 
decreased (Fig. 2D). This suggested that FTY720 inhibited the 
acidification of lysosomes and autolysosomes, limiting protein 
degradation in these organelles and subsequently inhibiting 
autophagy flux.

ER stress loading in NSCLC cells after combined treatment 
with TKIs and FTY720. During the inhibition of intracel-
lular proteolytic processes, ER stress loading is pronounced, 
which reduces cell proliferation and viability (43,53,54). 
Because FTY720 suppressed autophagy flux (Fig. 2), whether 
ER stress loading was involved in the enhanced cytotoxicity 
resulting from combination treatment with FTY720 was inves-
tigated (Fig. 3A). Expression of ER stress-associated proteins 
such as HSPA5 and DDIT3 was upregulated in response to 
single treatment with Sor, but not with Gef or Lap. However, 
combined treatment with Lap and 10 µM FTY720 markedly 
upregulated the expression of these proteins, although single 
treatment of FTY720 had no effects on protein expression. 
Additionally, combined treatment of Lap with 5 µM FTY720 
minimally upregulated the expression of these proteins, indi-
cating that the expression of ER stress-associated proteins was 
dependent on the concentration of FTY720, similar to cell 
viability. Furthermore, following combined treatment with 
Lap and FTY720, a mobility shift of EIF2AK3, an ER stress 
sensor protein, was detected (Fig. 3A), likely as a result of its 
phosphorylation and activation (55).

qPCR data for HSPA5 and DDIT3 expression supported the 
immunoblotting data (Fig. 3B). Additionally, DDIT3-regulated 
genes such as PPP1R15A and TNFRSF10B showed similar 
regulation in response to Sor, Lap and FTY720 treatment. 

Furthermore, the expression of the ER stress sensor genes, 
ERN1 and ATF6 was upregulated after treatment with Sor 
alone and after the combined treatment with Lap or Sor and 
FTY720. Taken together, these data demonstrated that ER 
stress loading was enhanced following treatment with Sor 
alone or in combination with FTY720, as well as in response 
to Lap and FTY720 combined treatment, suggesting that ER 
stress loading was involved in enhancing the cytotoxicity 
exerted by the combination treatment with FTY720.

Cytostatic effects on NSCLC cells after combined treatment 
with TKIs and FTY720. It has been reported that the exposure 
of cells to ER stress loading leads to the activation of EIF2AK3, 
phosphorylation of eIF2α, and subsequent repression of 
cyclin D translation, resulting in cell cycle arrest (40,56-59). 
Therefore, whether combination treatment with FTY720 
induced cytostatic effects in NSCLC cells was examined. The 
protein expression of CCND1/D3 and CDK4/6 was suppressed 
after the treatment with Sor alone and following combined 
treatment with Lap and FTY720 (Fig. 4A). Additionally, the 
protein expression of CCNA2, CCNB1, and CDK1, which 
are regulators for G2/M phase of the cell cycle, was also 
suppressed, particularly following combined treatment with 
Sor and FTY720, or Lap and FTY720 (Fig. 4B). Furthermore, 
the expression of phosphorylated CDK substrate motif was 
also reduced in response to these drugs (Fig. 4C). Whether 
cell cycle progression was affected by the combined treat-
ments was further investigated. Fig. 4D showed that combined 
treatment with Lap and FTY720 or Sor and FTY720 
caused significant accumulation of A549 cells in G0/G1 and 
G2/M phases, with a concomitant decrease in the number of 
cells in S phase (non-treated, 34.8%; Sor and FTY720, 14.7%; 
Lap and FTY720, 5.7%). These data indicated that combined 
treatment with Lap and FTY720 or Sor and FTY720 exerted 
cytostatic effects on NSCLC cells; these effects were associ-
ated with the expression of ER stress-associated proteins and 
A549 cell viability.

EGFR TKIs are standard first‑line therapies for patients 
with advanced NSCLC with activating EGFR mutations. 
However, it is essential to identify additional therapeutic strat-
egies to block the growth of NSCLC in patients with wild-type 
EGFR. In our previous study, it was demonstrated that 
macrolide antibiotics enhance the cytotoxic effect of Gef in 
NSCLC cells; however, a relatively high dose of Gef (25 µM) 
was required to achieve these synergistic effects (38). In order 
to discover novel effective combination treatments, the effects 
of various TKIs combined with FTY720 were investigated 
in EGFR wild-type NSCLC cells. The current study showed 
that FTY720 enhanced the cytotoxicity of TKIs (10 µM), 
particularly Lap and Sor, whereas the macrolide antibiotic 
azithromycin only minimally enhanced the TKI-mediated 
cytotoxicity (Fig. S2).

It was shown that FTY720 or Lap alone suppressed 
autophagy flux, whereas Sor induced autophagy flux. To 
investigate whether the suppression of autophagy f lux 
by FTY720 was required to exert the synergistic cyto-
toxicity of FTY720 and TKIs, ATG5-knockout A549 
cells were generated. It was confirmed that conversion 
of MAP1LC3B-I to MAP1LC3B-II-a critical step in the 
formation of autophagosomes-was completely abolished in 
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ATG5-depleted colonies, even in the presence of BafA1, by 
immunoblotting using anti-MAP1LC3B antibody (Fig. S3). 
The results showed that FTY720 and/or TKIs exert a similar 
effect in ATG5-knockout and parental A549 cells (Fig. S3), 
suggesting that the suppression of autophagy flux by FTY720 

was dispensable for synergistic cytotoxicity of FTY720 and 
TKIs. However, since an ATG5-independent autophagy 
pathway has also been reported (60,61), further experiments 
are needed to clarify the necessity of the autophagy flux 
modulation.

Figure 2. Alterations in autophagy flux. (A) A549 cells were treated with Sor, Gef, Erl, Lap or Ima at the indicated concentrations for 24 h, and with (B) FTY720 
and BafA1 for 24 h at the indicated concentrations. The immunoblots show MAP1LC3B and SQSTM1 expression. GAPDH was used as an internal control. 
Band intensities were determined by densitometry and the ratios of MAP1LC3B‑II/GAPDH and SQSTM1/GAPDH are presented. Representative data from 
multiple experiments are shown. (C) A549/GFP-LC3-RFP-LC3ΔG cells were treated with Sor, Lap or FTY720 at the indicated concentrations. Fluorescence 
intensities derived from GFP-LC3B and RFP-LC3ΔG were monitored over 24 h. Autophagy flux was assessed as alterations in the relative intensities of 
GFP/RFP, using DMSO-treated groups as a control. (D) A549 cells were treated with FTY720 (10 µM) or BafA1 (10 nM) for 4 h and stained with 50 nM 
LysoTracker Red DND‑99. All images were acquired and processed equally. Sor, sorafenib; Gef, gefitinib; Erl, erlotinib; Lap, lapatinib; Ima, imatinib; 
DMSO, dimethyl sulfoxide; GFP, green fluorescent protein; RFP, red fluorescent protein; MAP1LC3B, microtubule‑associated proteins 1A/1B light chain 3B; 
SQSTM1, sequestosome; BafA1, bafilomycin A1.
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Notably, although FTY720 enhanced the cytotoxicity 
of Lap or Sor, no evident morphological apoptotic features, 
such as nuclear fragmentation and apoptotic body forma-
tion, were detected (Fig. S4). Additionally, the decreased 
cell viability observed following combined treatment with 

TKIs and FTY720 was not suppressed by co-treatment 
with the apoptosis inhibitor Z‑VAD‑FMK or necroptosis 
inhibitor necrostatin-1 (Fig. S5). Furthermore, the transient 
siRNA-mediated knockdown of RIPK1, an indispensable 
regulator for necroptosis, did not affect cell sensitivity to 

Figure 3. ER stress loading in NSCLC cells. (A) A549 cells were treated with one of the following tyrosine kinase inhibitors (10 µM): Sor, Gef, or Lap in the 
absence or presence of FTY720 (5 or 10 µM) for 24 h. Immunoblots showing expression of HSPA5, EIF2AK3, and DDIT3. ACTB was used as an internal 
control. Tg and Tm were used to induce ER stress as positive control reagents. The arrow indicates the position of shifted EIF2AK3 bands. Asterisks show 
lanes in which shifted EIF2AK3 bands were detected. (B) A549 cells were treated as in Fig. 3A, and ER stress-associated gene expression was determined 
by quantitative polymerase chain reaction analysis and normalized to GAPDH. The expression level of each gene in dimethyl sulfoxide-treated cells was 
designated as 1.0. *P<0.01 vs. non-treated only in the absence of FTY720; #P<0.01 vs. each TKI‑treated in the absence of FTY720. Sor, sorafenib; Gef, gefitinib; 
Erl, erlotinib; Lap, lapatinib; Ima, imatinib; Tg, thapsigargin; Tm, tunicamycin; ER, endoplasmic reticulum; HSPA5, heat shock protein family A member 5; 
EIF2AK3, eukaryotic translation initiation factor 2-α kinase 3; DDIT3, DNA damage-inducible transcript 3 protein; ACTB, β-actin.
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TKIs combined with FTY720 in A549 cells (Fig. S6). Several 
lines of research using A549 cells have reported Sor-induced 
apoptosis, Lap-induced apoptosis or FTY-induced necrop-
tosis (62-64); however, in the present study, typical features 
of apoptosis or necroptosis were not found in A549 cells 
treated with a combination of TKIs and FTY720. All these 
data suggest that further experiments are required in order to 
clarify the mechanisms of cell death induced by combined 
treatment with TKIs and FTY720.

It is also necessary to consider that, although FTY720 
markedly enhanced Lap-mediated cytotoxicity (Fig. 1C and D, 
and Fig. S7), the enhanced effects of FTY720 on Gef or Erl 

were less pronounced (Fig. 1C and D). Gef and Erl inhibit 
the phosphorylation of EGFR. In contrast, Lap inhibits the 
phosphorylation of ERBB2 and EGFR (65). Therefore, the 
differences in the enhanced effects of FTY720 may be due 
to its effects on ERBB2. However, the expression of ERBB2 
and phosphorylated ERBB2 were not detected in A549, H596 
and H226 cells (Fig. S8). Additionally, it has been previously 
reported that FTY720 decreases the sensitivity to Lap in 
SKBR3 cells, an ERBB2-overexpressing breast cancer cell 
line (66). Therefore, further studies are needed to determine 
the underlying molecular mechanism of the combined effects 
of Lap and FTY720.

Figure 4. Cytostatic effects on NSCLC cells. A549 cells were treated with one of the following tyrosine kinase inhibitors (10 µM): Sor, Gef, or Lap in the 
absence or presence of FTY720 (5 or 10 µM) for 24 h. Immunoblots showing the expression of (A) CCND1, CCND3, CDK4, CDK6, (B) CCNA2, CCNB1 
and CDK1, as well as (C) proteins containing the phosphorylated CDK substrate motif. GAPDH was used as an internal control. (D) A549 cells were 
treated with Sor (10 µM) or Lap (10 µM) in the presence or absence of FTY720 (10 µM) for 24 h. Cells were stained with PI prior to analysis using a flow 
cytometer. Cell cycle distribution was analyzed using ModFit LT version 5.0. *P<0.01 vs. non-treated cells in each phase. PI, propidium iodide; CCN, cyclin; 
CDK, cyclin‑dependent kinase; Sor, sorafenib; Gef, gefitinib; Lap, lapatinib; NSCLC, non‑small cell lung cancer.
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In conclusion, it was shown that the cytotoxic effects of 
Lap and Sor against EGFR wild-type NSCLC cells were 
markedly enhanced by the combined treatment with FTY720, 
making FTY720 a strong candidate for improving the efficacy 
of Lap treatment in NSCLC patients with wild-type EGFR. 
Sor is another good candidate for improving the therapeutic 
options, either as a single drug or in combination with FTY720. 
There are many existing drugs with new therapeutic indica-
tions (e.g. the anti-osteoporotic drug raloxifene for breast cancer 
and the anti‑inflammatory/analgesic drug aspirin for colorectal 
cancer), which have been already evaluated in terms of safety 
and toxicity (37); therefore, the present study has the possibility 
to rapidly improve the treatment of NSCLC patients with 
wild-type EGFR. Additionally, the benefits in NSCLC patients 
with activating EGFR mutations resulting from treatment with 
EGFR TKIs are often limited by the eventual development of 
resistance to these agents (67,68). The present study could be 
useful to increase the treatment benefits in such patients.
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