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circRNF13, a novel N6-methyladenosine-modified circular RNA,
enhances radioresistance in cervical cancer by increasing
CXCL1 mRNA stability
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BACKGROUND: Circular RNAs (circRNAs) and N6-methyladenosine (m6A) have been shown to play an increasingly critical role in
the development of different cancers. However, there is limited evidence on how circRNAs and m6A interact to affect the
radiosensitivity of cervical cancer (CC). This study provides a mechanistic understanding of the novel m6A-regulated circRNF13 in
enhancing radioresistance in CC.
METHODS: Differentially expressed circRNAs were identified from radiosensitive and radioresistant CC tissues. Meanwhile, these
circRNAs were subjected to methylated RNA immunoprecipitation (Me-RIP). Finally, the effects of these circRNAs on radiosensitivity
were characterized.
RESULTS: CircRNF13 was poorly expressed in CC patients that were sensitive to concurrent radiochemotherapy. Experiments
conducted both in vitro and in vivo confirmed that the knockdown of circRNF13 potentiated the radiosensitivity of CC cells. Further
mechanistic studies revealed that METTL3/YTHDF2 promoted the degradation of circRNF13 and subsequently affected the stability
of CXC motif chemokine ligand 1 (CXCL1), ultimately enhancing the radiosensitivity of CC cells.
CONCLUSION: This study identified circRNF13 as a novel m6A-modified circRNA and validated the METTL3/YTHDF2/circRNF13/
CXCL1 axis as a potential target for CC radiotherapy.
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BACKGROUND
Globally, cervical cancer (CC) is the most common malignancy of
the reproductive tract in females. According to the International
Agency for Research on Cancer (IARC 2002) of the World Health
Organization (WHO), it is estimated that 604,127 new cases and
341,832 annual deaths occurred worldwide in 2012, with
80–85% of cases occurring in developing countries [1]. Most
patients with early-stage CC are treated with surgeries in the
clinical scenario, while those with CC at the stage of IB2-IVA are
recommended to receive synchronous chemoradiotherapy
according to the National Comprehensive Cancer Network
(NCCN) guidelines. Therefore, radiotherapy is a crucial compo-
nent in the treatment of CC. However, for locally advanced CC,
the five-year survival rates for stages IIB, IIIB, and IV are only
60–65%, 25–50%, and 20–35%, respectively. Moreover, approxi-
mately 40% of deaths are locally uncontrolled [2]. A retrospective
study conducted by the European Society for Therapeutic
Radiology and Oncology (ESTRO) has found that high-dose
radiotherapy to high-risk clinical targets in CC could increase the
3-year local control rate to over 94%, 93%, and 86%, respectively.
However, high-dose irradiation inevitably causes radiotoxicity to
surrounding organs, such as the bladder, rectum, sigmoid colon,
and vagina, and increases the risk of radiotherapy-associated
complications [3]. As a result, current radiobiology and radiation
oncology research is actively investigating ways to enhance the

radiosensitivity of CC cells while minimizing the irradiation dose
to normal peri-cervical tissues. This is an important area of study
aimed at improving the effectiveness of treatment while
reducing the side effects.
Circular RNAs (circRNAs) are a class of endogenous non-coding

RNAs that are found in various eukaryotic cells [4]. The expression
pattern and characteristics of circRNAs, including conservation,
ubiquity, stability, and tissue/cell specificity, enable them to serve
as biological markers in various types of tumors [5]. Many studies
have demonstrated that circRNAs have the ability to serve as both
biomarkers and therapeutic targets in CC, as they play important
regulatory roles in the, migration, proliferation, and invasion of CC
cells [6–9].
N6-methyladenosine (m6A), is an epitranscriptomic variation

that occurs on the N6 position of adenosine. It is the most
abundant modification in eukaryotic mRNA, accounting for
approximately 0.1–0.4% of all adenosines [10]. Although
discovered in the 1970s, it was not until recent years that the
development of enzymology and high-throughput technology
enabled researchers to establish a clear link between m6A
dynamics and various diseases as well as developmental and
cellular processes in eukaryotes. Of note, m6A is closely
associated with cancer progression, including tumorigenesis,
metastasis, and angiogenesis [11]. Evidence exists reporting
that m6A modification levels and the associated m6A
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methyltransferases can regulate the radiosensitivity of tumors
[11]. However, the specific mechanism and role of
m6A-modified circRNAs in the radiosensitivity of CC are not
well understood and require further investigation.
In this study, whole-genome sequencing was performed on

three pre-treatment biopsies from radiotherapy-resistant CC
patients (cervical lump regression less than 30% after synchronous
chemoradiotherapy) and radiotherapy-sensitive CC patients (cer-
vical lump regression to complete clinical response (CR) after
synchronous chemoradiotherapy). Based on the selected differ-
entially expressed circRNAs, methylated RNA immunoprecipitation
(Me-RIP) and radiosensitivity validation were subsequently per-
formed, which identified that circRNF13 increased the radio-
resistance of CC cells. Furthermore, METTL3/YTHDF2 promoted the
degradation of circRNF13, which in turn affected the stability of
CXC motif chemokine ligand 1 (CXCL1) and ultimately enhanced
the radiosensitivity of CC cells.

RESULTS
Screening and characterization of circRNF13 in CC
In order to evaluate the effects of m6A-modified circRNAs on the
radiosensitivity of CC, the whole-genome sequencing was
performed on six biopsy specimens of CC prior to radical surgery
and synchronous chemoradiotherapy. These samples were
histopathologically confirmed with squamous carcinoma of the
cervix, and three cases with cervical lump regression to clinical CR
after synchronous chemoradiotherapy were used as the radio-
sensitive group, and three cases with cervical lump regression less
than 30% after synchronous chemoradiotherapy were used as the
radioresistant group. A total of 2664 new circRNAs were detected,
with an overall length of 6944600 nt and an average length of
2606.83 nt. From these, 247 circRNAs exhibiting significant
differences between radioresistant and radiosensitive tissues were
selected (Fold Change > 2, P < 0.05) (Fig. 1A-B). CircRNAs that were
expressed in only one or two specimens were removed due to

Fig. 1 Screening and characteristics of m6A-related circRNF13 in cervical cancer. A, B After the gene sequencing of the radiosensitive and
radioresistant tissues of cervical cancer, the heat map and volcano plot (Fold Change > 2, P < 0.05) of the differential circRNAs were analyzed.
C Me-RIP screened the methylation modification of candidate circRNAs. D hsa_circ_0001346 is formed by the circularization of RNF13 gene,
which was verified by Sanger sequencing. E cDNA and genomic gDNA reverse transcribed from circRNF13 were subjected to PCR
amplification in SiHa and HeLa cells. F Differences between circRNF13 and linear RNA upon RNase R treatment in SiHa and HeLa cells.
G Nucleocytoplasmic separation assay to characterize the distribution of circRNF13 in SiHa and HeLa cells. H The distribution of circRNF13 was
examined by FISH assay in SiHa and HeLa. (***P < 0.001, **P < 0.01, *P < 0.05).
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detection errors. In addition, the circRNAs with a length greater
than 5000 bp were also removed. Ultimately, seven differentially
expressed circRNAs were selected for further analysis, of which
five were highly expressed in radiosensitive CC tissues (hsa_-
circ_0000021, hsa_circ_0001189, hsa_circ_0003239, hsa_-
circ_0008832, and hsa_circ_0009061) and two were highly
expressed in radioresistant CC tissues (hsa_circ_0001346 and
hsa_circ_0044177). Furthermore, it was investigated if these seven
circRNAs had m6A methylation modifications by examining the
presence of such modifications in CC cells (HeLa) via the Me-RIP
assay. It was found that m6A methylation modification occurred in
hsa_circ_0001346 (Fig. 1C). Therefore, hsa_circ_0001346 was
selected for subsequent studies.
The circBase database analysis demonstrated that hsa_-

circ_0001346, with a spliced length of 716 nt, was located at
chr3:149563797-149639014. It was produced by the cyclization of
exons 2–8 of the RNF13 gene. It was predicted that circRNF13
might have five sites of m6A methylation (sites: 74, 190, 276, and
667), hereafter referred to as circRNF13, which was further

validated by Sanger sequencing (Fig. 1D). Convergent and
divergent primers were used to substantiate the circular structure
of circRNF13 (Fig. 1E). After RNase R treatment of total RNA from
HeLa and SiHa cells, circRNF13 was found to be more stable than
linear RNA (Fig. 1F). The nuclear-cytoplasmic fractionation and
FISH assays demonstrated that circRNF13 was predominantly
present in the cytoplasm of CC cells (Fig. 1G, H). Collectively, these
experimental results indicated that circRNF13 had a circular
structure and exhibited stable expression in the cytoplasm of CC
cells.

Inhibition of circRNF13 increases radiosensitivity of CC in vitro
and in vivo
In the initial experimental investigations, the expression of
circRNF13 was examined in both normal cervical epithelial cells
(End1/E6E7) and various CC cell lines (SiHa, C-4I, HeLa, and C-33A).
The outcomes of this experiment demonstrated that the expres-
sion level of circRNF13 was higher in the CC cell lines as compared
to the normal cervical epithelial cells (Fig. 2A). Since human

Fig. 2 CircRNF13 enhances the radioresistance of cervical cancer cells in vitro. A qRT-PCR to detect circRNF13 expression in End1/E6E7,
SiHa, C-4I, HeLa and C-33A cells. B, C qRT-PCR to detect circRNF13 expression in SiHa and HeLa with ectopic expression or silencing of
circRNF13. D Colony formation assay to detect the colony formation number of cells after 0, 2, 4 and 6 Gy irradiation in SiHa and HeLa cells
transfected with OE-NC and OE-circRNF13. E Colony formation assay to detect the colony formation number of cells after 0, 2, 4 and 6 Gy
irradiation in SiHa and HeLa cells transfected with sh-NC and sh-circRNF13. F Western blot detected γ-H2AX expression in circRNF13-
overexpressed or circRNF13-depleted SiHa and HeLa cells after 4 Gy irradiation. G, H After 4 Gy irradiation, apoptosis of circRNF13-
overexpressed or circRNF13-depleted SiHa and HeLa cells was examined by flow cytometry. (***P < 0.001, **P < 0.01, *P < 0.05).
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papillomavirus (HPV) type 16 and 18 infections are the main cause
of CC, HPV-16-positive SiHa cells and HPV-18-positive HeLa cells
were selected for the following cellular experiments.
The CC cell lines were constructed with ectopic expression or

silencing of circRNF13. The levels of circRNF13 expression in SiHa
and HeLa cells were examined following transfection (Fig. 2B, C).
Subsequent colony formation assay revealed that reducing
circRNF13 expression resulted in a significant decrease in cell
survival after irradiation while increasing its expression had the
opposite effect, that is, elevated cell survival (Fig. 2D, E). Similarly,
Western blotting analysis showed that the expression of DNA
damage-related protein γ-H2AX was considerably higher in cells
with down-regulated circRNF13, while it was significantly
decreased in cells overexpressing circRNF13 (Fig. 2F). In addition,
the AnnexinV/PI-based apoptosis assay also suggested that
apoptosis was significantly elevated in cells with down-regulated
circRNF13, whereas it was significantly decreased in cells over-
expressing circRNF13 (Fig. 2G, H).
For further evaluation of the effect of circRNF13 on the

radiosensitivity of CC in vivo, with a control group and a circRNF13
down-regulation group in SiHa, a subcutaneous xenograft model
in nude mice was established. When the tumor of nude mice
reached 200 mm3, a single dose of 15 Gy of irradiation was given.
Subsequently, the volume of the tumors was measured every five
days to track their growth over time. The nude mice were
anesthetized and sacrificed after 30 days of irradiation. The tumors
of the mice were removed (Fig. 3A). The tumor weights of mice in
the presence of circRNF13 down-regulation were remarkably
reduced relative to those of control mice (Fig. 3B). In addition,
curbed tumor growth rates and reduced volumes were observed
in nude mice in response to circRNF13 down-regulation (Fig. 3C).
According to these outcomes, the inhibition of circRNF13
enhanced the radiosensitivity of CC in both in vivo and in vitro
experiments.

Expression of CircRNF13 is regulated by the METTL3 /YTHDF2-
mediated m6A methylation
The dynamic regulation of m6A modifications is primarily
attributed to the activity of demethylases such as ALKBH5 and
FTO and methyltransferases, including, METTL3, METTL14, and
WTAP. Since the effects of m6A enzymes are commonly
achieved by binding to the corresponding transcripts, RIP assay
was used to detect which m6A enzymes were involved in the
regulation of circRNF13 in SiHa. It was found that METTL3 could
enrich the RNA fragments of circRNF13, while METTL14, WTAP,
ALKBH5, and FTO did not exhibit a significant binding affinity for
RNA fragments in circRNF13 (Fig. 4A). Therefore, METTL3 might
be the major m6A modifying enzyme of circRNF13. Further
studies discovered that the expression of circRNF13 was
significantly diminished in the METTL3-overexpressing CC cells,
whereas opposite results were witnessed in CC cells with down-
regulated METTL3 (Fig. 4B).

The focus of the study then shifted towards confirming the
essential function of m6A methylation in the regulation of
circRNF13 by METTL3 as well as identifying the specific m6A
methylation sites of circRNF13. SRAMP software (http://
www.cuilab.cn/sramp/) was used for the sequence prediction of
its high-confidence m6A sites. Subsequently, luciferase reporter
plasmids were constructed by introducing partial sequences of
circRNF13 that contained either wild-type or mutant m6A sites
(MUT1: mutant site 74; MUT2: mutant site 190; MUT3: mutant site
276; MUT4: mutant site 667) (Fig. 4C). When METTL3 was down-
regulated, the activity of luciferase was reduced in SiHa cells which
were transfected with wild-type plasmids and mutant plasmids
(MUT1, MUT2, MUT3, and MUT4). However, the luciferase activity
of circRNF13 containing MUT3 remained unaffected (Fig. 4D). It
was confirmed that the regulation of circRNF13 by METTL3 was
dependent on m6A methylation and that the principal m6A
methylation site of circRNF13 was 276.
The main m6A-associated reader proteins, including, YTHDC1/2,

IGF2BP1/2/3, and YTHDF1/2/3. The prior data indicated that m6A
modification down-regulated circRNF13 expression, hence leading
to the speculation that m6A modification may affect circRNA
stability. It is interesting to note that YTHDF2 has been widely
documented to be involved in regulating the stability of
m6A-containing mRNA [12, 13]. Recent studies have also high-
lighted its ability to initiate the decay of m6A-containing circRNAs
[14, 15]. Subsequently, it was confirmed in the RIP assay that
YTHDF2 could bind to circRNF13 (Fig. 4E)., When YTHDF2 was
knocked down in SiHa and HeLa cells, the expression of circRNF13
was up-regulated (Fig. 4F). In addition, YTHDF2 knockdown
counteracted the down-regulation of circRNF13 caused by
METTL3 overexpression (Fig. 4G). Therefore, circRNF13 expression
was confirmed to be regulated by METTL3/YTHDF2-mediated m6A
methylation.

CircRNF13 promotes radioresistance in CC by increasing the
stability of CXCL1 mRNA
Finally, the above-mentioned batch of specimens was subjected
to high-throughput sequencing for mRNAs to further investigate
the downstream regulatory genes or signaling pathways of
circRNF13. 490 mRNAs with significant differences in radioresistant
and radiosensitive tissues were then selected (Fold Change > 2,
P < 0.05) (Fig. 5A, B). Correlation analyses of circRNF13 with these
differentially expressed genes were performed, and 77 mRNAs
showed a strong association with circRNF13 (r > 0.90, P < 0.05).
Based on previously reported studies, it has been documented
that IL1B, CXCL1, CDK6, and IGFBP3 were closely associated with
tumor radiosensitivity. Either down-regulation or overexpression
of circRNF13 in CC cell lines was performed. Among these mRNAs,
only the expression of CXCL1 mRNA and protein was significantly
altered (Fig. 5C, D). Down-regulation of circRNF13 expression
decreased the stability of CXCL1 mRNA, while circRNF13 over-
expression restored the stability of CXCL1 mRNA (Fig. 5E). In vitro

Fig. 3 CircRNF13 enhances the radioresistance of cervical cancer cells in vivo. A Representative images of collected tumors.
B Subcutaneous tumor weights in tumor-bearing mice. C Growth curve of subcutaneous tumor in tumor-bearing mice. (***P < 0.001,
**P < 0.01, *P < 0.05).
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rescue cloning experiments revealed that the increased cell death
caused by downregulation of circRNF13 can be reversed by
upregulating CXCL1 (Fig. 6A). Similarly, the enhanced expression
of γ-H2AX caused by downregulation of circRNF13 can also be
reversed by upregulating CXCL1 (Fig. 6B). The increased cell
apoptosis caused by downregulation of circRNF13 can also be
reversed by upregulating CXCL1 (Fig. 6C, D). Collectively, these
findings substantiated that circRNF13 augmented radioresistance
in CC by increasing the stability of CXCL1 mRNA.

DISCUSSION
Recent studies have shown such novel regulatory mechanistic
understanding between circRNAs and m6A as circRNA-m6A
interactions [16]. m6A methylation is one of the most common
forms of modification in RNA molecules. It plays a vital role in
many physiological processes, including transcriptional and post-
transcriptional regulation, RNA shearing, RNA stability, translation,
and RNA localization [10]. It is worth noting that circRNAs are
implicated in numerous biological processes related to carcino-
genesis and have important functions in the radiosensitivity of
tumors. CircRNAs interact with miRNAs or RNA-binding proteins
(RBPs) as a "sponge" structure, which mediates mRNA stability,
transcription rate, and post-translational modifications, ultimately
affecting tumor radiosensitivity [17]. In the regulatory mechanism
of circRNA-m6A, m6A modification can affect the production,

processing, and stability of circRNAs, which further regulates the
function of circRNAs in cells. For example, m6A can promote the
shearing and degradation of circRNAs [18]. In addition, m6A can
also recruit RBPs to bind to circRNAs, further regulating its role in
cells [19]. In contrast, circRNAs can also regulate the modification
pattern of m6A by interacting with each other. For example, some
studies have suggested that circRNAs can regulate the level of
m6A modification by mediating m6A methyltransferases, thereby
affecting RNA metabolism and functions [20, 21]. The present
study demonstrated that circRNF13 expression was regulated by
m6A methylation of METTL3/YTHDF2 and that circRNF13 mediated
radioresistance in CC through increasing CXCL1 mRNA stability.
In recent years, multiple studies have demonstrated that

circRNF13 has some important biological functions in a variety
of tumors, and these functions may vary depending on the type of
tumors [22–26]. For example, lung cancer and nasopharyngeal
carcinoma showed a remarkably reduced expression level of
circRNF13 and also showed a close association with the clinical
characteristics of these individuals (e.g., tumor size, tumor-node-
metastasis [TNM] stage, and lymph node metastasis) [22, 25].
Interestingly, circRNF13 prolongs the half-life of SUMO2 mRNA by
binding to the SUMO2 gene, which in turn inhibits the
proliferation and metastatic ability of nasopharyngeal carcinoma
[22]. However, overexpression of circRNF13 was observed in
pancreatic cancer, involved in promoting its malignant ability
[23, 24]. Further mechanistic studies revealed that circRNF13

Fig. 4 Expression of CircRNF13 is regulated by the METTL3 /YTHDF2-mediated m6A methylation. A RIP assay was used to detect which
m6A enzymes were involved in the regulation of circRNF13 in SiHa. B qRT-PCR to detect circRNF13 expression in SiHa and HeLa with ectopic
expression or silencing of METTL3. C The constructed luciferase reporter plasmids by inserting partial wildtype circRNF13 sequences or
mutated m6A sites (M1-M4) circRNF13 sequences. D The luciferase reporters with wildtype or mutant plasmids were transfected into SiHa cells
(with the down-regulated METTL3), followed by the measurement of luciferase activity. E RIP assay to detect the combination between
YTHDF2 and circRNF13. F qRT-PCR to detect circRNF13 expression in SiHa and HeLa transfected down-regulated YTHDF2. G qRT-PCR to detect
circRNF13 expression in SiHa and HeLa transfected up-regulated METTL3 or/both down-regulated YTHDF2. (***P < 0.001, **P < 0.01, *P < 0.05).
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achieves this by acting as a miR-654-3p sponge to promote PDK3
level [23]. In this research, it was discovered that circRNF13
expression was high in radioresistant CC tissues. Additionally, it
was found that inhibiting circRNF13 increased in vitro and in vivo
radiosensitivity of CC.
The interaction between m6A modifications and circRNAs is a

promising subject. The METTL3/YTHDC1-mediated m6A modifica-
tion is crucial in the formation of circRNAs with encoding protein
potential [27, 28]. Additionally, m6A was shown to assist in the
translation of endogenous circRNAs with the help of eIF4G2 and
YTHDF3 [29]. Furthermore, nucleoplasmic translocation of
m6A-modified circRNAs might be achieved through a YTHDC1-
dependent manner [18]. Meanwhile, YTHDF2 has been shown to
promote the degradation of circRNAs [15, 30]. Results of the
present study suggested that METTL3/YTHDF2 plays a crucial role
in regulating the stability of circRNF13.
CXCL1 is a small molecule cytokine belonging to the family of

CXC chemokines, located on human chromosome 4 [31]. Previous
evidence has indicated that CXCL1 plays a role in the growth,
tumorigenesis, and metastasis of various tumors. CXCL1 is highly
expressed in CC, and high CXCL1 expression corresponds to an
unfavorable prognosis in patients with CC [32–34]. Down-
regulation of CXCL1 expression could result in decreased
proliferation and migration of CC cells and an increase in
apoptosis [32]. Intriguingly, multiple studies have demonstrated
that CXCL1 is closely associated with tumor radiosensitivity
[35, 36]. Tumor-associated fibroblasts, an important component
of the tumor environment, have been found to cause malignant
transformation of normal fibroblasts and inhibit reactive oxygen
species through the secretion of CXCL1. This CXCL1 secretion
leads to a decrease in enzyme activity, increased DNA damage
repair, and, ultimately, tumor radioresistance [36]. In the present
study, it was confirmed that CXCL1 was highly expressed in
radioresistant CC tissues. Moreover, it has been found that CXCL1
can reverse the radiosensitivity induced by circRNF13 inhibition.
In conclusion, this work demonstrated that circRNF13, a novel

m6A-modified circular RNA, enhanced CC radioresistance by
increasing CXCL1 mRNA stability (Fig. 7). The obtained results

provided novel insights into the regulatory mechanism of the
METTL3/YTHDF2/circRNF13/CXCL1 axis, which affects the radio-
sensitivity of CC cells. Moreover, this study offers a feasibility
and theoretical basis for utilizing circRNF13 as a diagnostic and
therapeutic target for screening suitable CC individuals and
improving radiosensitivity during synchronous chemoradiother-
apy. This approach could offer a new avenue for managing CC
patients and enhancing their treatment outcomes.

MATERIALS AND METHODS
Tissue sample collection
The tissue samples for this study were collected from individuals with CC
prior to receiving synchronous chemoradiotherapy for CC from the Third
Affiliated Hospital of Soochow University. None of the enrolled individuals
with CC had received any anti-tumor therapies before sample collection.
To evaluate the therapeutic effect of synchronous chemoradiotherapy on
CC, imaging examinations such as computed tomography (CT) and
magnetic resonance imaging (MRI) were used. Two pathologists from
the Third Affiliated Hospital of Soochow University provided the
pathological diagnostic reports for the specimens. Prior to specimen
collection, individuals with CC and their families were informed during pre-
treatment conversations, and they signed a consent form. The study
procedure was approved by the Ethics Committee of the Third Affiliated
Hospital of Soochow University and compiled with the Declaration of
Helsinki. (Approval No. [2021] Ethical Review Institute No. 103).

Cell culture
The CC cell lines (SiHa, C-4I, HeLa, C-33A) and the normal cervical epithelial
cell line End1/E6E7 were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). These cell lines were cultured in DMEM
supplemented with 1% streptomycin-antibiotic mixture and 10% fetal bovine
serum (FBS), and incubated at 37 °C with 5% CO2. Cells were regularly
subcultured every 2–3 days until they reached the logarithmic growth phase.

Data accessibility
The RNA-seq data that underlie the findings of this study have been
archived in the National Genomics Data Center (https://ngdc.cncb.ac.cn/
search/?dbId=hra&q= HRA004321&page=1). The accession number is
HRA004321.

Fig. 5 CircRNF13 increase the stability of CXCL1 mRNA. A, B After the gene sequencing of the radiosensitive and radioresistant tissues of
cervical cancer, the heat map and volcano plot (Fold Change > 2, P < 0.05) of the differential mRNAs were analyzed. C qRT-PCR to detect IL1B,
CXCL1, CDK6, and IGFBP3 expression in SiHa and HeLa with ectopic expression or silencing of circRNF13. D Western blot detected CXCL1
expression in circRNF13-overexpressed or circRNF13-depleted SiHa and HeLa cells. E circRNF13-overexpressed or circRNF13-depleted cells
were treated with actinomycin D (10 μg/mL) and collected at the point of 0, 2, 4 and 6 h, followed by the calculation of RNA decay rate.
(***P < 0.001, **P < 0.01, *P < 0.05).
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Quantitative real-time PCR analysis (qRT-PCR)
RNA extraction from cells and tissues was performed using TRIzol reagent,
and the concentration and quality of the extracted RNA were assessed
using a NanoDrop2000 microspectrophotometer. Subsequently, cDNA was
synthesized from the RNA using a PrimeScript RT Reagent Kit through
reverse transcription. Real-time fluorescence quantitative PCR was then
conducted using TB Green Fast qPCR Mix to quantify the expression of
circRNA and mRNA. The housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as the internal reference for both
circRNA and mRNA. The expression levels of circRNA and mRNA were
analyzed using the 2-ΔΔCt method. The primer sequences used for PCR are
listed in Supplementary Table 1.

RNA immunoprecipitation (RIP) assay
The RIP assay was conducted using the Magna RIP Kit (Millipore,
Bedford, MA, USA). Magnetic beads were pre-coated with 5 mg
antibodies specific to METTL3, METTL14, YTHDF2, WTAP, ALKBH5,
FTO, YTHDF2, and corresponding immunoglobulin G (IgG), following
the provided guidelines. These coated beads were then incubated with
cell lysates and treated with proteinase K to degrade the proteins. Once
the complex formed, it was collected by precipitation and separated
from the beads. The extracted RNAs were purified for subsequent qPCR
analysis. The level of enrichment was determined by normalizing
the input.

Fig. 6 CircRNF13 promotes radioresistance in CC by increasing the stability of CXCL1 mRNA. A Colony formation assay to detect the colony
formation number of cells after 0, 2, 4 and 6 Gy irradiation in SiHa and HeLa cells transfected with sh-NC+OE-NC, sh-circRNF13+OE-NC, sh-
NC+OE-CXCL1 and sh-circRNF13+OE-CXCL1. B Western blot detected γ-H2AX expression in SiHa and HeLa cells transfected with sh-
NC+OE-NC, sh-circRNF13+OE-NC, sh-NC+OE-CXCL1 and sh-circRNF13+OE-CXCL1 after 4 Gy irradiation. C, D Flow cytometry to detect the
apoptosis of SiHa and HeLa cells transfected with sh-NC+OE-NC, sh-circRNF13+OE-NC, sh-NC+OE-CXCL1 and sh-circRNF13+OE-CXCL1 after
4 Gy irradiation. (***P < 0.001, **P < 0.01, *P < 0.05).

Fig. 7 Schematic diagram depicts the proposed mechanisms of
circRNF13 in cervical cancer.
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Methylated RIP (Me-RIP) qPCR
Me-RIP was conducted using the RIP kit (17-10499, Merck Millipore)
following the manufacturer’s protocols. Cell lysis was carried out using
1mL of RIP lysis buffer. After a 10min incubation, 100 μL of the lysate was
extracted and stored at −80 °C. Subsequently, the anti-m6A antibody
(diluted at 1:50) or normal rabbit IgG (diluted at 1:50) was mixed with
protein A/G microbeads and incubated for 2 h at 4 °C. Finally, RNA analysis
was performed using qRT-PCR, following the same procedures as
mentioned above.

RNase R Resistance assay
Total RNA (2 μg) was isolated and incubated at 37 °C for 1 h in the presence
or absence of RNase R (5 U/μg, R7092L, Beyotime, Shanghai, China). The
level of circRNF13 remaining after the treatment was determined using
qRT-PCR.

Nuclear-cytoplasmic fractionation
Total RNA was extracted from the cells using TRIzol reagent (Takara, Dalian,
China). To fractionate the nucleus and cytoplasm of SiHa and HeLa cells,
Cytoplasmic and Nuclear Extraction Reagents (Thermo Fisher Scientific,
Waltham, MA, USA) were employed. The cytoplasmic fraction was labeled
using GAPDH, while the nuclear fraction was labeled using U6.

Western blotting
Western blotting analysis was performed following previously established
methods. The antibodies used in this study were: anti-γ-H2AX antibody
(1:2000; Ab11174, Abcam, Cambridge, MA, USA), anti-CXCL1 antibody
(1:500, ab206411, Abcam), and anti-GAPDH (1:8000, AC035, ABclonal,
China). The Pierce™ ECL Western Blotting Substrate Kit (Thermo Fisher
Scientific) was utilized to visualize the bands. Subsequently, the blots were
exposed using the Tanon 4600 Automatic Chemiluminescence Imaging
Analysis System (Tanon, Shanghai, China).

Colony formation assay
Transfected cells were collected and seeded into 6-well plates. After
plating, the cells were exposed to different doses of 6MV X-ray radiation.
The cells were then cultured for 10–14 days. Following the incubation
period, colony fixation was carried out using methanol, and the colonies
were counted after staining with 0.5% crystal violet (dissolved in 20%
methanol).

Apoptosis detection
Apoptotic cell death was assessed using the Annexin V/PI apoptosis kit
(Beyotime). Approximately 1 × 10 ^ 5 cells were stained with Annexin V/PI
and incubated for 48 h. Subsequently, the cells were analyzed using two-
color flow cytometry under low-light conditions. Early apoptotic cells were
detected by green fluorescence, while late apoptotic cells exhibited both
red and green fluorescence. Non-apoptotic, viable cells displayed minimal
or no fluorescence after treatment with the Annexin V/PI probes.

Luciferase report assay
In order to assess the impact of m6A modification on circRNF13, six
plasmids containing partial circRNF13 sequences were generated. These
plasmids were designed to harbor either mutant or wild-type m6A sites
(M1-M5). For the luciferase reporter assays, SiHa cells overexpressing
METTL3 were cultured in 24-well plates at a density of 1 × 10 ^ 5 cells/well.
The plasmids were transfected into the cells using Lipofectamine 3000
(Thermo Fisher Scientific, USA). After 24 h, the luciferase activity was
evaluated using the Dual-Luciferase Reporter Assay System (Promega, San
Luis Obispo, CA, USA) and normalized to the renilla luciferase activity.

Animal experiment
Animal experiments were conducted following the guidelines and
procedures established by the Animal Management and Use Committee
of Soochow University, and the study was approved by the Ethics
Committee of the Third Affiliated Hospital of Soochow University. Due to
funding and equipment limitations, this experiment uses a group of 6 mice
for each set. Experimental animals were randomly divided into a control
group and a circRNF13 down-regulation group. No blinding was done.
Stably transfected cell lines were created by silencing circRNF13 in CC SiHa
cells. Once xenografts were established, the tumors reached an

approximate volume of 200mm3. A single dose of 15 Gy irradiation was
administered to female BALB/c nude mice (4–5 weeks old) in the murine
model. The tumor volume was measured and recorded using vernier
calipers every five days after irradiation. After 30 days, the mice were
euthanized under anesthesia, and tumor tissue was collected for further
investigations.

Statistical analysis
Statistical analysis was performed using SPSS 21.0 software (IBM, Armonk,
NY, USA). The measurement results were presented as mean ± standard
deviation (mean ± SD). The t-test was used to compare continuous
variables between two groups, while analysis of variance (ANOVA) was
employed to compare continuous variables among multiple groups. The
difference was shown to be statistically significant when P-value was lower
than 0.05.

DATA AVAILABILITY
The RNA-seq data that underlie the findings of this study have been archived in
the National Genomics Data Center (https://ngdc.cncb.ac.cn/search/?
dbId=hra&q= HRA004321&page=1). The accession number is HRA004321.
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