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1. Introduction
Lung cancer (LC) is a highly aggressive malignancy 

and the leading cause of cancer death globally [1]. Lung 
adenocarcinoma (LUAD) is the most prevalent LC sub-
type, followed by squamous-cell carcinomas [2]. The 
advance in diagnosis and therapy including surgery, radio-
therapy, and targeted therapy contributes to the improve-
ment of clinical outcomes. However, the challenges in ear-
ly detection, high metastasis rates, and therapy resistance 
threaten the survival of patients, and the five-year survival 
rate in patients with LUAD is under 20% [3-5]. Explora-
tion of the underlying mechanism in LUAD carcinogene-
sis and identification of promising therapeutic targets is of 
significant value for LUAD treatment.

Ferroptosis dysfunction is involved in various diseases 
including lung cancer. Ferroptosis is regarded as an iron-
dependent and non-apoptotic type of regulated cell death 
featured by lipid peroxide accumulation [6]. The inactiva-
tion of the cellular antioxidant system with lipid reactive 
oxygen species (ROS) accumulation is a critical cause of 

ferroptosis [7]. GPX4 is regarded as a central downstream 
ferroptosis modulator by clearing ROS as well as maintai-
ning redox homeostasis. Glutathione (GSH) is a cofactor 
of GPX4 and is oxidized to GSSG as a byproduct when 
GPX4 is combined with lipid peroxidation to reduce lipid 
hydroperoxides to lipid alcohols [8]. The deficiency of 
GSH can inactivate GPX4. GPX4 inhibition can also be 
achieved through pharmacological or genetic means can 
lead to ferroptosis [9]. In recent years, increasing attention 
has been attracted on the role of ferroptosis in different 
diseases, including in cancer therapy [9, 10]. A previous 
study has unveiled that the CREB facilitates the transcrip-
tion of GPX4 to inhibit ferroptosis in LUAD [11]. There-
fore, the inhibition of GPX4 transcription in LUAD cells 
is a promising target for the therapy of LUAD.

Circular RNAs (circRNA) refer to a type of covalently 
closed single-stranded non-coding RNAs without 5’caps 
and 3’ poly(A) tails and are produced via the back-spli-
cing of their pre-mRNAs. Increasing evidence has shown 
that the dysregulation of circRNAs is associated with the 
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progression of various diseases, including LUAD [12, 
13]. Studies have shown that circRNAs serve as critical 
regulators of gene expression via diverse mechanisms, in-
cluding as acting as transcriptional regulators interacting 
with miRNAs and RNA binding proteins (RBPs) [14, 15]. 
For example, circXPO1 is reported to facilitate LUAD 
cell proliferative capacity and tumor growth by interac-
ting with IGF2BP1 to enhance CTNNB1 mRNA stability 
[16]. Circ-ENO1 promotes the proliferation, migration 
and glycolysis of LUAD cells by binding to miR-22-3p 
to upregulate ENO1 [17]. CircDCUN1D4 is revealed to 
repress cell invasion and glycolysis in lung cancer by inte-
racting with HuR to enhance TXNIP mRNA stability [18]. 
Moreover, circRNAs are indicated to affect the process of 
ferroptosis by regulating the genes or proteins associated 
with ferroptosis in direct or indirect ways [19]. Based on 
the GEO datasets, hsa_circRNA_104099 (circSCUBE3) is 
found lowly expressed in the LUAD tissues. However, the 
role of circSCUBE3 in LUAD progression remains unex-
plored.

In the current study, we intended to explore the effects 
and underlying mechanisms of ferroptosis in LUAD. 
Loss-of-function assays were conducted to explore the 
impact of circSCUBE3 deficiency on the viability and 
ferroptosis-related biomarkers in LUAD cells. Mecha-
nically, we hypothesized that circSCUBE3 might affect 
ferroptosis in LUAD by regulating GPX4. The findings 
of this study might deepen our understanding of the role 
of circSCUBE3 in the LUAD progression and provide a 
novel candidate for LUAD-targeted therapy.

2. Materials and methods
2.1. Patient specimens

The LUAD tumor tissues and adjacent normal tissues 
were collected during surgery from LUAD patients at our 
hospital. The tissue specimens were confirmed by patho-
logists and stored at -80 °C before use. The study acquired 
the approval of the Ethics Committee of our hospital and 
the written informed consent was provided by all patients 
enrolled in this study.

2.2. Cell culture and treatment 
Human LUAD cell lines (A549, H1975) and bronchial 

epithelial cells (BEAS-2B) were obtained from The Ame-
rican Type Culture Collection and incubated in RPMI-
1640 medium containing 10% fetal bovine serum (FBS, 
Gibco, USA) and 100 U/mL penicillin and 0.1 g/mL strep-
tomycin at 37 °C with 5% CO2. For erastin treatment, cells 
were stimulated by 10 µM of erastin for 24 h. 

2.3. RNase R treatment
Total RNA was collected from the A549 and H1975 

cells maintained at 37 °C in the presence or absence of 3 U/
μg RNase R (Sigma-Aldrich, USA) for 0.5 hours. Then the 
RNA was purified followed by qRT-PCR analysis.

2.4. Actinomycin D (ActD) assays
A549 and H1975 cells were stimulated by 2 μg/ml ActD 

(Sigma-Aldrich, USA) for 0, 6, 12, 18 and 24 h. Then total 
RNA in the treated cells was collected and subject to qRT-
PCR analysis.

2.5. Cell transfection
ShRNAs targeting circSCUBE3 (sh-circSCUBE3), 

GPX4 (sh-GPX4) or CREB (sh-CREB) and matched ne-
gative controls (sh-NC) were designed and synthesized 
by Genechem (Shanghai, China). For circSCUBE3 ove-
rexpression, the full length of circSCUBE3 was cloned 
into pCDNA3.1 overexpression vectors (GENERAY Bio-
TECH, Shanghai). A549 and H1975 cells were grown into 
6-well plates before transfection with indicated vectors for 
48 hours with the Lipofectamine 2000 (Invitrogen, MA, 
USA) in accordance with the producer’s protocol.

2.6. Cell viability
A549 and H1975 cell viability was examined using a 

CCK-8 assay kit (GLPBIO, Montclair, CA, USA). Cells 
(1 × 104) were grown into 96-well plates before incu-
bation for 48 hours. After the addition of CCK-8 regent 
(10 µL) into each well, cells were maintained for another 
two hours. A microplate reader (BioTek, VT, USA) was 
applied to determine the absorbance at 450nm.

2.7. Quantitative reverse transcription PCR (qRT-
PCR)

TRIzol (Invitrogen; Thermo Fisher, USA) was used 
for total RNA isolation from cells and tumor tissues. The 
PrimeScript RT Reagent Kit (TaKaRa, Japan) was used 
for reverse transcription according to the producer’s pro-
tocol. qPCR was conducted with a Hieff qPCR SYBR 
Green Master Mix kit (Yeasen, China). The relative quan-
tification of RNA expression was calculated by the 2−ΔΔCt 
method with GAPDH as the internal control. The primer 
sequences were shown below: circSCUBE3: F: 5’- CG-
TGTGATGACACAGAGCAG-3’; R: 5’-TGTTCTGG-
CAGATAGCATCG-3’; SCUBE3: 5’-GGATCAACTT-
CAAGACAAGC-3’; R: 5’-GCTCATAGTCCTCATCA-
TAGG-3’; Ptgs2: F: 5’-TCAGCCATACAGCAAATCC-3’, 
R: 5’-TATACTGGTCAAATCCCACAC-3’; GAPDH: F: 
5’-TCATTTCCTGGTATGACAACGA-3’, R: 5’-GTCT-
TACTCCTTGGAGGCC-3’;

2.8. Measurements of malondialdehyde (MDA), 4-HNE 
concentration and GSH/GSSG ratio

MDA and 4-HNE content in the treated A549 and 
H1975 cells were measured using commercial kits from 
Abcam (MDA kit, Cat. No ab118970, 532 nm; 4-HNE 
kit, Cat. No ab238538, 450 nm) using a microplate rea-
der (BioTek). GSH (Cat. No. BC1175, Solarbio, China) 
and GSSG assay kits (Cat. No. BC1180, Solarbio) were 
applied for the measurement of the GSH level as well as 
the GSH/GSSG ratio.

2.9. Lipid reactive oxygen species (ROS) detection
The lipid ROS levels in the treated LUAD cells were 

detected with fluorescent BODIPY 581/591 C11 probes 
(Invitrogen, USA). Cells were grown into the 3.5 cm 
plates and pretreated with transfection vectors or erastin. 
Then cells were cultured with the BODIPY-C11 at 1.5 µM 
for 20 min, followed by PBS washing thrice. Results were 
recorded with a Leica microscope and subject to flow cy-
tometry analysis.

2.10. Mitochondrial membrane potential assay
An Enhanced mitochondrial membrane potential assay 

kit with JC-1 (Beyotime) was applied to measure the mito-
chondrial membrane potential in accordance with the pro-
ducer’s protocol. The treated A549 and H1975 cells were 
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mice per group) when the tumor size reached 100 mm3. 
A549 cells (4 × 105) transfected with sh-circSCUBE3 or 
sh-NC were injected subcutaneously into the mouse right 
flank. Tumor size was monitored and recorded every three 
days. Mice were executed at the end of the experiment on 
day 24. The tumors were excised and weighed. For erastin 
treatment, mice were intraperitoneally administrated with 
15 mg/kg erastin (Selleck Chemicals, Houston, TX, USA) 
twice per week.

2.16. Immunohistochemistry (IHC)
The tumor samples or adjacent normal tissues obtained 

from LUAD patients or tumors from mice in each group 
were immersed in 4% paraformaldehyde, paraffin-em-
bedded and 5-µm sections were prepared. Then sections 
were treated using xylene for 15 min and rehydrated in 
gradient alcohol, the sections were maintained for 10 min 
at 105°C, and then processed with the citric acid buffer. 
Next, after PBS washing and treatment with 3% hydrogen 
peroxide solution, sections were maintained with the 10% 
normal goat serum for 30 min at 37°C. Subsequently, the 
samples were cultured with the anti-4-HNE (Cat. No. 
MAB3249, R&D Systems, USA), anti-Ptgs2 (Cat. No. 
ab179800, 1:100, abcam), anti-GPX4 (Cat. No. ab125066, 
1:250, abcam) at 37°C for two hours. After incubation 
with the secondary antibody for 60 min, the sections were 
dyed with hematoxylin for 4 min. Results were observed 
using an Olympus microscope and scored by two blinded 
pathologists.

2.17. Statistical analysis
Results are shown as the mean ± standard deviation 

(SD). GraphPad prism version 8 was applied for data ana-
lyses. Student’s t-test was applied for between-group com-
parisons and one-way ANOVA was used for comparisons 
among three or more groups. P<0.05 was set as the thres-
hold value. 

3. Results
3.1. CircSCUBE3 is significantly downregulated in 
LUAD

The differentially expressed circRNAs in LUAD were 
searched on the GEO database. Based on the analysis of 
the GSE101586 combined with the GSE158695 data-
set, 9 differentially expressed circRNAs were screened, 
among which the role of hsa_circRNA_104099 (circ-
Base ID: hsa_circ_0076092, gene symbol: SCUBE3) in 
the regulation of LUAD has not been reported (Figure 
1A). As shown in Figures 1B, C, the circSCUBE3 was 
lowly expressed in the LUAD tumor specimens relative 
to the normal adjacent specimens in the GSE101586 and 
GSE158695 datasets. We further identified that the expres-
sion of circSCUBE3 was significantly lower in the LUAD 
tissues relative to the adjacent normal tissues (Figure 1D). 
We then analyzed the levels of circSCUBE3 in LUAD 
cells (A549, H1975) as well as bronchial epithelial cells 
(BEAS-2B). The results demonstrated the downregula-
tion of circSCUBE3 in LUAD cells in comparison with 
BEAS-2B cells (Figure 1E). After the RNase R treatment, 
the SCUBE3 mRNA levels were significantly reduced, 
while the expression of circSCUBE3 exhibited no evident 
change, which indicated that circRNA is stable and resis-
tant to the digestion of RNase R (Figure 1F). Moreover, 
the expression of SCUBE3 mRNA in LUAD cells trea-

incubated for 24 hours in a six-well plate (3×105 cells/
well). Then cells were stained with 1 mL of JC-1. The 
results were analyzed by flow cytometry with the excita-
tion wavelength at 488 nm and the emission wavelength 
at 529 and 590 nm for monometric and J-aggregate JC-1, 
respectively.

2.11. RNA immunoprecipitation (RIP)
The binding between circSCUBE3 and CREB was ex-

plored using a Magna RIP Kit (Millipore, USA) according 
to the producer’s guidelines. Cells were treated with lysis 
buffer followed by culturing with magnetic beads loaded 
with the anti-CREB antibody (Invitrogen), or anti-IgG 
(abcam) overnight at 4°C. Finally, cells were maintained 
with proteinase K (Sigma-Aldrich) for 0.5 h at 55°C. RNA 
extraction was conducted with TRIzol and qRT-PCR was 
carried out to measure the circSCUBE3 expression in the 
precipitates.

2.12. RNA pulldown assays
A549 and H1975 cells were processed with lysis buf-

fer and then the cell lysates were incubated with the bio-
NC and bio-circSCUBE3 probes (GenePharma, Shanghai, 
China) overnight at 4°C. Next, the mixture was added with 
streptavidin magnetic beads (MCE, USA) and maintained 
for three hours. After washing thrice, the enriched proteins 
in the complexes were extracted and subjected to western 
blot.

2.13. ChIP
A549 and H1975 cells (2×107) were processed with 1% 

formaldehyde for 10 min and then sonicated to 150–900 
bp for chromatin fragments. Then the protein A/G beads 
coupled with the anti-CREB (Cat. No. MA1-083, Invi-
trogen) and negative control anti-IgG antibodies were sup-
plemented and cultured with the lysates overnight at 4°C. 
Next, the immunocomplexes were eluted and the enrich-
ment of GPX4 promoter fragment binding to CREB was 
detected by qRT-PCR. 

2.14. Western blot
RIPA lysis buffer (Sigma-Aldrich) was applied to iso-

late total protein from treated cells. Then the concentration 
of protein was analyzed by a BCA assay. The samples were 
separated by 10% SDS-PAGE gels and then transferred 
to PVDF membranes (Merk, Darmstadt, Germany). After 
blocking with 5% nonfat milk, the membranes were main-
tained with the anti-CREB (Cat. No. MA1-083, 1:500, 
Invitrogen), anti-GPX4 (Cat. No. ab125066, 1:1000, ab-
cam) at 4 °C overnight with primary GAPDH as a loading 
control. Then the membranes were cultured at ambient 
temperature with the secondary antibody for 1 hour. The 
ECL reagents (Pierce, MA, USA) were used for protein 
band visualization and ImageJ software was applied for 
quantification.

2.15. Xenograft tumorigenesis
BALB/c nude mice (5 weeks) were purchased from the 

Beijing Vital River Laboratory Animal Technology Co., 
Ltd. (Beijing, China). The procedures of the animal expe-
riment were conducted under the approval of the Ethics 
committee of our hospital. The animals were randomized 
into 4 groups, including the sh-NC, sh-circSCUBE3, 
erastin+sh-NC and erastin+sh-circSCUBE3 groups (6 
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ted with Actinomycin D showed significant downregula-
tion, while the circSCUBE3 was not significantly altered, 
which further suggested that the circRNA was more stable 
compared with its linear mRNA (Figure 1G).

3.2. CircSCUBE3 promoted ferroptosis of LUAD cells
Ferroptosis is regarded as a potential option for anti-

cancer treatment. The role of circSCUBE3 in the regula-
tion of ferroptosis in LUAD was investigated. As shown 
in Figure 2A, the concentration of MDA was reduced in 
the LUAD tissues relative to the adjacent normal tissues. 
Then we analyzed the expression of biomarkers related to 
lipid oxidation (4-HNE) and ferroptosis (Ptgs2). Immuno-
histochemistry unveiled that both 4-HNE and Ptgs2 were 
downregulated in LUAD tissues, which indicated the fer-
roptosis resistance in LUAD (Figure 2B). After the treat-
ment with ferroptosis inducer erastin, the A549 and H1975 
cell viability was significantly reduced (Figure 2C), and 
the levels of Ptgs2 mRNA and4-HNE concentration exhi-
bited significant elevation in the LUAD cells exposed to 
erastin (Figures 2D, E), which indicated that the induction 
of ferroptosis is an alternative for anti-LUAD treatment. 
In addition, circSCUBE3 levels showed no significant 
change after the stimulation of erastin in LUAD cells (Fi-
gure 2F), while the GSH level and GSH/GSSG ratio were 
significantly increased by overexpressing circSCUBE3 in 

LUAD cells (Figures 2G, H), which suggested that circS-
CUBE3 might serve as an independent factor of ferropto-
sis and may induce the ferroptosis in LUAD by inhibiting 
GSH synthesis.

3.3. CircSCUBE3 deficiency promoted the GSH synthe-
sis and suppressed the LUAD cell ferroptosis 

Then we examined the effects of circSCUBE3 on cell 
ferroptosis in LUAD. CCK-8 assays revealed that the 
reduced viability of LUAD cells by erastin stimulation 
was reversed after the transfection of sh-circSCUBE3 into 
LUAD cells (Figure 3A). The GSH level showed a signifi-
cant decrease after the erastin treatment and was elevated 
by silencing circSCUBE3 in erastin-treated LUAD cells 
(Figure 3B). Moreover, we also demonstrated that circS-
CUBE3 deficiency rescued the erastin-induced reduction 
in GSH/GSSG ratio in LUAD cells (Figure 3C). However, 
the MDA content was elevated in the erastin-stimulated 
A549 and H1975 cells, and decreased in the erastin+sh-
circSCUBE3 group (Figure 3D). The elevation in Ptgs2 
mRNA and 4-HNE levels in the erastin-stimulated A549 
and H1975 cells was also demonstrated to be reversed after 
silencing circSCUBE3 (Figures 3E, F). Additionally, we 
also detected that the erastin treatment caused an increase 
in lipid ROS level, which was reduced by circSCUBE3 
knockdown (Figures 3G, H). Moreover, the erastin de-
creased the mitochondrial membrane potential of LUAD 
cells, which was exhibited as the fluorescence shift from 
red to green. After the transfection of sh-circSCUBE3, the 
fraction of cells showing red fluorescence was increased, 

Fig. 1. CircSCUBE3 is significantly downregulated in LUAD. (A) 
The differentially expressed circRNAs in LUAD were screened in the 
GSE101586 and the GSE158695 datasets. The expression pattern of 
circSCUBE3 in the LUAD samples and the normal samples in the (B) 
GSE101586 and (C) the GSE158695 dataset. (D) qRT-PCR detected 
the level of circSCUBE3 in LUAD tissues and adjacent normal tissues 
collected from LUAD patients. (E) qRT-PCR was applied to measure 
the circSCUBE3 expression in LUAD cell lines (A549, H1975) and 
control bronchial epithelial cells (BEAS-2B). (F) qRT-PCR revealed 
the expression of circSCUBE3 and SCUBE3 mRNA in LUAD cells 
treated with RNase R. (G) qRT-PCR was used to detect the circS-
CUBE3 and linear mRNA SCUBE3 expression in LUAD cells treated 
with Actinomycin D. **P<0.01, ***P<0.001.

Fig. 2. CircSCUBE3 promoted ferroptosis of LUAD cells. (A) 
MDA concentration in LUAD tumor samples and adjacent normal 
tissues. (B) Levels of biomarkers related to lipid oxidation (4-HNE) 
and ferroptosis (Ptgs2) LUAD tumor samples and adjacent normal 
tissues were examined using immunohistochemistry. (C) CCK-8 
assays detected the viability of LUAD cells after the treatment with 
ferroptosis inducer erastin. (D) qRT-PCR detected the expression of 
Ptgs2 mRNA in LUAD cells with or without erastin treatment. (E) 
ELISA detected the concentration of 4-HNE in LUAD cells with or 
without erastin stimulation. (F) qRT-PCR measured the expression of 
circSCUBE3 in LUAD cells with or without erastin stimulation. (G) 
GSH levels in LUAD cells after circSCUBE3 overexpression were 
examined using a GSH detection kit. (H) GSH/GSSG ratio in LUAD 
cells after overexpressing circSCUBE3 was evaluated using a GSH/
GSSG detection kit. *P<0.05, **P<0.01, ***P<0.001.
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suggesting that circSCUBE3 deficiency decreased the 
erastin-induced mitochondrial damage (Figures 3I, J).

3.4. CircSCUBE3 regulated GPX4-mediated GSH 
synthesis

The underlying mechanism of circSCUBE3 to regu-
late GSH was further investigated. GPX4 is previously 
reported to regulate GSH to protect cells from ferropto-
sis. We then explored whether circSCUBE3 regulated 
GPX4 in LUAD. As shown in Figure 4A, the expres-
sion of GPX4 showed significant elevation in A549 and 
H1975 cells after silencing circSCUBE3, suggesting the 
positive regulation of circSCUBE3 on GPX4 in LUAD. 
Then we treated the A549 cells with 10 μM of erastin to 
induce ferroptosis. Based on the results of rescue assays, 
we found that the viability of LUAD cells was elevated by 
silencing circSCUBE3, which was revealed to be reversed 
after GPX4 knockdown (Figure 4B). Moreover, the GSH 
level was elevated by silencing circSCUBE3, and GPX4 
knockdown restored the GSH level in A549 cells (Figure 
4C). Consistently, the increase in GSH/GSSG ratio caused 
by circSCUBE3 deficiency was counteracted after the 
transfection of sh-GPX4 in A549 cells (Figure 4D). The 
MDA content in the A549 cells was decreased by silencing 
circSCUBE3 and showed significant elevation after GPX4 
knockdown (Figure 4E). The Ptgs2 mRNA expression re-
duced by circSCUBE3 deficiency was also demonstrated 
to be rescued after GPX4 knockdown (Figure 4F). Addi-
tionally, the lipid ROS levels in the sh-circSCUBE3 group 
were significantly lower than those in the sh-NC group, 
while the GPX4 knockdown was revealed to restore the 
lipid ROS level compared with the sh-circSCUBE3 group 

(Figure 4G). Moreover, according to the result of JC-1 stai-
ning, the sh-circSCUBE3 group showed higher mitochon-
drial membrane potential than the sh-NC group, while the 
GPX4 silencing significantly reduced the mitochondrial 
membrane potential to the normal level (Figure 4H). Ove-
rall, the results suggested that circSCUBE3 promotes the 
ferroptosis of LUAD cells by regulating the GPX4-media-
ted GSH synthesis.

3.5. CircSCUBE3 and GPX4 competitively bound with 
CREB 

CREB has been reported to promote the transcription of 
GPX4 to suppress ferroptosis in LUAD [11]. We assumed 
that CERB might regulate GSH via GPX4. The sh-CREB 
and GPX4 overexpression vectors were cotransfected into 
A549 and H1975 cells, and we found that the GSH level, 
as well as the GSH/GSSG ratio in the sh-CREB group, 
showed an evident decrease relative to the control, while 

Fig. 3. CircSCUBE3 deficiency promoted GSH synthesis and 
suppressed the ferroptosis of LUAD cells. (A) CCK-8 assays were 
conducted to detect the viability of LUAD cells after erastin treatment 
or circSCUBE3 knockdown. (B) GSH and (C) GSH/GSSG ratio in 
LUAD cells in each group were examined using commercial kits. (D) 
MDA content in LUAD cells in indicated groups. (E) Ptgs2 mRNA 
expression in LUAD cells in each group was detected using qRT-
PCR. (F) The concentration of 4-HNE in LUAD cells after indicated 
treatment. (G, H) The lipid ROS level in LUAD cells was measured 
by immunofluorescence. (I, J) The mitochondrial membrane poten-
tial in LUAD cells was examined with JC-1 staining. ***P<0.001, 
###P<0.001.

Fig. 4. CircSCUBE3 promoted the ferroptosis of LUAD cells by 
regulating GPX4. (A) The GPX4 expression at mRNA level was 
detected by qRT-PCR in A549 cells transfected with the sh-NC or 
sh-circSCUBE3. A549 cells were treated with 10 μM erastin and col-
lected for the following analysis. (B) The viability of A549 cells in 
each transfection group was measured using CCK-8 assays. (C) The 
GSH level and (D) GSH/GSSG ratio in A549 cells in each transfec-
tion group were evaluated using commercial kits. (E) MDA content 
in A549 cells after indicated transfection was detected using an MDA 
detection kit. (F) qRT-PCR measured the Ptgs2 mRNA expression in 
transfected A549 cells. (G) Immunofluorescence assays showed the 
lipid ROS level in transfected A549 cells. (H) The Mitochondrial 
membrane potential changes in the transfected A549 cells were mea-
sured using a JC-1 kit. **P<0.01, ***P<0.001.
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that in the sh-CREB+GPX4 group was elevated relative to 
the sh-CREB group, suggesting that CRBE regulated the 
GPX4-mediated GSH synthesis in LUAD cells (Figures 
5A, B). CircSCUBE3 was demonstrated to negatively re-
gulate the GPX4-mediated GSH synthesis to promote fer-
roptosis in LUAD (Figure 4). We then explored the effects 
of circSCUBE3 on CREB-mediated GPX4 transcription 
in A549 and H1975 cells. Based on the results of RIP as-
says, we found the abundant enrichment of circSCUBE3 
in the precipitates in the anti-CREB group in A549 and 
H1975 cells (Figure 5C). Moreover, the RNA pulldown 
assays also revealed that the CREB was enriched in the 
complex of bio-circSCUBE3 in LUAD cells (Figure 5D), 
which indicated that circSCUBE3 bound with CREB in 
LUAD cells. However, the regulation of circSCUBE3 on 
CREB in LUAD cells was explored, and we found that 
CREB mRNA and protein expression were not signifi-
cantly affected by circSCUBE3 in LUAD cells (Figures 
5E, F). ChIP assays revealed that the GPX4 promoter was 
enriched in the precipitates in the anti-CREB group, which 
was significantly decreased by the circSCUBE3 overex-
pression in LUAD cells, suggesting that the circSCUBE3 
decreased the binding between CREB and GPX4 in LUAD 
cells (Figure 5G). Moreover, GPX4 levels in LUAD cells 
after silencing circSCUBE3 and CREB were explored, and 
its mRNA and protein levels were negatively regulated by 
circSCUBE3 and positively regulated by CREB in A549 
and H1975 cells. The elevation in GPX4 levels in LUAD 
cells caused by circSCUBE3 silencing was reversed by 

cotransfection of sh-CREB vectors, which suggested that 
CREB was required in the circSCUBE3-mediated regula-
tion of GPX4 (Figures 5H, I). Overall, these results indi-
cated that circSCUBE3 is bound with CREB to modulate 
GPX4 expression in LUAD cells.

3.6. CircSCUBE3 suppressed the LUAD tumorigenesis 
and promoted ferroptosis in vivo

Tumor-bearing mouse models were established using 
A549 cells with the transfection of sh-circSCUBE3 and 
sh-NC to investigate the effects of circSCUBE3 on tumor 
growth in vivo. Mice were treated with erastin to induce 
ferroptosis. The results showed that the evidently larger 
tumor size with circSCUBE3 silencing relative to control, 
while the erastin treatment was revealed to decrease the 
tumor size compared with the control. Moreover, we also 
found that the tumor weight, as well as volume of mice 
in the erastin+sh-circSCUBE3 group, showed significant 
elevation relative to the erastin +sh-NC group, which 
suggested that circSCUBE3 deficiency attenuated the 
suppressive effects of erastin on LUAD tumorigenesis 
(Figures 6A-C). Additionally, we detected the expression 
levels of circSCUBE3 and GPX4 in the collected tumor 
samples in each group. The expression of circSCUBE3 
was confirmed to be decreased in the sh-circSCUBE3 
group and showed significant elevation by erastin treat-
ment. The increase in circSCUBE3 expression caused by 
erastin treatment in mouse tumor tissues was reversed 
after circSCUBE3 knockdown (Figure 6D). However, the 
GPX4 expression exhibited the opposite changes in mouse 
tumor tissues. GPX4 was revealed to be negatively regu-
lated by circSCUBE3 and decreased by erastin treatment. 
Moreover, the erastin-induced reduction of GPX4 expres-
sion of revealed to be rescued after silencing circSCUBE3 
(Figure 6E). The immunohistochemistry also showed that 
the protein levels of GPX4 decreased by erastin treatment 
were reversed after circSCUBE3 knockdown (Figure 6F).

4. Discussion
Compared with the linear mRNAs, circRNAs are much 

Fig. 5. CircSCUBE3 bound with CREB to regulate GPX4 ex-
pression. (A) The GSH level and (B) GSH/GSSG ratio in A549 and 
H1975 cells after silencing circSCUBE3 and overexpressing GPX4 
were detected using commercial kits. (C) RIP assays detected the bin-
ding relation between circSCUBE3 and CREB in A549 and H1975 
cells. (D) RNA pulldown assays confirmed the interaction between 
circSCUBE3 and CREB in A549 and H1975 cells. (E) qRT-PCR and 
(F) western blot were performed to examine the mRNA and protein 
expression of CREB in A549 and H1975 cells with circSCUBE3 ove-
rexpression. (G) The effects of circSCUBE3 overexpression on the 
enrichment of GPX4 promoter in the precipitates of anti-CREB were 
detected by ChIP assays. (H) qRT-PCR and (I) western blot were used 
to detect the GPX4 mRNA and protein expression in A549 and H1975 
cells with circSCUBE3 and CREB deficiency. **P<0.01, ***P<0.001.

Fig. 6. CircSCUBE3 suppressed the tumor growth and promoted 
ferroptosis in vivo. (A) Representative mouse tumor images in indi-
cated groups. (B) The tumor weight of mice in each group. (C) The 
tumor volume was measured every three days in indicated groups. 
qRT-PCR measured the expression of (D) circSCUBE3 and (E) GPX4 
in mouse tumor tissues in each group. (F) Immunohistochemistry 
detected the protein expression of GPX4 in mouse tumor tissues. 
*P<0.05, **P<0.01, ***P<0.001.
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more stable and abundant and are promising candidate 
biomarkers for diagnosis and treatment in LUAD [20, 21]. 
Resistance to ferroptosis is associated with the progression 
of diverse diseases, lung cancer included [22]. Increasing 
evidence has shown that circRNAs are important regula-
tors of ferroptosis in cancer development [23]. In this study, 
we explored the role and potential regulatory mechanism 
of circSCUBE3 (hsa_circ_0076092) in LUAD carcinoge-
nesis. We identified the downregulation of circSCUBE3 
in LUAD tissue samples and cells. Moreover, we revealed 
that circSCUBE3 was an independent factor that induced 
ferroptosis of LUAD cells by inhibiting GSH synthesis. 
Further analysis showed that circSCUBE3 silencing res-
cued the erastin stimulation and caused a reduction in cell 
viability and ferroptosis of LUAD cells. Mechanically, 
circSCUBE3 regulated GSH synthesis by negatively regu-
lating GPX4. CircSCUBE3 and GPX4 are competitively 
bound to CREB, and circSCUBE3 overexpression inhi-
bited the CREB-mediated transcription of GPX4. In the 
tumor-bearing mouse models, we demonstrated the anti-
tumor effects of circSCUBE3 on tumorigenesis.

CircRNAs are endogenous biomolecules with tissue- 
and cell-specific expression profiles, and function as im-
portant regulators of gene expression via diverse mecha-
nisms [15, 24]. Energy metabolism alteration is a hallmark 
of cancer development and circRNAs are indicated to play 
crucial roles in this process [25]. Multiple circRNAs have 
been revealed to affect ferroptosis by acting on GPX4 or 
lipid metabolism or other ferroptosis-related pathways in 
the cancer progression. For example, circKIF4A inhibits 
ferroptosis by binding to miR-1231 to upregulate GPX4 
in papillary thyroid cancer [26]. CircRNA_101093 sup-
presses ferroptosis by interacting with FABP3 and induces 
NAT in LUAD [27]. CircCDK14 inhibits ferroptosis and 
promotes glioma progression by binding to miR-3938 to 
upregulate miR-3938 expression [28]. In this work, circS-
CUBE3 was confirmed to be lowly expressed in LUAD 
tumor specimens. We also verified that circSCUBE3 was 
stable and resistant to RNase R digestion. Moreover, 
circSCUBE3 expression was not evidently altered by the 
erastin exposure, and circSCUBE3 overexpression was 
demonstrated to reduce the GSH and GSH/GSSG ratio in 
the A549 and H1975 cells, suggesting it as an independent 
factor influencing ferroptosis. Moreover, we found that 
circSCUBE3 deficiency reversed the erastin-induced re-
duction in cell viability, alteration in levels of biomarkers 
of ferroptosis including Ptgs2, lipid peroxidation (4-HNE 
and MDA), glutathione (GSH) levels and GSH/GSSG ra-
tio in A549 and H1975 cells.

Ferroptosis dysfunction is involved in the biological 
processes including lipid metabolism, iron metabolism 
and GSH synthesis in various diseases [29-31]. GPX4 is 
reported to protect cells from ferroptosis by regulating 
GSH. GPX4 is regarded as a promising option to reduce 
ferroptosis resistance in the targeted therapy of cancer [8, 
32]. The GSH-dependent GPX4 reductive system is a cri-
tical anti-ferroptosis pathway [33], which can be induced 
by cystine when stimulated by P53 or erastin. In this study, 
we revealed that the MDA content as well as the Ptgs2 and 
4-HNE protein levels were lower in LUAD tissues, sug-
gesting that ferroptosis resistance in LUAD. Erastin was 
used to induce ferroptosis of LUAD cells, which upregu-
lated the Ptgs2 expression and 4-HNE concentration while 
decreasing LUAD cell viability. Moreover, the expression 

GPX4 was found to be negatively modulated by circS-
CUBE3. The results of rescue assays also indicated that 
GPX4 knockdown reversed the effects of circSCUBE3 
silencing on the viability and ferroptosis of LUAD cells, 
which indicated that circSCUBE3 promoted ferroptosis in 
LUAD by downregulating GPX4. 

CREB is previously reported to promote the transcrip-
tion of GPX4 to repress the ferroptosis in LUAD [11]. A 
study also reports that CREB is activated by PCTR1 to 
elevate GPX4 expression in ferroptosis in LPS-induced 
acute lung injury [34]. In the current work, we elucidated 
that circSCUBE3 interacted with CREB in LUAD cells 
and suppressed the binding between CREB and GPX4 
promoter as well as the CREB-mediated transcription 
of GPX4. Additionally, the expression of CREB was not 
significantly regulated by circSCUBE3. The inhibitory 
impact induced by CREB silencing on the GSH synthesis 
in LUAD cells was demonstrated to be reversed by ove-
rexpressing GPX4. The results indicated that CREB was 
required in circSCUBE3-mediated regulation on GPX4.

In conclusion, we confirmed the downregulation and 
explored the role of circSCUBE3 in ferroptosis of LUAD 
for the first time. CircSCUBE3 facilitates ferroptosis and 
decreases the viability and tumorigenesis in LUAD by 
binding to CREB to downregulate GPX4. The findings of 
this study might provide novel therapeutic options for the 
LUAD treatment.
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