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Introduction
Lung cancer is the leading cause of cancer-related 
deaths worldwide. Non-small cell lung cancer 
(NSCLC) accounts for approximately 85% of 
lung malignances and median survival is only 
6–12 months.1 It is well accepted that the devel-
opment of all malignancies including metastasis 
and their low sensitivity to antitumor treatments 
could be attributed to the cancer stem cells 
(CSCs), which have the ability to initiate and 
colonize at distant secondary tissue sites.2–7 
Among the various molecular signaling pathways 

in cells, Notch, WNT, and hedgehog are the 
three main pathways that are believed to be 
related to cancer stemness.2,4–7 Understanding 
the key signaling pathways of lung CSCs is of 
pivotal and clinical importance for new drug dis-
covery and development.2

FOXP3, a transcription factor, belongs to the 
family of FOX proteins.8 FOXP3 was initially dis-
covered in regulatory T (Treg) cells and it plays a 
significant role in the process and maintenance of 
Treg cells. Previous findings have indicated that 

EGFR-AS1/HIF2A regulates the expression 
of FOXP3 to impact the cancer stemness of 
smoking-related non-small cell lung cancer
Haolong Qi*, Shanshan Wang*, Juekun Wu*, Shucai Yang, Steven Gray, Calvin S.H. Ng,  
Jing Du, Malcolm J. Underwood, Ming-Yue Li and George G Chen

Abstract
Background: Early data showed that FOXP3 could induce epithelial-mesenchymal transition 
by stimulating the Wnt/β-catenin signaling pathway in non-small cell lung cancer (NSCLC). 
However, how the expression of FOXP3 is regulated in NSCLC remains unknown. We thus 
explored the impacts of the long noncoding RNA EGFR antisense RNA 1 (EGFR-AS1) and 
hypoxia-inducible factor-2A (HIF2A) on FOXP3 expression and the cancer stemness of NSCLC.
Methods: Lung tissues samples from 87 patients with NSCLC and two NSCLC cell lines were 
used in this study. The regulation of FOXP3 and lung cancer cell stemness by EGFR-AS1 and 
HIF2A was determined at molecular levels in NSCLC tissue samples and cultured cells in the 
presence/absence of the smoking carcinogen, 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-
1-butanone (NNK) (also known as nicotine-derived nitrosamine ketone). The results were 
confirmed in tumor xenograft models.
Results: We found that NNK decreased the expression of EGFR-AS1 in the long term, but 
increased the expression of HIF2A and FOXP3 to stimulate lung cancer cell stemness. EGFR-
AS1 significantly inhibited FOXP3 expression and NSCLC cell stemness, whereas HIF2A 
obviously promoted both. The enhancement of lung cancer stemness by FOXP3 was, at least 
partially, via stimulating Notch1, as the inhibition of Notch1 could markedly diminish the effect 
of FOXP3.
Conclusions: FOXP3, the expression of which is under the fine control of EGFR-AS1, is a 
critical molecule that promotes NSCLC cancer cell stemness through stimulating the Notch1 
pathway.
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FOXP3 can work to induce epithelial-mesenchy-
mal transition (EMT) by stimulating the Wnt/β-
catenin signaling pathway in cancer cells.9 How 
the expression of FOXP3 is regulated in NSCLC, 
however, remains unknown.

Noncoding RNAs are believed to have various 
impacts on the development, progression, and 
treatment of cancers. Among these cancer-related 
noncoding RNAs, numerous microRNAs (miR-
NAs) have been found to participate in the regu-
lation of FOXP3 in several types of cancers. Qin 
and colleagues reported that miR-126 could 
enhance the expression of FOXP3 in Treg cells, 
resulting in an increase in the antitumor effect of 
CD8+ T cells in breast cancer.10 In T-cell acute 
lymphoblastic leukemia, miR146a could act as a 
tumor suppressor and increase the oncological 
immune response by upregulating the expression 
of FOXP3.11 In addition to miRNA, the expres-
sion of FOXP3 can also be regulated by some 
long noncoding RNAs (lncRNAs). It has been 
reported that lncEGFR upregulation in Treg cells 
correlates positively with tumor size and expres-
sion of FOXP3 in liver cancer.12

The FOXP3 long intergenic noncoding RNA is a 
negative regulator that could suppress the expres-
sion of FOXP3.13 EGFR antisense RNA 1 
(EGFR-AS1) is located on human chromosome 
7, in the direction opposite to that of EGFR gene 
transcription according to the database of the 
University of California Santa Cruz (http://
genome.ucsc.edu/). Apparently, EGFR-AS1 is 
near lncEGFR, making it possible that EGFR-AS1 
has similar functions to lncEGFR or plays a 
related role in the regulation of FOXP3.

Hypoxia-inducible factors, including hypoxia-
inducible factor 1A (HIF1A) and hypoxia-induc-
ible factor 2A (HIF2A), are transcription factors 
that are responsible for the induction of genes 
associated with cell survival under hypoxia.14 The 
overexpression of HIF1A or HIF2A is associated 
with solid cancers.15–17 According to the study of 
Clambey and colleagues, HIF1A could directly 
bind to the FOXP3 promoter, and then, with the 
cooperation of transforming growth factor beta, 
upregulate the expression of FOXP3 in the cuta-
neous T cells.15 However, whether HIF2A can 
function as HIF1A remains unclear.

Cigarette smoking is well known as the primary 
inducer of NSCLC.18–21 4-(N-methyl-N-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) 

(also known as nicotine-derived nitrosamine 
ketone), as the major component of cigarette 
smoking, greatly contributes to lung cancer tum-
origenesis via multiple pathways including stimu-
lating lung CSCs.18,22 However, its tumorigenesis 
mechanism, especially the pathway related to 
lung CSCs, is still not fully known.

In this study, we aimed to determine how 
EGFR-AS1 and HIF2A regulated FOXP3 expres-
sion in NSCLC cells, and its impact on lung cancer 
cell stemness. The results of this study have revealed 
some novel mechanisms on FOXP3 expression reg-
ulation in NSCLC cells and identified new potential 
therapeutic targets for this malignant disorder.

Materials and methods

Ethics statement
An informed consent for human tissues for 
research purposes only was obtained from all 
patients recruited in this study. The use of human 
samples in this study was approved (2014.649 
and 2015.729) by the joint Chinese University of 
Hong Kong (CUHK) – New Territories East 
Cluster Clinical Research Ethics Committee. All 
animal experiments were conducted in accord-
ance with the Animals (Control of Experiments) 
Ordinance Chapter 340, and approved (14/092/
GRF-4-B) by the Animal Experimentation Ethics 
Committee of CUHK.

Tissue collection
A total of 87 pairs of NSCLC tissues and the cor-
responding adjacent nontumor lung tissues were 
obtained from patients who underwent surgery in 
the Prince of Wales Hospital between 2003 and 
2016. All the patients were diagnosed with 
NSCLC based on laboratory tests and imaging 
examinations before surgery and histopathologi-
cal evaluation after surgery. Clinical characteris-
tics were available for all samples (Table 1). No 
patients had received any local or systemic treat-
ment before surgery. All collected tissue samples 
were fixed in formalin for histological evaluation 
and snap-frozen in liquid nitrogen and stored at 
−80°C until experimentation.

Immunohistochemistry (IHC)
An immunohistochemical assay was performed 
according to standard protocol on formalin-fixed 
paraffin sections using a primary antibody to 
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Table 1. Clinical characteristics of patients with NSCLC.

Total AS1 HIF2A  

 H L H L  

Smoking status  

Smoker 60 19 41 p = 0.006 55 5 p > 0.05

Nonsmoker 27 17 10 25 2

Sex  

Male 59 20 39 p > 0.05 55 4 p > 0.05

Female 28 16 12 25 3

Age (years) 66.16 ± 7.92 66.58 ± 1.4 65.86 ± 1.07 p > 0.05 66.59 ± 0.89 61.29 ± 2.47 p > 0.05

Tumor diameter (cm) 3.77 ± 1.82 3.28 ± 0.23 4.12 ± 0.28 p = 0.033 3.78 ± 0.21 3.67 ± 0.49 p > 0.05

Tumor differentiation  

Well differentiated 65 28 37 p > 0.05 59 6 p > 0.05

Poorly differentiated 22 8 14 21 1

Stage  

IA 26 14 12 p > 0.05 26 0 p > 0.05

IB 18 9 9 16 2

IIA 13 2 11 13 0

IIB 14 4 10 12 2

IIIA 11 5 6 9 2

IIIB 2 0 2 2 0

IV 3 2 1 2 1

T stage  

1 33 17 16 p > 0.05 33 0 p = 0.012

2 38 12 26 35 3

3 14 7 7 11 3

4 2 0 2 1 1

Lymph metastasis  

Positive 26 10 16 p > 0.05 23 3 p > 0.05

Negative 61 26 35 57 4

AS1 antisense RNA 1; H, high expression of EGFR-AS1; HIF2A, hypoxia-inducible factor-2A; L, lower expression of EGFR-AS1; NSCLC, non-small 
cell lung cancer.

HIF2A (Santa Cruz, 1:50, Santa Cruz 
Biotechnology, Dallas, TX, USA). The staining 
intensities were scored using the immunoreactive 

score (IRS) method by a pathologist and an inves-
tigator separately. The IRS method is described 
in Supplementary Table 1.
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Cell lines and culture conditions
Cell lines, including HEK293NT cell lines, and 
NSCLC cell lines of NCH-H460 and NCH-H23, 
were obtained from the American Type Culture 
Collection, and were characterized by myco-
plasma detection, DNA fingerprinting, isozyme 
detection, and determination of cell viability. All 
the cells were cultured in RPMI 1640 (Invitrogen, 
Carlsbad, CA, USA) with 10% fetal bovine serum 
(FBS) and antibiotics at 37°C in humidified air 
with 5% CO2 or with 1% O2. NNK, protease 
inhibitor cocktail, and fluorescein isothiocyanate-
conjugated immunoglobulins were supplied by 
Sigma (Saint Louis, MO, USA). NNK was 
resolved in dimethyl sulfoxide (DMSO) at a con-
centration of 2 M, and when applied to treat cells, 
it was diluted in a medium to a final concentra-
tion of 10 µM.21

The specific inhibitor of the Notch signaling 
pathway, N-[2S-(3,5-difluorophenyl) acetyl]-L-
alanyl-2-phenyl-1,1-dimethylethyl ester-glycine 
(DAPT),23–25 was supplied by Cayman Chemical 
(Ann Arbor, MI, USA). DAPT was resolved in 
DMSO at a concentration of 5 mM, and when 
applied to treat cells, it was diluted in a medium 
to a final concentration of 25 µM.23–25 The spe-
cific incubation period was determined by the 
experiments that followed.

Transfection of cell lines and construction of 
stably transfected cell lines
The plasmid of HA-HIF2alpha-pcDNA3 was a 
gift from William Kaelin (Addgene plasmid 
#18950). The plasmid of pCDH-HIF2a-Puro 
was a gift from Eric Jonasch and Xiande Liu 
(Addgene plasmid #71708). Full-length 
EGFR-AS1 was generated by polymerase chain 
reaction (PCR) from cDNA with primers incor-
porating appropriate restriction enzyme sites: 
EGFR-AS1 FWD (EcoRV): 5’- GAGGATAT 
CCCCATTTCTACACAGTGTCTGTTTC 
CTCAGA-3’, EGFR-AS1 REV (HindIII):5’- 
GCGAAGCTTCTATTGCATCGGTACTG 
AACATATACGGACTTT-3’. The PCR products 
were first cloned into pCR2.1 (Invitrogen), using 
TOPO cloning from which EGFR-AS1 was iso-
lated using EcoRV/HindIII and cloned into simi-
larly digested pcDNA3.1(-) (Invitrogen). The 
plasmid of pLKO.1 was used as the backbone for 
the construction of shRNAs. The overexpression 
plasmid of pHIV-FOXP3 and shRNAs for 
FOXP3 were constructed as described.11 The 
shRNAs for HIF2A were constructed according 

to the protocol of the Genetic Perturbation 
Platform (https://www.broadinstitute.org), and 
the sequence is shown in Supplementary Table 2.

The vectors and corresponding negative controls 
were transfected into cell lines with lipofectamine 
2000 DNA transfection reagent (Invitrogen) 
according to the provided protocol. Lentivirus 
for the overexpression and shRNAs for the 
knockdown were constructed with auxiliary 
plasmids including pRSV-REV, pMDLg/pRRE, 
psPAX2, and pMD2.G in accordance with 
standard protocols. After transient transfection 
or lentivirus infection, the cell lines were 
screened by G418 or puromycin for different 
durations according to the respective instruc-
tions. The vectors were then sequenced to testify 
the construction by Biological Genomics 
Institute (Shenzhen, China).

Western blot analysis
A lysis buffer containing the mammalian protein 
extraction reagent radioimmunoprecipitation 
assay (Beyotime, Haimen, China), a protease 
inhibitor cocktail (Roche, Basel, Switzerland), 
and phenylmethylsulfonyl fluoride (Roche) were 
used to lyse the cells after treatments. The protein 
concentration was detected by the Bradford 
method using Bradford detergent compatible 
(DC). Samples containing 20 μg of protein from 
each cell line were electrophoresed. The protein 
was transferred on to 0.22 μm nitrocellulose 
membranes (Millipore, Bedford, MA, USA). 
After the protein was blocked in 5% skim milk for 
1 h at room temperature, the membranes were 
incubated with primary antibodies at 4°C over-
night. After incubation with the corresponding 
secondary antibodies conjugated to horseradish 
peroxidase, the enhanced chemiluminescence 
chromogenic substrate from Griffin Biotech 
(Hong Kong, China) and photoplates from 
Kodak (Rochester, NY, USA) were used to detect 
specific bands on the membranes. Antibodies for 
HIF2A (Santa Cruz Biotechnology), FOXP3 
(Cell Signaling Technology, Danvers, MA, 
USA), OCT4A (Cell Signaling Technology), 
ALDH1A1 (Santa Cruz Biotechnology), Notch1 
(Cell Signaling Technology), and HES1 (Cell 
Signaling Technology) were applied as primary 
antibodies. Protein expression was semi-quanti-
fied by the control β-tubulin (Santa Cruz 
Biotechnology) or GAPDH (Santa Cruz 
Biotechnology). Then the gray scale ratio was 
assessed by Adobe Photoshop CS6 (San Jose, 
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CA, USA). The photographs were the represent-
atives for the triple experiments.

RNA extraction and quantitative reverse-
transcriptase-PCR (qRT-PCR) analyses
Total RNA was extracted from the frozen tissues 
or cultured cells using TRIZOL reagent 
(Invitrogen). For qRT-PCR, a reverse transcrip-
tion kit (Takara, Dalian, China) was used to syn-
thesize cDNA. SYRB Real-time PCR Master 
Mix (Takara) was used for real-time PCR. The 
results were normalized with the expression of 
GAPDH or actin as a reference. The primers are 
shown in Supplementary Table 3. Real-time PCR 
and data collection were performed using a Bio-
Rad CFX Manager 3.0 instrument (Bio-Rad, 
Hercules, CA, USA).

Cell proliferation assays
A MTT kit (Sigma) was used to assay cell prolif-
eration and conducted according to the manufac-
turer’s instruction. Transfected and negative 
controlled H460 cells or H23 cells were harvested 
24 h after transfection, and then cultured on 
96-well plates for different periods. MTT 10 µl 
was added to each well and the OD490 was 
assessed hourly after 4 h.

TUNEL analysis of apoptosis
A TUNEL kit (Roche) was used for the detection 
and quantification of apoptosis at single cell level, 
based on labeling if the DNA strand broke. The 
assay was performed in accordance with the pro-
vided instructions.

Cell invasion assay
At 24 h after transfection, approximately 5 × 
10^5 transiently transfected or negative con-
trolled cells in serum-free media were cultured 
in the upper chamber for migration assays, 8 μm 
pore size (Millipore), and invasion assays with 
20% Matrigel (Sigma). The lower chambers 
were filled with 600 ml of RPMI 1640 media 
containing 20% FBS. After 24 h of incubation at 
37°C, the cells that had migrated or invaded 
through the membrane were fixed in 4% para-
formaldehyde and stained with 0.1% crystal vio-
let (Sigma). The cells below the surface were 
photographed, and the cells in three random 
fields were counted.

Colony formation
After 3000 stably transfected cells were cultured 
in each well of a 6-well plate for 10–14 days, 
colonies containing more than 50 cells were 
counted.

Tumor-sphere formation
A total of 5000 stably transfected cells were cul-
tured in each well of a 6-well ultra-low attach-
ment plate (Corning, Wiesbaden, Germany) for 
10 days. All the cells were cultured in Cancer 
Stem Premium (ProMab Biotechnologies, 
Richmond, CA, USA) at 37°C in humidified air 
with 5% CO2. Tumor spheres containing more 
than 50 cells were counted. The efficiency of 
tumor-sphere forming was calculated by dividing 
the number of tumor spheres formed (50 mm) by 
the original number of single cells seeded and 
expressed as the mean percentage of efficiency.

Co-immunoprecipitation
After HEK293NT cells were cotransfected with 
plasmids as shown in the figures for 48 h, the 
nuclear protein was extracted for immunoprecipi-
tation. The corresponding antibodies were added 
to the protein. Then the mixture was incubated 
with continuing slow rotation overnight at 4°C to 
capture the targeted protein. Protein A/G-agarose 
beads (Santa Cruz Biotechnology) were added to 
the protein mix for a 4-h incubation at 4°C. After 
centrifuging and washing, the samples were used 
for western blot analysis.

Dual-luciferase reporter assay
H460 and H23 cells were plated in 12-well plates 
and cotransfected with various plasmids as indi-
cated in the figures. Cells were collected 48 h after 
transfection, and luciferase activities were ana-
lyzed by the dual-luciferase reporter assay kit 
(Promega, Fitchburg, WI, USA). Reporter activ-
ity was normalized to the control Renilla.

Chromatin immunoprecipitation (CHIP) assay
CHIP assay was performed with a Magna CHIP 
kit (Merck, Darmstadt, Germany) according to 
the manufacturer’s instructions. H460 cells were 
sonicated to shear the chromatin to a managea-
ble size. The antibody for HIF2A (Novus, 
Centennial, CO, USA) was used for immunopre-
cipitation. Real- time PCR was conducted to 
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detect targeted DNA. The primers used are 
shown in Supplementary Table 3.

Tumor xenograft assay
Female nude mice (6–8 weeks old, 20–22 g) were 
provided by Laboratory Animal Service Center of 
CUHK, and kept on a 12-h light, 12-h dark cycle 
with free access to food and water. The nude 
mice were randomly divided into three groups 
that were subcutaneously injected respectively 
with 2 × 106 H460-HIF2A, H460-EGFR-AS1, 
and H460-control cells into the left and right 
flank of the mice for tumor xenograft experi-
ments. Tumor size was measured every 3 days for 
18 days by a micrometer. Tumor volume was cal-
culated by length × width × width/2. Tumors 
were harvested and fixed in formalin for histologi-
cal evaluation or snap-frozen in liquid nitrogen 
for both mRNA and protein preparations. No 
adverse event of the animals was observed in this 
study.

Statistical analysis
In this study, when the gene expression in the 
tumor tissue was higher than in the correspond-
ing normal tissue, the corresponding patient 
would be defined as a high expression sample, 
and in the opposite case, the patient would be 
considered as a low expression sample. The sam-
ple size for the study was estimated using Rollin 
Brant’s Sample Size Calculators (www.stat.ubc.
ca/~rollin/). We set alpha level at 0.05 and the 
desired power at 0.95 to estimate the number of 
mice needed for each group. Student’s t-tests and 
analyses of variance were used to analyze data 
with GraphPad Prim 6.0 software (GraphPad, La 
Jolla, CA, USA). p values of less than 0.05 were 
considered statistically significant.

Results

Effects of NNK on the expression of EGFR-
AS1, HIF2A and FOXP3, and lung cancer cell 
stemness
NSCLC cells were treated with NNK for different 
periods, and the expression of EGFR-AS1 was 
measured by real-time PCR, while the expression 
of FOXP3, HIF2A, ALDH1A1, and OCT4A, 
two lung cancer stem-cell markers,2,5,26,27 was 
evaluated by western blot analysis. It was found 
that at 6 h after NNK treatment, the expression of 
EGFR-AS1 began to decrease, whereas the 

expression of FOXP3, HIF2A, ALDH1A1, and 
OCT4A was increased along with the treatment 
(Figure 1(a) and (b)).

Expression of EGFR-AS1 and HIF2A in 
NSCLC and their association with clinical 
characteristics
The expression of HIF2A in patient tissues was 
evaluated by IHC. It showed that the expression 
of HIF2A was upregulated in tumor tissues com-
pared with adjacent nontumor tissues (Figure 
1(c) and (d); Supplementary Figure 1). Real-time 
PCR was used to evaluate the expression of 
lncRNA EGFR-AS1 in patients with NSCLC, 
and its expression in tumor tissues was signifi-
cantly downregulated compared with adjacent 
nontumor tissues (Figure 1(d) and (e)).

The correlation analysis showed that the expres-
sion of EGFR-AS1 was associated with smoking 
status and tumor diameter, and the expression of 
HIF2A with T stage (Table 1). The majority of the 
smoking patients were associated with the lower 
expression of EGFR-AS1, whereas most non-
smoking patients were associated with the higher 
expression of EGFR-AS1 (Figure 1(f)). The find-
ing appeared to indicate that smoking was nega-
tively related to the expression of EGFR-AS1 in 
patients with NSCLC (Figure 1(f)).

The influence of EGFR-AS1 upon FOXP3 
expression and NSCLC cells stemness
EGFR-AS1 expression plasmid was transfected 
into NSCLC cells to construct stable expression 
cell lines. The cell lines with EGFR-AS1 overex-
pression were successfully established, and the 
levels of HIF2A, FOXP3, and two CSC markers 
were significantly decreased in cells with 
EGFR-AS1 overexpression compared with the 
control (Figure 2(a) and (b)).

The tumor-sphere formation assay was conducted 
to evaluate the cancer stemness in these stable cell 
lines. Compared with control, the cell lines with 
EGFR-AS1 overexpression appeared to show 
lower cancer cell stemness (Figure 2(c)). We fur-
ther performed colony-formation, transwell, and 
MTT assays to evaluate the cellular transforma-
tion, invasion, and proliferative ability, respec-
tively, features of which are known to be closely 
related to the malignant ability of CSCs. The 
results showed that all these three features were 
significantly reduced in cells with EGFR-AS1 
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overexpression, compared with the control (Figure 
2(d), (e) and (f)). Moreover, TUNEL analysis 
demonstrated that the cells with EGFR-AS1 over-
expression had a higher apoptosis ratio than the 
control cells (Supplementary Figure 2).

Having established the inhibitory features of 
EGFR-AS1 in vitro, we used the mouse xenograft 
model to test its in vivo function. To this end, 
NSCLC H460 cells with stable EGFR-AS1 
expression were subcutaneously injected into 
nude mice. The results indicated that the growth 
of the tumor formed by EGFR-AS1-overexpressed 
cells was significantly reduced compared with the 
tumor formed by the H460 cells transfected with 
the scramble (Supplementary Figure 3). In line 
with the reduction in tumor growth, the expres-
sion of HIF2A, FOXP3, ALDH1A1, and OCT4A 

in the EGFR-AS1-overexpresed tumor was much 
lower than in the tumor with the scramble 
(Supplementary Figure 3).

Effects of HIF2A on FOXP3 expression and 
NSCLC cell stemness
We found that the expression of FOXP3 and two 
CSC markers, ALDH1A1 and OCT4A, was sig-
nificantly higher in NSCLC cells with HIF2A 
overexpression than those without (Figure 3(a) 
and (b)). The tumor-sphere formation assay 
showed that the HIF2A overexpression signifi-
cantly enhanced sphere formation (Figure 3(c)). 
The cellular transformation, invasion, and prolif-
erative ability were all markedly increased in 
NSCLC cells with HIF2A overexpression, com-
pared with cells without HIF2A transfection, as 

Figure 1. Effects of smoking on the expression of EGFR-AS1, HIF2A, and FOXP3, and lung cancer cell 
stemness. (a) Two NSCLC cell lines were treated with NNK for different periods. The expression of EGFR-AS1 
was increased significantly at first (p < 0.01), and then reduced from the elevated level (p < 0.01). (b) Two 
NSCLC cell lines were treated with NNK for different periods. The expression of FOXP3, HIF2A, and two lung 
cancer stem-cell markers (ALDH1A1 and OCT4A) was evaluated by western blot. (c) and (d) The expression 
of HIF2A in patient tissues was evaluated by immunohistochemistry (IHC). IRS was applied to quantify the 
expression of HIF2A in adjacent normal tissues (N) and tumor tissues (T), **p < 0.01. (e) and (f) Real-time PCR 
was used to evaluate the expression of long noncoding RNA EGFR-AS1 in samples from patients with NSCLC, 
*p < 0.05. (f) The correlation analysis showed that the expression of EGFR-AS1 was negatively associated with 
smoking status, **p < 0.01. The experiments were performed in triplicate at least. EGFR-ASI, EGFR antisense 
RNA 1; HIF2A, hypoxia-inducible factor-2A; IRS, immunoreactive score; NSCLC, non-small cell lung cancer; 
NNK, 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone; PCR, polymerase chain reaction.
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was evident from the colony-formation, transwell, 
and MTT assays, respectively (Figure 3(d), (e) 
and (f)). Knockdown of HIF2A by its shRNA 
could reverse the above results (Figure 4). 
Further, TUNEL analysis revealed that apoptosis 
occurred less frequently in NSCLC cells with 
HIF2A overexpression compared with the con-
trol (Supplementary Figure 2). In our in vivo test, 
we found that the subcutaneous tumor formed by 
H460 cells with HIF2A overexpression was much 
larger than the tumor formed by cells without 
HIF2A overexpression, and the expression of 
FOXP3, ALDH1A1, and OCT4A in the former 
was much higher than the latter (Supplementary 
Figure 5).

Effects of FOXP3 on lung cancer stemness
Regarding the impact of FOXP3 on lung cancer 
stemness, we found that the function of FOXP3 
was similar to that of HIF2A. FOXP3 overex-
pression promoted CSC marker (ALDH1A1 and 
OCT4A) expression (Figure 5(a) and (b)) and 
tumor-sphere formation (Figure 5(c)), but inhib-
ited apoptosis in NSCLC cells (Supplementary 
Figure 2). The effect of FOXP3 on lung cancer 
stemness was confirmed by the inhibitory test as 
the knockdown of FOXP3 by its shRNA reduced 
tumor-sphere formation and CSC marker 
(ALDH1A1 and OCT4A) expression (Figure 
5(e), (f) and (g)).

The regulation of FOXP3 expression in NSCLC 
cells by EGFR-AS1/HIF2A
The data above showed that EGFR-AS1 and 
HIF2A have opposite effects on FOXP3 expres-
sion (Figures 2 and 3). Here, we further investi-
gated the possible mechanisms responsible. Our 
results demonstrated that HIF2A could bind with 
FOXP3, as was evident in the immunoprecipita-
tion experiment (Figure 5(d)), and increase the 
activity of the FOXP3 promoter (Figure 5(i)). 
Furthermore, CHIP assays indicated that HIF2A 
was directly bound to the promoter of FOXP3 in 
NSCLC H460 cells (Figure 5(j)). In addition, we 
found that EGFR-AS1 could suppress the activi-
ties of both the HIF2A promoter and FOXP3 
promoter (Figure 5(h) and (i)).

The Notch pathway in the regulation of NSCLC 
cell stemness by FOXP3
Our results showed that once the Notch signaling 
pathway was inhibited by the Notch inhibitor 

DAPT,23–25 it would be difficult for NSCLC cells 
to form colonies and tumor spheres (Figure 6(a) 
and (b)). Together with the reduced formation of 
colonies and tumor spheres, the expression of can-
cer stem biomarkers was significantly decreased 
(Figure 6(c)). These results support the pivotal 
role of the Notch signaling pathway in the regula-
tion of NSCLC cell stemness.28 Our data further 
showed that after NNK could enhance the expres-
sion of Notch1 and HES1 (Figure 6(d)), the result 
of which was in agreement with the positive effect 
of NNK on the expression of NSCLC stem-cell 
markers ALDH1A1 and OCT4A (Figure 1). 
Furthermore, the overexpression of either HIF2A 
or FOXP3 significantly upregulated the levels of 
Notch1 and HES1 proteins, but the overexpres-
sion of EGFR-AS1 downregulated them; HIF2A 
or FOXP3 knockdown achieved opposite results 
(Figure 6(e)).

Discussion
In this study, we have identified a novel mecha-
nism by which NNK promoted the expression of 
FOXP3 and HIF2A to enhance lung CSCs. 
Although NNK increased the expression of 
EGFR-AS1 in NSCLC cells at the early stage of 
treatment, it decreased the expression of 
EGFR-AS1 in the long term. According to our 
data, the transcription factor HIF2A could bind 
to the FOXP3 promoter to increase FOXP3 
expression, promoting lung cancer cell stemness 
in the Notch1-dependent manner (Figure 7). In 
contrast to HIF2A, lncRNA EGFR-AS1 could 
suppress FOXP3 expression at least in part by 
reducing the activity of the FOXP3 promoter. 
Therefore, FOXP3 appears to be a key molecule 
in the promotion of the Notch1-dependent 
NSCLC cell stemness. The balance between 
HIF2A and lncRNA EGFR-AS1 may decide the 
level of FOXP3 and thus the fate of this FOPX3-
mediated cancer stemness in NSCLC.

NNK is known to upregulate the expression of 
CSC markers including ALDH and CD133 in 
NSCLC,29,30 indicating a positive role of NNK 
in the development or/and maintenance of lung 
CSCs. However, the molecular mechanism 
responsible remains unknown. Our current 
study has indicated that FOXP3 can be the key 
molecule in NNK-mediated lung CSCs. In this 
study, we first showed that NNK induced the 
expression of FOXP3. The increased FOXP3 
was able to stimulate the expression of lung CSC 
markers, ALDH1A1 and OCT4A, and enhanced 
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Figure 6. The critical role of the Notch pathway in FOXP3-mediated NSCLC cell stemness. (a) Colony- formation 
assay was conducted to evaluate the impact of the Notch inhibitor DAPT on the proliferative ability of the NSCLC 
cell lines, **p < 0.01, *p < 0.05. (b) After the treatment of DAPT, tumor-sphere formation was assayed (left panel). 
Compared with DMSO, DAPT decreased tumor- sphere formation (right panel) **p < 0.01, *p < 0.05. (c) The 
expression of cancer stem markers was evaluated by western blot after DAPT treatment. (d) After NNK treatment, 
the expression of Notch1 and HES1 increased with the treatment time extended. (e) Western blot analysis was 
used to evaluate the influence of EGFR-AS1, HIF2A, and FOXP3 on the Notch pathway. The experiments were 
performed in triplicate at least. DAPT, N-[2S-(3,5-difluorophenyl) acetyl]-L-alanyl-2-phenyl-1,1-dimethylethyl 
ester-glycine; DMSO, dimethyl sulfoxide; EGFR-ASI, EGFR antisense RNA 1; HIF2A, hypoxia-inducible factor-2A; 
NNK, 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone; NSCLC, non-small cell lung cancer.

Figure 7. The potential mechanism of FOXP3-mediated regulation of cancer cell stemness. NNK could decrease 
EGFR-AS1 but increase HIF2A and FOXP3. The transcription factor HIF2A may bind to the FOXP3 promoter to 
increase the expression of FOXP3, promoting lung cancer cell stemness through the activation of the Notch 
pathway. In contract to HIF2A, the long noncoding RNA EGFR-AS1 may interact with the FOXP3 promoter to 
suppress the expression of FOXP3, thus inhibiting lung CSCs. CSC, cancer stem cells; EGFR-ASI, EGFR antisense 
RNA 1; HIF2A, hypoxia-inducible factor-2A; NNK, 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone.
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tumor-sphere formation. The positive role of 
FOXP3 in the enhancement of lung CSCs was 
confirmed by the inhibitory experiment in which 
FOXP3 siRNA was employed to block FOXP3. 
The involvement of FOXP3 in NSCLC cell 
stemness is also supported by our early result 
showing that FOXP3 induced NSCLC growth 
and metastasis by stimulating EMT and Wnt/β-
catenin signaling,9 both of which are closely 
associated with lung CSCs.2,31

Having established the positive role of FOXP3 in 
lung CSCs, we explored how FOXP3 regulated 
lung CSCs. In this regard, the involvement of 
EGFR-AS1 and HIF2A was discovered. Our data 
showed that the expression of EGFR-AS1 was 
downregulated in cancer tissues of NSCLC com-
pared with the adjacent normal tissues. 
EGFR-AS1 suppressed the expression of HIF2A 
and FOXP3, proliferation, metastasis, and cancer 
cell stemness. The correlation analysis revealed 
that the higher expression of EGFR-AS1 was 
associated with smaller tumor diameter, but neg-
atively related to smoking status. Compared with 
nonsmoking patients, the percentage of smoking 
patients with a lower expression of EGFR-AS1 
was much higher, suggesting that smoking may 
contribute to the lower expression of EGFR-AS1. 
In summary, the above findings appear to support 
an antitumor role of EGFR-AS1 in NSCLC. It is 
noted that our result is not in line with two other 
findings in which EGFR-AS1 was found to pro-
mote the growth or treatment resistance in hepa-
tocellular carcinoma and head and neck squamous 
cell carcinoma.32,33

The oncogenic role of HIF2A in NSCLC has 
been documented.34 We confirmed this finding in 
our study as all NSCLC tumor tissues expressed 
HIF2A and 92% (80/87) of cases had a signifi-
cant increase of HIF2A compared with the non-
tumor tissues. Significantly, we discovered that 
HIF2A can act on the FOXP3 promoter to stim-
ulate its expression. Furthermore, HIF2A may 
bind to FOXP3 protein, which may enhance the 
oncogenic role of FOXP3. In contrast to HIF2A, 
our results have shown that EGFR-AS1 can sup-
press the activity of the FOXP3 promoter. 
Therefore, the balance between HIF2A and 
EGFR-AS1 may be critical for FOXP3 expres-
sion (Figure 6). Our findings have also revealed 
the involvement of Notch1 and HES1 in FOXP3-
mediated stimulation of lung CSCs. This result is 
in line with the active roles of Notch1 and HES1 

in the regulation of CSCs. It has been reported 
that HIF1A controls the expression of FOXP3 in 
Treg cells and some other cancer cells.35,36 
According to our results, HIF2A could not only 
bind to the FOXP3 promoter in order to increase 
the expression of FOXP3, but also binds with 
FOXP3 protein, which may promote its onco-
genic role in lung cancer cells. Therefore, HIF2A 
plays a positive role in the regulation of FOXP3 
expression in NSCLC cells.

The Notch signaling pathway is highly conserved 
in cancer cells and plays a pivotal role in the link-
ages between angiogenesis and CSC self-
renewal.37 As a result, it has received increased 
attention as a target for eliminating CSCs.38 
Though the targeted therapy of inhibiting Notch 
can reduce tumor growth, the complete shut-
down of the Notch pathway is unnecessary or 
even harmful for the therapeutic purpose.39 In 
this study, under the regulation of EGFR-AS1 
and HIF2A, FOXP3 could activate the Notch 
signaling pathway by upregulating the expression 
of Notch1 and HES1, stimulating cancer cell 
stemness. Therefore, these findings have identi-
fied some downstream molecules in the Notch 
pathway, the targeting of which may control can-
cer cell stemness in NSCLC.

There were some limitations in this study. First, 
the sample size may not have been large enough 
and thus it may not have obtained some significant 
correlations between clinicopathological features 
and the biomarkers tested. Second, the mecha-
nism study on EGFR-AS1/FOXP3 on lung CSCs 
has not been tested in vivo. Third, the relationship 
between smoking carcinogens and EGFR-AS1/
FOXP3 needs further tests, for example, whether 
EGFR-AS1 overexpression can change the carci-
nogenic effect of NNK. Nevertheless, these limita-
tions may point to the future direction along the 
lines of this study.

In conclusion, cigarette smoking carcinogen 
NNK may decrease the expression of EGFR-AS1, 
but enhance the expression of HIF2A and FOXP3 
to promote lung CSCs by stimulating Notch1 
and HES1 (Figure 7). The level of FOXP3 is 
positively regulated by HIF2A but negatively by 
EGFR-AS1 in NSCLC. Since lung cancer cell 
FOXP3 is important in the maintenance of lung 
CSCs, the downregulation of FOXP3 or its 
downstream molecules may offer a novel channel 
for the targeted therapy of NSCLC.
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