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Background: Circular RNAs (circRNA) play an essential role in the tumorigenesis of

non-small cell lung cancer (NSCLC). CircDTL is a novel identified circRNA with little

information regarding its biological role. However, the role of circDTL in NSCLC has not

been investigated yet.

Method: In this study, the levels of circDTL in tissues and cells were measured by

RT-PCR. Cell viability was measured by the CCK-8 assay. Cell migration and invasion

were evaluated using the wound healing assay and transwell assay, respectively. Cell

death was measured by the cell death ELISA kit. The levels of Fe2+, ROS, MDA and

GSH were measured using the commercial kits. The interactions between miR-1287-5p

and circDTL/3′UTR GPX4 were verified by dual-luciferase activity assay. The effects of

circDTL on tumor growth were evaluated in vivo.

Results: CircDTL was found to be upregulated and acted as an oncogene in NSCLC

cells. Knockdown of circDTL promoted both apoptosis and ferroptosis of NSCLC

cells. It was identified that circDTL exerts its oncogenic effects via the circDTL/miR-

1287-5p/GPX4 axis and GPX4 inhibits both ferroptosis and apoptosis. Finally, this

study showed that silencing of circDTL promoted the sensitivity of NSCLC cells to

chemotherapeutic agents and inhibited the growth of tumors in vivo.

Conclusion: CircDTL acts as an oncogene and exerts its effects via the

miR-1287-5p/GPX4 axis in NSCLC, providing a potential therapeutic target for

NSCLC cancer therapy.

Keywords: apoptosis, circDTL, ferroptosis, non-small cell lung cancer, miRNA

Abbreviations: NSCLC, non-small cell lung cancer; circRNA, Circular RNA; miRNAs, MicroRNAs; ROS, reactive oxygen
species; GPX4, Glutathione Peroxidase 4; MDA, Malondialdehyde; Fer-1, Ferrostatin-1; Lip-1, liproxstatin-1;RSL3, RAS-
selective lethal 3;GSH, Glutathione.
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INTRODUCTION

Lung cancer is the most prevalent diagnosed cancer and the
leading cause of cancer-related death worldwide (Siegel et al.,
2019). Non-small-cell lung carcinoma (NSCLC) accounts for
nearly 85% of lung cancers and the prognosis of NSCLC
is still dismal (Keith and Miller, 2013). Therefore, it is
important to unveil the molecular mechanisms underlying the
progression of NSCLC.

Circular RNA (circRNA) is a group of non-coding RNA
featuring a closed-loop structure. Circular RNAs are more stable
than linear RNAs due to their circular shape. CircRNAs have been
shown to perform a variety of biological roles, including sponging
miRNA, regulating RNA binding protein, and transcription in
nuclear (Hsiao et al., 2017). Several studies have suggested that
dysregulation of circRNAs is correlated to the development of
NSCLC. CircDTL is a novel circRNA that has been reported to be
dysregulated in medulloblastoma, but its role in NSCLC remains
unknown, and further investigation is needed to understand its
underlying mechanism (Lv et al., 2018).

MicroRNAs (miRNAs) are another form of small non-
coding RNAs that regulate various biological processes such
as differentiation, migration, metabolism, and programmed cell
death (Hammond, 2015). Various miRNAs have been reported
to participate in the tumorigenesis of cancers. miR-1287-5p has
been found dysregulated and played essential roles in multiple
cancers. For instance, miR-1287-5p inhibited the development of
triple-negative breast cancer via inhibition of phosphoinositide-
3-kinase CB (Schwarzenbacher et al., 2019). Another study
found that miR-1287-5p could regulate the progression of
cervical cancer via regulation of HOXA7 (Ji et al., 2020).
However, there’s little knowledge about the role of miR-1287-
5p in NSCLC.

Ferroptosis is a novel type of regulated cell death mediated by
reactive oxygen species (ROS) and lipid peroxidation (Cao and
Dixon, 2016). Glutathione peroxidase 4 (GPX4), a glutathione
peroxidase, belongs to the GPX family and plays an essential
role in the process of ferroptosis (Yang et al., 2014). GPX4 is
able to convert lipid hydroperoxides to lipid alcohols. Therefore,
inhibition of GPX4 can lead to the accumulation of lipid
peroxides and thereby promote the ferroptosis. Various studies
have shown that induction of ferroptosis via targeting GPX4
might be a promising strategy for killing cancer cells including
the NSCLC (Hassannia et al., 2019). For example, blockage of
GPX4 could overcome resistance to Lapatinib via promoting
ferroptosis in NSCLC (Ni et al., 2021). Another study also found
that ammonium ferric citrate induced ferroptosis via blockage
of GPX4 in NSCLC cells (Wu et al., 2021). Interestingly, several
researchers have found that non-coding RNAs also play essential
roles in regulating ferroptosis (Wang et al., 2019; Lu et al.,
2020). However, there’s still no investigation into the effects of
circDTL on ferroptosis.

This study found that circDTL was upregulated and acted as
an oncogene during the progression of NSCLC. Interestingly,
silencing of circDTL induced ferroptosis of NSCLC cells and
further investigation showed that circDTL regulated ferroptosis
via the miR-1287-5p/GPX4 axis. These findings underlined

the importance of circRNAs in the process of ferroptosis and
introduced circDTL as a regulator of ferroptosis in NSCLC.

MATERIALS AND METHODS

Clinical Specimens
A total of 84 pairs of NSCLC tissues and adjacent normal tissues
were obtained from the Affiliated Hospital of Ningbo University.
Before the operation, no treatment was given to any of the
patients. This study was authorized by The Ethics Committee
of Ningbo University and conducted following the Declaration
of Helsinki. Before the study, all participants signed written
informed consents.

Cell Culture
Normal human lung epithelial cell line BEAS-2B and human
NSCLC cell lines (H23, H522, PC9, and A549) were purchased
from the Shanghai Bank of Cell Culture (Shanghai, China). All
cells were cultured in RPMI1640 medium (Gibco, United States)
supplemented with 10% fetal bovine serum (FBS, Gibco),
100 U/ml penicillin and 100 µg/ml streptomycin (Invitrogen,
United States). At 37◦C, the cells were kept in a humidity-
controlled environment with 5% CO2.

RNA Purification and RT-PCR
Total RNAwas extracted using Trizol (Invitrogen, United States).
RNA was reversely transcribed into cDNA using PrimeScript RT
Reagent (Takara, China). The expression levels of circDTL and
miRNAs were evaluated using the SYBR Premix Ex Taq (Takara,
China). Internal controls were GAPDH and U6. The relative
gene expression was calculated using the 2−11Ct method and the
experiments were performed in triplicate.

Cell Transfection
shRNAs against circDTL were sub-cloned into the GV248 (hU6-
MCS-Ubiquitin-EGFP-IRES-puromycin) construct (Genechem,
China). The full length of GPX4 was synthesized by
GenePharm (China) and sub-cloned into the GV248 vector.
The QuickChange site-directed mutagenesis kit (Agilent,
United States) was used to create Mutant GRPX4. The plasmids
were transfected into HEK-293 cells using the ViraPower Kit
(Life Technologies), to generate the lentivirus. GenePharm
supplied miR-1287-5p mimics/inhibitors and negative controls
(NC-mimics/inhibitors), and transfection was performed using
the Lipofectamine 2000 (Life Technologies) according to the
manufacturer’s instruction.

RNA Pull-Down Assay
The RNA pull-down assay was performed according to
the protocol from GeneSeed (Guangzhou, China). Following
formaldehyde fixation, the cells were sonicated. Then, the
supernatant was incubated with the biotinylated circDTL or
control probe (RioBio) and the magnetic streptavidin Dyna
beads (Sigma). After total RNA extraction, qRT-PCR was used to
assess the enrichment.
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Cell Viability Assay
The viability of the cells was determined according to a previously
published article (Yu et al., 2016). The cells were plated into 96-
well plates at a density of 1 × 104 cells/well. After culturing for
24 h, cells were subjected to different treatments. 10 µl of CCK-
8 solution was added to each well and incubated at 37◦C for
another 2 h. Then the absorbance was measured at 450 nm using
a microplate reader (Biotek, United States).

Cellular Death Assay
The cellular death was measured by the Cell Death
Detection ELISAplus kit (Roche, Germany), following the
manufacturer’s guide.

Measurement of ROS, MDA, GSH, and
Fe2+

The levels of ROS, MDA, GSH, and Fe2+ were measured
using the Cellular ROS Assay Kit (Abcam, United States), Lipid
Peroxidation (MDA) Assay Kit (Abcam, United States), GSH
Assay Kit (Abcam, United States), and Iron Assay Kit (Abcam,
United States), respectively.

Sub-Cellular Fraction Assay
The location of RNAs was determined using the PARISTM kit
(Invitrogen), according to the company’s manual. Cells were
suspended in cytoplasm lysis buffer and centrifuged at 1,500 rpm
for 5 min. The cytoplasmic supernatant was collected, and
the pellet was re-suspended in nucleus lysis buffer at 4◦C for
1 h after centrifugation at 1,500 rpm for 10 min. The RNAs
derived from cytoplasmic and nuclear extracts were purified by
TRIzol. The expression levels of GAPDH (cytoplasm control), U6
(nucleus control) and circDTL in the nucleus and cytoplasmwere
assayed by qRT-PCR.

Dual-Luciferase Activity Assay
The wild-type (including miR-1287-5p binding sites) sequences
of circDTL whole length or GPX4 3′UTR region were sub-
cloned into the pmirGLO vector (Life Technologies). NSCLC
cells were co-transfected with luciferase reporters along with
miR-1287-5p mimics (wild type or mutants) or miR-NC using
Lipofectamine 2000 according to the company’s protocol. The
Dual-Luciferase Reporter Assay System (System) was used to
adjust relative luciferase activity to firefly luciferase activity 48 h
after transfection (Promega Madison, WI, United States).

Cell Migration and Invasion Assay
The migration of cells was measured by the wound healing assay.
After transfection for 24 h, cells were seeded into a 6-well plate
at the density of 2 × 105 cells/well. 24 The monolayer was
scratched with a sterile 20 l pipette tip 24 h later. Cell migration
was observed 24 h later. Invasion of cells was assayed using the
Transwell assay. 1 × 105 transfected cells were suspended in
200 µl of serum-free medium and seeded into the top chambers
of Transwell (8µmpore size, Corning, United States) coated with
Matrigel (BD Bioscience). As an attractant, the bottom chamber

was filled with the entire medium. After incubation for 24 h, non-
invaded cells were gently removed and cells invaded were fixed
with 4% paraformaldehyde (Sigma), stained with crystal violet
solution (Beyotime) for 30 min, and visualized. All cells were
counted in five microscopic areas selected at random.

Western Blot Assay
The RIPA lysis buffer was used to lyse the cells (Beyotime).
SDS-PAGE was used to separate 20 g of total protein, which
was then transferred to the PVDF membrane. The membranes
were blocked with skimmed milk for 1 h at room temperature,
and then the membrane was incubated with primary antibody
overnight at 4◦C. After that, the membrane was washed
three times with PBS and incubated with corresponding HRP-
conjugated secondary antibody at room temperature for 1 h.
ECL Prime Western Blotting Kit was used to view the results
(Beyotime). Cellular Signaling Technology, United States (CST)
provided all of the main and secondary antibodies.

Animal Study
The Shanghai SLAC Animal Center (Shanghai, China) provided
4–6-week-old BALB/c male nude mice, which were kept
according to the standards for the use and care of laboratory
animals. A total of 1 × 107 NSCLC cells infected with shRNA
were injected subcutaneously into the left flank of nude mice
(3 per group). Every 3 days, the tumor volume was measured.
After 30 days, all naked mice were killed, and the tumor
tissues were analyzed by western blotting. These experiments
gained permission from the committee on the Ethics of Animal
Experiments of Affiliated Hospital of Ningbo University. The
animal experiments were conducted according to the U.K
Animals Act 1986 and associated guidelines.

Statistically Analysis
Statistical analyses were performedwith SPSS12.0 (IBM, Chicago,
IL, United States). Data are expressed as the mean ± SD.
A one-way ANOVA analysis was used to determine the
statistical difference between multiple groups. The statistical
difference between the two groups was calculated using a
post hoc test. P-value < 0.05 (two-tailed) was considered
statistically significant.

RESULTS

CircDTL Was Upregulated and Acted as
an Oncogene in NSCLC
The expression of circDTL was first assessed in 84 pairs of
NSCLC tissues and surrounding normal tissues. The levels
of circDTL were observed to be greater in NSCLC tissues
than in normal tissues (Figure 1A). The levels of circDTL
in NSCLC cells (H1299, NCI-H522, PC9, and A549) were
also higher than human lung epithelial cell line BEAS-2B
(Figure 1B). Two shRNAs targeting circDTL were utilized to
knock down circDTL in NSCLC cells to study the biological
role of circDTL in NSCLC (Figure 1C). Cell viability assays
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showed that downregulation of circDTL significantly inhibited
the viabilities of NSCLC cells compared with the control
groups (Figure 1D). Moreover, wound healing and Transwell
assays showed that downregulation of circDTL repressed
the migration and invasion of NSCLC cells (Figures 1E,F).
These findings showed that circDTL might have a role in
NSCLC as an oncogene.

Inhibition of circDTL Induced Apoptosis
and Ferroptosis in NSCLC Cells
The effects of knockdown of circDTL on cell death of NSCLC cells
were evaluated. Silencing of the circDTL gene resulted in greater
cell death than control groups (Figure 2A). To determine the cell
death type caused by the knockdown of circDTL, various specific
inhibitors were applied. Apoptosis inhibitor (z.VAD.FMK, 10
µM) and ferroptosis inhibitors (Fer-1 10 µM, Lip-1 20 µM)
but not necrosis inhibitor (Necrosulfonamide, NEC) significantly
attenuated the cell death caused by knockdown of circDTL in
NSCLC cells (Figure 2A). Caspase-3 activity assays and western
blots confirmed that knockdown of circDTL triggered activation
of caspase-3 in NSCLC cells (Figures 2B,C). Simultaneously, it
was shown that silencing circDTL resulted in the downregulation
of Bcl-2 and Mcl-1, as well as the overexpression of Bax
(Figure 2C). Silencing of circDTL also led to the release
of mitochondrial proteins Smac/DIABLO and cytochrome c
into the cytosol (Figure 2C). Hence, knocking down circDTL
triggered apoptosis in NSCLC cells via the intrinsic apoptotic
mechanism. To confirm whether ferroptosis was also triggered
by silencing of circDTL in NSCLC cells, the levels of ROS, MDA,
GSH, and Fe2+ were assayed. It was found that knockdown
of circDTL led to the upregulation of cellular ROS, which
could be counteracted by Fer-1 or Lip-1 (Figure 2D). Silencing
of circDTL also increased the levels of MDA, Fe2+ and
decreased GSH levels, and those effects could be reversed
by Fer-1 and Lip-1 (Figures 2E–G). These findings showed
that inhibiting circDTL caused NSCLC cells to undergo both
apoptosis and ferroptosis.

circDTL Negatively Regulate the
Expression of miR-1287-5p in NSCLC
Cells
Several studies have suggested that circDTL acts as a “sponge” to
regulate the expression of miRNAs. A sub-cellular fractionation
experiment was used to confirm this, and it revealed that circDTL
is mostly found in the cytoplasm of NSCLC cells (Figure 3A).
Then, using bioinformatical tools (StarBase3.0, TargetScan),
potential miRNAs that can bind to circDTL were predicted
(Supplementary File 1). RNA pull-down assays showed that
specific probes against circDTL could enrich circDTLRNAs
over 30-fold changes compared with control (Figure 3B).
We chose those predicted miRNAs with an Ago CLIP-seq
Data ≥ 5 and have been previously reported involved in
the tumorigenesis of NSCLC to further analysis. Among them,
miR-1287-5p was found to be significantly elevated in the
circDTL probe group, whereas other miRNAs showed minimal
change (Figure 3C). To further test that miR-1287-5p can

bind with circDTL, two mutant miR-1287-5p mimics (Mut1,
Mut2) containing mutations within the binding site for circDTL
and a wild-type (WT) miR-1287-5p mimics were transfected
into NSCLC cells (Figure 3D, left). It was found that only
the WT miR-1287-5p mimic but not the mutants, inhibited
circDTL luciferase reporter activity (Figure 3D, right). To
further, elucidate the correlation between miR-1287-5p and
circDTL, the expression of miR-1287-5p after knockdown of
circDTL was examined. The inhibition of circDTL led to the
upregulation of miR-1287-5p (Figure 3E). In addition, the
expression of miR-1287-5p in normal tissues was much higher
than NSCLC tissues (Figure 3F). These data suggested that
circDTL acts as a “sponge” to negatively regulate the expression of
miR-1287-5p.

miR-1287-5p Targets GPX4 Which
Regulates the Ferroptosis and Apoptosis
of NSCLC Cells
In this study, it was attempted to identify the potential targets
of miR-1287-5p. Various possible targets were predicted using
bioinformatical techniques (TargetScan, miRDB), and GPX4
piqued the curiosity for this research for three reasons. Firstly,
GPX4 was predicted in common by both analysis tools. Secondly,
GPX4 was documented played a critical role in ferroptosis (Yang
et al., 2014). Thirdly, GPX4 was also reported to be able to inhibit
apoptosis in vivo (Ran et al., 2004). To verify whether miR-
1287-5p can directly target GPX4, dual-luciferase reporter assays
were conducted. Only the WT miR-1287-5p mimics, but not
the mutants, inhibited GPX4 3′-UTR luciferase reporter activity
(Figure 4A). Furthermore, transfection of the WT miR-1287-
5p mimic into NSCLC cells inhibited the mRNA (Figure 4B)
and protein levels (Figure 4C) of GPX4, whereas the mutants
were ineffective (Figures 4B,C, right panel). RT-PCR results
showed that mRNA levels of GPX4 in NSCLC tissues were much
higher than adjacent normal tissues (Figure 4D). Moreover,
GPX4 mRNA was shown to be concentrated in biotinylated
WT miR-1287-5p but was unable to attach to mutant miR-
1287-5p (Mut1, 2, 2, biotinylated) (Figure 4E). Similarly, it
was observed that shRNAs against circDTL were also able
to downregulate the GPX4 in NSCLC cells (Figure 4F). To
investigate whether circDTL exerts its effects via the regulation
of miR-1287-5p/GPX4 axis in NSCLC cells, a 3′UTR mutant
GPX4 construct (mut GPX4) was transduced into shcircDTL
stably expressing NSCLC cells. Mut GPX4 restored mRNA
(Figure 4G) and protein (Figure 4H) expression of GPX4 in
cells with knockdown of circDTL. According to cell viability
assays, mutant GPX4 abolished knockdown of circDTL induced
inhibition of cell viability (Figure 4I), migration (Figure 4J),
and invasion (Figure 4K) in NSCLC cells. Meanwhile, increased
cell death (Figure 4L) and release of mitochondrial proteins
(Figure 4M) caused by the knockdown of circDTL were also
abrogated by overexpression of mutant GPX4. Moreover, the
effects of knockdown of circDTL on ROS, lipid peroxidation,
GSH, and Fe2+ levels were also reversed by overexpression
of mutant GPX4 (Figure 4N). These results suggested that
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FIGURE 1 | circDTL was upregulated and acted as an oncogene in NSCLC. (A) Levels of circDTL in 84 pairs of NSCLC and adjacent tissues. (B) Levels of circDTL

in normal cell line BEAS-2B and NSCLC cell lines. (C) NSCLC cells were transfected with shNC or shRNA against circDTL (sh#1, sh#2) for 24 h, levels of circDTL

were measured. (D) NSCLC cells were transfected as indicated and cell viability was measured at different time points. (E) NSCLC cells were transfected as

indicated, cell migration was assayed. (F) Cell invasion was measured. Data were presented as mean ± SD. Experiments were performed at least three times.
∗P < 0.05; ∗∗P < 0.01.

circDTL exerts its effect via modulation of miR-1287-5p/GPX4
axis in NSCLC cells.

Silencing of circDTL Increases
Sensitivity to
Chemotherapeutic/Ferroptosis Inducing
Agents and Inhibits Tumor Growth in vivo
Furthermore, this study evaluated the effects of inhibition of
circDTL on the chemosensitivity of NSCLC cells. In NSCLC cells,
it was found that silencing circDTL enhanced cell death induced

by different chemotherapeutic drugs (Cisplatin 10 M, Paclitaxel
10 M, Gefitinib 10 M, Docetaxel 10 M) (Figure 5A). Meanwhile,
the cell death caused by those agents could be significantly
inhibited by z.VAD (10 µM) (Figure 5A). Similarly, it was
also observed that inhibition of circDTL increased sensitivity
to ferroptosis inducers (Erastin 5 µM, RSL3 10 µM), and this
effect could be blocked by ferroptosis inhibitors (Fer-1 10 µM,
Lip-1 20 µM) (Figure 5B). The effects of downregulation of
circDTL on the progression of NSCLC were then evaluated
in nude mice xenograft models. The NSCLC cells transfected
with shNC or shcircDTL were inoculated into nude mice,
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FIGURE 2 | Silencing of circDTL induced apoptosis and ferroptosis of NSCLC cells. (A) NSCLC cells were transfected as indicated with or without different inhibitors

for 24 h, cellular death was assayed. (B) NSCLC cells were transfected as indicated 24 h, caspase-3 activities were measured. (C) Apoptosis-related proteins were

measured by western blots. (D) NSCLC cells were transfected as indicated and treated with or without ferroptosis inhibitors (Fer-1, Lip-1) for 24 h, ROS levels were

measured. (E) MDA levels. (F) GSH levels. (G) Fe2+ levels. Data were presented as mean ± SD. Experiments were performed at least three times. ∗P < 0.05;
∗∗P < 0.01.

which revealed that shcircDTL markedly repressed the growth
of tumors in vivo, as tumor sizes were significantly decreased
when compared with the shNC group (Figure 5C). Furthermore,
following silencing of circDTL, xenograft tumor tissues were
exposed to western blotting, and it was shown that caspase-3 was
activated (Figure 5D). These data indicated that downregulation
of circDTL not only enhanced the chemosensitivity of NSCLC
cells but also inhibited the growth of NSCLC cells in vivo.

DISCUSSION

Various studies have suggested that ncRNAs played essential roles
in the initiation and progression of NSCLC (Anastasiadou et al.,
2018). In this study, it was found that circDTL acted as an
oncogene in NSCLC. It was found that knockdown of circDTL
inhibited proliferation, migration, and invasion, and promoted
both apoptosis and ferroptosis of NSCLC cells via modulation of
miR-1287-5p/GPX4 axis.

Apoptosis is a programmed cell death that is triggered via
two pathways namely the extrinsic and intrinsic pathways (Yu
et al., 2016). The intrinsic pathway is strictly subjected to the
regulation of Bcl-2 family proteins. In this study, it was found
that silencing of circDTL leads to downregulation of Bcl-2, Mcl-1,
and upregulation of Bax. These findings suggested that inhibition

of circDTL induced apoptosis via the intrinsic pathway.
Considering that most chemotherapeutic agents primarily induce
apoptosis via the intrinsic route (Wu et al., 2021), it might explain
why the silencing of circDTL increased the chemosensitivity
of NSCLC cells. Ferroptosis is a novel identified form of cell
death. Till now, there are only a few studies regarding the role
of circRNAs in ferroptosis. For instance, Liu et al. found that
circRNA cIARS regulated ferroptosis of liver carcinoma cells by
interacting with the RNA-binding protein ALKBH5 (Liu et al.,
2020). Zhang et al. (2020) showed that circTTBK2 regulates
ferroptosis via binding with miR-761 and promoting ITGB8
expression in glioma cells. In this study, it was reported that
silencing of circDTL promoted ferroptosis via regulation of miR-
1287-5p/GPX4 axis in NSCLC cells.

Many studies have suggested that circRNAs exert regulatory
effects through acting as competing endogenous RNAs
(Memczak et al., 2013). Based on bioinformatics analysis,
miR-1287-5p was predicted to bind with circDTL. Moreover,
this study also found that circDTL was mainly located in the
cytoplasm, and dual-luciferase reporter assays further confirmed
the interaction between circDTL and miR-1287-5p. These
findings suggested that miR-1287-5p acted as a tumor suppressor
in NSCLC, which is similar to previous studies that had reported
that miR-1287-5p inhibited the growth of breast and cervical
cancer (Schwarzenbacher et al., 2019; Ji et al., 2020).
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FIGURE 3 | circDTL negatively regulates the expression of miR-1287-5p in NSCLC cells. (A) Cellular location of GAPDH, U6, and circDTL was assayed in NSCLC

cells. (B) RNA pull-down assay was used for the detection of circDTL. (C) RNA pull-down was performed to examine different miRNAs that bind with circDTL. (D)

Predictive binding sites between circDTL and miR-1287-5p (left), the interaction between miR-1287-5p and circDTL was evaluated by dual-luciferase reporter assay

(right). (E) NSCLC cells were transfected with shNC or shRNAs against circDTL (sh#1, sh#2) for 24 h, levels of miR-1287-5p were measured. (F) The expression of

miR-1287-5p in 84 pairs of NSCLC and adjacent normal tissues. Data were presented as mean ± SD. Experiments were performed at least three times. ∗P < 0.05;
∗∗P < 0.01.
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FIGURE 4 | miR-1287-5p targets GPX4 to regulate both apoptosis and ferroptosis of NSCLC cells. (A) Predictive binding sites between miR-1287-5p and 3′-UTR of

GPX4 (left), the interaction between miR-1287-5p and 3′-UTR of GPX4 was evaluated by dual-luciferase reporter assay (right). (B) NSCLC cells were transfected as

indicated for 24 h, mRNA levels of GPX4 were measured by RT-PCR. (C) Protein levels of GPX4 were measured. (D) mRNA levels of GPX4 were measured in

NSCLC and adjacent normal tissues. (E) RNA pull-down was conducted to evaluate the GPX4 mRNA that binds with miR-1287-5p. (F) NSCLC cells were

transfected with shNC or shRNAs against circDTL (sh#1, sh#2), protein levels of GPX4 were measured. (G) mRNA levels of GPX4 were measured. (H) Protein levels

of GPX4 were measured. (I) Cell viabilities were measured at different time points. (J) cell migration distance was calculated. (K) Several invaded cells were

measured. (L) Cell death was measured. (M) the release of mitochondrial proteins was measured. (N) Levels of ROS, MDA, GSH, and Fe2 + were measured. Data

were presented as mean ± SD. Experiments were performed at least three times. ∗P < 0.05; ∗∗P < 0.01.

This study investigated the miR-1287-downstream 5p’s targets
as well. The data suggested that GPX4 was a target of miR-
1287-5p. Rescue experiments also confirmed that upregulation
of GPX4 might restore the effects of downregulation of circDTL
in NSCLC cells. GPX4 is an intracellular antioxidant enzyme
that capable of reducing intracellular peroxidized phospholipids

(Imai and Nakagawa, 2003). In recent years, many studies
indicated that GPX4 plays an essential role in the process of
ferroptosis. A study reported that inhibition of GPX4 led to
ferroptosis especially in drug-resistant tumor cells (Viswanathan
et al., 2017). Many agents, such as RSL3, ML162, and ML210,
have been designed to target GPX4 to induce ferroptosis
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FIGURE 5 | Silencing of circDTL increased the chemosensitivity of NSCLC cells and inhibited the growth of NSCLC in vivo. (A) NSCLC cells were exposed to

different chemotherapy agents with or without z.VAD for 24 h and cellular death was measured. (B) NSCLC cells were exposed to RSL3 or Erastin with or without

Fer-1/Lip-1 for 24 h, cellular deaths were measured. (C) NSCLC cells stably transfected with shNC or shcircDTL and inoculated into nude mice, tumor volumes were

measured at different time points. (D) Xenografts were subjected to western blotting analysis. Data were presented as mean ± SD. Experiments were performed at

least three times. ∗P < 0.05; ∗∗P < 0.01.
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(Cao and Dixon, 2016). Overexpression of GPX4 reduced the
release of smacSmac/DIABLO and cytochrome c, indicating
that GPX4 influences intrinsic apoptosis. This finding is in
line with a previous study that also reported that GPX4
blocked the release of cytochrome c from mitochondria
(Nomura et al., 2000). In this case, these findings showed
that GPX4 affects both apoptosis and ferroptosis. Another
study revealed that high levels of GPX4 were correlated with
the poor prognosis of NSCLC patients (Liu et al., 2018).
We also found that GPX4 was significantly upregulated in
NSCLC tissues than adjacent normal tissues. Hence, targeting
GPX4 as a potential treatment for NSCLC might be a
promising strategy.

CONCLUSION

It can be concluded that this study is the first report that
showed circDTL acted as an oncogene in NSCLC. Functional
investigation showed that circDTL affected proliferation,
migration, invasion, apoptosis, and ferroptosis of NSCLC cells.
Mechanical examination showed that circDTL regulates both
apoptosis and ferroptosis via miR-1287-5p/GPX4 axis. These
findings have provided new insight into the development of
cirRNA-based therapeutics against NSCLC.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of Ningbo University.
The patients/participants provided their written informed
consent to participate in this study. The animal study was
reviewed and approved by The Animal Ethics Committee of
Ningbo University.

AUTHOR CONTRIBUTIONS

WS conductedmost of the experiments and draft the manuscript.
MH repeated the experiments and verified the data. FJ conducted
the statistical analysis. YY conducted the animal study. RY
collected the clinical samples. YR designed and supervised this
study. All authors contributed to the article and approved the
submitted version.

ACKNOWLEDGMENTS

We sincerely thank wenjun Shang for the helpful suggestion
during this study.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fgene.
2021.743505/full#supplementary-material

REFERENCES

Anastasiadou, E., Jacob, L. S., and Slack, F. J. (2018). Non-coding RNA networks in

cancer. Nat. Rev. Cancer 18, 5–18. doi: 10.1038/nrc.2017.99

Cao, J. Y., and Dixon, S. J. (2016). Mechanisms of ferroptosis. Cell. Mol. Life Sci. 73,

2195–2209. doi: 10.1007/s00018-016-2194-1

Hammond, S. M. (2015). An overview of microRNAs. Adv. Drug Deliv. Rev. 87,

3–14. doi: 10.1016/j.addr.2015.05.001

Hassannia, B., Vandenabeele, P., and Vanden Berghe, T. (2019). Targeting

ferroptosis to iron out cancer.Cancer Cell 35, 830–849. doi: 10.1016/j.ccell.2019.

04.002

Hsiao, K. Y., Sun, H. S., and Tsai, S. J. (2017). Circular RNA–new member

of noncoding RNA with novel functions. Exp. Biol. Med. (Maywood) 242,

1136–1141. doi: 10.1177/1535370217708978

Imai, H., and Nakagawa, Y. (2003). Biological significance of phospholipid

hydroperoxide glutathione peroxidase (PHGPx, GPx4) in mammalian

cells. Free Radic. Biol. Med. 34, 145–169. doi: 10.1016/s0891-5849(02)0

1197-8

Ji, F., Du, R., Chen, T., Zhang, M., Zhu, Y., Luo, X., et al. (2020). Circular RNA

circSLC26A4 accelerates cervical cancer progression via miR-1287-5p/HOXA7

axis. Mol. Ther. Nucleic Acids 19, 413–420. doi: 10.1016/j.omtn.2019.

11.032

Keith, R. L., and Miller, Y. E. (2013). Lung cancer chemoprevention: current status

and future prospects.Nat. Rev. Clin. Oncol. 10, 334–343. doi: 10.1038/nrclinonc.

2013.64

Liu, K., Jin, M., Xiao, L., Liu, H., and Wei, S. (2018). Distinct prognostic values

of mRNA expression of glutathione peroxidases in non-small cell lung cancer.

Cancer Manag. Res. 10, 2997–3005. doi: 10.2147/CMAR.S163432

Liu, Z., Wang, Q., Wang, X., Xu, Z., Wei, X., and Li, J. (2020). Circular RNA

cIARS regulates ferroptosis in HCC cells through interacting with RNA binding

protein ALKBH5. Cell Death Discov. 6:72. doi: 10.1038/s41420-020-00306-x

Lu, J., Xu, F., and Lu, H. (2020). LncRNA PVT1 regulates ferroptosis through

miR-214-mediated TFR1 and p53. Life Sci. 260:118305. doi: 10.1016/j.lfs.2020.

118305

Lv, T., Miao, Y. F., Jin, K., Han, S., Xu, T. Q., Qiu, Z. L., et al. (2018). Dysregulated

circular RNAs in medulloblastoma regulate proliferation and growth of

tumor cells via host genes. Cancer Med. 7, 6147–6157. doi: 10.1002/cam4.

1613

Memczak, S., Jens, M., Elefsinioti, A., Torti, F., Krueger, J., Rybak, A., et al. (2013).

Circular RNAs are a large class of animal RNAs with regulatory potency.Nature

495, 333–338. doi: 10.1038/nature11928

Ni, J., Chen, K., Zhang, J., and Zhang, X. (2021). Inhibition of GPX4 or mTOR

overcomes resistance to lapatinib via promoting ferroptosis in NSCLC cells.

Biochem. Biophys. Res. Commun. 567, 154–160. doi: 10.1016/j.bbrc.2021.06.051

Nomura, K., Imai, H., Koumura, T., Kobayashi, T., and Nakagawa, Y. (2000).

Mitochondrial phospholipid hydroperoxide glutathione peroxidase inhibits the

release of cytochrome c from mitochondria by suppressing the peroxidation

of cardiolipin in hypoglycaemia-induced apoptosis. Biochem. J. 351(Pt 1),

183–193. doi: 10.1042/0264-6021:3510183

Ran, Q., Liang, H., Gu, M., Qi, W., Walter, C. A., Roberts, L. J. II, et al. (2004).

Transgenic mice overexpressing glutathione peroxidase 4 are protected against

oxidative stress-induced apoptosis. J. Biol. Chem. 279, 55137–55146. doi: 10.

1074/jbc.M410387200

Schwarzenbacher, D., Klec, C., Pasculli, B., Cerk, S., Rinner, B., Karbiener,

M., et al. (2019). MiR-1287-5p inhibits triple negative breast cancer growth

by interaction with phosphoinositide 3-kinase CB, thereby sensitizing cells

Frontiers in Genetics | www.frontiersin.org 10 September 2021 | Volume 12 | Article 743505

https://www.frontiersin.org/articles/10.3389/fgene.2021.743505/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.743505/full#supplementary-material
https://doi.org/10.1038/nrc.2017.99
https://doi.org/10.1007/s00018-016-2194-1
https://doi.org/10.1016/j.addr.2015.05.001
https://doi.org/10.1016/j.ccell.2019.04.002
https://doi.org/10.1016/j.ccell.2019.04.002
https://doi.org/10.1177/1535370217708978
https://doi.org/10.1016/s0891-5849(02)01197-8
https://doi.org/10.1016/s0891-5849(02)01197-8
https://doi.org/10.1016/j.omtn.2019.11.032
https://doi.org/10.1016/j.omtn.2019.11.032
https://doi.org/10.1038/nrclinonc.2013.64
https://doi.org/10.1038/nrclinonc.2013.64
https://doi.org/10.2147/CMAR.S163432
https://doi.org/10.1038/s41420-020-00306-x
https://doi.org/10.1016/j.lfs.2020.118305
https://doi.org/10.1016/j.lfs.2020.118305
https://doi.org/10.1002/cam4.1613
https://doi.org/10.1002/cam4.1613
https://doi.org/10.1038/nature11928
https://doi.org/10.1016/j.bbrc.2021.06.051
https://doi.org/10.1042/0264-6021:3510183
https://doi.org/10.1074/jbc.M410387200
https://doi.org/10.1074/jbc.M410387200
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles


Shanshan et al. CircDTL Functions as an Oncogene

for PI3Kinase inhibitors. Breast Cancer Res. 21:20. doi: 10.1186/s13058-019-

1104-5

Siegel, R. L., Miller, K. D., and Jemal, A. (2019). Cancer

statistics, 2019. CA Cancer J. Clin. 69, 7–34. doi: 10.3322/caac.

21551

Viswanathan, V. S., Ryan, M. J., Dhruv, H. D., Gill, S., Eichhoff, O. M., Seashore-

Ludlow, B., et al. (2017). Dependency of a therapy-resistant state of cancer cells

on a lipid peroxidase pathway. Nature 547, 453–457. doi: 10.1038/nature23007

Wang, M., Mao, C., Ouyang, L., Liu, Y., Lai, W., Liu, N., et al. (2019). Long

noncoding RNA LINC00336 inhibits ferroptosis in lung cancer by functioning

as a competing endogenous RNA. Cell Death Differ. 26, 2329–2343. doi: 10.

1038/s41418-019-0304-y

Wu, W., Geng, Z., Bai, H., Liu, T., and Zhang, B. (2021). Ammonium ferric citrate

induced ferroptosis in non-small-cell lung carcinoma through the inhibition

of GPX4-GSS/GSR-GGT axis activity. Int. J. Med. Sci. 18, 1899–1909. doi:

10.7150/ijms.54860

Yang, W. S., SriRamaratnam, R., Welsch, M. E., Shimada, K., Skouta, R.,

Viswanathan, V. S., et al. (2014). Regulation of ferroptotic cancer cell death by

GPX4. Cell 156, 317–331. doi: 10.1016/j.cell.2013.12.010

Yu, R., Yu, B. X., Chen, J. F., Lv, X. Y., Yan, Z. J., Cheng, Y., et al. (2016). Anti-

tumor effects of atractylenolide I on bladder cancer cells. J. Exp. Clin. Cancer

Res. 35:40. doi: 10.1186/s13046-016-0312-4

Zhang, H. Y., Zhang, B. W., Zhang, Z. B., and Deng, Q. J. (2020). Circular RNA

TTBK2 regulates cell proliferation, invasion and ferroptosis viamiR-761/ITGB8

axis in glioma. Eur. Rev. Med. Pharmacol. Sci. 24, 2585–2600. doi: 10.26355/

eurrev_202003_20528

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Shanshan, Hongying, Jingjing, Yiming, Yu and Rui. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Genetics | www.frontiersin.org 11 September 2021 | Volume 12 | Article 743505

https://doi.org/10.1186/s13058-019-1104-5
https://doi.org/10.1186/s13058-019-1104-5
https://doi.org/10.3322/caac.21551
https://doi.org/10.3322/caac.21551
https://doi.org/10.1038/nature23007
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.7150/ijms.54860
https://doi.org/10.7150/ijms.54860
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1186/s13046-016-0312-4
https://doi.org/10.26355/eurrev_202003_20528
https://doi.org/10.26355/eurrev_202003_20528
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	CircDTL Functions as an Oncogene and Regulates Both Apoptosis and Ferroptosis in Non-small Cell Lung Cancer Cells
	Introduction
	Materials and Methods
	Clinical Specimens
	Cell Culture
	RNA Purification and RT-PCR
	Cell Transfection
	RNA Pull-Down Assay
	Cell Viability Assay
	Cellular Death Assay
	Measurement of ROS, MDA, GSH, and Fe2+
	Sub-Cellular Fraction Assay
	Dual-Luciferase Activity Assay
	Cell Migration and Invasion Assay
	Western Blot Assay
	Animal Study
	Statistically Analysis

	Results
	CircDTL Was Upregulated and Acted as an Oncogene in NSCLC
	Inhibition of circDTL Induced Apoptosis and Ferroptosis in NSCLC Cells
	circDTL Negatively Regulate the Expression of miR-1287-5p in NSCLC Cells
	miR-1287-5p Targets GPX4 Which Regulates the Ferroptosis and Apoptosis of NSCLC Cells
	Silencing of circDTL Increases Sensitivity to Chemotherapeutic/Ferroptosis Inducing Agents and Inhibits Tumor Growth in vivo

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


