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ABSTRACT

Cisplatin resistance is a major therapeutic challenge in non-small cell lung cancer (NSCLC). Herein, the
regulatory role of long non-coding RNA (IncRNA) ITGB2-AS1 in regulating NSCLC cisplatin resistance was
investigated. NSCLC cisplatin resistance cells were constructed using A549 and H1975 cells. Cell viability
and proliferation were detected by MTT assay and colony formation assay, respectively. Cell apoptosis
and cell cycle were examined by flow cytometry. GSH, MDA, ROS, and Fe?* levels were measured by the
corresponding kits. The expressions of ferroptosis-negative regulation genes (GPX4 and SLC7A11) were
determined by qRT-PCR and western blot. Molecular interactions were analyzed by RNA pull-down, RIP,
ChlIP, and dual-luciferase reporter assays. The effects of ITGB2-AS1 silencing on NSCLC cisplatin resistance
in vivo were elevated by the tumor xenograft experiment. ITGB2-AS1 expression was increased in NSCLC
patients and cisplatin-resistant NSCLC cells, which was positively correlated with ferroptosis-negative
regulation genes. ITGB2-AS1 knockdown suppressed resistant cell proliferation and promoted cell
apoptosis and ferroptosis. ITGB2-AS1 increased NAMPT expression by binding to FOSL2, thereby repres-
sing p53 expression. The ITGB2-AS1 knockdown also inhibited NSCLC cisplatin resistance in vivo. ITGB2-
AS1 promoted NSCLC cisplatin resistance by inhibiting p53-mediated ferroptosis via activating the
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Introduction

Lung cancer is one of the deadliest cancer types in the world'.
NSCLC accounts for ~ 85% of lung cancer cases”. Lung ade-
nocarcinoma (LUAD) is one of the most common subgroups
of NSCLC’. Cisplatin-based chemotherapy is the first-line
treatment for unresectable NSCLC*. However, most patients
with NSCLC will eventually die of recurrent and progressive
disease because of resistance to cisplatin®. Cisplatin resistance
in NSCLC is considered a multifactorial process, while the
specific mechanisms of cisplatin resistance in NSCLC are still
poorly understood.

Cell death is critical for preventing hyperproliferative dis-
eases, including cancer®. Ferroptosis is an iron-dependent
form of cell death characterized by the consumption of glu-
tathione (GSH) and the accumulation of reactive oxygen spe-
cies (ROS)’. The selenoenzyme glutathione peroxidase 4
(GPX4) is currently recognized as a central inhibitor of fer-
roptosis, and its activity depends on glutathione produced by
cystine-glutamate anti-transporter solute carrier family seven
member 11 (SLC7A11) activation, which are considered anti-
ferroptosis molecules®. As widely reported, ferroptosis is clo-
sely related to tumor growth and chemoresistance’. As proof,
ferroptosis induction could reduce cisplatin resistance in

gastric cancer®. It has been suggested that inducing ferroptosis
may be an ideal solution for overcoming cisplatin resistance in
NSCLC. However, the relationship between ferroptosis and
NSCLC cisplatin resistance has yet to be elucidated.

Long non-coding RNAs (LncRNAs) refer to RNA mole-
cules with transcripts longer than 200 nucleotides (nts)'°. As
well known, IncRNAs are involved in mediating NSCLC
progression''. For instance, IncRNA XIST knockdown inhib-
ited NSCLC progression''. LncRNA ITGB2-ASI is an onco-
gene in various malignant tumors'. However, the expression
and the role of IncRNA ITGB2-AS1 in NSCLC remain unclear.
Herein, it was predicted that IncRNA ITGB2-AS1 expression
was increased in LUAD using the GEPIA database, which
caught our attention. However, the function of IncRNA
ITGB2-AS1 in NSCLC cisplatin resistance is largely unknown.

FOS-like antigen 2 (FOSL2), a member of the activator
protein 1 transcription factor family, promotes malignant
behaviors of cancer cells'’. Notably, FOSL2 overexpression
promoted NSCLC cell proliferation, invasion, and
migration'?, suggesting FOSL2 was a risk factor facilitating
NSCLC progression. As reported, IncRNAs could regulate
the downstream targets by acting on transcription factors'.
In the current study, it was predicted that there was the

CONTACT Huiyong Chen @ wanrenp2018@sina.com @ Department of Thoracic Surgery, Yuebei People’s Hospital, Shantou University, No.133 Huimin South Road,

Wujiang District, Shaoguan 512026, People’s Republic of China; Renping Wan 8 chy03022021@163.com @

Department of Thoracic Surgery, Yuebei People’s

Hospital, Shantou University, No.133 Huimin South Road, Wujiang District, Shaoguan, Guangdong 512026, People’s Republic of China

#Huiyong Chen and Linhui Wang are co-first authors.

Supplemental data for this article can be accessed online at https://doi.org/10.1080/15384047.2023.2223377

© 2023 The Author(s). Published with license by Taylor & Francis Group, LLC.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (http://creativecommons.org/licenses/by-nc/4.0/), which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the

posting of the Accepted Manuscript in a repository by the author(s) or with their consent.


http://orcid.org/0000-0001-6246-7755
https://doi.org/10.1080/15384047.2023.2223377
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384047.2023.2223377&domain=pdf&date_stamp=2023-06-27

2 (&) H.CHENETAL

ITGB2-AS1/FOSL2/NAMPT regulatory network in NSCLC by
LncMAP, which remained to investigate. NAMPT is a key
rate-limiting enzyme in the synthesis of nicotinamide adenine
dinucleotide (NAD™), which can determine the level of NAD"
in metabolism to regulate cell metabolism and cell viability'°.
NAMPT is an important target for tumor therapy as its inhi-
bitors retarded the progression of human malignancies'’.
More importantly, NAMPT was significantly upregulated in
NSCLC tumor tissues, and its expression was inversely corre-
lated with the five-year survival of patients'®. Our study found
that ITGB2-AS1 could regulate NAMPT expression through
interacting with FOSL2 using LncMAP prediction.
Nevertheless, the role of ITGB2-AS1/FOSL2/NAMPT in reg-
ulating ferroptosis and cisplatin resistance during NSCLC
progression remains unclear, which deserves further study.

p53 inhibits cancer development by inducing cell cycle
arrest, senescence, and apoptosis'’. However, the relationship
between p53 and NSCLC cisplatin resistance remains
unknown. It has been reported that p53 acts as the down-
stream target of NAMPT in regulating various biological
processes”. Notably, recent studies have identified p53 could
regulate ferroptosis. p53 was first reported to sensitize cells to
ferroptosis through transcriptionally repressing the expression
of SLC7A11". In addition, p53 was reported to increase fer-
roptosis in cancer cells to inhibit radio resistance in cancer
cells®'. Therefore, we speculated that p53 was the downstream
molecule of the ITGB2-AS1/FOSL2/NAMPT axis in regulating
ferroptosis and cisplatin resistance in NSCLC.

Based on the above evidences, it was speculated that
IncRNA ITGB2-AS1 promoted NAMPT expression via bind-
ing to transcription factor FOSL2 to inhibit p53-mediated
ferroptosis, thereby facilitating cisplatin resistance in NSCLC,
which provided novel perspectives for NSCLC treatment in
patients with cisplatin resistance.

Materials and methods
Clinical samples collection

There were 25 NSCLC tissues and normal adjacent lung tissues
were collected from diagnosed NSCLC patients who received
surgical resection at Yuebei People’s Hospital, Shantou
University. All samples were stored at —80°C. All patients
were clearly diagnosed by pathology and had not receive radio-
therapy or chemotherapy before surgery. This study was
approved by the Ethics Committee of Yuebei People’s
Hospital, Shantou University Hospital, and all participants
signed informed consent.

Cell culture and induction of cisplatin resistance

Human normal lung epithelial cells (BEAS-2B cells), lung squa-
mous cell carcinoma cells (SK-MES-1, NCI-H520, and Calu-1
cells), lung adenocarcinoma (LUAD) cells (A549, H1975, and PC-
9 cells), and 293T cells were purchased from ATCC (VA, USA).
All cells were cultured in DMEM (Gibco, MD, USA) containing
10% FBS (Gibco) with 5% CO, at 37°C. A549/DDP and H1975/
DDP cells were constructed as previously described””. Cells were
treated with cisplatin for 2 d as a cycle. After completing three

cycles of stimulation with the same concentration of cisplatin, the
dose was increased from 2 pg/ml to 50 pg/ml.

Cell transfection and treatment

The short hairpin RNA of ITGB2-AS1 (sh-ITGB2-AS1), the
overexpression plasmid of FOSL2 (Oe-FOSL2), the short hair-
pin RNA of FOSL2 (sh-FOSL2), the overexpression plasmid of
NAMPT (Oe-NAMPT), and their negative controls were all
obtained from GenePharma (Shanghai, China). Cells were
transfected with above plasmids using Lipofectamine™ 3000
(Invitrogen, CA, USA) for 48 h. For ferroptosis activation or
inhibition, cells were incubated with ferroptosis agonist
Erastin (10 uM, Selleck Chemicals, TX, USA) or the antagonist
Ferrostatin—1 (10 uM, Selleck Chemicals) for 24 h.

3-(4, 5-Dimethylthiazolyl2)-2, 5-diphenyltetrazolium
bromide (MTT) assay

Cells were cultured in 96-well plates (3 x 10° cells/well) for 24
h. Then, cells were incubated with 20 ul MTT (5 mg/mL,
Sangon, Shanghai, China) for 4h at 37°C. After cells were
incubated with 100 uL DMSO for 2 h, the absorbance at 490
nm was detected by a microplate reader (Bioteke, Beijing,
China).

Colony formation assay

Cells (1 x 10°/well) were seeded in 6-well plates and cultured
for 7 d. Cells were subsequently stained with 0.1% crystal violet
(Solarbio, Beijing, China) for 10 min, and the colonies formed
were counted manually.

Measurement of Fe**

Cells were harvested and homogenized with PBS. The super-
natant was collected for Fe*" level detection using an iron assay
kit (Abcam, Cambridge, UK, ab83366). Briefly, the samples were
incubated with an assay buffer for 30 min and subsequently
incubated with an iron probe for 60 min. The absorbance was
subsequently detected by a microplate reader (Bioteke).

Measurement of GSH, malondialdehyde (MDA) and ROS

The levels of GSH, MDA, and ROS were determined using
GSH content detection kit (Solarbio, BC1170), MDA assay kit
(Abcam, ab118970), and ROS detection kit (Beyotime,
Shanghai, China, S0033S). Cells were collected by centrifuga-
tion at 1000 rpm for 10 min. Then, all operation steps were
carried out in strict accordance with the instructions.

Cell cycle and apoptosis assay

For the cell cycle assay, cells (1.5 x 10°) were collected and fixed
using 70% ethanol. Cells were stained with 50 pg/ml PI (Sigma-
Aldrich) for 30 min at 37°C. For cell apoptosis, cells (1.5 x 10°)
were collected and washed with PBS twice. Cells were re-
suspended in 500 pl of 1x Annexin-binding buffer (Beyotime)
and incubated with 10 pl Annexin V-FITC and 5pl PI stain



(Beyotime) for 10 min at room temperature in the dark. Cells were
analyzed in FACScan using Cell Quest software (BD, NJ, USA).

Dual-luciferase reporter gene assay

The FOSL2-binding site in the promoter of NAMPT was pre-
dicted using the JASPAR database (http://jaspar.genereg.net/).
Wild-type (wt) and mutant-type (mut) reporter plasmids of
NAMPT sequences were amplified by PCR and cloned into
the PGL3 vector (GenePharma). Site-directed mutagenesis of
the FOSL2 binding site in NAMPT promoter was performed
using a site-directed mutagenesis kit (Stratagene, CA, USA).
Then, cells were co-transfected with NAMPT-WT, NAMPT-
MUT1, NAMPT-MUT?2, or NAMPT-MUT1/2 plasmids and
Oe-FOSL2 or Oe-NC for 48 h. The luciferase activity was
assessed by a dual-luciferase reporter assay system (Promega).

Bioinformatics analysis

The Starbase database (https://starbase.sysu.edu.cn/) is
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from 10,882 RNA-seq and 10,546 miRNA-seq data.
Starbase is used to predict the expressions of miRNAs,
IncRNAs, pseudogenes, and mRNAs in tumors. In our
study, the Starbase database was employed to predict
ITGB2-AS1 expression in LUAD. The LncMAP database
(http://bio-bigdata.hrbmu.edu.cn/LncMAP/index.jsp)  is
a database designed to predict IncRNA-transcription factor-
gene regulatory networks associated with multiple tumors
based on transcriptome expression profile data analysis in
The Cancer Genome Atlas (TCGA) database. Herein, the
regulatory network of ITGB2-AS1-FOSL2-NAMPT in
NSCLC was predicted by the LncMAP database.

RNA pull-down assay

LncRNA ITGB2-AS1 or NC was labeled with biotin
(Roche, Basel, Switzerland) and transcribed using the
Biotin RNA Labeling Mix (Roche) and T7 RNA polymer-
ase (Roche). Then, cells were lysed with the lysis buffer
mixed with 80 U/mL RNasin (Promega, WI, USA).
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Figure 1. LncRNA ITGB2-AS1 was upregulated in NSCLC tissues, and its expression was negatively correlated with ferroptosis. (a) ITGB2-AS1 expression in LUAD was
predicted by Starbase. (b) ITGB2-AS1, SLC7A11, and GPX4 expressions in NSCLC (n = 25) were assessed by qRT-PCR. (c) SLC7A11 and GPX4 in NSCLC protein levels were
assessed by western blot (n = 25). (d) The correlation analysis of ITGB2-AS1 expression, SLC7A11 expression, and GPX4 expression were performed using Pearson

correlation analysis. *p < 0.05, **p < 0.01, ***p < 0.001.
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Table 1. Association between ITGB2-AS1 expression and clinical features of NSCLC patients.

ITGB2-AS1 P value
Clinical features High (n=13) Low (n=12)
Gender 0.6882
Male 7 8
Female 6 4
Age (years) 0.4283
<65 4 6
>65 9 6
Histological cell type 0.0414*
Adenocarcinoma 8 2
Squamous cell carcinoma 5 10
TNM stage 0.0414*
1+ 2 7
N+1V 1 5
Lymph node metastasis 0.0472*
Negative 4 9
Positive 9 3
Smoking 0.4338
Yes 8 5
No 5 7
Differentiation 0.3783
Well/moderate 5 2
Poor 8 10

NSCLC, non-small-cell lung cancer; TNM, tumor node metastasis. *p <.05.

biotinylated RNA (100 pmol) for 1h at 4°C and the RNA immunoprecipitation (RIP) assay

RNA - protein complex was isolated using the streptavi-  Cells were lysed with a complete RIP lysis buffer (Millipore, MA,
din-coupled agarose beads (Invitrogen). The retrieved USA). Then, cell extract was then incubated with IgG (Abcam,

protein was analyzed by western blot. 1:50, ab172730) and FOSL2 (Cell Signaling Technology, MA,
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Figure 2. LncRNA ITGB2-AS1 knockdown suppressed cisplatin resistance in NSCLC cells. (a) LncRNA ITGB2-AS1 expression in cells was examined by qRT-PCR.
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USA, 1:50, #19967) antibodies at 4°C overnight. The RNA
samples were purified, and the ITGB2-AS1 transcripts enrich-
ment was determined by gqRT-PCR.

Chromatin immunoprecipitation (ChIP) assay

ChIP assay was conducted by using the ChIP kit (Beyotime).
Briefly, cells were transfected with sh-NC, sh-FOSL2, or sh-
ITGB2-AS], fixed and quenched. DNA was fragmented by soni-
cation. Then, the cell lysate was incubated with anti-FOSL2 (Cell
Signaling Technology, 1:50, #19967) or anti-IgG (Abcam, 1:100,
ab172730) at 4°C overnight. Then, DNA enrichment was collected
after the samples were incubated with dynabeads protein
G (Invitrogen) for 2 h. Immunoprecipitated DNAs were analyzed
by qRT-PCR.

Tumor xenograft in vivo

A total of 24 female BALB/c nude mice (6-week-old) were
purchased from SLACOM (Shanghai, China). Mice were
housed in individual cages and provided with free food and
water. A549 (200 pl, 2 x 10*) cells transfected with sh-NC or
sh-ITGB2-AS1 were injected into the back of mice. Nude mice
were randomly assigned to three groups (8 mice/group):
Control group, sh-NC group, and sh-ITGB2-AS1 group.
After 7 d, mice were injected intraperitoneally with 15 mg/kg
cisplatin every 3 d. The tumor volumes were calculated as
follows: V =1w?/2 (I: length, w: width). The mice were eutha-
nized on the 28th day. Tumor tissues were collected and
weighed. The level of Ki67 (cell proliferation-associated anti-
gen) was detected by immunohistochemistry (IHC). The

animal experiments were approved by the Ethics Committee
of Yuebei People’s Hospital, Shantou University Hospital.

Quantitative real-time polymerase chain reaction
(Qrt-PCR)

Total RNA was extracted with TRIzol (Thermo Fisher
Scientific, MA, USA). RNA was reverse transcribed to cDNA
was acquired by the Reverse Transcription Kit (Toyobo,
Tokyo, China). Then, RNA quantification was assessed by
SYBR (Thermo Fisher Scientific). GAPDH was used as the
reference gene. The data were analyzed with the 2744¢T
method. The primers were listed as follows (5°-3’):

Lnc RNAITGB2-ASI (F):
AAGGCAGGTGAGTGTAGGAAGGAG;

LncRNA ITGB2-AS1 (R):
GGAAGGCAGAGGAGGGAGGAAC.

SLC7A11 (F): GGTCCATTACCAGCTTTTGTACG;

SLC7A11 (R): - AATGTAGCGTCCAAATGCCAG.

GPX4 (F): AGTGGATGAAGATCCAACCCAAGG;

GPX4 (R): GGGCCACACACTTGTGGAGCTAGA.

FOSL2 (F): CAGAAATTCCGGGTAGATATGCC;

FOSL2 (R): GGTATGGGTTGGACATGGAGG.

NAMPT (F): CGGCAGAAGCCGAGTTCAA;

NAMPT (R): GCTTGTGTTGGGTGGATATTGTT.

GAPDH (F): GGAGCGAGATCCCTCCAAAAT;

GAPDH (R): GGCTGTTGTCATACTTCTCATGG.

Western blot

Total proteins were extracted using RIPA (Thermo Fisher
Scientific), and the protein concentration was estimated through
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Figure 4. ITGB2-AS1 knockdown repressed cisplatin resistance in NSCLC by promoting ferroptosis. (a) Cell proliferation was assessed by colony formation assay. Cell
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the BCA kit (Beyotime). Proteins were separated using the 10%
SDS-page gel and further transferred into a polyvinylidene fluor-
ide (PVDF) membrane (Millipore). The membranes were blocked
and subsequently incubated overnight with antibodies against
SLC7A11 (Abcam, 1:1000, ab216876), GPX4 (Abcam, 1:1000,
ab125066), FOSL2 (Cell Signaling Technology, 1:1000, #19967),
NAMPT (Cell Signaling Technology, 1:1000, #86634), p53
(Abcam, 2 ug/ml, ab26), p-p53 (Abcam, 1:1000, ab33889), and
GAPDH (Abcam, 1:2500, ab9485). The membranes were then
incubated with the corresponding secondary antibody (Abcam,
1:5000, ab7090) for 60 min following washed with PBST. The
bands were visualized using an ECL detection kit (Beyotime).

Statistical analysis

All our data were obtained from three independent experiments.
Statistical data were analyzed using SPSS 19.0 (IBM, Armonk,
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NY) and expressed as means +SD. The differences between two
groups and multiple groups were analyzed by Student’s t-tests
and one-way analysis of variance (ANOVA), respectively. The
p values less than 0.05 were considered significant.

Results

LncRNA ITGB2-AS1 was upregulated in NSCLC tissues, and
its expression was negatively correlated with ferroptosis

It was reported that ITGB2-AS]1 is an oncogene in various human
malignant tumors®>**, while the expression and the role of
ITGB2-AS1 in NSCLC remained unknown. Herein, it was pre-
dicted that IncRNA ITGB2-AS1 was significantly upregulated in
LUAD using Starbase (Figure 1a). Subsequently, qRT-PCR results
showed that ITGB2-AS1 was significantly upregulated in NSCLC
tissues (Figure 1b). Meanwhile, we found that the expressions of
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Figure 5. ITGB2-AS1 upregulated NAMPT expression by binding to FOSL2. (a) The regulatory network of ITGB2-AS1, FOSL2, and NAMPT in LUAD was predicted using
LncMAP. (b-c) FOSL2 and NAMPT expressions in tissues were determined by gRT-PCR and western blot, respectively (n = 25). (d) The correlation analysis among ITGB2-
AS1, FOSL2, and NAMPT expressions was performed using Pearson correlation analysis. (e-f) FOSL2 and NAMPT expression levels in cells were determined by gRT-PCR

and western blot. *p < 0.05, **p < 0.01, ***p < 0.001.
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ferroptosis markers (SLC7A11 and GPX4) were also increased in
NSCLC tissues (Figure 1b-c). Additionally, ITGB2-AS1 expres-
sion was positively correlated with GPX4 expression and
SLC7A11 expression (Figure 1d). Finally, the relationship between
ITGB2-AS1 expression and the clinical characteristics of NSCLC
patients was analyzed. Clinical samples were divided into high
ITGB2-AS1 expression and low ITGB2-AS1 expression groups
based on the median ITGB2-AS] expression, and it was observed
that ITGB2-AS1 high expression was positively correlated with
histological cell type, TNM stage, and lymph node metastasis,

while it was not correlated with other parameters, such as gender,
age, smoking and differentiation (Table 1). Collectively, IncRNA
ITGB2-AS1 was a risk factor affecting NSCLC progression, and its
expression was negatively correlated with ferroptosis.

LncRNA ITGB2-AS1 knockdown suppressed cisplatin
resistance in NSCLC cells

As widely described, cisplatin resistance is a primary factor
in NSCLC relapse®®. The role of ITGB2-AS1 in NSCLC
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cisplatin resistance was investigated. First, we found that
ITGB2-AS1 expression was increased in lung squamous cell
carcinoma cells (SK-MES-1, NCI-H520, and Calu-1 cells)
and LUAD cells (A549, H1975, and PC-9 cells) compared
with that in BEAS-2B cells (Figure 2a). Considering that
ITGB2-AS1 expression was highest in A549 and H1975
cells among all these NSCLC cells, A549 and H1975 cells
were selected for subsequent experiments. A549 and H1975
cells were exposed to increasing concentrations of cisplatin
to construct cisplatin-resistant cells as previously
described??. Results revealed that the ICs, values of A549/
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DDP and H1975/DDP cells were greater than those of the
corresponding cisplatin-sensitive cells (Figure 2b). ITGB2-
AS1 expression was significantly upregulated in resistant
cells (Figure 2c). To further probe the relationship between
ITGB2-AS1 expression and NSCLC cisplatin resistance,
ITGB2-AS1 knockdown was induced in resistant cells
(Figure 2d). ITGB2-AS1 knockdown inhibited the vitality
of resistant cells (Figure 2e). Moreover, ITGB2-AS1 knock-
down reduced the number of colonies (Figure 2f and Fig.
Sla), increased the number of GO/G1 phase cells, decreased
the number of S phase cells (Figure 2g and Fig. S1b), and
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Figure 7. ITGB2-AS1 regulated ferroptosis in cisplatin-resistant NSCLC cells via targeting NAMPT. A549/DDP and H1975/DDP cells were classified into sh-NC group, sh-
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promoted cell apoptosis (Figure 2h and Fig. Slc) in resis-
tant cells. All these results suggested that ITGB2-AS1 silen-
cing inhibited cisplatin resistance in NSCLC cells.

ITGB2-AS1 knockdown repressed cisplatin resistance in
NSCLC by promoting ferroptosis

Ferroptosis is a potential way to kill chemotherapy resistance
cancer cells®®. Herein, we found that ROS, MDA, and Fe** levels
were significantly reduced in resistant cells compared to the
parental cells, while GSH level was increased (Figure 3a-b), sug-
gesting that ferroptosis was reduced in resistant cells. To further
investigate the correlation between ITGB2-AS1 and ferroptosis in
resistant NSCLC cells, ITGB2-AS1 knockdown was induced in
resistant cells with the supplement of the ferroptosis agonist
Erastin and the antagonist Ferrostatin—1. ITGB2-AS1 knockdown
or Erastin treatment significantly reduced the resistant cell vitality,
which was abolished by Ferrostatin—1 treatment (Figure 3c). In
addition, ITGB2-AS1 knockdown or Erastin treatment resulted in
increased ROS and MDA levels as well as reduced GSH level,
whereas these effects were neutralized by Ferrostatin—1 treatment
(Figure 3d). Meanwhile, ITGB2-AS1 knockdown or Erastin treat-
ment increased Fe** level and reduced SLC7A11 and GPX4 pro-
tein levels in resistant cells, whereas these effects were abolished by
Ferrostatin—1 treatment (Figure 3e-f). Moreover, ITGB2-AS1
knockdown or Erastin treatment inhibited cell proliferation,
increased GO/G1 phase cell numbers, decreased S phase cell num-
bers, and increased cell apoptosis of resistance cells, which was
reversed by Ferrostatin—1 treatment (Figure 4a-c and Fig. S2a-c).
Collectively, the above results suggested that ITGB2-AS1 knock-
down promoted ferroptosis to suppress cisplatin resistance in
NSCLC cells.

ITGB2-AS1 upregulated NAMPT by binding to FOSL2,
thereby repressing p53 expression

It was predicted that there was the ITGB2-AS1-NAMPT-FOSL2
regulatory network in NSCLC using LncMAP (Figure 5a). In our
study, it was observed that FOSL2 and NAMPT were upregulated
in NSCLC tissues (Figure 5b-c). Moreover, the ITGB2-AS1
expression was positively correlated with FOSL2 expression and
the NAMPT expression, and FOSL2 expression was positively
correlated with NAMPT expression (Figure 5d). Meanwhile,
FOSL2 and NAMPT were highly expressed in resistant cells
compared to those in cisplatin-sensitive cells (Figure 5e-f).
Subsequently, RNA pull-down and RIP assays further confirmed
that ITGB2-AS1 bound with FOSL2 (Figure 6a-b). It was pre-
dicted that there were two potential binding sites between FOSL2
and NAMPT promoter using JASPAR (Figure 6¢). The dual-
luciferase reporter gene assay results revealed that FOSL2 over-
expression enhanced the luciferase activity of NAMPT-WT vector
as well as NAMPT-MUT?2 but had no significant effect on that of
NAMPT-MUT1 and NAMPT-MUT 1/2 (Figure 6d), suggesting
that FOSL2 could directly bind to the site 1 of NAMPT promoter.
Subsequently, the ChIP assay showed that the NAMPT enrich-
ment was reduced after FOSL2 knockdown and ITGB2-AS1
knockdown (Figure 6e). Moreover, ITGB2-AS1 silencing reduced
the levels of FOSL2 and NAMPT in resistant cells, which was
abolished by FOSL2 overexpression (Figure 6f). p53 activated

ferroptosis during tumor suppression'”. ITGB2-AS1 knockdown
reduced the nuclear p53 level and increased the cytoplasmic p53
level in resistant cells, while this effect was reversed by FOSL2
overexpression (Figure 6g). In conclusion, ITGB2-AS1 promoted
NAMPT expression by interacting with FOSL2 to reduce p53
expression.

ITGB2-AS1 regulated ferroptosis in cisplatin-resistant
NSCLC cells via targeting NAMPT

To explore the function of NAMPT in regulating ITGB2-ASI-
mediated ferroptosis inhibition in NSCLC, both ITGB2-AS1
knockdown and NAMPT overexpression were induced in
resistant cells. As demonstrated in Figure 7a, ITGB2-AS1
knockdown reduced NAMPT expression in cells, which was
abrogated by NAMPT overexpression. In addition, NAMPT
overexpression reduced ROS, MDA, and Fe®* levels and
increased SLC7A11 and GPX4 protein levels and GSH level
in resistant cells, which reversed the effect of ITGB2-AS1
knockdown (Figure 7b-d). It was also turned out that
NAMPT overexpression promoted resistance cell prolifera-
tion, reduced the number of GO/G1 phase cells, increased the
number of S phase cells, and inhibited cell apoptosis, which
eliminated ITGB2-AS1 knockdown’s effects (Figure 7e-h and
Fig. S3a-c). In summary, NAMPT overexpression eliminated
the promoting effect of ITGB2-AS1 knockdown on ferroptosis
and the inhibitory effect on cisplatin resistance in NSCLC cells.

ITGB2-AST1 silencing repressed NSCLC tumor growth and
cisplatin resistance in vivo

To probe the effect of ITGB2-AS1 on NSCLC cisplatin resis-
tance in vivo, mice were injected with A549 cells stably trans-
fected with sh-NC or sh-ITGB2-AS1 and intraperitoneally
injected with cisplatin. As displayed in Figure 8a-c, ITGB2-
ASI1 silencing suppressed NSCLC tumor growth. ITGB2-AS1
expression significantly downregulated in the sh-ITGB2-AS1
group (Figure 8d). Additionally, IHC showed that ITGB2-AS1
silencing reduced Ki67 (proliferation marker) level in tumor
tissues (Figure 8e). Moreover, after ITGB2-AS1 knockdown,
FOSL2, NAMPT, SLC7A11, and GPX4 expressions in tumor
tissues were significantly reduced (Figure 8f). In total, ITGB2-
ASI1 silencing suppressed NSCLC cisplatin resistance in vivo.

Discussion

Although many molecular medical studies have been carried out
to explain the mechanism of chemotherapy resistance in NSCLC,
it is difficult to distinguish the real effective targets for regulating
chemotherapy resistance. Ferroptosis is a newly discovered form
of cell death”. As widely illustrated, ferroptosis induction con-
tributes to the discovery of new therapeutic strategies for cancer®®,
Herein, it was found that IncRNA ITGB2-AS1 suppressed p53-
mediated ferroptosis to promote cisplatin resistance in NSCLC by
targeting the FOSL2/NAMPT axis.

LncRNAs play important roles in cisplatin resistance in
NSCLC. As proof, IncRNA SNHG1 was markedly upregulated
in NSCLC cisplatin-resistant tissues and cells, and its silencing
promoted NSCLC cell cisplatin sensitivity*’. LncRNA ITGB2-
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Figure 8. ITGB2-AS1 silencing repressed NSCLC tumor growth and cisplatin resistance in vivo. A549 cells transfected with sh-ITGB2-AS1 and sh-NC were inoculated into
nude mice, and then all mice were received cisplatin treatment. (a-c) The size and weight of tumors were measured. (d) gRT-PCR was employed to analyze the ITGB2-
AS1 expression. () Ki67 level in tumor tissues was evaluated using IHC. (f) Western blot was employed to examine FOSL2, NAMPT, SLC7A11, and GPX4 levels.n = 8. *p <

0.05, **p < 0.01, ***p < 0.001.

AS1 is identified as a classic oncogene in various
malignancies30’31. However, the expression level and role of
ITGB2-AS1 in NSCLC remain unknown. Herein, we first
found that ITGB2-AS1 expression was increased in NSCLC
tissues and NSCLC cisplatin-resistant cells, and its expression
was positively correlated with the clinical characteristics of
NSCLC patients. Notably, ITGB2-AS1 silencing inhibited
resistant cell growth and promoted the apoptosis. As well
known, some IncRNAs act as an extensive role in modulating
ferroptosis in cancer’>. Our results demonstrated that ITGB2-
AS1 expression was positively correlated with the expressions
of anti-ferroptosis molecules (GPX4 and SLC7A11).
Subsequently, ITGB2-AS1 knockdown suppresses cisplatin
resistance in NSCLC cells by promoting ferroptosis. All our
results suggested that ITGB2-AS1 overexpression promoted
cisplatin resistance in NSCLC by inhibiting ferroptosis.

It has been widely illustrated that transcription factors
and IncRNAs are key regulators in cancer development™. It
was predicted that ITGB2-AS1 could regulate NAMPT
expression by interacting with transcription factor FOSL2
using LncMAP. The high expression of FOSL2 in NSCLC
is related to high invasiveness’® and high proliferation®
during cancer progression. Notably, FOSL2 upregulation
was related to cisplatin resistance in human malignant
tumors’®. However, the function of FOSL2 in regulating
NSCLC cisplatin resistance is unknown. In the current
research, FOSL2 was highly expressed in NSCLC tissues
and cisplatin-resistant NSCLC cells. Additionally, this cur-
rent report was the first one to indicate that ITGB2-ASI
increased FOSL2 expression by directly binding to FLSO2.
Subsequently, we further explored the regulatory effect of
ITGB2-AS1/FOSL2 on NSCLC cisplatin resistance. NAMPT
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is upregulated in a variety of tumors, including NSCLC”.
Notably, NAMPT upregulation contributed to chemotherapy
resistance in cancer cells by activating oxidative
phosphorylation®®, Herein, NAMPT was highly expressed
in NSCLC tissues and cisplatin-resistant NSCLC cells. The
binding relationship between FOSL2 and NAMPT promoter
was ultimately confirmed with ChIP and luciferase reporter
assays. Moreover, the NAMPT overexpression abrogated
ITGB2-AS1 knockdown’s facilitation on ferroptosis and
ITGB2-AS1 knockdown’s repression on cisplatin resistance
in NSCLC cells. Our study illustrated for the first time that
ITGB2-AS1/FOSL2/NAMPT axis activation promoted cis-
platin resistance in NSCLC by repressing ferroptosis.

p53 achieved its tumor suppressive effect by inducing
ferroptosis®®. p53 was the downstream target of NAMPT in
regulating some biological processes™. In this study, the ITGB2-
AS1 knockdown reduced nuclear p53 level and increased cyto-
plasmic p53 level in resistant cells, which was reversed by FOSL2
overexpression. Our results revealed that p53 served as the target
of the ITGB2-AS1/FOSL2/NAMPT axis in regulating ferropto-
sis and cisplatin resistance during NSCLC progression.

Collectively, our study displayed that ITGB2-AS]1 repressed
p53-mediated ferroptosis to promote NSCLC cisplatin resis-
tance by activating the FOSL2/NAMPT axis, which illustrated
that ITGB2-AS1 had a potential therapeutic value for cisplatin
resistance improvement in NSCLC.
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NSCLC Non-small cell lung cancer

GSH Glutathione

ROS Reactive oxygen species

IncRNA Long non-coding RNA

FOSL2 FOS-like antigen 2

NAMPT  Ncotinamide phosphoribosyltransferase

MTT 3-(4, 5-Dimethylthiazolyl2)-2, 5-diphenyltetrazolium
bromide
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GPX4 Glutathione peroxidase 4

SLC7A11  Solute carrier family 7 member 11
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