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FOXA2 enhances anoikis sensitivity in lung adenocarcinoma
cells: Dual role of ABCAS upregulation and NOX4 suppression
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Abstract. Within the present study, the aim was to investigate
the detailed mechanism of forkhead box protein A2 (FOXA?2)
in anoikis resistance in lung adenocarcinoma (LUAD). The
levels of FOXA2 and ATP-binding cassette subfamily A
member 8 (ABCAS) were assessed using public databases.
The effects of overexpression (oe)-FOXA2, oe-nicotinamide
adenine dinucleotide phosphate oxidase 4 (NOX4) and
sh-ABCA8 on NOX4 levels, aggregation, cell viability,
apoptosis and apoptosis-related proteins were analyzed using
reverse transcription quantitative PCR, microscopy, MTT
assays, flow cytometry and western blotting. Chromatin
immunoprecipitation and dual-luciferase reporter assays
were employed to determine the interaction between FOXA?2
and ABCAS. In LUAD, FOXA2 and ABCA8 mRNA levels
were downregulated, with lower expression observed in in
A549 cells compared with BEAS-2B cells; this pattern was
pronounced under suspension culture, where A549 cells
showed a further decrease in FOXA2/ABCAS8 expression
alongside a marked increase in NOX4 expression, compared
with adherent culture. Furthermore, oe-ABCAS8 inhibited
NOX4 expression and reversed the effects of oe-NOX4
on enhancing cell aggregation, promoting cell viability,
decreasing apoptosis, suppressing cleaved caspase-3 expres-
sion and increasing NOX4 level in suspended A549 cells.
Furthermore, FOXA2 bound to the ABCA8 promoter region
and oe-FOXAZ2 reversed the effects of ABCAS silencing on
suspended A549 cells, including enhanced cell aggrega-
tion, increased cell viability, reduced apoptosis, suppressed
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cleaved caspase-3 expression and elevated NOX4 expression.
Collectively, FOXA2 enhanced ABCAS transcription, leading
to inhibition of NOX4 expression and subsequently alleviating
anoikis resistance in A549 cells.

Introduction

Lung cancer is one of the leading causes of cancer-related
mortalities; there were nearly 2.5 million new cases
(12.4% of all cancers in the world), and with an estimated
1.8 million deaths (18.7%) in 2022 (1,2). Non-small cell
lung cancer (NSCLC) accounts for >80% of lung cancer
cases (3), in which lung adenocarcinoma (LUAD), the most
common pathological subtype, constitutes ~40% of lung
malignancies (4). Currently, immune checkpoint blockers,
including programmed cell death protein 1 (PD-1) and
cytotoxic T lymphocyte-associated protein 4, have shown
marked clinical progress in the treatment of LUAD (5). In
addition, EGFR-targeted tyrosine kinase inhibitors and
immunotherapy targeting PD-1 are widely applied in clinical
practice (6). However, the 5-year survival rate of patients with
LUAD remains low due to factors such as high metastasis
rate and resistance to radiotherapy (7). Therefore, an in-depth
understanding of the molecular mechanisms underlying the
development of LUAD is key in improving the diagnosis and
treatment of LUAD.

Immune resistance and tumor metastasis serve key roles
in promoting the development of LUAD (8). Anoikis is a
programmed cell death process resulting from the loss of
cell-extracellular matrix interactions (7). Anoikis resistance
allows cancer cells to survive in body circulation, thereby
promoting secondary tumor formation in distant organs, which
is therefore considered an important mechanism underpinning
cancer cell metastasis in NSCLC (9). Notably, there is growing
interest in developing LUAD therapeutic strategies aimed at
reducing anoikis resistance (10-12).

ATP binding cassette subfamily A member 8 (ABCAS),
a member of the ABCA subfamily of transporter proteins,
exhibits physiological functions associated with the transport
of lipids and cholesterol (13). ABCAS is lowly expressed in
NSCLC and its high expression may improve the overall
survival time of patients with lung cancer (14). However,
its specific mechanism in lung cancer is not been fully
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understood. Nicotinamide adenine dinucleotide phosphate
oxidase 4 (NOX4) has been observed to mediate anoikis
resistance in lung cancer cells (7). Upregulation of NOX4
not only drives resistance to targeted therapy in lung cancer,
but also induces a high expression of programmed death
ligand 1 through activating factors such as IL-8, thereby
synergistically facilitating immune evasion (8). In colorectal
cancer, NOX4 promotes tumor growth, stemness and
distant metastasis by activating the MAPK/ERK signaling
pathway (15). In addition, ABC transporter-mediated drug
efflux and apoptosis escape (including nest-leaving apoptosis
resistance) are two core mechanisms underlying cancer treat-
ment resistance (16-18). Based on this, analysis of the Gene
Expression Profiling Interactive Analysis (GEPIA) database
revealed that ABCAS8 was negatively associated with NOX4
in LUAD. Therefore, the present study hypothesized that
ABCAS8 may be involved in the negative regulation of NOX4
and inhibited anoikis resistance. Forkhead box protein A2
(FOXA2) expression is decreased in the majority of lung
cancer cells (19). FOXA2 can also act as a suppressor of
tumor metastasis, inhibiting ERK phosphorylation and
epithelial mesenchymal transition (EMT) (20). Inhibition of
ERK phosphorylation can block the expression of NOX4 (21)
and EMT is considered an important factor of anoikis
resistance (7). Collectively, it was hypothesized that FOXA2
could inhibit NOX4 expression, thereby attenuating the
anoikis resistance of LUAD cells, and that ABCA8 might
play a role in this process.

Materials and methods

Attachment culture. Human lung epithelial adenocarcinoma
cell line A549 (cat. no. GDCO0063) and human lung epithelial
normal cell line BEAS-2B (cat. no. GDC0139) were provided
by The China Center For Type Culture Collection. All cells
were subjected to short tandem repeat analysis and tested
negative for Mycoplasma. BEAS-2B cells were cultured
in keratinocyte-SFM (cat. no. 17005; Invitrogen; Thermo
Fisher Scientific, Inc.) with supplements [30 xg/ml bovine
pituitary extract (cat. no. abs9119; Absin Bioscience, Inc.)
and 0.2 ng/ml rat epidermal growth factor (cat. no. CYT-556;
Ameijie Technology Co., Ltd.)]. A549 cells were maintained in
RPMI-1640 medium (cat.no. PM150110; Procell Biotechnology
Co., Ltd.) containing 10% FBS (cat. no. C0234; Beyotime
Biotechnology), 100 U/ml penicillin and 0.1 mg/ml strepto-
mycin (cat. no. 15140122; Gibco; Thermo Fisher Scientific,
Inc.). Cell culture was performed in a moist incubator at 37°C
with 5% CO,.

Suspension culture. Cell culture plates [60 mm;
cat. no. CCDO6N-060; Belamb Biotechnology (Hangzhou)
Co.,Ltd.] were coated with 250 pl poly-2-hydroxyethylmethac-
rylate (poly-HEMA; 50 mg/ml in 95% ethanol; cat. no. P3932;
Sigma-Aldrich, Merck KGaA) and dried in a laminar flow
hood at room temperature overnight. A549 and BEAS-2B
cells were trypsinized into single cell suspensions and 8x10°
cells were plated on poly-HEMA-coated dishes. After 24 h,
the cells were collected by centrifugation at 300 x g for 5 min
at room temperature and processed for cell viability, flow
cytometry and protein analyses (22).

Transfection. ABCA8/NOX4/FOXA?2 was inserted into
the plasmid cytomegalovirus (pCM)-V6-Entry vector
(cat. no. PS100001; OriGene Technologies, Inc.) after
amplification to construct ABCA8/NOX4/FOXA?2 overex-
pression (oe-) plasmids (oe-ABCA8/0oe-NOX4/oe-FOXA?2)
and the empty vector served as the negative control (NC).
In addition, short hairpin RNA (shRNA) targeting ABCAS
(sh-ABCAS; cat. no. C02001; 5'-AAGTCAAATAGT
TAAAGCAAATT-3") and shRNA targeting NC (sh-NC,
5'"TTCTCCGAACGTGTCACGT-3'") were purchased from
Shanghai GenePharma Co., Ltd. These shRNA constructs
were cloned into the pGPUG6 vector backbone. The pGPU6
vector contains a U6 promoter for shRNA expression and a
neomycin resistance gene for selection in mammalian cells.
The plasmid sequence is listed in Supplementary Data 1.
Following the manufacturer's instructions of Lipo6000™
transfection reagent (Lipo6000; cat. no. C052; Beyotime
Biotechnology), 3x10° A549 cells were seeded in a 96-well
plate (Biovision, Inc.). Simultaneously, Lipo6000 (0.2 ul)
was diluted with 5 ypl DMEM (cat. no. PM150210; Procell
Biotechnology Co., Ltd.) without serum. A total of 100 ng
oe-ABCAS8/0e-NOX4/oe-FOXA?2 or sh-ABCA8/sh-NC was
diluted with 5 ul serum-free DMEM (1:1 ratio). After 20 min,
Lipo6000 and oe-ABCAS8/0e-NOX4/oe-FOXA2 and/or
sh-ABCAS8/sh-NC was introduced to the A549 cell culture
medium for co-culture at 37°C for 6 h. Subsequently, the
whole culture medium was replaced with a fresh complete
medium for additional 24 h of culture. Transfection efficiency
was detected through reverse transcription quantitative PCR
(RT-gPCR) and western blotting.

Cell grouping and treatment. First, A549 and BEAS-2B cells
were divided into attachment (Att) and suspension (Sus) groups
and received attachment or suspension culture as aforemen-
tioned. Second, A549 cells were assigned to Control (without
treatment), oe-NC (transfected with oe-NC) or oe-ABCAS8
(transfected with oe-ABCAS) groups. Third, A549 cells were
distributed to Control, oe-NC and oe-NOX4 groups to validate
the transfection efficiency. Fourth, A549 cell suspension was
assigned to oe-NC, oe-NOX4, oe-ABCAS8 and oe-NOX4 +
oe-ABCAS groups, where transfection with NC, oe-NOX4,
0e-ABCAS8 and oe-NOX4 + oe-ABCAS8 was performed.
Fifth, A549 cells were divided to Control, oe-NC (transfected
with oe-NC) and oe-FOXA?2 (transfected with oe-FOXA?2)
groups. Sixth, A549 cells were distributed into Control, sh-NC
(transfected with sh-NC) and sh-ABCAS (transfected with
ABCAS) groups. Seventh, A549 cell suspension was divided
into Control (no treatment), sh-ABCAS, oe-FOXA?2 and
sh-ABCAS8 + oe-FOXA?2 groups and cells in the last 3 groups
were separately transfected with sh-ABCAS, oe-FOXA?2 and
sh-ABCAS8 + oe-FOXA2.

Bioinformatics analysis. Prediction of FOXA2 and ABCAS8
expressions in LUAD based on the sample types (normal n=59;
primary tumor n=515) was achieved by searching the The
University of Alabama at Birmingham Cancer data analysis
portal (UALCAN) (23). P<0.05 was considered statistically
significant. GEPIA (http://gepia.cancer-pku.cn/; version 2.0)
was used for predicting the association between ABCAS8 and
NOX4 or between ABCAS8 and FOXA2 in LUAD. In addition,
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FOXA2 was identified as an upstream binding transcrip-
tion factor of ABCAS from the hTFtarget database (guolab.
wchscu.cn/hTFtarget/#!/; version 1.0) (24). Subsequently, the
University of California Santa Cruz (http:/genome.ucsc.edu/;
version 1.0) and JASPAR database (https:/jaspar.genereg.net/;
2024 update) were employed to obtain the predicted binding
sites of FOXA2 in the ABCAS8 promoter region. Default
parameters were used for transcription factor binding site
prediction in JASPAR, with a relative profile score threshold
of >80% for high-confidence predictions.

Chromatin immunoprecipitation (ChIP) assay. Enrichment
of FOXA2 in ABCAS8 promoter region was evaluated
with ChIP kit (cat. no. P2078; Beyotime Biotechnology).
After fixation in formaldehyde (1%; cat. no. BTN160220;
Beijing Bio-Lab Technology Co., Ltd.) at 37°C for ~10 min,
the A549 cells were treated with glycine (125 mM;
cat. no. HY-Y0966; MedChemExpress) and lysed in 1 mM
PMSF (cat. no. 10837091001; Sigma-Aldrich; Merck KGaA)
added with SDS lysis buffer (cat. no. PO013G; Beyotime
Biotechnology). To obtain the genome at the size of
200-1,000 bp, the lysate was sonicated on ice (10 sec pulse
and 50 sec break, six times; 20% amplitude). A total of 20 ml
sonicated lysate was taken as input for subsequent testing
and 2 ml sonicated lysate was centrifuged at 10,000 x g
(5 min; 4°C) with 70 ml Protein A + G Agarose/Salmon
Sperm DNA. The supernatant was removed for measure-
ment. Next, ChIP dilution buffer containing 1 mM PMSF
was prepared and added to dilute the sonically processed
lysate. The cross-linked chromatin lysates were incubated
with FOXA2 antibody (1:5; cat. no. ab256493; Abcam) and
HRP-goat anti-rabbit IgG (H+L; 1:500; cat. no. ab205718;
Abcam) at 4°C overnight. A total of 60 ul Protein A + G
Agarose/Salmon Sperm DNA was added and slowly mixed
for 1 h to precipitate the primary antibody-recognized
protein or corresponding complex. The mixture was then
centrifuged again as before and was washed with the
following buffers: Low-salt immune complex washing
buffer (x1); high-salt immune complex washing buffer (x1);
LiCl immune complex washing buffer (x1); Tris-EDTA
buffer (x2). Endogenous DNA-protein compounds were
precipitated by protein agarose/agarose and de-crosslinked
overnight at 65°C. Finally, DNA components were extracted
by the standard phenol-chloroform method (25). RT-qPCR
was performed to detect the enrichment of FOXA?2 in the
promoter region of ABCAS. The primer sequences were as
follows: Forward (5'-GCTTTCTATGTCCACCGCCT-3");
and reverse (5'-AGCCCATCCAGCATTCAACA-3"). The
results were analyzed with Image J software (version 1.53;
National Institutes of Health).

Dual-luciferase reporter assay. Wild-type (WT-pcDNA-
FOXA?2) and mutant FOXA2 (MUT-pcDNA-FOXA?2)
were cloned into the pGL3-basic plasmid (E1751; Promega
Corporation) to construct the luciferase reporter vectors,
with the empty pGL3-Basic plasmids (WT/MUT-Empty
vector) serving as the NC. The Renilla luciferase reporter
vector pRL-SV40 (cat. no. E2231; Promega Corporation)
were regarded as an internal control. The recombinant plas-
mids were co-transfected into A549 cells for 36 h. Then, the
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cells were lysed in 100 pl passive lysis buffer (cat. no. E1941;
Promega Corporation). Luciferase activity in cell lysates was
detected with a Dual Luciferase® Reporter Assay System
(cat. no. E1910; Promega Corporation) (26).

RT-gPCR. Total RNA from BEAS-2B/A549 cells were
extracted with NucleoSpin® RNA Plus kit (cat. no. 740984.50;
Machery-Nagel GmbH). To determine the quantity of the
isolated RNA, a NanoDrop™ 2000 spectrophotometer
(cat. no. ND-2000; Thermo Fisher Scientific, Inc.) was
employed. RT and amplification of the RNAs were performed
utilizing the One-Step RT-qPCR Kit (cat. no. P4305; Beijing
Genenode Biotech Co., Ltd), according to the manufacturer's
instructions. The reaction was performed on a CFX384 Touch
PCR detection system (cat. no. 1855195; Bio-Rad Laboratories,
Inc.) under the following conditions: 42°C for 30 min, 94°C
for 2 min, followed by 40 cycles of 94°C for 20 sec, 60°C for
20 sec, and 72°C for 20 sec. The expression level was calcu-
lated using 2224 method (27) with GAPDH as the internal
reference. The relative primers are listed in Table I.

Confocal microscopy imaging. A549 cell suspension was
prepared, dripped onto a microslide and covered with a cover-
slip. Confocal microscopy imaging was performed on a Zeiss
LSM 510 laser scanning microscope (magnification, x100;
Zeiss GmbH).

MTT assay. A549 cells in suspension culture were seeded into
96-well plate at a density of 3x10°/well and were incubated
at 37°C for 24 h. The culture medium was then discarded and
the cells were incubated with 20 1l MTT reagent (5.0 mg/ml;
cat.no. ab211091, Abcam) for 4 h at 37°C. The medium solution
was removed. Next, 100 1 DMSO (cat. no. ST038; Beyotime
Biotechnology Co., Ltd.) was added to the wells. A microplate
reader (cat. no. 1681130; Bio-Rad Laboratories, Inc.) was
exploited to evaluate absorbance at 590 nm (28).

Flow cytometry. A549 apoptosis in suspension culture was
monitored using the Annexin V-FITC/PI Apoptosis Detection
Kit (cat. no. 40302ES50; Shanghai Yeasen Biotechnology
Co., Ltd.). Following the instructions of the kit, A549 cells
were centrifuged at 300 x g for ~5 min (at 4°C) and the cell
culture medium was removed. Cells were washed with PBS
and counted. Subsequently, 100 xl binding buffer was added
to the wells, followed by addition of 5 #l Annexin V-FITC and
10 gl PI staining solution. The cells were then cultured in an
incubator at 25°C for 10 min (in the dark). Next, 400 ul binding
buffer was added to the cells, which were then placed in an
ice bath. The results were assessed using a FACSCalibur flow
cytometer (BD Biosciences) with FlowJo software (version 10;
FlowJo, LLC).

Western blotting. With lysis buffer (cat. no. 20118ES60;
Shanghai Yeasen Biotechnology Co., Ltd.), the protein
was isolated from A549 cells. Then, the extracted lysates
underwent 5 min centrifugation (1,000 x g) at 4°C and the
supernatant was obtained for following detection. A BCA
assay kit (cat. no. 23225; Thermo Fisher Scientific, Inc.)
was exploited to determine the protein concentration. Then,
SDS-PAGE gel electrophoresis (8-12%; cat. no. M00659;
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Table I. Primers for reverse transcription-quantitative PCR.

Gene Forward primer, 5'->3' Reverse primer (5'-3")
FOXA2 CATGCACTCGGCTTCCAGTA GCGAGATGTACGAGTAGGGC
ABCAS GTGTCAACAAACTTGGGCCTT CAGGCCGGTGAGGAAAGATT
NOX4 CAGTCTTTGACCCTCGGTCC TGATCCTCGGAGGTAAGCCA
GAPDH GACAGTCAGCCGCATCTTCT GCGCCCAATACGACCAAATC

FOXAZ2, forkhead box protein A2; ABCA8, ATP-binding cassette subfamily A member 8; NOX4, nicotinamide adenine dinucleotide phosphate

oxidase 4.
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Figure 1. FOXA?2 and ABCAS expression levels are downregulated in LUAD. (A) The University of Alabama at Birmingham Cancer data analysis portal was
used to predict FOXA2 (P=8.250x10?) and (B) ABCAS8 (P=1.624x10"2) expression levels in LUAD based on the sample types (normal n=59; primary tumor
n=515). FOX A2, forkhead box protein A2; ABCAS, ATP binding cassette subfamily A member 8; LUAD, lung adenocarcinoma; TCGA, The Cancer Genome

Atlas.

GenScript Biotech Corporation) was applied for elec-
trophoresis of equal amount of protein (30 pg/lane),
which was immediately loaded onto PDVF membranes
(cat. no. MSPVDFO022BX, Membrane Solutions). Next, the
membranes were blocked (10 min) with 10% blocking buffer
(cat.no. YT067; Beijing Biolab Technology Co., Ltd.) at room
temperature and probed with primary antibodies for NOX4
(cat. no. ab154244; 67 kDa; 1:500; Abcam), cleaved-caspase3
(cat. no. ab32042; 17 kDa; 1:500; Abcam), cleaved caspase-8
(cat. no. 9496; 1:1,000; 25 kDa; Cell Signaling Technology,
Inc.), caspase3 (cat. no. ab32351; 31 kDa; 1:5,000; Abcam),
caspase8 (cat. no. ab25901; 55 kDa; 1 pg/ml; Abcam), ABCAS
(cat. no. ab230896; 179 kDa; 1:1,000; Abcam) and GAPDH
(cat. no. 5174; 37 kDa; 1:1,000; Cell Signaling Technology,
Inc.) at 4°C overnight. Subsequently, the membranes were
exposed to HRP-secondary antibody goat anti-rabbit IgG
H&L (cat. no. ab6721; 1:2,000; Abcam) for 1 h at room
temperature. The membranes with proteins were then visual-
ized using ECL Plus (cat. no. WBKIS0100; MilliporeSigma;
Merck KGaA) and exposed using the Kodak In-Vivo Imaging
System FX Pro (Kodak). The results were analyzed with a
semi-quantification software (Image J; version 1.53; National
Institutes of Health) and GAPDH served as the internal
reference.

Statistical analysis. All measurement data are presented
as mean = SD. Comparisons between two groups were
performed by independent sample t-tests, while compari-
sons among multiple groups were made through ANOVA
tests. The normality of data distribution was verified using
the Shapiro-Wilk test and the homogeneity of variances
was assessed with the Brown-Forsythe test. Statistical
analyses were achieved using GraphPad software (version 8.0;
Dotmatics) and P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

FOXA2 and ABCAS expression levels are downregulated in
LUAD. Given that ABCAS expression is downregulated in
NSCLC (13), a series of experiments were conducted to reveal
its associated pathways in LUAD mechanisms. Through
retrieval and assessment of the UALCAN website, expres-
sion levels of FOXA2 and ABCAS8 in LUAD were predicted
based on sample type (normal n=59; primary tumor n=515).
FOXAZ2 expression was decreased in LUAD tumor tissues,
compared with normal tissues (P=8.250x10"; Fig. 1A) and
this was also true for ABCAS8 expression in LUAD tumor
tissues (P=1.624x10"%; Fig. 1B). These findings indicated that
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Figure 2. ABCAS overexpression reduces anoikis resistance in A549 cells by inhibiting NOX4 expression. BEAS-2B cells, A549 cells, H1299 cells and
H1975 cells were divided into Att and Sus groups and received attachment culture or suspension culture. RT-qPCR was conducted to detect mRNA levels of
(A) FOXAZ2 and (B) ABCAS8 in BEAS-2B cells, A549 cells, H1299 cells and H1975 cells undergoing attachment culture, with GAPDH serving as the internal
reference. Relative mRNA levels of (C) FOXA2, (D) ABCAS8 and (E) NOX4 in A549 cells, relative mRNA levels of (F) FOXA2, (G) ABCAS8 and (H) NOX4
in H1299 cells and relative mRNA levels of (I) FOXA2, (J) ABCAS8 and (K) NOX4 in H1975 cells were measured (in both Att and Sus culture) by RT-qPCR,
with GAPDH serving as the internal reference. (L) A549 cells were assigned into Control (without treatment), oe-NC (transfected with oe-NC) and oe-ABCA8
(transfected with oe-ABCAS8) groups. The mRNA expression of ABCAS8 was determined using RT-qPCR, with GAPDH serving as the internal reference.
(M) Gene Expression Profiling Interactive Analysis was used for prediction of the association between ABCAS8 and NOX4 (P=0.014; R=-0.11). (N) The
protein expression of NOX4 was determined using western blotting, with GAPDH serving as the internal reference. (O) A549 cells were divided into Control
(without treatment), oe-NC (transfected with oe-NC) and oe-NOX4 (transfected with oe-NOX4) groups. The mRNA expression of NOX4 was measured using
RT-qPCR, with GAPDH serving as the internal reference. Data are presented as the mean + SD (n=3). There were three biological replicates in each experi-
mental group. “P<0.01 and “"P<0.001. FOX A2, forkhead box protein A2; ABCA8, ATP binding cassette subfamily A member 8; NOX4, nicotinamide adenine
dinucleotide phosphate oxidase 4; Att, attachment; Sus, suspension; oe, overexpression; NC, negative control; RT-qPCR, reverse transcription-quantitative
PCR; TPM, transcripts per million.

both FOXA2 and ABCAS expression levels were decreased  presented levels of FOXA2 and ABCAS8 decreased by ~50%

in LUAD.

ABCAS and FOXA?2 expression levels are decreased in A549
cells, HI299 cells and HI1975 cells and NOX4 is negatively
associated with ABCAS. Anoikis resistance has been estab-
lished as a key process of cancer cell metastasis in LUAD (29).
NOX4 can mediate anoikis resistance in lung cancer cells (7).
Considering the existing results and the established down-
regulation of ABCA8 and FOXA?2 in LUAD, the association
between ABCA8 and NOX4 in the anoikis resistance of LUAD
was determined. Suspension culture was carried out for A549
cells, H1299 cells, H1975 cells and BEAS-2B cells to induce
the anoikis resistance, with an attachment culture serving as
the control. Subsequently, RT-qPCR was conducted to detect
the mRNA expression of FOXA2 and ABCAS in A549 cells
and BEAS-2B cells undergoing attachment culture. Compared
with BEAS-2B cells, A549 cells, H1299 cells and H1975 cells

(P<0.001; Fig. 2A and B). Then, mRNA levels of FOXA?2,
ABCAS8 and NOX4 in A549 cells, H1299 cells and H1975
cells experiencing attachment and suspension culture were
measured. The results revealed that ABCA8 and FOXA2
levels in A549 cells, H1299 cells and H1975 cells were lower
in suspension culture compared with attachment culture
(P=0.0007, P=0.0003, P=0.005, P=0.0004, P=0.001 and
P=0.0008; Fig. 2C, D, F, G, I and J). Conversely, A549 cells,
H1299 cells and H1975 cells in suspension culture exhibited
higher NOX4 mRNA level compared with those in attachment
culture (P=0.0011, P=0.0011 and P=0.0013; Fig. 2E, H and K).
Subsequently, RT-qPCR data reflected that oe-ABCAS signifi-
cantly increased ABCAS expression by 1-fold in A549 cells
(P=0.0002; Fig. 2L), which demonstrated successful transfec-
tion. Before experiments, a negative correlation was predicted
between ABCAS8 and NOX4 in GEPIA (P=0.014; R=-0.11;
Fig. 2M), which was further determined by western blotting
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Figure 3. Effects of NOX4 or ABCAS8 overexpression on cell viability, apoptosis rate and apoptosis-associated protein levels. (A) A549 cells in suspension
culture were assigned to oe-NC, oe-NOX4, oe-ABCAS (treated as before) and oe-NOX4 + oe-ABCAS (transfected with oe-NOX4 and oe-ABCAS) groups.
Confocal microscopy images were obtained from a microscope (magnification, x100; scale bar, 100 xm). (B) Viability of A549 cells (suspension culture) was
monitored by MTT assay. (C) Flow cytometry was employed to determine and (D) quantify the apoptosis in A549 cells (suspension culture). (E) Western
blotting measured (F) cleaved-caspase3, caspase3, (G) cleaved-caspase8, caspase8 and (H) NOX4 protein expressions in A549 cell suspension, with GAPDH
serving as the internal reference. Data are presented as the mean + SD (n=3). There were three biological replicates in each experimental group. "P<0.05,

ok

“P<0.01 and *"P<0.001. ABCA8, ATP binding cassette subfamily A member 8; NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4; oe-, overex-

pression; NC, negative control.

results. Furthermore, oe-ABCAS8 decreased NOX4 protein
expression by ~70% (P=0.0001; Fig. 2N). Collectively, it was
concluded that FOXA?2 and ABCAS levels were downregu-
lated in A549 cells and a further reduction could be induced
in A549 cells under suspension suspension; correspondingly,
NOX4 expression was upregulated and exhibited a negative
correlation with ABCAS level.

Oe-ABCAS8 mitigated anoikis resistance in A549 cells
by inhibiting NOX4 expression. Subsequently, oe-NOX4
plasmid was transfected into A549 cell to ascertain the
negative association between ABCA8 and NOX4. From the
RT-qPCR results, it was noted that oe-NOX4 successfully
increased the NOX4 mRNA level in A549 cells (P=0.0002;
Fig. 20). Then, confocal microscopy images substantiated
that oe-NOX4 promoted the aggregation of A549 cells,
which was reversed by oe-ABCAS (Fig. 3A). In addition,
MTT assay results indicated that oe-ABCAS attenuated

the stimulatory effect of NOX4 on A549 cell viability by
~20% (P=0.002; Fig. 3B). According to the outcomes of flow
cytometry, it was observed that oe-NOX4 reduced apoptosis
rate of A549 cells by ~63% (P<0.0001; Fig. 3C and D),
which was offset by oe-ABCAS8 (P<0.0001; Fig. 3C and D).
In addition, the expressions of cleaved-caspase3 and
cleaved-caspase8, established apoptosis-associated
proteins (30), as well as NOX4 expression were determined
using western blotting. The relative protein expression of
cleaved-caspase3 and cleaved-caspase8 in A549 cells was
reduced by ~50% after transfection of oe-NOX4 (P=0.0028
and P<0.0001; Fig. 3E-G), whereas oe-ABCAS8 reversed
this inhibitory effect of oe-NOX4 (P=0.0028 and P<0.0001;
Fig. 3E-G). NOX4 expression in A549 cells was upregulated
by oe-NOX4, yet downregulated by oe-ABCAS8 (P=0.0018
and P=0.0018; Fig. 3E-H). Overall, oe-NOX4 strengthened
anoikis resistance in LUAD (A549) cells, which was coun-
teracted by oe-ABCAS.
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Figure 4. FOXA?2 alleviates anoikis resistance of A549 cells through promoting the expression of ABCAS8. (A) A549 cells were distributed into Control
(without treatment), oe-NC and oe-FOXA?2 (transfected with oe-FOXA?2) groups. The mRNA expression of FOXA2 was detected by RT-qPCR, with
GAPDH serving as the internal reference. (B) Gene Expression Profiling Interactive Analysis was used to predict the association between ABCAS8 and
FOXA2 (P=5.6x107; R=0.23). (C) ABCAS protein expression in A549 cells was determined using western blotting, with GAPDH serving as the internal
reference. (D) JASPAR was utilized to obtain the predicted binding sites of FOXA2 in ABCAS8 promoter region. (E) Relative enrichment of FOXA?2 in the
promoter region of ABCAS8 was evaluated using a chromatin immunoprecipitation assay. (F) Dual-luciferase reporter assay was performed to validate the
binding of FOXA2 and ABCAS. (G) A549 cells (suspension culture) were divided into Control (without treatment), sh-NC (transfected with sh-NC) and
sh-ABCABS (transfected with sh-ABCAS) groups. The mRNA expression of ABCAS8 was measured using RT-qPCR, with GAPDH serving as the internal
reference. (H) A549 cells were assigned to Control (without treatment), sh-ABCAS (transfected with sh-ABCAS8), oe-FOXAZ2 (treated as before) and
0e-FOXA?2 + sh-ABCABS (transfected with oe-FOXA?2 and sh-ABCAS) groups. Confocal microscopy images were obtained from a microscope (magni-
fication, x100; scale bar, 100 pm). (I) Viability of A549 cells (suspension culture) was monitored using an MTT assay. “P<0.01 and “"P<0.001. FOXA2,
forkhead box protein A2; ABCAS8, ATP binding cassette subfamily A member 8; sh-, short hairpin; NC, negative control; oe-, overexpression; RT-qPCR;
reverse transcription-quantitative PCR.

FOXA?2 alleviates anoikis resistance of A549 cells through  to ABCAS8 (Fig. 4D). ChIP and dual-luciferase reporter assays

promoting the expression of ABCAS. FOXA?2 was considered
as the upstream transcription factor of ABCAS after analysis
and experimental validation of their association. Transfection
efficiency of oe-FOXA2 was examined by RT-qPCR and
the data revealed FOXA2 mRNA level was increased 1-fold
by oe-FOXA2 (P=0.0003; Fig. 4A). By searching GEPIA, it
was determined that ABCAS8 was positively correlated with
FOXA?2 (P=5.6x107; R=0.23, Fig. 4B). Western blotting was
used for determination of ABCAS expression in A549 cells
and the results elucidated that relative protein expression of
ABCAS8 was significantly increased by 0.8-fold after trans-
fection with oe-FOXA?2 (P=0.0013, Fig. 4C). Furthermore,
JASPAR was employed to predict the binding sites of FOXA2

were conducted to test the binding of FOXA?2 and ABCAS.
It was observed that FOXA?2 was enriched in the promoter
of ABCAS8 (P<0.0001; Fig. 4E). In addition, the outcomes of
dual-luciferase reporter assay revealed that relative luciferase
activity was ~3-fold higher in WT-pcDNA-FOXA2 compared
with that of the WT-empty vector (P=0.0004; Fig. 4F), while
no significant difference was found in MUT groups (Fig. 4F).
Sh-ABCAS8 reduced ABCAS expression in A549 cells by
~50% (P=0.0003; Fig. 4G), indicating successful transfection.
The aggregation of A549 cells was promoted after transfec-
tion of sh-ABCAS8, whereas oe-FOXA?2 weakened the effect of
sh-ABCARS (Fig. 4H). In addition, oe-FOXA?2 counteracted the
promoting role of sh-ABCAS in A549 cell viability (P=0.0023;
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Figure 5. Effect of knocking down ABCAS or overexpressing FOXA?2 on the apoptosis rate and the expression of apoptosis-associated proteins. (A) Flow cytom-
etry was employed to monitor and (B) quantify apoptosis in A549 cells (suspension culture). (C) Western blotting was used to measure (D) cleaved-caspase3,
caspase3, (E) cleaved-caspase8, caspase8 and (F) NOX4 protein expression levels in A549 cells (suspension culture), with GAPDH serving as the internal
reference. Data are presented as the mean + SD (n=3). There were three biological replicates in each experimental group. “P<0.05, “P<0.01 and "“P<0.001.
FOXAZ2, forkhead box protein A2; ABCAS, ATP binding cassette subfamily A member 8; NOX4, nicotinamide adenine dinucleotide phosphate oxidase 4; sh-,

short hairpin; NC, negative control; oe-, overexpression.

Lung adenocarcinoma

Anoikis-resistance

Figure 6. Schematic model of the FOXA2/ABCA8/NOX4 axis in regulating
anoikis. FOXA?2, forkhead box protein A2; ABCAS, ATP binding cassette
subfamily A member 8; NOX4, nicotinamide adenine dinucleotide phosphate
oxidase 4.

Fig. 4I). Flow cytometry data indicated that the apoptosis rate
was decreased after transfection with sh-ABCAS8 (P<0.0001;
Fig. 5A and B), which was reversed by oe-FOXA2 (P<0.0001;
Fig. 5A and B). Western blotting results further illustrated that
sh-ABCAS inhibited cleaved-caspase3 and cleaved-caspase8
protein expressions and promoted NOX4 expression (P=0.0029,
P=0.0116 and P=0.0025; Fig. 5C-F), which was offset by
oe-FOXA2 (P=0.0035, P<0.0001 and P=0.0026; Fig. 5C-F).
Overall, these results indicated that FOXA2 promoted anoikis
of A549 cells by upregulating the expression of ABCAS.
Collectively, these findings support a model whereby FOXA2
upregulates ABCAS, which suppresses NOX4 and alleviates
anoikis resistance (Fig. 6).

Discussion

ABCAS belongs to the ABC transporter protein super-
family, whose downregulation is associated with poor
prognosis, tumorigenesis and metastasis (20). In previous
years, more attention has been paid to the marked effect
of ABCAS on certain cancer types. ABCAS is regarded
as a prognostic biomarker for gastric adenocarcinoma,
exhibiting relation to immune infiltration, especially in M2
macrophages (9). ABCAS8 overexpression inhibits breast
cancer cell proliferation by regulating the AMPK/mTOR
signaling pathway (31). ABCAS8 is lowly expressed in
LUAD and associated with overall survival of patients
with LUAD (14); further, ABCAS8 suppresses the prolifera-
tion of LUAD cells (5). Based on bioinformatic analysis,
FOXA2 was identified as an upstream transcription factor
of ABCAS. FOXA?2 deficiency is frequently observed
in NSCLC, the main mechanism of which is epigenetic
silencing through promoter hypermethylation (32). FOXA2
also acts as a tumor suppressor of lung cancer metastasis by
inhibiting Slug gene expression and the EMT process (33).
However, the specific role of FOXA?2 as a transcription
factor in LUAD remains to be eluidates. In the present
study, ABCA8 and FOXA2 mRNA levels were significantly
reduced in patients with LUAD and in A549 cells. Normal
epithelial cells are sensitive to anoikis, whereas cancer cells
are usually resistant to anoikis (34). To compare anoikis
sensitivity, immortalized normal bronchial epithelial cells
(BEAS-2B) and lung cancer cells (A549) were used.
Anoikis, a type of programmed cell death triggered by
cell detachment from the extracellular matrix, is an important
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defense against the colonization of distant organs (7). Both
anchorage-dependent growth and EMT are associated with
anoikis resistance and are important steps in cancer progres-
sion and metastatic colonization (35). An increasing number
of studies on mechanisms related to anoikis resistance have
attracted attention. For example, nuclear MYH9 overexpres-
sion promotes CTNNBI expression and enhance anoikis
resistance in gastric cancer (36). Glutamate dehydrogenase
1-mediated reprogramming of glutaminolysis enhances
anoikis resistance in LKBI-deficient lung cancer and
promotes tumor metastasis (19). Yet, additional information
is still needed regarding the genes and pathways that mitigate
anoikis resistance in LUAD. As aforementioned, NOX4 is a
reactive oxygen species-generating enzyme and silencing of
NOX4 attenuated Src expression and enhanced anoikis in lung
cancer cells (7). TGF-p mediates the EMT process through
the NOX4 signaling pathway, thus promoting lung cancer
metastasis (37). The present study analyzed and obtained a
negative correlation between ABCAS8 and NOX4 in LUAD
and accordingly speculated and determined in vitro that
ABCAS overexpression could reduce anoikis resistance in
LUAD by inhibiting NOX4 expression. Suspension culture of
AS549 cells has been utilized to induce anoikis, as this method
blocks cell adhesion to the extracellular matrix (38). The
present results showed that NOX4 expression was elevated
in suspended A549 cells and was reduced in A549 cells after
oe-ABCAS transfection. Concurrently, oe-ABCAS reversed
the effects of 0e-NOX4 on enhancing cell aggregation,
promoting cell viability, dampening apoptosis, decreasing
cleaved-caspase3 level and promoting NOX4 expression in
suspended A549 cells. This evidence suggested that ABCAS
can negatively regulate NOX4 to ameliorate anoikis resis-
tance in LUAD cells. Suspended cells that form multicellular
aggregates exhibit a stronger anoikis resistance than single
cells (39). In the present study, the degree of cell aggregation
served as one of the indicators to measure anoikis resistance.

Since FOX A2 has been identified as an upstream transcrip-
tion factor of ABCABS, their association was further determined.
ChIP assay results suggested that FOXA?2 was enriched in the
ABCAS promoter region. The dual-luciferase reporter assay
data showed that FOXA2 bound to the promoter region of
ABCAS. In addition, FOXA?2 was positively correlated with
ABCAS8 in LUAD according to GEPIA analysis outcomes and
western blotting results demonstrated that oe-FOXA2 promoted
ABCAS protein expression. This indicated that FOXA2 can
positively regulate ABCAS. Reportedly, oe-FOXA2 can reduce
the ERK phosphorylation level, which in turn inhibits NOX4
expression (15). The present experimental data determined that
0e-FOXA?2 abrogated sh-ABCAS8-induced enhancement of cell
aggregation, activation of cell vitality, reduction of apoptosis
rate, downregulation of cleaved caspase3 and upregulation of
NOX4 in suspension cultured A549 cells.

However, the present study exhibits a number of limita-
tions. First, the present study primarily used cell culture
models to investigate the roles of FOXA2 and ABCAS in
tumor resistance, which may not fully replicate the complexity
of the in vivo tumor microenvironment, systemic drug
responses or the full metastatic cascade in vivo. Future studies
employing in vivo metastasis models, such as tail vein injec-
tion or orthotopic implantation, will be important in validating
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the functional importance of this axis in suppressing lung
colonization and distant metastasis within a complex physi-
ological microenvironment. Furthermore, while the present
study established ABCAS8 as a key downstream effector that
suppresses NOX4, the precise molecular mechanism by which
this transporter protein regulates NOX4 expression potentially
through intermediary signals (including ROS) or kinases
(such as ERK) remains to be determined and is an important
focus for future investigations. Finally, despite the established
alterations in expressions of FOXA2, ABCAS8 and NOX4 in
a number of LUAD cell lines (H1299 and H1975), in-depth
mechanistic studies remain predominantly confined to the
A549 model. Future research needs to further demonstrate the
regulatory network of this pathway in more models.

In conclusion, the present findings established a novel
mechanistic association whereby FOXA2-driven ABCAS
transcription sensitizes cancer cells to anoikis by inhibiting
NOX4 signaling, thereby inhibiting metastatic dissemina-
tion. The findings provide a novel therapeutic avenue for
targeting tumor metastasis in LUAD. In therapeutic appli-
cations, restoring FOXA2/ABCAS function or directly
inhibiting NOX4 activity could be combined with existing
immunotherapies to overcome drug resistance and suppress
metastasis. In clinical translation, low expression levels of
FOXA2 and ABCAS8 may serve as prognostic biomarkers for
identifying high-risk patients with metastatic lung cancer.
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