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Abstract
Background  CircRNAs are closely related to ferroptosis in gastric cancer cells; however, the mechanism by which 
circRNAs regulate ferroptosis in gastric carcinogenesis remains unknown. CircRNA-encoded novel peptides are 
functional products translated from the open reading frames (ORFs) within circular RNAs, demonstrating that 
circRNAs not only serve as non-coding regulators but also have the capacity to encode biologically active peptides. 
Compared with noncancerous cells, cancer cells have greater iron requirements, and ferroptosis occurs in response 
to radiotherapy, chemotherapy, and immunotherapy; therefore, ferroptosis activation may be a potential strategy to 
overcome the shortcomings of conventional cancer therapy.

Methods  A mouse model of ferroptosis in gastric cancer was constructed, and a bioinformatics analysis was 
performed to analyze and characterize the circRNAs involved in ferroptosis in gastric cancer. The inhibitory effect of 
hsa_circ_0002301 on ferroptosis in tumors was confirmed both in vitro and in vivo. The presence and expression 
of HECTD1-463aa were verified using mass spectrometry, protein blotting, and immunofluorescence staining. The 
molecular mechanism of hsa_circ_0002301 was investigated using mass spectrometry and immunoprecipitation.

Results  We designed and synthesized antibodies specific for the small protein HECTD1-463aa encoded by hsa_
circ_0002301 to verify its presence and purified HECTD1-463aa by constructing hsa_circ_0002301 overexpression 
vectors with FLAG tags and used liquid chromatography–tandem mass spectrometry (LC‒MS/MS) to detect the 
characterized peptides. In addition, HECTD1 binding to HECTD1-463aa was identified by immunoprecipitation (Co-IP) 
and mass spectrometry. We found that HECTD1-463aa inhibited HECTD1-mediated GPX4 ubiquitination by binding 
to HECTD1, an important regulator of cell death in ferroptotic cancer cells.

Conclusions  hsa_circ_0002301 competitively inhibits the degradation of the GPX4 protein by HECTD1 through the 
encoded proteins HECTD1-463aa and HECTD1 to affect the ferroptosis level in gastric cancer cells.
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Background
Gastric cancer (GC), the fifth most prevalent malignancy 
worldwide, accounts for more than a million new diag-
noses annually and is the third leading cause of cancer-
related mortality globally [1, 2]. Gastric cancer is often 
diagnosed at an advanced stage and is the third leading 
cause of cancer-related death. In 2018 alone, 784,000 
individuals worldwide died from this disease [3, 4]. 
Hence, substantial gaps and formidable challenges exist 
in gastric cancer treatment. In 2012, Dixon introduced 
the concept of ferroptosis [5], a distinct form of non-
apoptotic cell death triggered by lipid peroxidation [6, 7]. 
Owing to their physiological differences in iron and lipid 
metabolism, along with the abnormal production of reac-
tive oxygen species (ROS) [8, 9], cancer cells may be more 
susceptible to the regulation of ferroptosis than nor-
mal cells [10, 11]. Regardless of whether ferroptosis is a 
physiological process of normal cell death or a pathologi-
cal anomaly, the development of a drug that can induce 
ferroptosis in cancer cells while sparing normal cells 
could provide substantial benefits in cancer treatment 
[12, 13]. An increasing number of anticancer drugs have 
been shown to trigger ferroptosis. Cancer cells require a 
greater amount of iron to fuel their growth than noncan-
cerous cells. Ferroptosis can be observed in response to 
radiotherapy, chemotherapy, and tumor immunotherapy. 
The activation of ferroptosis may be a strategy for over-
coming the limitations of traditional cancer treatments 
[14, 15].

Recent research has revealed a close relationship 
between noncoding RNAs (ncRNAs) and ferroptosis in 
gastric cancer cells [16, 17]. A growing body of evidence 
suggests that circular RNAs (circRNAs) containing inter-
nal ribosome entry sites (IRESs) or extensive N6-meth-
yladenosine (m6A) sites can regulate the progression of 
gastric cancer by encoding proteins [18, 19], in contrast 
to the conventional definition of ncRNAs. Many stud-
ies have identified numerous circRNA-encoded proteins 
that are closely related to tumors. The up- or downregu-
lation of these circRNA-encoded proteins, the activation 
of corresponding downstream signaling pathways, or the 
modification of specific molecules affects the epigenetic 
function of tumor cells or their resistance to chemother-
apy in a variety of ways, ultimately mediating tumori-
genesis and tumor progression [20]. Peptides encoded 
by circular RNAs have biological functions in the occur-
rence and progression of diseases such as cancer. For 
example, some peptides encoded by circular RNAs can 
inhibit tumor angiogenesis, thus playing an anticancer 
role [21]. These peptides may also be used as biomark-
ers of cancer prognosis and as targets of antitumor drugs 
[21, 22]. However, whether circRNAs regulate ferroptosis 
by encoding proteins, thereby affecting the initiation and 
progression of gastric cancer, remains unclear. CircRNAs 

are important regulatory factors in the development 
of GC, and further exploration of their impacts on the 
pathogenesis of GC is crucial. These findings could pave 
the way for identifying novel diagnostic and therapeutic 
targets for gastric cancer [23, 24].

To date, some studies have suggested that inducing 
ferroptosis in cancer cells can impede tumor progres-
sion. Specific anticancer drugs can inhibit molecules and 
channels associated with iron metabolism, such as glu-
tathione peroxidase 4 (GPX4) and system Xc-, thereby 
inducing ferroptosis in cancer cells and inhibiting tumor 
growth [25, 26]. However, most of these studies have 
focused primarily on gastric cancer cell lines, provid-
ing insights into the role of ferroptosis in the malignant 
transformation of tumor cells. No information has been 
reported on the impact of ferroptosis on tumor initia-
tion and progression in vivo [27, 28]. Our research group 
previously established a C57BL/6 mouse model of gastric 
cancer induced by N-methyl-N-nitrosourea (MNU) and 
employed a ferroptosis inducer, piperazine erastin (PE), 
which is suitable for in vivo experiments, to induce fer-
roptosis in mice as a method to address this knowledge 
gap [29].

Results
Elevated hsa_circ_0002301 levels are correlated with 
ferroptosis in a gastric cancer model
We induced ferroptosis in a murine model of MNU-
induced gastric cancer to investigate the impact of ferrop-
tosis on the initiation and progression of gastric cancer 
and identified the differentially expressed circRNAs. 
After 40 weeks of treatment, peripheral blood was col-
lected from the abdominal aorta, and the gastric tissue 
was harvested (Fig.  1a). Through the measurement of 
ROS levels, malondialdehyde(MDA) levels, Fe2+ accumu-
lation, and the glutathione (GSH)/oxidized glutathione 
(GSSG) ratio in gastric cancer tissues, we found that PE 
treatment induced significant increases in lipid ROS and 
MDA levels and Fe2+ accumulation, accompanied by a 
decrease in the GSH/GSSG ratio, confirming the success-
ful induction of ferroptosis in mice (Fig.  1b). Moreover, 
differences in the expression levels of classic ferroptosis 
negative regulatory (FNR) proteins were induced by PE. 
Interestingly, as the dose of PE injected into the mice 
increased, the expression of FNR proteins decreased 
significantly. Moreover, the expression of FNR proteins 
in the gastric cancer tissues of the mice was higher than 
that in the adjacent nontumor tissues (Fig. 1c; Fig. S6a). 
Compared with those in the control group, the sizes and 
weights of the tumors in the PE group were significantly 
smaller than those in the MNU group (Fig.  1d). Hema-
toxylin–eosin (H&E) staining revealed a more robust 
pathological morphology in gastric cancer tissues with a 
higher level of ferroptosis, and Ki-67 staining showed a 
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significant decrease in the proliferative capacity (Fig. 1e). 
Collectively, these findings suggest that ferroptosis can 
effectively inhibit the initiation and progression of gastric 
cancer.

We and others have previously shown that circRNAs 
play important roles in gastric cancer [30–32]. Hence, 
we predicted the coding potential of 236 circRNAs 
differentially expressed between human gastric can-
cer and adjacent tissues using the sequencing dataset 
GSE163416 (Table S1). Among these circRNAs, 7 could 

encode peptides (hsa_circ_0091382, hsa_circ_0008812, 
hsa_circ_0061776, hsa_circ_0004179, hsa_circ_0002301, 
hsa_circ_0042174, and hsa_circ_0025619) (Fig. S1a) 
wand were considered for further investigation. qRT‒
PCR was performed to analyze the differences in the 
expression of these circRNAs in 46 pairs of gastric can-
cer and adjacent tissues. Among the seven screened 
circRNAs, hsa_circ_0002301, hsa_circ_0004179, and 
hsa_circ_0061776 were notable as the circRNAs with 
the most significant differences in expression in these 

Fig. 1  Elevated hsa_circ_0002301 expression is correlated with ferroptosis in a gastric cancer model.a. A mouse gastric cancer model induced by N-
methyl-N-nitrosourea (MNU) was established. b. Ferroptosis indicators, such as Fe2+ accumulation, MDA levels, ROS levels, and the GSH/GSSG ratio, were 
assessed in the three groups. c. FNR protein expression was assessed in adjacent nontumor tissues and gastric cancer tissues from mice. (d) Tumor sec-
tions were spread for volume and weight measurements. (e) Hematoxylin and eosin (H&E) staining revealed the histopathological morphology of gastric 
cancer tissues with high ferroptosis levels, while Ki-67 staining revealed the cell proliferation capacity. Scale bar: 100 μm. (f) Expression of the 7 selected 
circRNAs in 46 pairs of gastric cancer and adjacent tissues from clinical samples obtained during surgery. The graph shows the mean ± standard deviation 
(SD) values; *p < 0.05, **p < 0.01, and ***p < 0.001
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clinically surgically resected samples (Fig.  1f ). We fur-
ther analyzed the expression of these circRNAs in gastric 
cancer tissue samples from mice treated with PE. The 
levels of hsa_circ_0002301 were significantly different 
in both peripheral blood and gastric cancer tissues from 
tumor-bearing mice with and without PE induction (Fig. 
S1b). Furthermore, this study confirmed the correlation 
between the levels of ferroptosis and hsa_circ_0002301 
expression in 60 gastric cancer tissues and the size and 
volume of the corresponding tumors (Fig. S1c; Table S2). 
These findings suggest that hsa_circ_0002301 is involved 
in the progression of gastric cancer and is closely associ-
ated with ferroptosis.

Hsa_circ_0002301 modulates biological functions in 
gastric cancer cells in a ferroptosis-dependent manner
Hsa_circ_0002301 was found to have a total length of 
1403 nucleotides and originated from exons 23, 24, 25, 
and 26 of HECTD1 located on chromosome 14 (Fig. 2a). 
Sanger sequencing verified the head-to-tail junction 
of the amplified hsa_circ_0002301 sequence (Fig.  2b). 
Divergent and convergent primers were designed to con-
firm that hsa_circ_0002301 formed by reverse splicing of 
exons. Divergent and convergent primers were designed 
for this study, with complementary DNA (cDNA) and 
genomic DNA (gDNA) extracted from MKN45 cells 
used as templates. The gel electrophoresis results indi-
cated that hsa_circ_0002301 was amplified only from 
cDNA and not from gDNA (Fig. S2a). Furthermore, 
after treatment with actinomycin D (a transcription 
inhibitor), hsa_circ_0002301 exhibited a significantly 
longer half-life than the HECTD1 mRNA, demonstrat-
ing the stability of hsa_circ_0002301 (Fig. S2b). Subse-
quent fluorescence in situ hybridization (FISH) (Fig. 2c) 
and qRT‒PCR analyses (Fig.  2d) of gastric cancer cells 
revealed that hsa_circ_0002301 was distributed in both 
the cytoplasm and nucleus, with predominant localiza-
tion in the cytoplasm. PCR was performed to assess the 
expression of hsa_circ_0002301 in gastric cancer tissues 
relative to that in matched adjacent gastric cancer tis-
sues from 90 patients. We generated overall survival (OS) 
curves using the Kaplan‒Meier survival analysis based 
on survival data from patients with previous follow up. 
The results revealed that patients with higher levels of 
hsa_circ_0002301 in gastric cancer tissues experienced 
significantly shorter overall survival (Fig. 2e). In conclu-
sion, our results suggest that hsa_circ_0002301 is stably 
expressed in gastric cancer cells and has potential prog-
nostic utility in gastric cancer.

We assessed the expression of hsa_circ_0002301 in 
both normal gastric tissues and multiple gastric cancer 
cell lines to investigate the impact of hsa_circ_0002301 
on the biological function of gastric cancer cells. The 
highest expression of hsa_circ_0002301 was detected 

in MKN45 and HGC27 cells and the lowest expression 
in AGS and MKN28 cells (Fig. S2c). Unlike the linear 
mRNA of the host gene HECTD1, hsa_circ_0002301 
displayed resistance to ribonuclease R (RNase R) deg-
radation, confirming the high stability of this circRNA 
(Fig. S2d). These siRNAs were then introduced into the 
MKN45 and HGC27 cell lines, which presented higher 
hsa_circ_0002301 levels than the other tested gastric 
cancer cell lines. Additionally, the AGS and MKN28 
cell lines, characterized by lower hsa_circ_0002301 
expression levels, were transfected with plasmids for 
hsa_circ_0002301 overexpression. The silencing effi-
ciency of the designed hsa_circ_0002301 siRNAs and 
the transfection efficiency of the hsa_circ_0002301 over-
expression plasmid were validated by qRT–PCR, which 
showed the effective silencing and overexpression of hsa_
circ_0002301, with no effect on the mRNA expression 
of the parental gene HECTD1 (Fig. S2e-f ). We observed 
that hsa_circ_0002301 increased proliferation (Fig.  2f ), 
invasion (Fig. 2g-h), and migration (Fig. 2i) and decreased 
apoptosis (Fig. S2g-h) in gastric cancer cells. The modu-
lation of hsa_circ_0002301 expression also regulated cell 
cycle progression in gastric cancer cells (Fig. S2i-j).

Furthermore, we examined the changes in ferroptosis 
in gastric cancer cells with hsa_circ_0002301 knockdown 
or overexpression compared with the correspond-
ing control cells. After hsa_circ_0002301 knockdown, 
pathological mitochondrial characteristics, including 
mitochondrial shrinkage and an increased mitochon-
drial membrane density, were observed (Fig. 3a). More-
over, when lipid ROS and MDA levels increased, iron 
(Fe2+) accumulation occurred and the GSH/GSSG ratio 
decreased, collectively indicating that hsa_circ_0002301 
knockdown induced cellular ferroptosis (Fig.  3b). Con-
versely, overexpression of hsa_circ_0002301 resulted 
in the opposite effects (Fig.  3a-b). In agreement, mor-
phological observations under inverted phase-contrast 
microscopy identified a distinct “ballooning” phenotype 
in treated MKN45 and HGC27 cells (Fig. S3a). Cells in 
which hsa_circ_0002301 was silenced or overexpressed 
were treated with either the ferroptosis inhibitor Fer-1 or 
the ferroptosis inducer erastin. The results revealed that 
when ferroptosis was induced, the previously observed 
oncogenic effects of hsa_circ_0002301 overexpression 
on gastric cancer cells were abolished. Conversely, when 
ferroptosis was inhibited, hsa_circ_0002301 knockdown 
failed to restore the malignant biological behavior of gas-
tric cancer cells (Fig.  3c-i). Furthermore, to investigate 
whether other forms of cell death, apart from ferropto-
sis, contribute to the observed mortality of gastric can-
cer cells in this context, we treated the cells with specific 
inhibitors targeting apoptosis (Z-VAD-FMK), necrop-
tosis (necrostatin-1), and autophagy (chloroquine). 
The results demonstrated that inhibition of apoptosis, 
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Fig. 2  Hsa_circ_0002301 modulates biological functions in gastric cancer cells in a ferroptosis-dependent manner.(a) Schematic representation showing 
that hsa_circ_0002301 is derived from exons 23, 24, 25, and 26 of HECTD1 (b) Head-to-tail splicing was confirmed by Sanger sequencing. (c) FISH results 
demonstrated that hsa_circ_0002301 was distributed within both the cytoplasm and nucleus. Scale bar: 20 μm. (d) Nuclear‒cytoplasmic fractionation re-
vealed that hsa_circ_0002301 was distributed in both the cytoplasm and the nucleus, with predominant localization in the cytoplasm. (e) Overall survival 
analysis of 90 patients with GC stratified by hsa_circ_0002301 expression. (f) A Cell Counting Kit-8 (CCK-8) assay was performed to assess the proliferative 
capacity of GC cells following the upregulation or downregulation of hsa_circ_0002301. g, h. Transwell assays were performed to investigate the influ-
ence of hsa_circ_0002301 on cell invasion. i. Wound healing assays were performed to assess the migratory ability of GC cells following the upregulation 
or downregulation of hsa_circ_0002301. The graph shows the mean ± SD values; * P < 0.05, ** P < 0.01, and *** P < 0.001
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Fig. 3  Hsa_circ_0002301 regulates the biological functions of gastric cancer cells through the modulation of ferroptosis. (a) Transmission electron mi-
croscopy was used to examine the impact of the upregulation or downregulation of hsa_circ_0002301 on organelle morphology (ferroptosis level) in GC 
cells. Scale bars: 1 μm and 500 nm. (b) The levels of lipid ROS, MDA, and Fe2+ and the GSH/GSSG ratio in GC cells were determined after the upregulation 
or downregulation of hsa_circ_0002301. c-i. When hsa_circ_0002301 was upregulated or downregulated and cells were treated with either Fer-1 or 
erastin, the effects on GC cell proliferation, invasion, apoptosis, and cell cycle progression were assessed. The graph shows the mean ± SD values; *p < 0.05, 
**p < 0.01, and ***p < 0.001
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necroptosis, or autophagy did not significantly alter the 
regulatory effect of hsa_circ_0002301 on ferroptosis in 
gastric cancer cells (Fig. S4a, b). Therefore, our findings 
support the hypothesis that hsa_circ_0002301 affects the 
ferroptosis-dependent initiation and progression of gas-
tric cancer.

Hsa_circ_0002301 encodes a specific 463 amino acid 
peptide, HECTD1-463aa
Emerging evidence has highlighted the peptide-encod-
ing capacity of several circRNAs [33, 34]. Based on the 
information provided by circRNADb, catRAPID, RBPDB, 
and CircAtla, possible open reading frames (ORFs) and 
internal ribosome entry sites (IRESs) were predicted 
(Fig. S5a). These predicted data suggested that hsa_
circ_0002301 encodes a specific peptide of 463 amino 
acids, which we termed HECTD1-463aa in this study 
(Fig.  4a). The dual-luciferase assay revealed significantly 
higher luciferase activity driven by the wild-type IRES 
encompassing nucleotides 4–151 (IRES-1) than by the 
wild-type IRES encompassing nucleotides 573–720 and 
either mutant IRES. In other words, the IRES encom-
passing nucleotides 4–151 exhibited the strongest activ-
ity (Fig.  4b). We designed and synthesized a polyclonal 
antibody targeting the middle portion of HECTD1-463aa 
(240 aa–387 aa) to detect this novel protein (Fig. 4a, right 
panel). Western blots showed increased HECTD1-463aa 
expression in gastric cancer tissues compared with nor-
mal gastric tissues, whereas HECTD1 expression was not 
substantially changed (Fig. 4c; Fig. S6b).

We introduced hsa_circ_0002301 expression plasmids 
with mutations in IRES-1 and hsa_circ_0002301 overex-
pression plasmids into HEK-293T cells. Silver staining 
revealed a distinct protein band at approximately 55 kDa, 
precisely matching the predicted size of HECTD1-
463aa (Fig.  4d, right panel). We constructed an over-
expression plasmid with a Flag sequence immediately 
upstream of the stop codon of hsa_circ_0002301 (hsa_
circ_0002301-Flag). Validation through qRT‒PCR and 
Western blot analyses confirmed the successful expres-
sion of HECTD1-463aa-Flag, which was introduced into 
293T cells. Subsequent Western blot results revealed 
that an anti-Flag antibody could detect the newly trans-
lated protein, confirming that hsa_circ_0002301 has pro-
tein-coding ability. We subsequently purified the newly 
translated protein by immunoprecipitation (IP) using an 
anti-FLAG antibody for further validation. LC‒MS/MS 
results indicated the presence of a specific sequence for 
the predicted 55-kDa peptide (Fig.  4d, left panel), con-
firming that HECTD1-463aa was indeed translated from 
hsa_circ_0002301. Furthermore, immunofluorescence 
(IF) staining with an anti-Flag antibody confirmed that 
HECTD1-463aa was localized primarily in the cytoplasm 
of MKN45 cells (Fig.  4e). An in-depth Kaplan‒Meier 

survival analysis indicated that gastric cancer patients 
with higher HECTD1-463aa expression experienced sig-
nificantly shorter overall survival times than those with 
lower HECTD1-463aa expression (Fig. 4f ).

We subsequently measured ferroptosis levels in 
MKN28 and AGS cells overexpressing HECTD1-463aa 
and with HECTD1 knockdown. Compared with the 
corresponding control conditions, both HECTD1-
463aa overexpression and HECTD1 knockdown led to 
decreased lipid ROS levels and MDA depletion, reduced 
Fe2+ accumulation, and an increased GSH/GSSG ratio in 
gastric cancer cells (Fig. S5b).

HECTD1-463aa interacts with HECTD1 to inhibit ferroptosis 
in gastric cancer
To further ascertain the biological function of HECTD1-
463aa, We observed organelle morphology in MKN45 
cells using electron microscopy to further investigate the 
biological function of HECTD1-463aa, and the results 
revealed that the overexpression of HECTD1-463aa 
in gastric cancer cells led to a reduction in ferroptosis 
(Fig.  5a-b). These findings indicate that HECTD1-463aa 
suppresses ferroptosis in gastric cancer cells.

Co-IP was performed with an anti-Flag antibody to 
pull down proteins that interact with HECTD1-463aa-
Flag and to elucidate the specific mechanism by which 
HECTD1-463aa regulates ferroptosis in gastric cancer. 
We then performed a qualitative analysis using LC‒MS/
MS on the proteins obtained by co-IP. HECTD1 was one 
of the proteins that immunoprecipitated with HECTD1-
463aa-Flag (Fig.  5c). This interaction was subsequently 
verified through co-IP and Western blot analyses, con-
firming the binding between HECTD1-463aa and 
HECTD1 (Fig.  5d; Fig. S6c). Moreover, we performed 
immunofluorescence staining with an anti-Flag anti-
body for the colocalization analysis. Immunofluores-
cence staining revealed that HECTD1-463aa colocalized 
with HECTD1 in the cytoplasm (Fig. 5e). We generated 
a Flag mutant that lacked the unique new peptide seg-
ment (HECTD1-463aa-▵specific a.a-Flag) and another 
Flag mutant containing only the new peptide segment 
(specific a.a-Flag) to investigate the possible region of 
HECTD1-463aa that interacted with HECTD1. The co-IP 
results showed that only the HECTD1-463aa mutant 
containing the specific a.a. segment and the full-length 
HECTD1-463aa protein could interact with the HECTD1 
protein (Fig. 5f ).

HECTD1 regulates GPX4 ubiquitination, with far-reaching 
effects on ferroptosis in gastric cancer
Our previous research demonstrated that hsa_
circ_0002301 can modulate the biological functions of 
gastric cancer cells by regulating ferroptosis and modu-
lating the level of the FNR gene GPX4 [35, 36]. Building 
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Fig. 4  Characterization of the protein HECTD1-463aa encoded by hsa_circ_0002301. (a) Structural schematic representation of the predicted IRES region 
and ORF in hsa_circ_0002301. (b) Left panel: the wild-type or mutant IRES was inserted between the Rluc and Luc reporter genes, each with an inde-
pendent start and stop codon. Right panel: the relative luciferase activity was measured. The graph shows the mean ± SD values; *p < 0.05, **p < 0.01, and 
***p < 0.001. (c) The expression of HECTD1-463aa in 4 pairs of gastric cancer and adjacent tissues was examined using Western blotting. (d) Total protein 
from HEK-293T cells transfected with the hsa_circ_0002301 and IRES-1 mut plasmids was separated by SDS‒PAGE. The overexpression of HECTD1-463aa 
was confirmed by immunoblotting. Gel bands containing proteins with molecular weights between 50 kDa and 75 kDa were excised and subjected to 
LC‒MS/MS analysis. The amino acids identified in HECTD1-463aa are highlighted in yellow. (e) HECTD1-463aa-Flag was transfected into MKN45 cells. Im-
munofluorescence staining was performed using an anti-Flag antibody to visualize the cellular localization of HECTD1-463aa. Scale bar: 10 μm. (f) Overall 
survival analysis based on the expression of HECTD1-463aa in 90 gastric cancer patients
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Fig. 5  HECTD1-463aa interacts with HECTD1 to inhibit ferroptosis in gastric cancer. a, b. Transmission electron microscopy was employed to assess the 
impact of HECTD1-463aa upregulation or hsa_circ_0002301 downregulation on organelle morphology (ferroptosis) in GC cells. Scale bars: 1 μm and 
500 nm. c. Total protein from HEK293T cells transfected with the HECTD1-463aa-Flag plasmid was separated by SDS‒PAGE. LC‒MS/MS analysis was then 
performed. The arrow indicates distinct bands between the IgG and Flag lanes. d. The mutual interaction between HECTD1 and HECTD1-463aa is shown 
by IP. e. Immunofluorescence staining shows the colocalization of HECTD1-463aa and HECTD1 in the cytoplasm. f. The upper panel shows a schematic 
representation of the constructed FLAG mutant. The lower panel shows the results of the co-IP experiments exploring the interactions of the mutant. The 
graph shows the mean ± SD values; * P < 0.05, ** P < 0.01, and *** P < 0.001
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on this observation, we analyzed publicly available data 
from TCGA to investigate the relationship between 
GPX4 expression and the long-term survival of gastric 
cancer patients. The results indicated that patients with 
low GPX4 expression had significantly higher long-term 
survival rates (Fig.  6a). The GEPIA database was sub-
sequently used to assess the correlation between the 
expression of GPX4 and HECTD1, and a negative cor-
relation was found, suggesting that HECTD1 could exert 
an inhibitory effect on GPX4 (Fig. 6b). Thus, we designed 
a short hairpin RNA (shRNA) specifically targeting 
hsa_circ_0002301 (sh-hsa_circ_0002301) to stably knock 
down HECTD1-463aa, thus allowing the investigation of 
the relationship between HECTD1-463aa and HECTD1. 
IP experiments revealed that in MKN45 and HGC27 
cells with stable HECTD1-463aa knockdown, the bind-
ing between GPX4 and HECTD1 increased compared to 
that in the corresponding control cells. In MKN28 and 
AGS cells, HECTD1-463aa overexpression significantly 
reduced the interaction between GPX4 and HECTD1 
(Fig.  6c; Fig. S7a). These results suggest that HECTD1-
463aa suppresses HECTD1 binding to GPX4.

MKN45 and HGC27 cells were treated with cyclohexi-
mide (CHX) in combination with sh-hsa_circ_0002301 
to assess the effect of hsa_circ_0002301 knockdown on 
GPX4 protein stability. The experimental results revealed 
a noticeable reduction in GPX4 protein stability over 
time following hsa_circ_0002301 knockdown, suggesting 
that hsa_circ_0002301 may play a role in the degradation 
of GPX4 in gastric cancer cells. However, further experi-
ments showed that the overexpression of HECTD1-
463aa following hsa_circ_0002301 knockdown restored 
GPX4 protein stability. However, the overexpression 
of hsa_circ_0002301 with a mutated IRES-1 sequence 
was unable to restore the stability of the GPX4 protein 
(Fig. 6d; Fig. S7b). These findings indicate that the regula-
tory factor involved in controlling GPX4 protein degra-
dation is HECTD1-463aa.

In vivo validation of the role of hsa_circ_0002301 in gastric 
cancer progression and its clinical significance
We investigated the role of hsa_circ_0002301 in tumori-
genicity in vivo to corroborate our in vitro findings. 
Previously, stable hsa_circ_0002301-silenced MKN45 
and HGC27 cell lines were generated. These stable 
cells were subcutaneously implanted into nude mice, 
and the growth of the subcutaneous tumors was moni-
tored weekly. Silencing hsa_circ_0002301 significantly 
inhibited tumor growth. Compared with the control, 
HECTD1-463aa overexpression significantly pro-
moted tumor growth in gastric cancer cells (Fig.  7a). 
H&E and Ki67 staining revealed fewer pathological 
lesions and weaker proliferation marker signals in the 
hsa_circ_0002301 knockdown group than in the control 

group. Consistent with the trend in tumor size, overex-
pression of HECTD1-463aa resulted in opposite changes 
and partially reversed the effects of hsa_circ_0002301 
silencing (Fig. 7b). We measured the expression levels of 
hsa_circ_0002301 relative to those in matched adjacent 
gastric cancer tissues from 90 patients using qRT‒PCR. 
We collected and analyzed clinical data related to hsa_
circ_0002301 expression, revealing significant positive 
correlations between high hsa_circ_0002301 expression 
and a large tumor size, lymphatic invasion, high TNM 
stage, and hematogenous metastasis (Fig. 7c). In conclu-
sion, we discovered that HECTD1-463aa suppresses the 
HECTD1-mediated ubiquitination of GPX4 (Fig. 7d).

Discussion
Ferroptosis, a form of cell death triggered by metabolic 
stress, is characterized by the depletion of cysteine and 
iron-dependent accumulation of excessive lipid ROS [37, 
38]. The process of circRNA regulation in gastric cancer 
progression is extraordinarily intricate. We chose the 
mechanism by which circRNAs encode proteins as our 
starting point to investigate the role of circRNAs in the 
development of gastric cancer from the perspective of 
ferroptosis. CircRNAs are a special class of noncoding 
RNAs with a circular structure that are not subjected to 
the 5’ to 3’ end degradation pathway of linear RNAs and 
are therefore relatively stable [39]. Although circRNAs 
were once thought to be noncoding RNAs, recent stud-
ies have shown that certain circRNAs have the ability to 
encode small peptides [40]. These small peptides may 
have important biological functions within cells. Com-
pared with other studies conducted horizontally, most 
studies on circRNAs in tumors have focused on their 
roles as miRNA sponges or in the regulation of parental 
gene expression [30]. Currently, no cases of circRNAs 
regulating the level of ferroptosis in gastric cancer by 
encoding proteins have been reported. Based on the nat-
urally occurring gastric cancer model in mice induced by 
MNU, we employed the ferroptosis inducer erastin ana-
log piperazine erastin (PE), which is suitable for in vivo 
experiments, to induce ferroptosis during the develop-
ment of gastric cancer [41–43]. This study is the first to 
explore the role of ferroptosis in the process of gastric 
cancer development [44]. Moreover, cellular death mech-
anisms are highly diverse and often exhibit overlapping 
or interdependent regulatory pathways. To elucidate the 
specificity of hsa_circ_0002301 in modulating ferrop-
tosis, we employed inhibitors targeting alternative cell 
death modalities, including apoptosis (Z-VAD-FMK), 
necroptosis (necrostatin-1), and autophagy (chloroquine) 
[11, 28].Our findings revealed that hsa_circ_0002301 spe-
cifically regulates ferroptosis without significant crosstalk 
from these alternative cell death pathways, underscoring 
its unique role in ferroptosis regulation. These results 
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Fig. 6  HECTD1 regulates GPX4 ubiquitination, with far-reaching effects on ferroptosis in gastric cancer. (a) The relationship between GPX4 and the long-
term survival rate of gastric cancer patients was analyzed using the public The Cancer Genome Atlas (TCGA) database. (b) The correlation between GPX4 
and HECTD1 gene expression was analyzed using the GEPIA database. (c) In MKN45 and HGC27 cell lines with stable hsa_circ_0002301 knockdown, the 
relationship between HECTD1 and GPX4 was observed by performing IP experiments combined with WB experiments. (d) Protein biosynthesis in GC 
cells was blocked with 20 µg/mL cycloheximide (CHX). Western blot analysis was conducted at various time points to assess the GPX4 protein levels in 
GC cells with hsa_circ_0002301 downregulation or HECTD1-463aa upregulation
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Fig. 7  In vivo validation of the role of hsa_circ_0002301 in gastric cancer progression and its clinical significance. (a) The specified tumor cells were 
subcutaneously injected into nude mice. Tumor volumes were measured weekly, and tumor weights were recorded at 28 days postinjection. (b) H&E 
staining and Ki67 immunostaining were performed according to the previous grouping scheme. Scale bars: 500 μm and 50 μm. (c) Correlations between 
hsa_circ_0002301 expression and clinicopathological parameters in 90 GC patients. *p < 0.05, **p < 0.01, and ***p < 0.001. (d) Mechanistic model showing 
the proposed role of hsa_circ_0002301 in GC. HECTD1-463aa inhibits the ubiquitination of GPX4 by binding to HECTD1
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were consistently replicated across multiple experiments, 
ensuring robustness and reproducibility in alignment 
with established methodologies for studying cell death 
mechanisms. This specificity highlights the distinct func-
tional contribution of hsa_circ_0002301 to ferroptosis, 
independent of other cell death processes.

The newly encoded protein HECTD1-463aa competi-
tively binds to the E3 ubiquitin ligase HECTD1, inhibit-
ing the degradation of GPX4. Recently, several ncRNAs, 
particularly circRNAs, miRNAs, and lncRNAs, have 
been reported to participate in the biological processes 
of ferroptosis, thereby impacting tumor growth. How-
ever, the precise regulatory mechanisms underlying this 
phenomenon remain to be elucidated [45]. A disrup-
tion of ferroptosis can contribute to cancer progression. 
Emerging research has indicated that circRNAs featur-
ing IRESs or extensive methylation may influence physi-
ological behaviors via protein-coding functions, thereby 
providing a novel perspective on their potential contri-
butions to gastric cancer progression [18, 19]. Owing 
to their distinctive circular structure, circRNAs may 
undergo multiple rounds of translation when bound to 
ribosomes, potentially generating unique peptide seg-
ments whose amino acid sequences differ from those of 
the host gene-encoded proteins [20]. The emergence of 
novel amino acid sequences increases the likelihood that 
a newly synthesized protein possesses functions distinct 
from those of the host gene-encoded protein [46–48]. 
Based on the results reported in the literature, most of 
the regulatory effects of circRNAs on ferroptosis in can-
cer cells are achieved primarily through sequestration of 
miRNAs, which consequently influences the expression 
of ferroptosis-related proteins [49, 50]. However, the pat-
tern of protein–protein interactions is more complex and 
intriguing than the pattern of circRNA‒miRNA interac-
tions. To our knowledge, this study is the first to reveal 
a novel mechanism. Whether this mechanism, where 
a circRNA formed by the retrotranscription of a parent 
gene antagonizes the function of the protein encoded by 
the same gene, holds general applicability remains to be 
explored. Additionally, whether other mechanisms regu-
late the formation of circRNAs and subsequently influ-
ence the function of the parent gene is worthy of further 
investigation [51]. The discovery of oncogenic circRNAs 
with protein-coding capabilities that antagonize the 
parent gene may represent a novel direction for tumor 
therapy.

HECTD1 is a member of the Hect family, which plays 
a crucial role in regulating substrate protein degradation 
through the ubiquitination pathway. Previous studies 
have indicated the significant involvement of HECTD1 
in biological processes such as embryonic development, 
cell cycle regulation, and tumor suppression [52]. Ear-
lier research has suggested its critical role in neural tube 

and organ development during embryonic development, 
as well as its involvement in regulating the G1/S and 
G2/M transitions in the cell cycle. Furthermore, some 
studies, which have focused primarily on breast cancer, 
have implicated HECTD1 in the occurrence and develop-
ment of certain tumors [53, 54]. In addition, recent find-
ings suggest that the ubiquitination activity of HECTD1 
may be linked to specific signaling pathways, such as the 
Wnt/β-catenin and Notch pathways [55]. This observa-
tion provides new insights into the role of HECTD1 in 
cellular signal regulation [56, 57]. Additionally, emerging 
analyses and experimental techniques, such as proteomic 
analysis and gene editing, offer powerful tools for further 
revealing the functions and regulatory mechanisms of 
HECTD1.

Our study is an important addition to the function 
of hsa_circ_0002301, a key molecule that regulates the 
malignant behavior of gastric cancer, and can be used to 
construct a network of mechanisms by which individual 
circRNAs regulate the progression of gastric cancer, 
which can provide a comprehensive and complete basic 
theory of this circRNA as a clinical diagnostic and thera-
peutic target in the future.

Conclusions
In this study, we elucidated a novel mechanism by which 
hsa_circ_0002301 influences gastric cancer. This circu-
lar RNA encodes the HECTD1-463aa protein, which 
competitively inhibits the function of its parental gene 
HECTD1. Consequently, it attenuates the degradation 
of GPX4, thereby exerting an effect on the ferroptosis 
of gastric cancer cells. Notably, the suppressive effect of 
hsa_circ_0002301 on iron deficiency in gastric cancer 
cells plays a pivotal role in the onset, progression, and 
various malignant behaviors of gastric cancer cells. This 
mechanism is the key to controlling ferroptosis in gastric 
cancer cells.

In particular, the discovery of the role of hsa_
circ_0002301 as a key mediator regulating GPX4 ubiqui-
tination and expression provides new opportunities for 
the development of therapeutic approaches for gastric 
cancer. Given the identification of this dual regulatory 
mechanism, this research could pave the way for further 
breakthroughs in cancer treatment and development.

Methods
Cell culture and treatment
Cell lines, including BGC-823, MKN28, MGC803, MKN-
45, HGC-27, and AGS cells, were obtained from the Cen-
ter Laboratory at Yijishan Hospital, Wannan Medical 
College, and were authenticated. The human gastric cell 
lines were cultured in RPMI 1640 (Gibco, USA) at 37 °C 
with 5% carbon dioxide in an incubator. HEK-293T cells 
were procured from the China Center for Type Culture 
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Collection (CCTCC, Shanghai, China) and cultured in 
Dulbecco’s modified Eagle’s medium (DMEM). All the 
cell lines were maintained in a humidified incubator at 
37 °C with 5% CO2 and 95% air. DMEM (Thermo Fisher 
Scientific, Waltham, MA, USA) containing 10% fetal 
bovine serum (FBS) (Gibco, NY, USA) and 1% penicillin‒
streptomycin was used. Notably, all the cell lines tested 
negative for mycoplasma contamination.

Patients and tissue samples
Between 2015 and 2017, 90 pairs of human gastric can-
cer and adjacent nontumor tissues were collected at the 
Digestive Center of the First Affiliated Hospital of Wan-
nan Medical College. This study was approved by the 
Clinical Research Ethics Committee of the First Affili-
ated Hospital of Wannan Medical College (WNMC-
AWE-2023287). All the participants provided written 
informed consent. This study was conducted in accor-
dance with the Declaration of Helsinki (​h​t​t​p​​s​:​/​​/​w​w​w​​.​w​​m​
a​.​​n​e​t​​/​w​h​a​​t​-​​w​e​-​​d​o​/​​m​e​d​i​​c​a​​l​-​e​​t​h​i​​c​s​/​d​​e​c​​l​a​r​a​t​i​o​n​-​o​f​-​h​e​l​s​i​n​k​
i​/).

The clinicopathological characteristics analyzed 
included age, sex, tumor size, tumor location, lymph 
node metastasis status, TNM stage (according to the 
American Joint Committee on Cancer (AJCC) guide-
lines), and vascular invasion status, as shown in Fig. 7c.

qRT‒PCR
Total RNA was extracted from the tissues and cells using 
the TRIzol method. A total of 2 µg of RNA was reverse 
transcribed into cDNA after the addition of 5× Prime-
Script RT Master Mix and thorough mixing. For qRT‒
PCR, 1µL of cDNA was mixed with 2×SYBR Green Mix 
(5µL) and the corresponding primers, and the final reac-
tion volume was adjusted to 20µL. Each well was supple-
mented with 0.8µL each of the upstream and downstream 
primers (10 µmol/L), 10µL of TB Green qPCR Master 
Mix, 2µL of cDNA, and 6.4µL of double-distilled water. 
The thermal cycling conditions were as follows: initial 
denaturation at 95  °C for 30s, followed by 40 cycles of 
denaturation at 95 °C for 15s, annealing at 60 °C for 15s, 
and extension at 60  °C for 2  min. Fluorescence signals 
were detected, and relative gene expression levels were 
calculated using the 2^‒ΔΔCT method.

EdU incorporation assay
Gastric cancer cells were seeded evenly into confo-
cal dishes, allowed to grow stably, and infected with the 
recombinant adenovirus. After 24  h, reagent A from 
the EdU incorporation assay kit was added in the dark, 
and the cells were incubated for 4–6  h and then fixed 
with 4% paraformaldehyde at room temperature for 4 h. 
After fixation, the cells were sequentially washed with 
PBS, treated with a glycine solution for decolorization, 

permeabilized with 0.5% Triton X-100, and incubated 
with the Apollo staining working solution for 30  min. 
Finally, 1‒2 drops of mounting medium containing 
DAPI were added, and the mixture was evenly applied 
throughout the confocal dish. The samples were observed 
and photographed using a confocal laser scanning 
microscope.

Flow cytometry
Gastric cancer cells were seeded evenly in 6-well plates 
and allowed to grow stably. The cells were subsequently 
infected with the recombinant adenovirus. After 24 h, the 
cell suspensions were collected and fixed with 70% etha-
nol for 4 h. Following fixation, the cells were washed with 
PBS, incubated in the dark, and stained with propidium 
iodide (PI) at 37  °C for 30–40 min. Flow cytometry was 
used to analyze the cell cycle and apoptosis.

Transwell assay
Gastric cancer cells were seeded evenly in the upper 
chambers of Transwell plates containing a matrix mem-
brane and then infected with an appropriate dose of 
recombinant adenovirus and supplemented with an 
equal amount of complete culture medium containing 
10% serum after 4 h. After 24 h, the cells were allowed to 
migrate for 5–8 h. The cells were subsequently fixed with 
4% paraformaldehyde for 3–4  h at room temperature 
and stained with crystal violet for 1–3 h until all the cells 
appeared purple. After washes with PBS, the cells were 
air-dried in an incubator, and microscopy was performed 
to observe and acquire images for subsequent analyses.

Western blot analysis
Plated gastric cancer cells were washed with PBS, and 
after the PBS was removed, an appropriate volume of 
RIPA lysis buffer was added. The cells were lysed on ice 
for 30  min. Lysates were collected and centrifuged at 
12,000×g for 10  min at 4  °C. After centrifugation, the 
protein concentration in each sample was determined. 
Following protein quantification, the samples were 
heated at 99 °C for 10 min to denature the proteins. After 
denaturation, SDS‒PAGE was conducted. The proteins 
were subsequently transferred to a PVDF membrane. The 
membrane was blocked with 5% skim milk at 37  °C for 
1  h. The PVDF membrane was cut into strips based on 
the size of the protein bands, and the strips were incu-
bated with the corresponding primary antibodies [anti-
GPX4 (ab262509, Abcam, UK), anti-HECTD1-463aa 
(1:1500), anti-β-actin (1:2500) (ab6276, Abcam, UK), 
and anti-GAPDH (1:5000) (ab8245, Abcam, UK), anti-
SLC7A11 (1:500) (DF12509, Affinity, USA), and anti-
FTH1 (1:1000) (DF7705, Affinity, USA)] at 4 °C overnight 
(12–16  h). After an incubation with the corresponding 

https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/
https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/
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species-matched secondary antibodies (1:2500) at room 
temperature for 50 min, the membranes were exposed.

LC–MS/MS
Protein samples obtained by enzymatic digestion were 
subjected to LC‒MS/MS analysis to obtain raw mass 
spectra. The raw files were then analyzed using Byonic 
software, and the sequences were searched against the 
UniProt Homo sapiens database to identify proteins.

Co-IP
A total of 5 µg of normal IgG and 5 µg of anti-FLAG anti-
body were incubated with 50 µL of Protein G Dynabeads. 
Subsequently, a DSS crosslinker was added to crosslink 
the Protein G beads with the antibodies. The cross-linked 
beads were collected after washing to isolate cross-linked 
normal IgG- and anti-FLAG antibody-bound Protein 
G beads. These beads were individually incubated with 
1 mg of total protein extracted from Hsa_circ_0002301-
Flag-overexpressing cells overnight at 4  °C with gentle 
agitation on a vertical shaker. The following day, mag-
netic separation was employed to collect the beads. Sub-
sequent washing steps were performed using RIP buffer 
(1 mL per wash for 5  min each). Finally, 50 µL of SDS 
loading buffer was added to elute the proteins through 
an incubation at 95 °C for 5 min. Then, 10 µL aliquots of 
the aforementioned protein samples were separated on a 
10‒12% SDS‒PAGE gel, and the proteins were subjected 
to high-resolution silver staining. Differentially migrated 
protein bands were excised for the mass spectrometry 
analysis.

Immunofluorescence staining
MKN45 cells overexpressing Hsa_circ_0002301-Flag 
were seeded in 24-well plates and detached with tryp-
sin. The resulting single-cell suspensions were seeded 
into 24-well plates (approximately 5 × 104 cells per well). 
After 24 h of incubation, the cells adhered evenly to the 
plates. The culture medium was discarded, and the cells 
were washed three times with PBS. The cells were then 
fixed with 4% paraformaldehyde for 15  min and per-
meabilized with 2% Triton X-20. Anti-FLAG and anti-
GAPDH antibodies were added separately, and the cells 
were incubated at 4°C overnight. The next day, the cells 
were washed five times, and the corresponding fluores-
cent dye-conjugated secondary antibodies were added 
and incubated at room temperature for 1  h. After the 
secondary antibodies were discarded, the cells were 
washed five times. Finally, DAPI was added for staining, 
and the stained cells were mounted on glass slides to pre-
pare temporary mounts. Images of immunofluorescence 
staining were acquired using a spinning disk confocal 
microscope.

Statistical analysis
All the experiments were conducted in triplicate. The 
data were analyzed using IBM SPSS Statistics (version 
19.0, IBM, USA), and the results are presented as the 
means ± standard errors of the means (SEMs). The sta-
tistical significance of differences was calculated using 
an unpaired Student’s t test. An analysis of disease-free 
survival (DFS) was conducted using the Kaplan‒Meier 
method and log-rank test. Clinicopathological features 
were analyzed using the χ2 test. Cox proportional hazards 
regression models were used to identify independent 
prognostic factors associated with DFS. A linear corre-
lation analysis was performed to assess the relationships 
among hsa_circ_0002301, ferroptosis levels, and tumor 
size. P values were considered to indicate statistically sig-
nificant differences.
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