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Molecular targeting therapeutics, such as EGFR tyrosine kinase inhibitors (TKIs), are important treatment
strategies for lung cancer. Currently, the major challenge confronting targeted cancer therapies is the
development of resistance. Cancer stem cells (CSCs) represent a rare population of undifferentiated
tumorigenic cells responsible for tumor initiation, maintenance and spreading. Resistance to conven-
tional chemotherapeutic drugs is a common characteristic of CSCs. However, the issue of whether CSCs
contribute to EGFR TKI resistance in lung cancer is yet to be established. In the current study, we explored
the association of ALDH1A1 expression with EGFR TKI resistance in lung cancer stem cells. ALDH1A1-
positive lung cancer cells displayed resistance to gefitinib, compared to ALDH1A1-negative lung cancer
cells. Moreover, PC9/gef cells (gefitinib-resistant lung cancer cells) presented a higher proportion of
ALDH1A1-positive cells, compared to PC9 cells (gefitinib-sensitive lung cancer cells). Clinical sample
studies were consistent with results from cell culture model systems showing that lung cancer cells with
resistance to EGFR TKI and chemotherapy drugs contain significantly increased proportions of ALDH1A1-
positive cells. These findings collectively suggest that ALDH1A1 positivity in cancer stem cells confers
resistance to EGFR TKI in lung cancer.

� 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Lung cancer is the leading cause of cancer-related mortality
worldwide, with non-small cell lung cancer (NSCLC) accounting
for about 80–85% of all cases. Despite considerable progress in
diagnosis and treatment, the overall five-year survival rate of
NSCLC patients remains lower than 15% [1,2]. Traditional thera-
peutic strategies (chemotherapy and radiotherapy) are often asso-
ciated with unsatisfactory outcomes in lung cancer patients. Thus,
inhibition of the epidermal growth factor receptor (EGFR) tyrosine
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kinase activity has become an important alternative therapeutic
strategy for lung cancer treatment [3–5]. However, potential devel-
opment of resistance is a significant challenge in the advancement
of EGFR-targeted cancer therapies.

NSCLC patients with EGFR mutations, specifically, L858R and
exon 19 deletions, display an initial clinical response to EGFR tyro-
sine kinase inhibitors (TKIs). Despite dramatic initial responses to
these drugs, the majority of patients ultimately develop drug resis-
tance and relapse. Several clinical studies have indicated that a sec-
ond-site point mutation of EGFR at position 790 (T790M) and MET
gene amplification contribute to acquisition of EGFR TKI resistance
[6,7], but the molecular mechanisms leading to drug resistance in
the remaining cases are currently unknown. Elucidation of the
molecular machinery underlying tumor progression following
treatment with EGFR TKIs may facilitate the development of more
effective therapeutic interventions.

Accumulating evidence supports the concept that the cancer
stem cell (CSC), also designated ‘tumor-initiating cell’, is a rare
population of undifferentiated tumorigenic cells responsible for tu-
mor initiation, maintenance and metastasis. These cells are capable
of self-renewing, differentiating, and maintaining tumor growth
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and heterogeneity, and play an important role in tumorigenesis
and resistance to therapy [8,9]. CSCs have been isolated from leu-
kemia and several solid cancers. The cells can be expanded in vitro
as tumor spheres, while reproducing the original tumor when
transplanted in immunodeficient mice [8–11]. Resistance to con-
ventional chemotherapeutic drugs is a common characteristic of
CSCs [9,12]. However, no studies to date have focused on the char-
acterization of CSCs contributing to EGFR TKI resistance in lung
cancer. The aldehyde dehydrogenase (ALDH) family is cytosolic
isoenzyme responsible for oxidizing intracellular aldehydes, thus
contributing to the oxidation of retinol to retinoic acid in early
stem cell differentiation. Recently, activation of ALDH1A1 has been
found in stem cells populations in different cancers, including
breast cancer, bladder cacner, head and neck squamous cancer
and lung cancer [13–16]. An Aldefluor kit (StemCell Technologies)
was designed for optimal identification and isolation of ALDH1A1
caner stem cells using specific ALDH1A1 inhibitor, diethylamino-
benzaldehyde (DEBA), and the Aldefluor flow cytometry assay
[13–16]. Notably, high expression of ALDH1A1 is reported to be
correlated with poor clinical prognosis in breast and lung cancer
[13,17]. In the current study, we explored the expression of ALD-
H1A1, with a view to its application as a potential marker for lung
cancer stem cells. Our main aim was to determine the significance
of ALDH1A1-positive CSCs in the mediation of EGFR TKI resistance
in lung cancer.
2. Materials and methods

2.1. Cell cultures

Human lung adenocarcinoma cell lines, PC9 (gefitinib-sensitive cells with EGFR
mutation), and derivative PC9/gef (gefitinib-resistant cells) [18], were gifts from Dr.
Yang CH (Graduate Institute of Oncology and Cancer Research Center, National Tai-
wan University). Cells were cultured in DMEM (Gibco-Invitrogen, Carlsbad, CA) con-
taining 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin and
100 lg/ml streptomycin at 37 �C in a humidified 5% CO2 atmosphere.
2.2. Aldefluor assay and cell sorting

Cell populations with high ALDH1A1 enzymatic activity in lung cancer cells
were optimized and identified with the Aldefluor kit (StemCell Technologies, Van-
couver, BC, Canada) using specific ALDH1A1 inhibitor, diethylaminobenzaldehyde
(DEBA), and the Aldefluor flow cytometry assay [16,17]. The cell-permeable enzyme
substrate, BODIPY-aminoacetaldehyde (BAAA), is intracellularly retained following
conversion by ALDH to the fluorescent BODIPY-aminoacetate. Briefly, 106 cells were
re-suspended in 1 ml Aldefluor buffer and 1 ll Aldefluor reagent in the presence or
absence of the specific ALDH1A1 inhibitor for 30 min at 37 �C, according to the
manufacturer’s protocol. Brightly fluorescent ALDH1A1-positive cells were detected
in the green fluorescence channel, FL1, and samples treated with the specific ALD-
H1A1 inhibitor, DEBA, were used as the control to set the gates defining the ALD-
H1A1-positive region. After sorting, cells were washed and subsequently used for
tumor sphere formation and detection of specific gene expression.
2.3. Tumor sphere formation assay

In the sphere formation experiment, ALDH-positive and ALDH-negative cells
were sorted from the PC-9 and PC-9/gef cell lines, and cultured in serum-free
DMEM–F12 medium (Gibco-Invitrogen, Carlsbad, CA) containing N2 supplement
(Gibco-Invitrogen, Carlsbad, CA), 20 ng/ml EGF, 10 ng/ml bFGF (R&D Systems, Min-
neapolis, MN) and antibiotics. The indicated number of cells was seeded on ultra-
low attachment plates (Corning, Corning, NY) in triplicate wells. Spherical aggre-
gates comprising more than 16 cells were counted after one week.
2.4. Real-time quantitative reverse transcription-polymerase chain reaction (RT-PCR)

Expression of related stem cell genes, such as Oct4, c-Myc, Bmi1, Nanog, Nestin,
KLF4, and SOX2, was detected using real-time quantitative RT-PCR. Total RNA was
extracted using TRIzol reagent (Gibco-Invitrogen, Carlsbad, CA). The procedures for
RNA extraction and RT-PCR have been described previously [19]. Briefly, 5 lg of to-
tal RNA was obtained for cDNA synthesis using the Oligo dT primer. Real-time
quantitative PCR was carried out using 50–100 ng cDNA and 250 nM specific primer
pairs in 2 � SYBR Green PCR Master Mix (PE Applied Biosystems, Foster City, CA) in
a 25 ll reaction mixture. Cycling conditions were used according to the manufac-
turer’s instructions. Comparative gene expression analysis was performed using
the 2(�DDCt) method with normalization to the level of internal control gene,
GAPDH.

The primer sequences used are as follows: Oct4-QR: 50-TGCTCCAGCTTCTCCT
TCTC -30; c-Myc-QF: 50-GGAACGAGCTAAAACGGAGCT-30 , c-Myc-QR: 50-GGCCTTTT
CATTGTTTTCCAACT-30; Bmi1-QF: 50-AAATGCTGGAGAACTGGAAAG-30 , Bmi1-QR:
50-CTGTGGATGAGGAGACTGC-30; Nanog-QF: 50-ATTCAGGACAGCCCTGATTCTTC-30 ,
Nanog-QR: 50-TTTTTGCGACACTCTTCTCTGC-30; Nestin-QF: 50-AGGAGGAGTTGGGTT
CTG-30 , Nestin-QR: 50-GGAGTGGAGTCTGGAAGG-30; KLF4-QF: 50-CCGCTCCATTACC
AAGAGCT-30 , KLF4-QR: 50-ATCGTCTTCCCCTCTTTGGC-30; SOX2-QF: 50-CGAGTGGAA
ACTTTTGTCGGA-30 , SOX2-QR: 50-TGTGCAGCGCTCGCAG-30; GAPDH-QF: 50-GGTATC
GTGGAAGGACTCATGAC-30 , GAPDH-QR: 50-ATGCCAGTGAGCTTCCCGTCAGC-30 .

2.5. Sequencing of EGFR exons 18–21

The tyrosine kinase domain of the EGFR coding sequence, exons 18, 19, 20, and
21 were amplified by PCRs from cDNA, and PCR amplicons were purified as de-
scribed previously [20,21].

2.6. Cell viability assay

The cell viability assay was performed immediately after sorting. ALDH-positive
and ALDH-negative PC9 cells were seeded into 96-well plates (3000 cells/well) and
cultured with 10% FBS DMEM/F12 medium. Cell viability was evaluated using the
Abacus Cell Proliferation kits (Clontech, Palo Alto, CA), which measured cellular acid
phosphatase activity (ACP assay). Absorbance was measured at 410 nm using the
SpectraMax M5 Microplate Reader (Molecular Devices, Sunnyvale, CA).

2.7. Tumorigenicity assay

Animal experiments were approved by the Institutional Animal Care and Use
Committee of National Taiwan University. Six-week-old NOD/SCID male mice were
obtained from the animal center at the College of Medicine, National Taiwan Uni-
versity, Taipei, Taiwan. Mice were maintained under pathogen-free conditions
and a 12-h light/dark cycle, with free access to food and water. All mice were cared
for in accordance with institution guidelines. In the tumorigenicity assay, PC9 and
PC9/gef cells were dissociated with trypsin and re-suspended in 1XPBS. Cells (106)
were subcutaneously injected into the abdomen of mice, and tumor sizes measured
weekly. Tumor volume, V, was calculated using the equation: V = W2 � L � 0.5,
where W and L represent tumor width and length, respectively [22].

2.8. Malignant pleural fluid isolation and culture

This study was approved by the Institutional review board (IRB) of National
Taiwan University Hospital (NTUH). Between July 2009 and March 2010, we con-
secutively collected pleural effusions from patients receiving thoracentesis in the
chest ultrasonography examination room of NTUH. Pleural fluids of patients were
acquired aseptically in vacuum bottles via thoracentesis. Red blood cells in the
specimen were hemolyzed using RBC lysis buffer. The remaining cells were washed
twice with PBS and cultured in complete DMEM, as described previously [23].
After 5 days, primary living cells were formed. Primary cells were treated with
increasing doses of gefitinib for 72 h, and the proportion of ALDH-positive cells
estimated.

2.9. Statistical analysis

The student’s t-test was used to compare the mean values of the two groups.
Two-sided p-values less than 0.05 were considered significant. All analyses were
performed using SPSS software, version 15.0, for Windows (SPSS Inc, Chicago, IL).

3. Results

3.1. Characterization and isolation of ALDH1A1-positive CSCs from PC9
cells

Gefitinib-sensitive PC9 lung cancer cells were investigated for
ALDH1A1 activity using the specific ALDH1A1 inhibitor (DEBA)
and the Aldefluor assay, followed by flow cytometry. The PC9 sub-
populations, including ALDH1A1-positive and ALDH1A1-negative
cells, were sorted via FACS analysis. The ALDH1A1-positive cell
population of PC9 cells was about 6.5% (Fig. 1A).

Earlier studies have shown that tumor spheres are enriched in
CSCs grown in anchorage-independent and serum-free conditions.
Lung tumor spheres exhibit cancer stem cell features and have



Fig. 1. Identification of the ALDH1A1-positive population from PC9 lung cancer cells. ALDH1A1-positive cells were identified and sorted using the specific ALDH1A1 inhibitor
(DEBA) and the Aldefluor flow cytometry assay (A). ALDH1A1-positive, but not ALDH1A1-negative cells, formed spheres (B). Gene expression levels in ALDH-negative and -
positive cells were monitored using real-time quantitative RT-PCR (C). The repopulation ability of the ALDH1A1-positive PC9 cells were detected (D).
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high tumorigenic potential. After harvesting ALDH1A1-positive
cells derived from PC9 lung cancer cells, we examined the proper-
ties of CSCs via sphere formation, and determined the expression
levels of CSC-related genes. ALDH1A1-positive and ALDH1A1-neg-
ative PC9 cells were plated in the tumor sphere formation assay,
and the number and size of tumor spheres analyzed. We observed
no significant aggregations of tumor spheres formed by ALDH1A1-
negative PC9 cells, while 6 ± 1.8 (n = 5) tumor spheres were formed
per microscopic field by ALDH1A1-positive PC9 cells. The average
diameter of the spheres formed by ALDH1A1-positive PC9 cells
was 162 ± 35.1 lm. Results from one of three independent experi-
ments are shown in Fig. 1B.

Expression of various biomarkers putatively related to cancer
stem cells was investigated in freshly sorted ALDH1A1-positive
and ALDH1A1-negative subpopulations of PC9 cells. The gene
levels of Oct4, c-Myc, Bmi1, Nanog, Nestin, KLF4, SOX2 and ABCG2
were measured using real-time quantitative reverse transcriptase
PCR. Bmi1, Nanog, Nestin, KLF4, and SOX2 mRNA levels were sig-
nificantly increased in ALDH1A1-positive cells (Fig. 1C). Specifi-
cally, a 3.1-fold increase in Nanog mRNA and 3.2-fold increase in
KLF4 mRNA was estimated in ALDH1A1-positive cells, compared
to ALDH1A1-negative cells. In contrast, Oct4, c-Myc and ABCG2
mRNA levels were decreased or no significant difference in ALD-
H1A1-positive, compared to ALDH1A1-negative PC9 cells. These
results support the hypothesis that high ALDH1A1 activity acts as
a marker of a population enriched for lung cancer stem cells.

To evaluate the repopulation ability of the ALDH1A1-positive
PC9 CSCs, we cultured the sorted ALDH1A1-positive PC9 CSCs in
DMEM medium with 10% fetal calf serum (under differentiation
condition) for 4–14 days. After each culture period, the proportion



Fig. 2. ALDH1A1-positive cells derived from PC9 lung cancer cells are resistant to EGFR-TKI and anti-cancer chemotherapeutic drugs. The cell viability assay indicated that
ALDH-positive cells show resistance to gefitinib (A), cisplatin (B), etoposide (C) and fluorouracil (D), whereas ALDH-negative cells are sensitive to those drugs. The ALDH1A1-
positive PC9 cells after 14 days of culture (under attachment condition) were evaluated for response to EGFR TKI gefitinib (E).
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of ALDH1A1-positive and ALDH1A1-negative subpopulation was
analyzed. The results indicated that the proportion of ALDH1A1-
positive and ALDH1A1-negative subpopulation were 28.6% and
71.4% after 7 days of culture. With an additional 7 days of culture,
the proportion of these two subpopulations was 9.4% and 90.6%,
respectively. The ALDH1A1-positive PC9 CSCs regenerated both
ALDH1A1-positive and ALDH1A1-negative subpopulation and
tended to reconstruct ALDH-negative subpopulation (Fig. 1D).

3.2. ALDH1A1-positive CSCs from PC9 cells are resistant to gefitinib
and chemotherapeutic drugs

Cancer stem cells are involved in carcinogenesis, invasion and
metastasis, and play a key role in chemo- and radiotherapy resis-
tance. However, the issue of whether CSCs contribute to EGFR
TKI resistance in lung cancer is currently unclear. Accordingly,
we investigated the responses of ALDH1A1-positive PC-9 CSCs to
TKI and chemotherapeutic drugs. ALDH1A1-positive and ALD-
H1A1-negative cell populations derived from PC9 cells were
treated with different doses of gefitinib and anti-cancer chemo-
therapeutic drugs, including cisplatin, etoposide and fluorouracil.
Cell viability was evaluated with the Abacus Cell Proliferation
(ACP) assay, and resistance quantified as a percentage of cell viabil-
ity after drug exposure for 72 h. The cell viability assay revealed
that ALDH1A1-positive PC9 cells were significantly more resistant
to therapy than ALDH1A1-negative cells receiving 1 lM gefitinib,
50 lM cisplatin, 5 lM etoposide or 50 lM fluorouracil (Fig. 2A–D).

We also evaluated the response of the ALDH1A1-positive PC9
CSCs after two weeks of culture (under attachtment condition) to
EGFR TKI gefitinib. As shown in Fig. 2E, incubating of the ALD-
H1A1-positive PC9 CSCs in DMEM medium with 10% fetal calf ser-
um for two weeks were evaluated more sensitive to EGFR TKIs,
when compared to the ALDH1A1-positive PC9 CSCs examined just
after sorting.

3.3. PC9/gef, gefitinib-resistant lung cancer cells, present a significantly
higher ALDH1A1-positive cell population than PC9 cells

Next, we examined whether TKI drug-resistant lung cancer cells
are enriched in the CSC population using the human lung cancer
cell lines, PC9 (gefitinib-sensitive) and PC9/gef (gefitinib-resistant).
PC9 cells expressing mutant EGFR with a deletion in exon 19 rep-
resent gefitinib-sensitive NSCLC [18]. PC9/gef cells were selected
from parental PC9 that had been continuously exposed to increas-
ing concentrations of gefitinib. Previously, we reported IC50 values
of 0.041 lM and >5 lM for gefitinib in PC9 and PC9/gef cells,
respectively. Cell viability remained unaltered in PC9/gef in re-
sponse to increasing doses of gefitinib from 0.025 to 5 lM [18].

To investigate the differences in tumorigenic potential between
PC9 and PC9/gef cells, 1 � 105 cells were subcutaneously injected
into NOD-SCID mice, which were monitored for tumor develop-
ment. As shown in Fig. 3A, PC9/gef xenograft tumors were signifi-
cantly larger than those of PC9 xenograft after 40 days. PC9/gef
cells exhibited significant tumor-forming capacity, whereas the tu-
mor growth rate of PC9 cells was significantly slower.

The expression levels of related stem cell genes and markers in
PC9 and PC9/gef cells were additionally evaluated using quantita-
tive RT-PCR. Stem cell-related genes, Bmi1, Nanog, and SOX2, were



Fig. 3. An enriched ALDH1A1-positive population in PC9/gef cells expressed the CSC related genes. PC9/gef cells exhibited higher tumor growth rate than PC9 cells in the
tumorigenesis assay in the SCID mouse (A). The CSC-related genes were analyzed in PC9 and PC9/Gef cells (B). Comparing to PC9 cells, PC9/gef cells contained a greater
population of ALDH1A1-positive cells (C).
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expressed at higher levels in PC9/gef cells, compared to PC9 cells
(Fig. 3B), suggestive of an enriched cancer stem cell population.

Aldefluor flow cytometry assay data showed that the ALDH1A1-
positive cell populations constitute about 6.5% of PC9 cells and
37.8% of PC9/gef cells (Fig. 3C). Cancer stem cell populations were
clearly enriched in TKI drug-resistant PC9/gef cells. Based on these
findings, we propose that ALDH1A1-positive cell populations play
a crucial role in gefitinib resistance in our cell model.

We analyzed the EGFR exons 18–21 by sequencing. The EGFR
mutation in both of the ALDH1A1-positive and ALDH1A1-negative
subpopulations was the same deletion in exon 19. There were no
other alterations, such as T790M detected in these two subpopula-
tions. These results suggested that the kinase domain of EGFR were
conserved between ALDH1A1-positive and ALDH1A1-negative
subpopulations, and the mechanisms of resistance to gefitinib in
ALDH1A1-positive PC9 subpopulation were not related to a sec-
ondary mutation T790M in EGFR.

3.4. ALDH1A1-positive cell populations are increased in lung cancer
samples displaying resistance to EGFR TKI or chemotherapy

To apply our findings to the clinic, malignant pleural effusions
were collected from 10 patients before anti-cancer treatment
(treatment naïve), 6 with acquired resistance to first-line EGFR
TKI, 6 with resistance to chemotherapy, and 4 that failed to re-
spond to EGFR TKI and chemotherapy.

Primary cells were collected and isolated from malignant pleu-
ral effusions of lung cancer patients, washed with PBS and re-sus-
pended in DMEM supplemented with 10% fetal calf serum. After
one week of culture, we evaluated the proportion of ALDH1A1-po-
sitive primary cells. The primary cells from lung cancer patient’s
before anti-cancer treatment contained an ALDH1A1-positive cell
population of about 10.5% (Fig. 4A). The ALDH1A1-positive sub-
population of primary cells was also independently cultured in
96-well plates with sphere culture medium. The sphere formed
after one week, and increased for another two weeks (Fig. 4A).

To further determine whether gefitinib treatment augments the
proportion of ALDH1A1-positive cells in lung cancer, spheres from
primary cells of lung cancer patients were treated with gefitinib
(0–100 nM) for 72 h, and the proportion of ALDH1A1-positive cells
measured. Interestingly, the proportions of ALDH1A1-positive cells
were significantly increased upon treatment with gefitinib at a con-
centration 100 nM (Fig. 4B). Consistently, studies on clinical samples
disclosed that in lung cancer cells displaying resistance to EGFR-TKI
and chemotherapy, the proportions of ALDH1A1-positive cells were
significantly increased by 2- and 3-fold, respectively (Fig. 4C).



Fig. 4. EGFR TKI and chemotherapy treatments enhance the ALDH1A1-positive cell population in a clinical lung cancer sample. A population of ALDH1A1-positive cells was
identified in malignant pleural effusions (MPE) from treatment naïve lung cancer patient. Spheres formed after one week of culture, and the size and number of spheres
increased after three weeks (A). Following gefitinib treatment, the ALDH1A1-positive population was enriched in a dose-dependent manner (B). MPE from EGFP TKI,
chemotherapy and TKI + Chemo were enriched in ALDH1A1-positive cells to differential degrees, compared to nil (MPE from treatment naïve patients) (C).
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4. Discussion

Molecular-targeted therapy drugs can interfere with and block
specific molecular pathways involved in cancer cell growth and
progression. Activated EGFR, one of the major targets for cancer
therapy, is effectively blocked by EGFR-TKI drugs [3,4]. However,
development of resistance to EGFR-TKI drugs continues to critically
limit the long-term control of cancer using this strategy [6,7]. Thus,
the generation of more effective therapeutic interventions based
on the molecular mechanisms underlying the development of tu-
mor resistance to EGFR TKI drugs is an urgent requirement.

Several investigations have shown that continued activation of
the phosphatidylinositol 3 Kinase (PI3K)/Akt network is sufficient
to confer resistance to EGFR TKI [7,22–24]. MET amplification leads
to gefitinib resistance in lung cancer, as it is mediated via activa-
tion of erbB3 signaling and restoration of the PI3K/Akt pathway
[7]. Gefitinib-sensitive NSCLC cell lines specifically utilize erbB-3
to activate the PI3K/Akt pathway [26]. In fact, several models of ac-
quired resistance demonstrate continued signaling along the PI3K
pathway, despite TKI treatment [24–26]. The PI3K/Akt signaling
pathways play key roles in widely divergent physiological pro-
cesses, including cell cycle progression, differentiation, survival,
motility, and autophagy [27]. Recent evidence has linked PI3K/
Akt signaling with CSC functions, both in solid and hematological
tumors [28].

Additionally, epithelial-mesenchymal transition (EMT) has been
recently shown to be involved in resistance to EGFR TKIs. Accumu-
lating evidence supports the theory that ectopic expression of E-
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cadherin enhances gefitinib sensitivity in NSCLC cells, which pos-
sess a mesenchymal phenotype [29–31]. Silencing of the EMT reg-
ulator, Slug, in gefitinib-resistant cells can restore gefitinib-
induced apoptosis [18]. The EMT program contributes to normal
and transformed epithelial cells with stem cell properties, includ-
ing the ability to self-renew and efficiently initiate tumors [32].
Moreover, TKI drugs, including imatinib, nilotinib, and dasatinib,
show potency against differentiated chronic myeloid leukemia
(CML) cells, but are not as effective for quiescent primitive CML
stem cells [33–35]. These findings imply that cancer stem cells
contribute to EGFR-TKI resistance in lung cancer.

Resistance to radiation therapies and conventional chemother-
apeutic drugs is a common characteristic of cancer stem cells
[9,12,36,37]. However, EGFR-TKI drug resistance of cancer stem
cells in lung cancer has not been described in the literature. Data
from the current study showed that ALDH1A1-positive cancer
stem cells promote EGFR-TKI resistance in lung cancer. Additional
clinical studies revealed significantly increased proportions of
ALDH1A1-positive cells in lung cancer cells displaying resistance
to EGFR-TKI and chemotherapy drugs.

Specific populations of cancer stem cells exist in many human
tumors, including lung cancer. Subpopulations of the lung can-
cer-initiating cells have been identified, which exhibit increased
tumorigenic potential and greater resistance to chemotherapeutic
drugs [16,38,39]. ALDH1A1 is reported to participate in stem cell
biology and anti-cancer chemotherapy drug resistance in lung can-
cer. Lung cancer subpopulations displaying high ALDH1A1 activity
(ALDH1A1-positive cells) show greater tumorigenic potential than
ALDH1A1-negative cells [16]. High expression of ALDH1A1 in lung
cancer cells is positively associated with the stage and grade of tu-
mors, and inversely related to patient survival. ALDH1A1 activity is
therefore utilized as a stem cell marker, and a potential prognostic
factor and therapeutic target for lung cancer [14,40]. Using this ap-
proach, we have established that ALDH1A1-positive lung cancer
stem cells participate in the development of EGFR-TKI drug
resistance.

Cancer stem cells are involved in carcinogenesis, invasion and
metastasis, and play a key role in chemo- and radiotherapy resis-
tance [41–43]. However, the mechanisms underlying cancer stem
cell contribution to TKI resistance in lung cancer remain unclear.
Identification of the differential responses of cancer stem cells
and other cells to EGFR-TKI and conventional chemotherapeutic
drugs may provide a better insight into the effects of anti-cancer
medications. In the current study, EGFR-TKI sensitivity was evalu-
ated following isolation of ALDH1A1-positive and ALDH-negative
cells derived from PC9 gefitinib-sensitive lung cancer cells. Our
results indicate that the ALDH1A1-positive PC9 cells display signif-
icantly higher resistance to EGFR-TKI and conventional chemother-
apeutic drugs, compared to ALDH1A1-negative PC9 cells. To
further ascertain whether the cancer stem cell population is en-
riched in TKI drug-resistant lung cancer cells, the human lung can-
cer cell line model (including PC9 gefitinib-sensitive cells and PC9/
gef gefitinib-resistant cells) was employed. PC9/gef cells displayed
greater tumor-forming capacity, resistance to EGFR-TKI, and puta-
tive stem cell-related gene expression, compared to PC9 cells. A 5-
to 6- fold enrichment of cancer stem cell populations was also de-
tected in TKI drug-resistant PC9/gef cells, relative to PC9 cells.
Thus, it appears that ALDH1A1-positive cell populations play a cru-
cial role in gefitinib resistance in this cell model. ABCG2 is a mem-
ber of the ATP-binding cassette transporter family and is known to
contribute to multi-drug resistance in cancer chemotherapy
[44,45]. Recently, studies have indicated that ABCG2 may be also
involved in cancer cells TKI resistance [46,47]. We also detected
the expression level of stem cell marker ABCG2 in ALDH1A1-posi-
tive and ALDH-negative PC9 subpopulations using real-time quan-
titative reverse transcriptase PCR. The results shown that the
ABCG2 expression level were no difference between ALDH1A1-po-
sitive and ALDH1A1-negative PC9 subpopulations, and the mecha-
nisms of resistance to gefitinib in ALDH1A1-positive PC9
subpopulation were not related to elevated ABCG2 expression.
However, we still cannot exclude the possibility that other mem-
bers of ABC transporter family play a role in resistance to gefitinib
of ALDH1A1-positive PC9 subpopulation.

Accumulating evidence has shown that malignant pleural effu-
sions (MPE) serve as a useful model to study hierarchical progres-
sion of cancer and/or intratumoral heterogeneity [23]. We
collected and isolated primary cells from MPEs in lung cancer pa-
tients. Consistent with our hypothesis, clinical studies indicated
that lung cancer patients receiving EGFR-TKI or chemotherapy
drugs displayed significantly increased proportions of ALDH1A1-
positive cells. Higher proportions of ALDH1A1-positive cells were
additionally detected in lung cancer patients administered a combi-
nation of EGFR-TKI and chemotherapy drugs. The repopulation abil-
ity is another stem cell characteristic in addition to the high
tumorigenic ability. In this study, we also indicated that the ALD-
H1A1-positive PC9 CSCs regenerated both ALDH1A1-positive and
ALDH1A1-negative subpopulation and tended to reconstruct ALD-
H1A1-negative subpopulation. The ALDH1A1-positive cell popula-
tion constituted 6.5% and 37.8% in gefitinib-sensitive and
gefitinib-resistant PC9 cells, respectively, a 6-fold difference
(Fig. 3C). In clinical specimens study, the primary cells isolated from
malignant pleural effusions of lung cancer patients were cultured in
10% FCS-supplemented DMEM medium for one week before the
flow analysis of ALDH1A1 positivity. That is the reason why the pro-
portion of ALDH1A1-positive cells from gefitinib-resistant patients
was only 2-fold higher than those from treatment-naïve patients
(Fig. 4C).

In summary, we have provided evidence that ALDH1A1-positive
lung cancer cells display significant resistance to EGFR-TKI (gefiti-
nib) and anti-cancer chemotherapeutic drugs (cisplatin, etoposide
and fluorouracil), compared to ALDH1A1-negative lung cancer
cells. Our findings suggest that ALDH1A1-positive cancer stem
cells promote both EGFR-TKI and chemotherapy resistance in lung
cancer. Thus, strategies aimed at killing ALDH1A1-positive lung
cancer stem cells may present a more reliable approach to over-
come EGFR-TKI resistance and develop effective treatments for
lung cancer.
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