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CircSCN8A suppresses malignant progression and induces ferroptosis in
non-small cell lung cancer by regulating miR-1290/ACSL4 axis
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ABSTRACT

Circular RNAs (CircRNAs) are reported to exert vital regulatory roles in the occurrence and
development of various human malignancies, including non-small cell lung cancer (NSCLC).
Bioinformatics methods identified the down-regulation of circSCN8A (circBase ID: hsa_-
circ_0026337) in NSCLC tissues. However, its biological functions and molecular mechanisms in
NSCLC remain unknown. In this study, we found that circSCN8A expression was down-regulated
in NSCLC tissues and cells. Low circSCN8A expression was positively associated with aggressive
clinicopathological characteristics and poor prognosis in NSCLC patients. CircSCN8A suppressed
cell proliferation, migration, invasion, and epithelial-mesenchymal transition (EMT) in vitro and
blocked tumor growth in vivo. Moreover, circSCN8A promoted cell ferroptosis in NSCLC.
Mechanistically, circSCN8A acted as a competing endogenous RNA (ceRNA) by sponging miR-
1290 to enhance the expression of long-chain acyl-CoA synthetase-4 (ACSL4). Furthermore, the
knockdown of ACSL4 or overexpression of miR-1290 reversed the effect of circSCN8A on facilitat-
ing ferroptosis and inhibiting cell proliferation and metastasis. In summary, circSCN8A represses
cell proliferation and metastasis in NSCLC by regulating the miR-1290/ACSL4 axis to induce
ferroptosis. Thus, circSCN8A may represent a promising therapeutic target against NSCLC.
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Introduction local recurrence, and drug resistance, from 68% in
patients at stage IB to less than 10% in patients at
stage IVA-IVB [7]. To improve the survival out-

comes in patients with NSCLC, there is an urgent

There are an estimated 2,206,771 lung cancer cases
and 1,796,144 lung cancer deaths globally in 2020,
representing 11.4% and 18.4% cancer incidence and
mortality of in cancers, respectively [1]. In addition
to tobacco smoking, environmental and occupa-
tional exposures, chronic lung disease, and lifestyle
factors are also associated with the development of
lung cancer [2]. Non-small cell lung cancer
(NSCLC), including lung adenocarcinoma
(LUAD), lung squamous cell carcinoma (LUSC),
and large cell carcinoma (LCC), occupies nearly
85% of lung tumors [3]. Most patients with NSCLC
are undiagnosed until this disease is late [4]. Surgery,
chemotherapy, radiotherapy, targeted therapy, and

need to investigate the pathological mechanisms
underlying the progression of NSCLC and develop
novel molecular targets.

Circular RNAs (circRNAs), generated by the
back-splicing of pre-mRNA transcripts, are cova-
lently closed single-stranded endogenous RNA
molecules with no 5’-cap structure and 3’-poly
(A) tail [8]. There is accumulating evidence that
circRNAs exert various biological functions by
serving as transcriptional regulators, miRNA
sponges, protein/peptide translation templates, as
well as protein decoys, scaffolds, and recruiters

immunotherapy have been selectively applied to
NSCLC treatments depending on the clinical situa-
tion, demonstrating the huge benefits for NSCLC
patients [5,6]. However, the 5-year overall survival
for NSCLC remains dismal due to distant metastasis,

[9,10]. Due to their high stability, abundance,
and evolutionary conservation, and their presence
in biological fluids, circRNAs have great potential
as diagnostic biomarkers and pharmacological tar-
gets, opening up exciting possibilities for disease
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detection and treatment [11]. With the develop-
ment of high-throughput sequencing technology
and bioinformatics, increasing circRNAs are
found abundantly and differentially expressed in
various human cancers [12]. CircRNAs are impli-
cated in the carcinogenesis and progression of
multiple solid tumors and hematological malig-
nancies [13,14]. CircRNAs are reported as tumor
drivers or suppressors in lung cancer by regulating
a series of pathophysiological events, such as cell
proliferation, epithelial-mesenchymal transition
(EMT), invasion, metastasis, apoptosis, autophagy,
and chemoresistance [15]. Based on the GEO
microarray database, circSCN8A (circBase ID:
hsa_circ_0026337) showed a decreased expression
in NSCLC [16]. However, the biological signifi-
cance of circSCN8A in NSCLC remains elusive.
Ferroptosis is a novel defined form of regulated
cell death driven by iron accumulation and lipid
peroxidation, eventually causing mitochondrial
damage and degradation of membrane integrity
[17]. Ferroptosis is intimately associated with the
development and therapeutic responses of various
human tumors [18]. Recent studies demonstrate
that non-coding RNAs (ncRNAs) play an impor-
tant role in cancer progression by regulating fer-
roptosis [19]. Ferroptosis-related circRNAs have
been partially discovered by researchers, and
circRNAs-based modulation of ferroptosis could
be a promising approach to treat cancer [20].
Here, an experimental study on the effect of
circSCN8A on ferroptosis was also performed.
Among the different mechanisms circRNAs
action in human cancers, competitive endogenous
RNAs (ceRNAs), also known as miRNA “sponges”
or “decoys”, is the best characterized [21].
CircRNAs can competitively bind to miRNAs by
base complementarity with miRNA response ele-
ments (MREs), thereby preventing miRNAs from
binding to their target sites and increasing the
expression of corresponding target mRNAs [22].
There have been numerous reports about the
circRNA-miRNA-mRNA regulation networks in
lung cancer [23]. For instance, circKEAP1 was
significantly downregulated in LUAD and sup-
pressed the progression of LUAD by sponging
miR-141-3p to activate the KEAP1/NRF2 signal
pathway [24]. Circ_0003222 was highly expressed
in NSCLC tissues and facilitated cell proliferation,
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migration, invasion, stemness-like properties, and
chemoresistance by regulating miR-527/PHF21B
axis [25]. Nonetheless, it remains to be determined
whether circSCN8A also participates in the malig-
nant progression and ferroptosis of NSCLC in
a ceRNA regulatory cascade.

Our study mainly focused on the biological
roles of circSCN8A in NSCLC malignant progres-
sion and its relationship to ferroptosis. Decreased
circSCN8A expression was observed in NSCLC
tissues and cells. CircSCN8A overexpression sup-
pressed cell proliferation and metastasis and
induced ferroptosis in  wvitro. = Moreover,
circSCN8A  repressed NSCLC tumorigenesis
in vivo. Mechanistically, circSCN8A served as
a sponge of miR-1290 to abate miRNA inhibition
of target ACSL4, thus inhibiting NSCLC progres-
sion and accelerating ferroptosis. Our findings
provide the experimental foundation for the appli-
cation of circSCN8A to NSCLC treatment.

Materials and Method
Sample collection

A total of 64 patients who were histopathologically
diagnosed as NSCLC the Affiliated Cancer
Hospital of Zhengzhou University were enrolled
in this study. None of the participants received
preoperative adjuvant therapy. The clinicopatholo-
gical characteristics of these patients are listed in
Table 1. Tumor tissues and paired paracancerous
tissues (3 cm away from the margin of neoplastic
tissues), which were obtained by surgical resection,
were quick-frozen and preserved at —80°C for
further use. This study was permitted by the
Research Ethics Committee of the Affiliated
Cancer Hospital of Zhengzhou University and
was performed in conformity to the Declaration
of Helsinki. All patients agreed to the use of their
lung tissues for experiment research and signed
written informed consents.

Cell culture

Normal human bronchial epithelial cell line
(BEAS-2B) and NSCLC cells (A549, H1299, NCI-
H520, and SK-MES-1) were procured from the
Cell Bank of Shanghai Institutes of Biological
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Table 1. Correlation between circSCN8A expression and clinicopathological features in 64 patients with

NSCLC.
circSCN8A expression
Clinicopathological features Number of cases Low (n=32) High (n=32) P value
Age 0.611
<60 26 12 14
>60 38 20 18
Gender 0.302
Male 40 18 22
Female 24 14 10
Tumor size 0.002
<5cm 22 5 17
>5cm 42 27 15
TNM stage 0.019
I/ 23 7 16
/v 41 25 16
Lymph node metastasis 0.002
No 28 8 20
Yes 36 24 12
Histology 0.614
Squamous cell carcinoma 36 19 17
Adenocarcinoma 28 13 15
Differentiation 0.448
Well/moderate 37 20 17
Poor 27 12 15
Smoking status 0.309
No 38 17 21
Yes 26 15 1

Note: *P < 0.05.

Sciences (Shanghai, China). BEAS-2B cells were
cultured in BEGMTM BulletKit TM (Lonza, GA,
USA). A549, H1299, and NCI-H520 cells were
maintained in RPMI-1640 medium (Gibco,
Waltham, MA, USA), and SK-MES-1 cells were
cultured in Minimal Essential Medium (Gibco).
Growth media for NSCLC cells was supplemented
with 10% fetal bovine serum and 1% penicillin/
streptomycin. Cell culture was performed in
a 37°C incubator with 5% CO,. All cells were
routinely tested for mycoplasma contamination.
Cells were passaged every 2-3 days and exponen-
tially growing cells were used for follow-up
experiments.

Cell transfection and treatment

To construct circSCN8A-overexpressing plasmid
(circSCN8A), the full-length cDNA sequences of
circSCN8A (exon 21 to exon 25 of SCN8A gene)
were synthesized and cloned into pLCDH-ciR vec-
tor (Geneseed, Guangzhou, China). pLCDH-ciR
vector (vector), containing a front and back circu-
lar frame to facilitate RNA cyclization, was used as
a negative control. Small interfering RNA (siRNA)

targeting the back-splicing junction sites of
circSCN8A  (si-circSCN8A), miR-1290 mimics
(miR-1290), miR-1290 inhibitor (inh-miR-1290),
and their corresponding negative control (si-NC
/miR-NC/inh-NC) were designed by GenePharma
(Shanghai, China). siRNA specially targeting
ACSL4 (si-ACSL4) (GenePharma) was used to
interfer the expression of ACSL4. RNA oligonu-
cleotides and plasmids were transfected into A549
or SK-MES-1 cells at a final concentration of 20
nM by wusing Lipofectamine 3000 reagent
(Invitrogen, Carlsbad, CA, USA). At 6h after
transfection, the culture medium was refreshed.
After incubation for 48 h under standard condi-
tions, cells were subjected to qRT-PCR to deter-
mine the transfection efficiency. To observe cell
death, Erastin, ferrostatin-1 (Fer-1), ZVAD-FMK,
and necrostatin-1 (Nec-1) were purchased from
Sigma-Aldrich St. Louis, MO, USA)

RNA and genomic DNA (gDNA) isolation

Total RNA extraction was performed in NSCLC
tissues or cells by using TRIzol reagent



(Invitrogen). The gDNA was extracted from
NSCLC cells using a genomic DNA Isolation Kit
(Sangon Biotech, Shanghai, China). Cytoplasmic
and nuclear RNA extracts of NSCLC cells were
prepared using NE-PER Nuclear and Cytoplasmic
Extraction Reagents (Thermo Fisher Scientific,
Rockford, IL, USA). All these experimental proce-
dures were performed as per the manufacturer’s
guide.

Quantitative real-time PCR (qRT-PCR) and qPCR

The total RNA was reversely transcribed into
cDNA by using the PrimeScript RT kit (Takara,
Dalian, China). The PCR products from cDNA
and gDNA were examined by using electrophor-
esis on a 2% agarose gel. RT-PCR reactions were
performed using Platinum SYBR Green qPCR
Super Mix UDG kit (Invitrogen) on an ABI 7500
Fast Real-Time PCR System (Applied Biosystems,
CA, USA) under the following conditions: 95°C
for 20 s, 45 cycles at 95°C for 10 s and 60°C for 30
s. GAPDH and U6 were respectively used as inter-
nal references for circRNA/mRNA and miRNA.
The relative expression levels of circSCN8A, miR-
1290, and ACSL4 were calculated via the 2744
formula. The specific primer sequences were listed
in Table S1.

RNase R and Actinomycin D treatment

The 3 pg of total RNA from NSCLC cells was
incubated with or without 5U/ug RNase
R (Qiagen, Valencia, CA, USA) for 30 min at
37°C, followed by the qRT-PCR analysis of
circSCN8A and SCN8A mRNA. NSCLC cells
were cultured in a complete medium with or with-
out 2 pg/ml actinomycin D (Sigma-Aldrich) for 4,
8, 12, and 24 h, followed by RNA extraction and
qRT-PCR analysis.

CCK-8 assay

A549 and SK-MES-1 cells were inoculated into 96-
well plates at a density of 2 x 10° cells per well. At
24, 48, 72, or 96 h after inoculation, 10 pl of CCK-
8 solution (Beyotime, Shanghai, China) was added
to each well. After 2h of incubation at 37°C, the
optical density at 450nm was measured by
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a microplate reader (Biotek, Winooski, VT, USA)
for each sample.

5-Ethynyl-2’-deoxyuridine (EdU) assay

Cell-Light™ EAU Apollo 567 In Vitro Kit (RiboBio,
Guangzhou, China) was used to detect the prolif-
eration ability of A549 and SK-MES-1 cells. Cells
(4 x 107 cells/well) were seeded into 96-well plates
and incubated for 24 h. After that, 50 uyM EdU
solution was added to each well for 2 h of incuba-
tion. Then, cells were fixed with 4% paraformalde-
hyde for 15 min, permeabilized with 0.5% Triton
X-100 for 10 min, and stained with Apollo fluor-
escent dyes for 30 min. Finally, Hoechst 33,342
solution was added and incubated for 30 min to
stain the cell nuclei. EdU-positive cells were
photographed under a fluorescence microscope
and counted with Image ] software.

Colony formation assay

A549 and SK-MES-1 cells were placed into 6-well
plates with a concentration of 500 cells per well.
Then, cells were allowed to grow in an incubator at
37°C for 10days. The culture medium was
refreshed every 2 days. After being fixed with 4%
paraformaldehyde for 20 min and stained with
0.1% crystal violet for 20 min, cells were put
under an optical microscope to count the cell
colonies.

Wound healing assay

A549 and SK-MES-1 cells (5 x 10° cells/well) were
seeded into 6-well plates and cultured in an FBS-
containing medium to form a confluent cell mono-
layer. A sterile 200-pL pipette tip was used to gently
scratch an artificial gap on the monolayer. Detached
cells were removed by PBS washing. Then, cells were
cultured in a fresh serum-free medium for 24 h to
allow migration. Images at O h and 24 h were cap-
tured under an inverted microscope to calculate the
percentage of wound closure.

Transwell assay

Transwell inserts (Corning, New York, NY, USA)
with 8-um pore size membranes were used to
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assess cell migration and invasion. For migration
assay, 800 ul medium containing 10% FBS was
added to the lower chamber. A549 and SK-MES
-1 cells (5 x 10* cells) in a 200 uL medium contain-
ing 1% FBS were plated into the upper chamber
for 24 h of incubation at 37°C. Cells that migrated
to the lower surface of membranes were fixed with
95% ethanol and stained with 0.1% crystal violet.
Finally, representative images were acquired under
a microscope, and migration cells were counted
from three randomly selected fields. For cell inva-
sion assay, the inserts were pre-coated with
Matrigel matrix (BD Science, Sparks, MD, USA)
at a 1:6 dilution, and then incubated at 37°C for 2
h. The remaining procedures were similar to those
of the migration assay.

Western blot assay

Western blot analysis was performed according to
a previous report [26]. The antibodies used in this
study were listed as follows: anti-E-cadherin
(#3195), anti-N-cadherin (#13116), and anti-
Vimentin (#5741) (Cell Signaling Technology,
Danvers, MA, USA); anti-GPX4 (ab125066), anti-
SLC7A11 (ab175186), and anti-ACSL4 (ab155282)
(Abcam, Cambridge, MA, USA); anti-GAPDH
(#2118) and anti-rabbit secondary antibody
(#7074) (Cell Signaling Technology).

Cellular death assay

Cell Death Detection ELISA Plus kit (Roche, Basel,
Switzerland) was used to determine the cellular
death following the manufacturer’s instructions.

Detection of Fe**, MDA, and GSH

An Iron Assay Kit (ab83366, Abcam) was used to
determine the intracellular Fe** level. The MDA
level was measured by using Lipid Peroxidation
(MDA) Assay Kit (ab118970, Abcam). The intracel-
lular GSH level was quantified by using GSH/GSSG
Ratio Detection Assay Kit (ab138881, Abcam).

Measurement of reactive oxygen species (ROS)

The intracellular ROS level was detected by using
a fluorescent probe 2’,7’-dichlorofluorescein-

diacetate (DCFH-DA, Beyotime, Shanghai,
China). A549 and SK-MES-1 cells were seeded
into 6-well plates at a density of 5 x 10° cells/well
and incubated for 24 h at 37°C and 5% CO,. Then,
cells were incubated with a serum-free medium
containing 10 uyM DCFH-DA at 37°C for 30 min.
After being washed with PBS 3 times, cells were
subjected to a fluorescence microscope to analyze
the fluorescence intensity.

Bioinformatics analysis

Microarray data, including GSE112214 (https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE112214), GSE158695 [27], and GSE101684 [28]
were used to analyze the differentially expressed
circRNAs (DECs) in NSCLC. Microarray data
(GSE32863 [29], GSE33532 [30], GSE19188 [31],
and GSE85841 [32]) were downloaded to analyze
the differentially expressed mRNAs in NSCLC.
CircInteractome (https://omictools.com/circinterac
tome-tool) and CircBank (http://www.circbank.cn/
) were used to predict the miRNAs that might bind
to circSCN8A. miRDB (http://mirdb.org/) was
employed to identify the miRNAs that might inter-
act with ACSL4. Ferroptosis-related genes were
obtained from the FerrDb (http://www.zhounan.
org/ferrdb/) database.

Dual-luciferase reporter assay

The wild-type or mutant sequence of circSCN8A
or ACSL4 containing the miR-1290 binding sites
were subcloned to downstream of the Renilla gene
in the psiCHECK-2 luciferase reporter plasmid
(Promega, Madison, WI, USA). A549 and SK-
MES-1 cells were inoculated in 24-well plates at
a density of 4 x 10* cells/well 24 h before transfec-
tion. Then, cells were co-transfected with con-
structed luciferase plasmids and miR-NC or miR-
1290 using Lipofectamine 3000 (Invitrogen). After
48h, the luciferase activity was evaluated by
a Dual-Luciferase Assay System (Promega) and
normalized to Renilla luciferase activity.

Biotin-coupled miRNA capture

A549 and SK-MES-1 cells were transfected with
biotinylated miRNA mimics (Biotin-miR-1290) or
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nonsense control (Biotin-NC) (Ribio, Guangzhou,
China). After 24 h, cells were harvested, lysed, and
incubated with streptavidin magnetic beads
(Thermo Fisher Scientific) at 4°C overnight.
Then, the beads were washed and eluted, and the
bound RNAs were extracted with TRIzol reagent
(Invitrogen). Finally, qRT-PCR analysis was per-
formed to assess the abundance of circSNC8A or
ACSL4 in immunoprecipitated RNA.

Animal study

Male BALB/c nude mice (3-4weeks, 16-20g)
were purchased from Vital River Laboratory
(Beijing, China) and housed under standard con-
ditions. After acclimatization for one week, mice
were randomly divided into two groups (n=6/
group). A549 cells infected with lentivirus
circSCN8A  (Lv-circSNC8A) or control (Lv-
vector) were selected in the presence of puromycin
(1 pg/ml). A549 cells (7 x 10°) with Lv-circSNC8A
or Lv-vector were suspended in 100 uL PBS and
respectively injected into each mouse at the right
flank. Tumor sizes were monitored at the indi-
cated time points, and tumor volumes were calcu-
lated following the formula: volume (mm’)=
(width® x length)/2. After 31 days, the mice were
killed, and the tumors were resected for further
examination. All animal protocols were approved
by the Institutional Animal Care and Use
Committee of the Affiliated Cancer Hospital of
Zhengzhou University and complied with the
Guide for the Care and Use of Laboratory
Animals.

Immunohistochemistry (IHC) assay

Xenografted tumors from mice were fixed with
4% paraformaldehyde, embedded in paraffin, and
spliced into 4-um slices. IHC was performed to
detect the expression of Ki-67, E-cadherin,
ACSL4, and GPX4 proteins. The detailed experi-
mental procedures were performed according to
a previous publication [33]. The immunostaining
images were photographed using a light micro-
scope. The antibodies against Ki-67 (ab238020),
E-cadherin (ab231303), ACSL4 (ab155282), and
GPX4 (ab125066) were purchased from Abcam.
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Statistical analysis

All experiments were repeated at least three times.
Data were presented as mean + standard deviation
(SD). Statistical analyses were performed by two-
tailed Student’s t-test or one-way analysis of var-
iance with Dunnett’s multiple comparison test
using the GraphPad Prism 8. Pearson’s correlation
coefficients were used to perform gene correlation
analysis. The association between circSCN8A
expression and clinicopathological variables in
NSCLC patients was analyzed by the Chi square
test. The survival curves were constructed using
the Kaplan-Meier method and compared with the
log-rank test. P <0.05 denotes a statistically signif-
icant difference (*P<0.05, **P<0.01, *™*P<
0.001).

Results

CircSCN8A expression is down-regulated in
NSCLC tissues and cells

We first searched for the differentially expressed
circRNAs in NSCLC by analyzing 3 microarray
data (GSE112214, GSE158695, and GSE101684).
With the cutoff criteria of |log,Fold Change (FC)|
> 1 and P<0.05, 149 DECs (16 up-regulated and
133 down-regulated), 185 DECs (84 up-regulated
and 101 down-regulated), and 410 DECs (236 up-
regulated and 174 down-regulated) were respec-
tively identified from GSE112214, GSE158695, and
GSE101684 (Figure 1A). There were 5 common
down-regulated DECs (hsa_circ_0008234, hsa_-
circ_0026337, hsa_circ_0049271, hsa_-
circ_0029426, and hsa_circ_0043256) in these 3
datasets (Figure 1B and Table S2). Among these
5 DEGCs, only hsa_circ_0026337 and hsa_-
circ_0029426 were not systematically investigated
in NSCLC. By using qRT-PCR, we confirmed the
decrease of hsa_circ_0026337 and  hsa_-
circ_0029426 expression in ten pairs of NSCLC
tissues and adjacent non-cancerous tissues
(Figure 1C). Considering the more significant
down-regulation of hsa_circ_0026337 in NSCLC,
it was selected as the focus for our study.
Hsa_circ_0026337, located on chrl2 (chrl2:-
52180325-52188425), was generated by the back-
splicing of exon 21-25 of the host gene SCN8A
(Figure 1D) and its spliced mature sequence length
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Figure 1. Expression and characterization of circSCN8A in NSCLC. (a) Volcano map showing the DECs in NSCLC according to the

microarray data (GSE112214, GSE158695, and GSE101684). (b) Ven

n diagram showing five commonly down-regulated circRnas in

GSE112214, GSE158695, and GSE101684. (c) the expression of hsa_circ_0026337 and hsa_circ_0029426 was determined by qRT-PCR
in 10 pairs of NSCLC tissues and adjacent normal tissues. (d) Schematic diagram showing the circularization of hsa_circ_0026337 by
back-splicing of SCN8A exons 21-25. (e) Detection of circSCN8A by agarose gel electrophoresis. (f) PCR was performed to amplify
circSCN8A and its linear counterpart SCN8A by using convergent or divergent primers with cDNA or gDNA in NSCLC cells as the

template. GAPDH acted as a control. (g and h) gRT-PCR analysis was
A549 and SK-MES-1 cells after treatment with RNase and actinomyci

used to assess the expression of circSCN8A and SCN8A mRNA in
n D. (i) Subcellular localization of circSCN8A in A549 and SK-MES

-1 cells. (j) CircSCN8A expression in NSCLC tissues (n =64) and corresponding paracancer tissues (n =64). (k) Kaplan-Meier survival
curve was plotted to evaluate the correlation between circSCN8A expression and overall survival of NSCLC patients. () CircSCN8A

expression in NSCLC cells. *P <0.05, **P <0.01, ***P <0.001.

is 853 bp (Figure 1E). To identify the circulariza-
tion of circSCN8A, the convergent primers and
divergent primers were designed to amplify linear
SCN8A and circSCN8A based on c¢DNA and
gDNA from A549 and SK-MES-1 cells. As shown
in Figure 1F, circSCN8A could only be amplified
by divergent primers in the cDNA, but not in the
gDNA. To confirm the stability of circSCN8A,
RNase R and Actinomycin D treatment assays
were performed in A549 and SK-MES-1 cells.
CircSCN8A was resistant to RNase R, while linear

SCN8A mRNA expression was significantly
reduced following RNase R  treatment
(Figure 1G). Actinomycin D assay also showed
that circSCN8A had a longer half-life compared
with the linear transcript (Figure 1H).
Nucleocytoplasmic fractionation assays indicated
that circSCN8A was mainly located in the cyto-
plasm (Figure 1I). qRT-PCR assays showed that
circSCN8A expression was significantly lower in
NSCLC tissues than that in adjacent paracancerous
tissues (Figure 1J). Moreover, patients with low



circSCN8A expression displayed larger tumor size,
advanced TNM stage, and more lymph node
metastasis (Table 1). Also, NSCLC patients with
low circSCN8A expression showed a poorer over-
all survival than that with high circSCN8A expres-
sion (Figure 1K). Consistently, circSCN8A
expression was decreased in NSCLC cells com-
pared to normal bronchial epithelial cell line
BEAS-2B (Figure 1L). These data suggested the
potential involvement of circSCN8A in NSCLC
progression and prognosis.

CircSCN8A inhibits cell proliferation and
metastasis in NSCLC

To investigate the biological functions of
circSCN8A in  NSCLC, we overexpressed
circSCN8A in A549 and SK-MES-1 cells
(Figure 2A). CCK-8, colony forming, and EdU
experiments demonstrated that overexpression of
circSCN8A resulted in significant suppression of
cell proliferation (Figures 2B-D). Wound healing
assays showed a significant decrease in cell migra-
tion ability when circSCN8A was overexpressed
(Figure 2E). As depicted by transwell assays, cell
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repressed due to circSCN8A overexpression
(Figures 2FandG). According to the data from
western blot, increased E-cadherin expression
and decreased N-cadherin and Vimentin expres-
sion were found in circSCN8A-overexpressing
NSCLC cells (Figure 2H). Together, circSCN8A
suppressed the aggressive phenotypes of NSCLC
in vitro.

CircSCN8A induces ferroptosis in NSCLC cells

Next, we explored the effects of circSCN8A on cell
death in NSCLC. As shown in Figures 3AandB,
cell death was significantly increased and cell via-
bility was significantly suppressed by circSCN8A
overexpression. To detect the cell death type
caused by circSCN8A, circSCN8A-overexpressing
NSCLC cells were treated with ZVAD-FMK (an
apoptosis  inhibitor), necrostatin-1  (Nec-1,
a necroptosis inhibitor), or Ferrostatin-1 (Fer-1,
a ferroptosis inhibitor). The results showed that
circSCN8A-mediated cell death and growth inhi-
bition was significantly reversed by Fer-1, but not
ZVAD-FMK or Nec-1 (Figures 3AandB), indicat-
ing that circSCN8A promoted cell death in
NSCLC by inducing ferroptosis. To investigate
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Figure 2. CircSCN8A inhibits the aggressive progression of NSCLC in vitro. (a) Transfection efficiency of circSCN8A-
overexpressing plasmid in A549 and SK-MES-1 cells was determined by gRT-PCR. (b-d) CCK-8, colony formation, and EdU assays
were performed to detect the proliferation ability of circSCN8A-overexpressing cells. (€) Wound healing assays were used to
determine the effect of circSCN8A overexpression on cell migration. (f and g) Transwell assays were applied to determine the
migration and invasion capability in cells with circSCN8A overexpression. (h) Western blot assays of EMT markers (e-cadherin,
n-cadherin, and vimentin) in circSCN8A-overexpressing NSCLC cells. Scale bar: 50 um. **P <0.01, ***P <0.001.
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Figure 3. CircSCN8A induces ferroptosis in NSCLC cells. (a and b) CircSCN8A-overexpressing NSCLC cells were treated with ZVAD-
FMK (10 uM), Nec-1 (10 uM), or Fer-1 (1 uM) for 24 h, followed by the determination of cell viability and cell death. (c and d)
CircSCN8A-transfected NSCLC cells were treated with erastin (10 uM) or Fer-1 (1 uM) for 24 h, followed by CCK-8 assays of cell
viability. (d-g) the levels of Fe?* (d), ROS (e), MDA (f), and GSH (g) were measured in A549 and SK-MES-1 cells with circSCN8A
overexpression. (h) Western blot assays were used to detect the protein expression of SLC7A11 and GPX4 in circSCN8A-
overexpressing cells. Scale bar: 50 pm. *P <0.05, **P <0.01, ***P <0.001.

the effect of circSCN8A on ferroptosis, overexpression (Figure 30). Moreover,
circSCN8A-overexpressing cells were treated with ~ circSCN8A  overexpression  increased — Fe®*
erastin (a ferroptosis activator) or Fer-1. CCK-8  (Figure 3D), ROS (Figure 3E), and malondialde-
assays revealed that erastin-induced suppression of  hyde (MDA) (Figure 3F) levels and decreased glu-
cell growth was reinforced by circSCN8A  tathione (GSH) content (Figure 3G), while these



effects were greatly reversed by Fer-1 (Figure 3D-
G). Western blot assays were also used to deter-
mine the effects of circSCN8A on the expression of
ferroptosis-related proteins. SLC7A11 and GPX4
protein levels were suppressed by circSCN8A over-
expression, while this effect was effectively wea-
kened by Fer-1 (Figure 3H). These findings
suggested that overexpressing circSCN8A could
cause cells to undergo ferroptosis in NSCLC.

CircSCN8A promotes ACSL4 expression in NSCLC
cells

Then, the molecular mechanisms by which
circSCN8A regulates NSCLC progression and fer-
roptosis were further investigated. By analyzing
the microarray data (GSE32863, GSE33532,
GSE19188, and GSE85841), we found a total of
364 down-regulated mRNAs (Figure 4A).
According to the intersection between down-
regulated mRNAs in NSCLC and ferroptosis dri-
vers from FerrDb database, we identified 6 candi-
date targets including EPAS1, ALOX5, CDOI,
ACSL4, IL6, and ATF3 (Figure 4B). Then, qRT-
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PCR was used to determine the expression levels
of these 6 mRNAs in A549 and SK-MES-1 cells
with circSCN8A knockdown or overexpression.
The results showed that the ACSL4 mRNA level
was decreased by circSCN8A knockdown, and was
promoted due to circSCN8A overexpression
(Figures 4CandD). Consistently, western blot
assays demonstrated that circSCN8A knockdown
inhibited ACSL4 protein expression (Figure 4E),
and circSCN8A overexpression facilitated ACSL4
protein level (Figure 4F). TCGA analysis tools
(UALCAN and starBase v2.0) showed that
ACSL4 mRNA expression was abnormally down-
regulated in NSCLC, including both LUAD and
LUSC (Figure SIA and B). Compared with
matched para-carcinoma tissues, ACSL4 mRNA
level was decreased in tumor tissues from our
cohort of NSCLC patients (Figure 4G). In addi-
tion, we observed a positive correlation between
ACSL4 mRNA expression and circSCN8A expres-
sion in NSCLC tissues (Figure 4H). As presented
by Kaplan-Meier Plotter, higher ACSL4 expression
indicated a better prognosis for NSCLC patients
(Figure 41I). By using western blot and IHC assays,
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Figure 4. CircSCN8A facilitates ACSL4 expression in NSCLC cells. (a) Venn diagram showed the 364 down-regulated mRnas in
NSCLC based on 4 datasets including GSE32863, GSE33532, GSE19188, and GSE85841. (b) the intersection between down-regulated
mRnas in NSCLC and ferroptosis drivers from FerrDb database. (c and d) qRT-PCR assays of EPAS1, ALOX5, CDO1, ACSL4, IL6, and
ATF3 mRNA expression in A549 and SK-MES-1 cells transfected with si-circSCN8A or circSCN8A. (e and f) Western blot assays of
ACSL4 protein level in A549 and SK-MES-1 cells with circSCN8A knockdown or overexpression. (g) ACSL4 mRNA expression in 64
pairs of tumor tissues and adjacent non-cancerous samples. (h) Expression correlation between ACSL4 mRNA and circSCN8A in
NSCLC tissues. (i) Kaplan-Meier plotter database presented the correlation between circSCN8A expression and prognosis in NSCLC
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we found lower ACSL4 protein expression in
NSCLC tissues than that in adjacent normal tis-
sues (Figures 4JandK). These data suggested the
promotive effect of circSCNS8A on ACSL4
expression.

CircSCN8A suppresses NSCLC progression and
induces ferroptosis by promoting ACSL4 expression
ACSL4 was previously reported as a tumor sup-
pressor in LUAD by repressing tumor survival/
invasiveness and inducing ferroptosis [34]. To
further explore whether circSCN8A exerted the
anti-tumor roles in NSCLC by regulating ACSL4,
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we co-transfected circSCN8A and si-ACSL4 into
A549 and SK-MES-1 cells. CircSCN8A-mediated
inhibition of cell proliferation was significantly
reversed by ACSL4 depletion (Figures 5AandB).
Also, knockdown of ACSL4 effectively attenuated
the suppression of circSCN8A overexpression on
cell migration and invasion (Figures 5CandD).
Moreover, circSCN8A-induced increase of ROS,
Fe’*, and MDA levels and decrease in GSH con-
tent was greatly alleviated by ACSL4 down-
regulation (Figures 5E-H). To sum up,
circSCN8A inhibited cell malignant phenotypes
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and induces ferroptosis in NSCLC progression by
facilitating ACSL4 expression.

CircSCN8A increases ACSL4 expression by
sponging miR-1290 in NSCLC cells

Considering the cytoplasmic localization of
circSCN8A in NSCLC cells, we further explored
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whether circSCN8A promoted the ACSL4 expres-
sion through a ceRNA mechanism. With the help
of bioinformatics tools (circBank, circInteractome,
and miRDB), we discovered 2 miRNAs (miR-1290
and miR-607) containing the binding sites of both
circSCN8A and ACSL4 (Figure 6A). miR-1290 is
demonstrated as an oncogenic factor in multiple
types of cancers, including lung cancer [35]. Thus,
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Figure 6. CircSCN8A serves as a sponge for miR-1290 to facilitate ACSL4 expression.(a) Circinteractome, circBank, and miRDB
online databases were used to predict the potential miRnas that might bind to circSCN8A and ACSL4. (b) qRT-PCR analysis of miR-
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putative binding sequences of miR-1290 on ACSL4-3"UTR. (g) the dual luciferase reporter assays were performed in A549 and SK-
MES-1 cells after transfection with miR-NC or miR-1290 and wild or mutant circSCN8A reporter. (h) the luciferase activities were
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it was selected as a focus to discuss. Higher expres-
sion of miR-1290 was found in tumor tissues than
that in corresponding normal tissues from our
of NSCLC patients (Figure 6B).
Interestingly, there was a negative correlation

cohort

between ACSL4 and miR-1290 expression, as well
as between miR-1290 and circSCN8A expression in
NSCLC tissues (Figures 6CandD). The binding sites
between miR-1290 and circSCN8A or ACSL4 were
shown in Figures 6EandF. Then, the luciferase repor-
ter assays and RNA pull-down experiments were
performed to confirm the binding between miR-
1290 and circSCN8A or ACSL4-3"UTR in A549
and SK-MES-1 cells. miR-1290 overexpression
inhibited the luciferase activity of wild circSCN8A
or ACSL4-3"UTR reporter but had no effects on the
luciferase activity of mutant circSCN8A or ACSL4-
3’'UTR reporter (Figures 6GandH). Moreover,
circSCN8A and ACSL4 mRNA were significantly
enriched by biotin-labeled miR-1290 compared
with a negative control probe (Figures 6land]). As
demonstrated by qRT-PCR, miR-1290 expression
was decreased in circSCN8A-overexpressing cells,
while was increased in response to the knockdown
of circSCN8A (Figure 6K). Western blot assays also
revealed that ACSL4 protein expression was inhib-
ited by miR-1290 overexpression, but was promoted
miR-1290 inhibition (Figure 6L).
circSCN8A-induced increase of
ACSLA4 protein level was reversed by the overexpres-
sion of miR-1290 (Figure 6M). Overall, the above
results revealed that circSCN8A acted as a sponge for
miR-1290 to promote the ACSL4 expression.

due to
Furthermore,

CircSCN8A suppresses cell proliferation and
metastasis in NSCLC by sponging miR-1290

Subsequently, we further addressed whether the
anti-tumor effects of circSCN8A in NSCLC was
mediated by miR-1290. A549 and SK-MES-1 cells
were transfected with miR-NC+vector, miR-1290
+vector, miR-NC+circSCN8A, or miR-1290
+circSCN8A. As presented in Figures 7A-F, over-
expression of miR-1290 significantly promoted cell

proliferation, migration, invasion, and EMT, sug-
gesting the tumor-promotive role of miR-1290 in
NSCLC. Moreover, circSCN8A-mediated suppres-
sion of cell proliferation, migration, invasion, and
EMT was significantly abated by miR-1290 over-
expression (Figures 7A-F). Based on the above
results, we concluded that circSCN8A exerted
a tumor-suppressive activity in NSCLC by down-
regulating miR-1290.

CircSCN8A induces ferroptosis in NSCLC cells by
sponging miR-1290

We also investigated the effects of miR-1290 on
ferroptosis in  NSCLC cells. MiR-1290-
overexpressing cells were treated with erastin
or Fer-1. As shown in Figure S2A and B, miR-
1290 overexpression abated erastin-induced
growth  inhibition = of  NSCLC  cells.
Overexpression of miR-1290 decreased intracel-
lular levels of Fe** (Figure S2B), ROS (Figure
S2C), MDA (Figure S2D) and increased GSH
level (Figure S2E). Consistently, miR-1290
overexpression led to the increase of SLC7A11
and GPX4 protein levels (Figure S2F). These
data suggested that miR-1290 induced NSCLC
cells to resist ferroptosis. To explore whether
circSCN8A-induced ferroptosis was associated
with miR-1290, A549 and SK-MES-1 cells were
co-transfected with circSCN8A and miR-1290.
CCK-8 assays showed that circSCN8A overex-
pression aggravated erastin-induced inhibition
of cell growth, while this effect was reversed
by miR-1290 overexpression (Figure 8A).
Moreover, circSCN8A-induced increase of Fe**
(Figure 8B), ROS (Figure 8C), and malondial-
dehyde (MDA) (Figure 8D) levels and decrease
of glutathione (GSH) content (Figure 8E) were
greatly weakened by miR-1290 overexpression.
Consistently, the decreased SLC7A11 and GPX4
protein levels mediated by circSCN8A overex-
pression was prominently restored due to the
up-regulation of miR-1290 (Figure 8F). These
results suggested that circSCN8A promoted fer-
roptosis in NSCLC cells by inhibiting miR-1290
expression.
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Figure 7. CircSCN8A exerts a tumor-suppressive activity in NSCLC by sponging miR-1290.(a-e) A549 and SK-MES-1 cells were
transfected with miR-NC+vector, miR-1290+vector, miR-NC+circSCN8A, or miR-1290+circscn8a. (a and b) Cell proliferation ability
was assessed by using CCK-8 and colony formation assays. (c) Wound healing assay of cell migration. (d and e) Transwell assay of cell
migration and invasion. (f) Western blot assay of E-cadherin, N-cadherin, and vimentin. Scale bar: 50 um. *P <0.05, **P <0.01,

***P <0.001.

CircSCN8A represses the tumorigenesis of NSCLC
in vivo

To further investigate the effects of circSCN8A
on NSCLC tumor growth in vivo, A549 cells with
Lv-circSNCS8A or Lv-vector were subcutaneously
injected into BALB/c nude mice. The xenograft
tumor growth in the Lv-circSNC8A group was
significantly slower than the control Lv-vector
group (Figure 9A). Consistently, the weight of
tumors from circSNC8A-overexpressing mice
was lighter than that from control mice
(Figure 9B). Then, these subcutaneous tumors

were resected for further study. qRT-PCR indi-
cated that circSNC8A and ACSL4 mRNA were
higher, and miR-1290 expression was lower in
circSNC8A-overexpressing tumors than in con-
trol tumors (Figure 9C). IHC assays revealed that
overexpression of circSNC8A suppressed the
expression of Ki-67 and GPX4 and promoted
the expression of E-cadherin and ACSL4
(Figure 9D). These combined results indicated
that the anti-tumor activity of circSNC8A in
NSCLC in vivo were mediated by the miR-1290/
ACSL4 axis.
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Discussion

Although comprehensive therapy has brought unpre-
cedented survival benefits for NSCLC patients, the
overall cure and survival rates for NSCLC remain
dismal, especially in metastatic disease [36]. In lung
cancer, a growing body of circRNAs are found to play
vital roles in carcinogenesis, development, and
response to different treatments [37]. However, the
potential effects of most circRNAs in NSCLC remain
unclear.

In the present study, we identified a down-
regulated circRNA (hsa_circ_0026337, circSCN8A)
in NSCLC from GEO datasets and further investigated
its biological function and action mechanism.
CircSCN8A exhibited a lower expression level in
NSCLC tissues and cells. Clinical investigation
demonstrated that circSCN8A expression was nega-
tively correlated with the pathological states of NSCLC
patients. Lower circSCN8A expression indicated
a poorer prognosis. Functionally, circSCN8A overex-
pression inhibited NSCLC cell proliferation and

metastasis in vitro. The subcutaneous tumor model
in nude mice confirmed the anti-cancer activity of
circSCN8A in vivo. All these evidence indicated the
tumor-suppressive effect of circSCN8A in NSCLC.
SCNS8A expression was reduced in tumor tissues of
colorectal carcinoma. There were also meaningful
relationships between the tumor grade, tumor loca-
tion, histopathological classification, and SCN8A
expression [38]. However, the expression of SCN8A
in NSCLC and its correlation with patient prognosis
are needed to be explored in detail.

Ferroptosis, an iron-dependent form of nona-
poptotic cell death, is intimately correlated with
tumorigenesis, invasion, and metastasis in cancers
[39]. CircRNAs are reported to regulate the fer-
roptosis of tumor cells [40]. Here, we found the
increase of ROS, Fe’*, and MDA levels and the
decrease of GSH level in circSCN8A-
overexpressing cells. As the key regulators in can-
cer cell ferroptosis, SLC7A11 and GPX4 were also
suppressed by circSCN8A. These data suggested
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the inductive effects of circSCN8A on ferroptosis  expression was decreased in NSCLC tissues, con-
in NSCLC. sistent with a previous publication [34]. ACSL4 is

According to the GEO datasets and FerrDb  identified as a biomarker and contributor of fer-
database, ACSL4 was predicted as a candidate tar-  roptosis in cancer cells [41]. ACSL4 was reported
get of circSCN8A. Here, we found that ACSL4  as a ferroptosis inducer in several human cancers,
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such as cervical cancer [42] and hepatocellular
carcinoma [43]. As previously described, LUDA
patients with low ACSL4 expression had a worse
prognosis. Moreover, ACSL4 inhibited cell survi-
val, invasion, and migration and induced ferrop-
tosis in LUDA [34]. In this study, ACSL4
expression was positively associated  with
circSCN8A. Moreover, ACSL4 expression was
increased by circSCN8A overexpression and
reduced by circSCN8A knockdown. Furthermore,
circSCN8A-mediated inhibition of cell prolifera-
tion, migration, invasion, and EMT and increase
of ferroptosis was reversed by ACSL4 knockdown.
These data suggested that circSCN8A repressed
NSCLC progression and caused ferroptosis by
increasing ASCL4 expression.

CircRNAs in the cytoplasm are inclined to
exert roles by posttranscriptional regulation,
such as miRNA sponging [44]. In the current
study, we found that circSCN8A was predomi-
nantly localized in the cytoplasm. Thus,
circSCNB8A is likely to exert regulatory effects in
NSCLC through miRNA sponge activity. Through
online databases, miR-1290 was identified as the
common miRNA of circSCN8A and ACSL4.
Biotinylated miRNA pull-down and luciferase
reporter assays validated the binding between
miR-1290 and circSCN8A or ACSL4. In mechan-
istic experiments, circSCN8A acted as a sponge
for miR-1290 to up-regulate ACSL4 expression.
miR-1290 exerts an oncogenic function by pro-
moting tumor initiation, growth, survival, angio-
genesis, and metastasis in the vast majority of
cancers [45]. In NSCLC, serum and exosomal
miR-1290 was revealed as a potential diagnostic
and prognostic biomarker [46,47]. MiR-1290 was
demonstrated as a tumor-promoting factor in
NSCLC. For example, overexpression of miR-
1290 promoted cell proliferation and invasion in
NSCLC by targeting IRF2 [48]. MiR-1290 over-
expression contributed to tumor growth and
metastasis in NSCLC by repressing MT1G
expression [49]. In this study, we also found that
miR-1290 overexpression facilitated NSCLC cell
proliferation, migration, invasion, and EMT.
Moreover, miR-1290 overexpression induced fer-
roptosis in  NSCLC cells. Furthermore,
circSCN8A-mediated suppression of cell malig-

nant phenotypes and promotion of ferroptosis
was greatly abrogated by the up-regulation of
miR-1290. These findings suggested that
circSCN8A inhibited NSCLC progression and
induced ferroptosis by sponging miR-1290.
Combining all these results together, we drew
a conclusion that circSCN8A inhibited cell prolif-
eration and metastasis and triggered ferroptosis in
NSCLC by sponging miR-1290 to increase ACSL4
expression (Figure 9E).

Conclusion

In summary, our present study demonstrated that
circSCN8A was down-regulated in NSCLC cells and
tissues. Low expression of circSCN8A was associated
with unfavorable clinicopathological features of
NSCLC patients. CircSCN8A overexpression sup-
pressed cell proliferation and metastasis and induced
ferroptosis. Mechanistically, circSCN8A served as
a sponge for miR-1290 to up-regulate ACSL4 expres-
sion. Our findings proposed circSCN8A as
a ferroptosis inducer in NSLCL to repress cell pro-
liferation and metastasis by miR-1290/ACSL4 axis.
These data highlight the potential of circSCN8A as
a prognostic biomarker and therapeutic target for
NSCLC. Further animal and clinical experiments
are required for applying circSCN8A to ferroptosis-
inducing therapy in NSCLC.
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