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Interleukin-6 identified as an important factor in
hypoxia- and aldehyde dehydrogenase-based gefitinib
adaptive resistance in non-small cell lung cancer cells
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Abstract. Gefitinib resistance and relapse of the disease were
the greatest challenges facing clinical therapy of non-small-cell
lung cancer (NSCLC). Of note, regarding the hypoxia condi-
tion in solid tumor tissues in vivo, roles of hypoxia in gefitinib
adaptive resistance and its association with lung cancer stem
cells (LCSCs) have not been fully elucidated. In the present
study, the role of hypoxia in gefitinib adaptive resistance and
its association with aldehyde dehydrogenase (ALDH)-based
LCSC gefitinib resistance were comparatively studied using
RNA-sequencing (RNA-seq) technology. Co-treatment of PC9
cells with gefitinib and hypoxia (1% O,) significantly enhanced
adaptive resistance compared with gefitinib or hypoxia treat-
ment alone. An ALDEFLUOR assay demonstrated that there
was a significant increase of ALDH expression level in hypoxia
and gefitinib co-treated PC9 cells, in addition to a higher
ratio of G,/G, quiescent cell enrichment and acquisition of
epithelial-mesenchymal transition. RNA-seq analysis revealed
that interleukin-6 (IL-6) is an important common factor in
hypoxia and ALDH-based gefitinib resistance, supported
by inflammation-associated tumor necrosis factor, nuclear
factor-kB and Janus kinase-signal transducer and activator
of transcription signaling pathway enrichment. Furthermore,

Correspondence to: Dr Ying Shen or Dr Liang Zhu, Department
of Pharmacology and Chemical Biology, Shanghai Jiao Tong
University School of Medicine, 280 South Chongging Road,
Shanghai 200025, P.R. China

E-mail: yshen0510@sjtu.edu.cn

E-mail: jyzhul@shsmu.edu.cn

“Contributed equally

Key words: gefitinib, hypoxia, aldehyde dehydrogenase, adaptive
resistance, interleukin-6

exposure of PC9 and HCC827 cells to IL-6 increased gefi-
tinib adaptive resistance. Consequently, IL-6 expression level
was a poor prognostic marker for patients with NSCLC and
adenocarcinoma. Thus, targeting IL-6 combined with tyro-
sine kinase inhibitor treatment may be promising in NSCLC
clinical therapy in the future.

Introduction

Lung cancer is currently the leading cause of mortality
among all types of cancer worldwide (1). It may be divided
into non-small cell lung cancer (NSCLC) and small cell lung
cancer (SCLC), which account for ~80 and ~20% of cases,
respectively. On the basis of oncogene mutation profiles,
epidermal growth factor receptor (EGFR) mutations and
Kirsten rat sarcoma viral oncogene homolog (KRAS) muta-
tions account for ~50 and ~10% of patients with NSCLC in
Asians and 10-15% and 30% in Caucasians (1). Owing to
its promising therapeutic efficacy and low toxicity, targeted
therapy, particularly tyrosine kinase inhibitors, including gefi-
tinib and erlotinib, are being widely used in clinical therapy
for patients with NSCLC (2); however, patients using tyro-
sine kinase inhibitors (TKIs) acquire drug resistance within
7-11 months of administration. The mechanisms of TKI resis-
tance may be attributed to second-site mutations within the
EGFR kinase domain (T790M), met proto-oncogene (MET)
gene amplification, epithelial-mesenchymal transition (EMT)
and histological transformation from NSCLC to SCLC.
Cancer stem cells (CSCs) were also revealed to be responsible
for drug resistance and disease recurrence; however, previous
studies revealed that EMT induction and CSC emergence
were associated (3,4). In addition, disturbed microcircula-
tion and structure induced a hypoxic microenvironment in
inner solid tumor tissues in vivo (5). Sustained hypoxia in
a growing tumor induced deterioration of the disease and it
was also reported to serve important roles in TKI resistance,
EMT induction and CSC generation (6,7). A low-oxygen
culture condition may induce non-stem cancer cells to a more
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CSC-like phenotype (7). Hypoxia-inducible factor expression
levels under hypoxic conditions were suggested induce a
dynamic state of stemness in pathological conditions (8).

In the present study, in order to investigate the synergistic
effects of hypoxia and gefitinib, PC9 cells were treated with
gefitinib and/or hypoxia (1% O,). Aldehyde dehydrogenase
(ALDH), a detoxifying metabolic enzyme, was used as a
functional marker for sorting lung cancer stem cells (LCSCs).
ALDH serves roles in early differentiation of stem cells via
oxidization of retinol to retinoic acid, and has been used for
isolation of stem cell populations from a variety of tissues and
cell lines (9). The expression and phenotypes of ALDH cells
were investigated in various NSCLC cell lines with different
genetic backgrounds, which demonstrated consistent enhanced
tumorsphere-forming capacities in vitro. Furthermore,
compared with gefitinib or hypoxia treatment only, co-treat-
ment of PC9 cells with gefitinib and hypoxia significantly
increased the percentages of ALDH-positive cells, along with
significantly increased half-maximal inhibitory concentra-
tions (ICs,) to gefitinib. Cell cycle analysis demonstrated G,/G,
cell cycle phase enrichment upon gefitinib or/and hypoxia
treatment. Subsequently, ALDH-positive LCSCs were sorted
by fluorescence-activated cell sorting (FACs). Genome-wide
RNA-sequencing (seq) technology was performed to analyze
the transcriptome status among PC9 cells, gefitinib or/and
hypoxia-treated PC9 cells and ALDH-positive PC9 cells.
By comparison, data mining combined with cancer pathway
enrichment analysis revealed that interleukin-6 (IL-6) was an
important factor in gefitinib resistance mechanisms. Signaling
transduction enrichment analysis demonstrated that inflamma-
tion-associated tumor necrosis factor (TNF), nuclear factor-xB
(NF-xB) and the Janus kinase (JAK)-signal transducer and acti-
vator of transcription (STAT) signaling pathway upregulation,
indicating the critical role of inflammation signaling pathways
in maintaining the core transcription networks in gefitinib
resistance. Western blotting demonstrated co-treatment of
PC9 cells with hypoxia and gefitinib enhanced EMT acquisi-
tion. In addition, exposure of PC9 and HCCS827 cells to IL-6
increased the ICs, of gefitinib, indicating the important role of
IL-6 in gefitinib resistance. Clinical evidences revealed that
IL-6 was a poor prognostic marker in a cohort of 719 patients
with adenocarcinoma in a KM plotter database (10); however,
the investigations were performed in patients with general
treatment guidelines rather than in gefitinib-resistant patients.
The role of IL-6 will be elucidated if the clinical studies were
performed specifically in patients with adaptive resistant
and recurrent NSCLC following initial gefitinib treatment.
In summary, the findings of the present study suggested that
combined targeting of IL-6 signaling pathways with TKI
administration may be a promising strategy for the treatment
of patients with NSCLC.

Materials and methods

Cell lines, cell culture and chemotherapeutic reagents. The
PC9 (EGFRFM6-AT0dely "H1975 (EGFRTML88R) "HCC827
(EGFRE"™6-A730dely apnd H358 (KRASY'?¢) human lung adeno-
carcinoma cell lines were purchased from the American
Type Culture Collection (Manassas, VA, USA) and cultured
according to the manufacturer's protocol. Briefly, cells were
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cultured in RPMI-1640 medium (Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) with 10% (v/v) fetal
bovine serum (HyClone; GE Healthcare Logan, UT, USA)
supplemented with 1% penicillin/streptomycin in humidi-
fied incubator at 37°C supplied with 5% CO,. Gefitinib was
purchased from Selleck Chemicals (Houston, TX, USA).

ALDEFLUOR assay. The ALDEFLUOR assay was performed
using an ALDEFLUOR™ kit (Stemcell Technologies, Inc.,
Vancouver, BC, USA), according to the manufacturer's
protocol. Briefly, BODIPY™ -aminoacetaldehyde (BAAA) was
used as a non-toxic fluorescent substrate for ALDH. BAAA is
able to freely diffuse into intact and viable cells and ALDH
is able to convert BAAA into BODIPY™-aminoacetate and
remain inside the cells. The expression level of fluorescence
is proportional to the ALDH activity. Viable ALDH ™" cells
may be evaluated or sorted using a flow cytometer. Diethylami-
nobenzaldehyde, a specific inhibitor of ALDH, was used as the
control for background fluorescence. The ALDH signal was
detected in the green fluorescence channel (FL1, 530+15 nm)
using an Accuri C6 flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA). A FACSAria flow cytometer (BD Biosci-
ences) was used for ALDH-positive cell sorting.

Tumorsphere formation. The ALDH-positive cells were
sorted from PC9, H358 and H1975 cells using flow cytometry
and plated at density of 1x10° cells/ml in a AggreWell™ 400
microplate (Stemcell Technologies, Inc.), which contained
~1,200 microwells with a diameter of 400 gm. The medium
for the tumorsphere analysis was StemXVivo™ Serum-Free
Tumorsphere Medium (R&D Systems, Inc., Minneapolis, MN,
USA), supplemented with heparin (2 U/ml) and hydrocortisone
(0.5 ug/ml). A total of 20 ng/ml epidermal growth factor
(Gibco; Thermo Fisher Scientific, Inc.) and basic fibroblast
growth factor (Invitrogen; Thermo Fisher Scientific, Inc.) were
added to the culture medium every other day. After 7 days, the
tumorspheres formed were observed and manually counted
under a light microscope.

Cell treatment and cell growth curves. PC9 cells were seeded
in 10 cm culture dishes (Corning Incorporated, Corning, NY,
USA) at the density of 1x10° cells/ml, treated with gefitinib
or/and hypoxia at 37°C with 5% CO, for 1 week. The concen-
tration of gefitinib was 0.1 xM and the hypoxia condition was
controlled in a hypoxic cell culture chamber (ProOx 110;
BioSpherix, Ltd., Lacona, IA, USA) with 1% O,. The cell
morphology was observed under an inverted phase-contrast
microscope. The cells were counted every day to create growth
curves.

Half-maximal inhibitory concentration (ICs,) calculation. For
IC,, determinations, serial dilutions of compounds [10 mM
stock concentration in dimethyl sulfoxide (DMSO)] were
performed in 100% DMSO with a three-fold dilution factor.
PC9 cells were seeded at a density of 5,000 cells per well in
96-well plates. After 24 h at 37°C, the cells were treated with
dose concentrations of gefitinib for 72 h; the concentration
started at 100 M and increased 3-fold each time for a series of
11 concentrations. The ICs, of gefitinib was investigated using
a Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of
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Biotechnology, Haimen, China). Following a 72-h treatment
of cells with a dose concentration of gefitinib as previously
described, 20 ul CCK-8 solution was added to each well and
the plates were incubated for an additional 4 h at 37°C. Optical
density was evaluated at 450 nm using Skanlt software version
2.4.3 analysis program interfaced with a VarioskanFlash
Microplate Reader (Thermo Fisher Scientific, Inc.). For each
concentration, the percentage inhibition values were deter-
mined and the ICy, values and Hill slopes were evaluated
using a four-parameter dose-response (variable slope) equation
with GraphPad Prism 6.0 software (GraphPad Software, Inc.,
La Jolla, CA, USA).

Cell cycle analysis. PC9 cells were harvested and washed in
PBS. Subsequently, 75% pre-cold ethanol was added dropwise
to the cell pellet for fixation and cells were fixed at -20°C
overnight. Subsequently, cells were washed in PBS to remove
ethanol and were treated with 25 yg/ml RNase (Cell Signaling
Technology, Inc., Danvers, MA, USA) at 37°C for 20 min.
Finally, propidium iodide (PI) solution (50 pg/ml) was added
for DNA staining. The cells were incubated at room tempera-
ture for 30 min in the dark and put on ice. The PI signal was
detected in the PI fluorescence channel (FL2, 585+20 nm)
using an Accuri C6 flow cytometer (BD Biosciences).
BD Biosciences Accuri C6 software (version, 1.0.264.21) was
used for data acquisition and analysis.

RNA-seq analysis. Total RNA was extracted from each group
of PC9 cells using TRIzol reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
The RNA quality and quantity was determined using an
Agilent 2100 Bioanalyzer instrument (Agilent Technologies,
Inc., Santa, Clara, CA, USA). Subsequently, mRNA libraries
were generated using a TruSeq RNA Sample Preparation kit
(Illumina, Inc., San Diego, CA, USA) and high-throughput
RNA sequencing studies were performed using a HiSeq 2500
System (Illumina, Inc.). Paired-end reads 125 bp in length were
mapped to the human reference transcriptome using Ensembl
gene database (ftp.ensembl.org/pub/release-75/fasta/homo_
sapiens/dna) and were aligned using Bowtie/Tophat software
(ccb.jhu.edu/software/tophat/index.shtml). RNA expression
levels were evaluated as=total exon reads/mapped reads
(millions) x exon length (kb). Differentially expressed genes
were analyzed using Deseq (version, 1.28.0; Bioconductor,
http://bioconductor.org/) and evaluated at log, fold-change
(FC) threshold (llog,FCI>1). The annotation and functional
enrichment of differentially expressed genes in Gene Ontology
(GO; http://www.geneontology.org/) and Kyoto Encyclopedia
of Genes and Genomes (KEGG; www.genome.jp/kegg/) were
performed as GO and KEGG databases provided arranged
genes of specific informative groups. P<0.05 was considered
to indicate a statistically significant difference. The RNA-seq
and data analysis were performed by Shanghai Personal
Biotechnology Co., Ltd. (Shanghai, China). All RNA-seq data
have been deposited in the GEO database (GEO accession
no. GSE69599).

Western blotting. The cells were lysed in radioimmunoprecipi-
tation buffer (Cell Signaling Technology, Inc.) supplemented
with a protease inhibitor cocktail (Sigma-Aldrich; Merck
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KGaA, Darmstadt, Germany) for 5 min on ice. A bicinchoninic
acid assay (Pierce; Thermo Fisher Scientific, Inc.) was used for
the determination of protein concentration, and 20-30 pg of
total protein was loaded per well. The lysates were separated
by SDS-PAGE (10% gel) and transferred onto polyvinylidene
difluoride membranes. Blocking was performed for 1 h at
room temperature using PBS-Tween-20 (PBST) buffer supple-
mented with 5% milk and incubated with primary antibodies
overnight at 4°C. Primary antibodies used include antibodies
specific for epithelial (E-)cadherin (cat. no, 3195), vimentin
(cat. no. 5741), slug (cat. no. 9585), NF-xB p65 (cat. no. 8242),
phosphorylated NF-kB p65 (cat. no. 3033) and GAPDH (cat.
no. 5174; all Cell Signaling Technology, Inc.) at a dilution of
1:1,000. The membranes were washed three times in PBST
and incubated with anti-rabbit horseradish-linked secondary
antibody (dilution, 1:2,000; cat. no. 7074; Cell Signaling Tech-
nology, Inc.) for 1 h. Finally, following washing with PBST,
the membranes were developed using enhanced chemilumi-
nescence (Pierce; Thermo Fisher Scientific, Inc.) and images
were captured using an Odyssey SA Imaging system (LI-COR
Biosciences, Lincoln, NE, USA). Densitometry of western
blot data relative to GAPDH was performed Image Lab 6.0
software (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Statistical analysis was performed
using GraphPad Prism software. Results are presented as
the mean + standard deviation (n=3) and comparisons were
performed using Student's t-test between two groups. P<0.05
was considered to indicate a statistically significant differ-
ence.

Results

ALDH is a cancer stem cell biomarker for NSCLC cells
with various genetic backgrounds. The expression levels and
phenotypes of LCSC markers varied due to distinct genetic
backgrounds (11). The results of the present study revealed
differential expression levels of ALDH in EGFR and KRAS
mutated NSCLC cell lines. The ALDH expression levels
in H358 (KRAS®'?%), H1975 (EGFRTM838RY and PC9
(EGFRE"™6-A730dely cel] lines were evaluated using an ALDE-
FLUOR assay. The results demonstrated increased ALDH
expression levels in the KRAS mutated H358 cell line and
decreased expression levels in the EGFR mutated H1975 and
PC9 cell lines (Fig. 1A). Considering the poor prognosis of
patients with KRAS mutations with NSCLC compared with
patients with EGFR mutations, increased ALDH expression
levels may explain the poor prognosis of patients with NSCLC
with KRAS mutations to a certain extent.

Tumorsphere formation assay has previously been typi-
cally used to evaluate the functional capacity of CSCs and
involves three-dimensional culture systems. The present study
sorted the ALDH-positive LCSCs in H358, H1975 and PC9
NSCLC cell lines by FACS. The sorted ALDH-positive cells
were cultured in AggreWell™ 400 microplates to generate
consistently sized and shaped tumorspheres. As the control,
the unseparated cells formed significantly fewer tumorspheres
compared with the ALDH-positive cells. Three NSCLC cell
lines were analyzed and demonstrated consistent ALDH-posi-
tive cells phenotypes in the tumorsphere formation assay
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Figure 1. ALDH is a reliable biomarker of lung cancer stem cells in non-small cell lung cancer cell lines. (A) Percentages of ALDH-positive cells detected by
ALDEFLUOR assay. DEAB, and inhibitor of ALDH enzyme, was used as the background control in the experiment. Results are expressed as the ratios of
the ALDH-positive cells and presented as the mean + standard deviation (n=3). (B) ALDH-positive cells exhibited enhanced tumorsphere-forming capacities
compared with the unseparated cells cultured in an AggreWell™ 400 microplate. Original magnification, x10. Results are presented as the mean + standard
deviation. "“P<0.001 vs. the unseparated cells. ALDH, aldehyde dehydrogenase; DEAB, diethylaminobenzaldehyde.

(Fig. 1B). This result indicated that ALDH was a reliable
LCSCs marker in the experimental system used.

Hypoxia and gefitinib exert synergistic resistance effects
in NSCLC cells. To investigate the treatment effects of PC9
cells with gefitinib or/and hypoxia, PC9 cells were pretreated
with gefitinib (0.1 #M) or/and hypoxia (1% O,) for 1 week
(Fig. 2A-D). Treatment of PC9 cells in normoxia (21% O,)
with gefitinib significantly inhibited the cell proliferation
rate, whereas co-treatment with hypoxia and gefitinib further
inhibited PC9 cell growth (Fig. 2E). PC9 cells clustered under
gefitinib pretreatment. Gefitinib or hypoxia pretreatment alone
slightly increased the ICy, of gefitinib compared with the PC9
control cells; however, PC9 cells co-treated with gefitinib and
hypoxia revealed a markedly increased ICs, value, as presented
in Fig. 2F.

Hypoxia augments the gefitinib-induced ALDH expression.
The drug resistance and disease recurrence in patients with
NSCLC following long-term gefitinib administration in clinics
suggested that gefitinib induced cancer cell reprograming to
resist apoptosis and may also activate stemness related path-
ways for recurrence. Of note, an increased ALDH expression
level in gefitinib or/and hypoxia treated PC9 cells was observed

in the present study. In particular, hypoxia enhanced the role
of gefitinib in the promotion of the ALDH expression level,
as revealed in gefitinib- and hypoxia-co-treated PC9 cells
(Fig. 3A). This result indicated that a hypoxic environment in
inner solid tumor tissues was the ‘accomplice’ of gefitinib in
cancer malignancy by enrichment of LCSCs or transforming
of lung cancer cells to LCSCs. In order to verify the results,
the dose response of gefitinib with regard to the ALDH
expression level was investigated. It was revealed that, as the
concentration of gefitinib increased, the ALDH expression
level also increased (Fig. 3B). This result was in accordance
with the hypothesis of therapy-induced enrichment of LCSCs
in a previous study (12). However, the expression level of
ALDH was unstable in PC9 cells treated with gefitinib or/and
hypoxia, as revealed by the decrease in ALDH expression
3 days after passaging and cessation of treatment (Fig. 3C).
Correspondingly, short-term hypoxia or/and gefitinib treated
PC9 cells may survive in an incomplete reprograming of stem-
ness pathway network status.

Hypoxia enhances the enrichment of G,/G, phase cells in
gefitinib-treated PC9 cells. The LCSCs typically exhibit a
quiescent slow-cycling phenotype, which partially explains
an inherent mechanism of chemotherapy resistance and
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Figure 2. Treatment of PCO cells with gefitinib (0.1 M) and/or hypoxia (1% O,). (A) Morphology of PC9 cells, (B) PC9 cells treated with gefitinib in normoxia
(21% O,), (C) PC9 cells under hypoxia, and (D) PC9 cells treated with gefitinib and hypoxia (magnification, x10). (E) Growth curves of each group of PC9 cells.
(F) IC4,curves revealed an increased ICy, in gefitinib and hypoxia co-treated PC9 cells (612.7+102 nM) compared with gefitinib (35.47+12.45 nM) or hypoxia
(42.07+20.14 nM) treatment alone or control PC9 cells under normoxia (28.76+10.12 nM). Co-treatment of PC9 cells with gefitinib and hypoxia revealed an
increase in the IC, value compared with PC9 cells and either treatment alone. Results are presented as the mean =+ standard deviation (n=3). ICs,, half-maximal
inhibitory concentration.
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Figure 3. Increased ALDH expression level following gefitinib and/or hypoxia treatment and enrichment of quiescent G,/G, phase cells. (A) Ratios of
ALDH-positive cells in PC9 cells, gefitinib- and/or hypoxia-treated PC9 cells. Gefitinib- and hypoxia-co-treated PC9 cells demonstrated significantly
increased ratio of ALDH-positive cells compared with gefitinib or hypoxia treatment alone. Results are presented as the mean + standard deviation (n=3).
""P<0.001. (B) An ALDEFLUOR assay revealed increased ALDH expression levels following treatment of PC9 cells with dose concentrations of gefitinib for
72 h. Results are presented as the mean + standard deviation (n=3). (C) Unstable ALDH expression levels in short-term gefitinib- and/or hypoxia-treated PC9
cells after passaging and treatment cancellation for 72 h. Results are presented as the mean + standard deviation (n=3). ““P<0.001. Flow cytometric cell cycle
analysis. Results are from a typical cell cycle experiment of (D) PC9 cells under normoxia, (E) PC9 cells treated with gefitinib under normoxia, (F) PC9 cells
under hypoxia and (G) PC9 cells treated with gefitinib under hypoxia. Statistics are presented as the percentages of total cells in the (H) G/G, phase, (I) S
phase and (J) G,/M phase. Co-treatment of PC9 cells with hypoxia and gefitinib significantly increased G,/G, cell cycle phase quiescent cells compared with
hypoxia or gefitinib treatment alone, and revealed decreased proportions of S and G,/M phase cells. Results are presented as the mean + standard deviation
(n=3). "P<0.05, “P<0.01 and “"P<0.001. ALDH, aldehyde dehydrogenase.
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Figure 4. (A) Hierarchical clustering and heatmap analysis of the RNA-seq data in each group of PC9 cells. Differential expression transcripts and biological
pathway analysis by genome-wide RNA-seq technology identified IL-6 as an important gefitinib-resistant gene in hypoxia- and gefitinib-co-treated PC9 cells
and ALDH-positive PCO cells. (B) Treatment of PC9 cells with gefitinib and/or hypoxia activated epithelial-mesenchymal transition pathway expression levels.
In particular, co-treatment of PC9 cells with gefitinib and hypoxia had significantly increased expression levels of mesenchymal markers compared with cell
treated with gefitinib or hypoxia alone. Exposure of (C) PC9 and (D) HCC827 cells to 10 ng/ml IL-6 for 72 h significantly enhanced the resistance to gefitinib.
(E) A cohort of 719 patients with adenocarcinoma from the KM plotter database revealed decreased overall survival times in patients with high IL-6 expression
levels. RNA-seq, RNA-sequencing; IL-6, interleukin 6; ALDH, aldehyde dehydrogenase; NF-«xB, nuclear factor-kB; p, phosphorylated; E-cadherin, epithelial

cadherin; HR, hazard ratio.

disease recurrence in clinics. Mizuno et al (13) identified that
ALDH™e" cells in ovarian carcinoma exhibited a more quies-
cent characteristic (G,/G, cell cycle phase) compared with
ALDH™ cells. Furthermore, Brennan et al (14) identified that
ALDH-positive cells in mantle cell lymphoma remained in a
relatively quiescent state and were resistant to a wide variety of
agents. In the present study, following treatment with hypoxia
(1% 0O,) or gefitinib for 7 days, quiescent G,/G, phase cell
enrichment was identified following gefitinib or/and hypoxia
treatment. Compared with PC9 control cells and gefitinib or
hypoxia-treated only PC9 cells, the ratio of G/G, phase cells
increased mostly in gefitinib- and hypoxia-co-treated PC9
cells, indicating the synergistic role of hypoxia in promoting
gefitinib-induced G,/G, phase cell enrichment (Fig. 3D-J).

Differential expression transcripts and biological pathway
analysis by genome-wide RNA-seq technology identifies
IL-6 as a candidate gene in hypoxia- and ALDH-based
gefitinib resistance mechanisms. Subsequently, genome-wide
transcriptome analysis to investigate the effects of gefitinib
or/and hypoxia in PC9 cells was performed in the present
study. High-throughput RNA sequencing of each group of
PCO9 cells was performed using a HiSeq 2500 System. Differ-
entially expressed transcripts were analyzed using Deseq and
evaluated at log, fold-change thresholds (llog,FCI>1). The
hierarchical clustering and heat-map analysis of the RNA-seq
data are presented in Fig. 4A. In the present study, the
common upregulated transcripts in PC9 cells that exhibited
high ICy, values to gefitinib, including PC9 cells co-treated
with gefitinib and hypoxia and ALDH-positive PC9 cells,
were screened. Mapping of common differential transcripts
to the KEGG cancer signaling pathway revealed that, with

the exception of candidate genes also highly expressed in low
gefitinib ICs, PC9 cells, fibroblast growth factor 22, Axin2,
IL-6 and Fms-related tyrosine kinase-3 ligand are candidate
genes in gefitinib resistance (Table I). Among these genes,
IL-6 was reported to confer acquired TKI resistance in
EGFR-driven NSCLC (15-17). IL-6 expression was associ-
ated with EMT, and it was revealed that IL-6 was a common
gefitinib resistance gene shared in hypoxia and ALDH-based
mechanisms. Furthermore, the KEGG biological signaling
pathway enrichment analysis demonstrated that inflam-
mation-associated TNF, NF-kB and JAK-STAT signaling
pathways were highly expressed in PC9 cells that revealed
increased expression levels of IL-6, as presented in Table II.
Enrichment of TNF, NF-«B and the JAK-STAT signaling
pathways may be due to IL-6 upregulation, since IL-6 acti-
vates the downstream NF-«xB signaling pathway to enhance
drug resistance in lung cancer cells (18). Concerning the role
of IL-6 in LCSCs, previous studies revealed that IL-6 was
indispensable for LCSC generation, proliferation and pheno-
type maintenance (19,20).

Co-treatment of PC9 cells with hypoxia and gefitinib induced
EMT- and IL-6-enhanced gefitinib resistance in TKI-sensitive
EGFR mutated PC9 cells and HCCS827 cells. In order to
investigate the effects of hypoxia and gefitnib on PC9 cells,
PC9 cells were treated with 1 uM gefitinib and hypoxia for
2 weeks. Treatment of PC9 cells with gefitinib or/and hypoxia
activated the EMT signaling pathway expression. In particular,
co-treatment of PCO cells with gefitinib and hypoxia revealed
significantly increased expression levels of mesenchymal
markers, including vimentin and slug, whereas decreased
expression levels of the epithelial marker E-cadherin compared
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Table I. Differentially expressed reference pathway (KO) analysis of pathways in cancer.

Genes overexpressed in group 4 and 5 compared Genes overexpressed in group 2, 3,4 and 5 compared
with group 1 with group 1

KO Gene name Description KO Gene name Description

K04385 AXIN2 Axin2 K06625 CDKNIA Cyclin-dependent kinase
inhibitor 1A (p21, Cipl)

K06625 CDKNIA Cyclin-dependent kinase K06236  COLI11A2 Collagen, type XI, a2

inhibitor 1A (p21, Cipl)

K06236  COL11A2 Collagen, type XI, a2 K06237 COL4A1 Collagen, type IV, al

K06236 COL1A2 Collagen, type I, a2 K04547  GNGI13 Guanine nucleotide-binding
protein (G-protein), y13

K06237 COL4A1 Collagen, type IV, al K08006 ~ MMP28 Matrix metallopeptidase 28

K04358 FGF22 Fibroblast growth factor 22 K01403  MMP9 Matrix metallopeptidase 9

(gelatinase B, 92 kDa gelatinase,
92 kDa type IV collagenase)

K05454  FLT3LG Fms-related tyrosine kinase K11987  PTGS2 Prostaglandin-endoperoxide
3 ligand synthase 2 (prostaglandin G/H
synthase and cyclooxygenase)
K07826  GNG2 Guanine nucleotide-binding K01357 WNTI10B Wingless-type MMTYV integration
protein (G-protein), y2 site family, member 10B
K04548 GNGT1 Guanine nucleotide-binding K01384  WNTI11 Wingless-type MMTYV integration
protein (G-protein), y transducing site family, member 11
activity polypeptide 1
K05405 1L6 Interleukin 6 (interferon, 32)
K11987 PTGS2 Prostaglandin-endoperoxide

synthase 2 (prostaglandin G/H
synthase and cyclooxygenase)

K01357 WNT10B Wingless-type MMTYV integration
site family, member 10B

1, PC9 cells under normoxia; 2, PC9 cells treated with gefitinib under normoxia; 3, PC9 cells under hypoxia; 4, PC9 cells treated with gefitinib
under hypoxia; 5, Aldehyde dehydrogenase-positive PC9 cells. MMTYV, mouse mammary tumor virus.

Table II. Signal transduction enrichment analysis compared with PC9 parental cells.

No. of genes expressed at increased levels

Signal transduction compared with in PC9 parental cells
KEGG orthology Signaling pathway 1vs.1 2 vs.1 3vs. 1 4vs. 1 S5vs. 1
ko04350 TGF-p 0 -4 0 4 1
ko04630 JAK-STAT 0 -2 0 3 1
ko04064 NF-xB 0 -1 1 1 3
ko04668 TNF 0 2 0 3 6

1, PC9 cells under normoxia; 2, PC9 cells treated with gefitinib under normoxia; 3, PC9 cells under hypoxia; 4, PC9 cells treated with
gefitinib under hypoxia; 5, ALDH-positive PC9 cells. TNF, tumor necrosis factor; NF-kB, nuclear factor-«B; JAK, Janus kinase; STAT, signal
transducer and activator of transcription 3; TGF-3; transforming growth factor-f3.

with gefitinib or hypoxia treatment alone (Fig. 4B). Meanwhile, The function of IL-6 in promoting gefitinib resistance
co-treatment of PCO cells with gefitinib and hypoxia or either =~ was confirmed by exposure of PC9 and HCCS827 cells to
treatment alone was enough to activate phosphorylated NF-kB 10 ng/ml IL-6 for 72 h, and subsequently resistance to gefi-
expression. tinib was analyzed in the presence of IL-6. IL-6 treatment
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significantly enhanced the resistance of PC9 (Fig. 4C) and
HCCB827 (Fig. 4D) cells to gefitinib. Furthermore, analyzing
clinical data from a KM plotter database in 719 patients with
adenocarcinoma revealed unfavorable clinical outcomes in
patients with high expression of IL-6 with decreased overall
survival times (10). The patient samples were divided into
two groups with high and low expression levels of IL-6;
subsequently, the two patient cohorts were compared using
a Kaplan-Meier estimator survival plot and the hazard ratio
(HR) with 95% confidence intervals and log rank P-value were
determined. The results demonstrated that HR=1.69 (1.34-2.14)
and log rank P=9.9x10° (Fig. 4E).

Discussion

Initial symptom relief, TKI drug resistance and disease
recurrence during clinical therapy of NSCLC suggest the
enrichment of LCSCs in this process. Treatment with gefi-
tinib markedly inhibited PC9 cancer cell activities in many
aspects, including proliferation and metabolism, whereas
hypoxia serves critical roles in assisting the adaptation of
PCO cells to gefitinib resistance. Murakami et al (6) reported
that hypoxic culture conditions are able to increase the
LCSC ratio and enhance gefitinib resistance in NSCLC cells
harboring TKI-sensitive EGFR mutations following expo-
sure of these cells to gefitinib. Considering the disturbed
microcirculation and structure due to the hypoxic environ-
ment in solid tumor tissues in vivo, hypoxia and gefitinib
treatment may be the main cause of drug resistance, and, in
particular, disease recurrence at a late stage, as confirmed
by the increase in the ALDH-positive LCSC ratio in the
present study. CSCs are thought to be responsible for tumor
initiation, therapy resistance and particularly disease recur-
rence. The challenges in studying the roles of LCSCs in
adaptive resistance to TKIs include controversies over LCSC
biomarkers, the scarcity of LCSCs and their unstable pheno-
types in vitro (21). ALDH has been validated as a reliable
biomarker in numerous types of CSC, and the stemness and
quiescent nature of ALDH-positive LCSCs was confirmed by
determining the tumorsphere-forming capacity and enrich-
ment of G,/G, phase cells in the present study.
Transcriptome profiling by RNA-seq technology indicates
that IL-6 is an important gefitinib-resistance gene. T790M, a
secondary EGFR kinase domain mutation, may cause steric
hindrance to impair the binding of gefitinib/erlotinib (22).
MET amplification leads to gefitinib resistance in lung cancer
by activating ERBB3 signaling (23). There are differences
in acquired resistance mechanisms associated with T790M
and MET amplification; adaptive resistance to TKIs occurs
early in therapy with a number of alterations to cancer cell
signaling (24). Previously, Yao et al (17) revealed that the
transforming growth factor § (TFG-f)-IL-6 axis mediates the
adaptive resistance of lung cancer to TKIs. This study demon-
strated that the inflammatory response-induced IL-6 secretion
released lung cancer cells from EGFR dependency, decreased
sensitivity to erlotinib and that IL-6 was indispensable for
elotinib-resistant cell survival. In accordance with these
results, the results of the present study revealed that exposure
of PC9 and HCCS827 cells harboring TKI-sensitive EGFR
mutations to IL-6 increased gefitinib resistance. Increased
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expression levels of IL-6 in hypoxia- and gefitinib-co-treated
PCO cells was associated with increased expression levels of
EMT signaling pathways. Furthermore, IL-6 was reported to
enhance TKI resistance primarily by induction of EMT acti-
vation (17,18,25), and was also revealed to be indispensable
for LCSC enrichment and phenotype maintenance (19,20).
Accordingly, KEGG biological signaling pathway enrichment
analysis confirmed that there was inflammation-associated
pathways (TNF, NF-«B, JAK-STAT) enrichment in gefitinib-
and hypoxia-co-treated PC9 cells and ALDH-positive PC9
cells. Of note, previously published studies have described
the importance of these inflammation pathways in EMT and
ALDH phenotypes maintenance. Kumar et al (26) demon-
strated that TNF- and TGFf-stimulated NSCLC spheroid
cells exhibited increased EMT-associated core transcription
factors, along with constitutive NF-xB expression levels.
Inhibition of NF-xB decreased the expression levels of
EMT-associated genes and resulted in EMT phenotype inhi-
bition (27). Of note, Akunuru et al (28) demonstrated that
TGFp-induced EMT in NSCLC cells was accompanied by an
increased ALDH expression level, which indicated a dynamic
transition balance between EMT and LCSCs. These results are
consistent with those of the present study that indicated that
ALDH expression levels and EMT activation were associated.
Additionally, these results also suggested an indispensable
role of the NF-kB signaling pathway in maintaining EMT
and the stemness-associated cell program (29). The stemness
state of cancer cells induces resistance to TKIs therapy and
drives tumorigenesis and metastasis (30). For the JAK-STAT
signaling pathway, previous functional studies revealed that
ALDH-positive LCSCs expressed increased levels of activated
STAT3 compared with ALDH-negative cells, and inhibition of
STATS3 decreased the number of ALDH-positive cells (31,32).
Similar studies also revealed increased expression levels of
STAT3 in ALDH-positive breast cancer cells and inhibition
of STAT3 decreased the ALDH-positive cell population,
suggesting an important role for STAT3 in ALDH-positive
breast cancer stem cells (31,33-35).

The prognostic value of IL-6 was confirmed in a cohort
of 719 patients with adenocarcinoma, as patients with high
expression levels of IL-6 revealed decreased overall survival
times (10). The unfavorable clinical outcomes in patients
with NSCLC and high expression levels of IL-6 were also
supported by clinical evidence that the expression levels of
IL-6 in 245 patients with advanced NSCLC that had received
chemotherapy were negatively associated with survival time,
as analyzed by Kaplan-Meier estimator and Cox's proportional
hazard models (21). Additionally, patients with high IL-6
expression levels responded poorly to chemotherapy (36).
However, although these studies suggested that IL-6 may be
associated with poor prognosis in patients with NSCLC who
received chemotherapy, the investigations were performed in
patients following standard chemotherapy guidelines and not
in patients who received TKI therapy only (36). TKI treatment
regimens have been used as National Comprehensive Cancer
Network guidelines in recent years; therefore, the duration
was limited for collection of a sufficiently high number of
patients for the IL-6 investigation of gefitinib resistance in
clinical prognosis. Although collection of clinical data from
TKI-resistant patients with NSCLC is difficult, it is crucial



to investigate the expression level of IL-6 in TKI-resistant
patients with NSCLC to validate the results.

In order to inhibit the IL-6 signaling pathways, the
majority of the research performed to date has been with
tocilizumab, the first humanized monoclonal antibody specific
for the IL-6 receptor, which is currently used in the treatment
of rheumatoid arthritis in clinics (37,38). Clinical trials using
humanized anti-IL-6 antibodies (ALD518; NCT00866970)
revealed that IL-6 appeared to be well-tolerated and amelio-
rates NSCLC-associated anemia and cachexia (39); however,
further studies are required to elucidate its therapeutic effect
in TKI resistance. Future studies of combined anti-IL-6 as a
target in adjuvant with chemotherapy and/or radiotherapy may
assist in overcoming NSCLC TKI resistance.
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