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Abstract

Objective The study’s aim was to explore a novel miRNA/mRNA network mediated by circNINL in cervical cancer (CC).
Methods Tumor tissue specimens and normal tissue specimens of 86 CC patients were collected. CircNINL, miR-2467-3p,
and specificity protein 1 (SP1) expression levels in tissues were detected. In Hela cells, transfection was implemented to
determine whether CircNINL, miR-2467-3p and SP1 regulated cellular progression. The interaction between circNINL,
miR-2467-3p, and SP1 was explored.

Results CircNINL and SP1 were abnormally increased whereas miR-2467-3p expression was suppressed in CC. Function-
ally, circNINL silencing or miR-2467-3p overexpression reduced CC cell progression, whereas circNINL overexpression
did the opposite. CircNINL had a spongy effect on miR-2467-3p to regulate SP1 levels. miR-2467-3p inhibition or SP1
overexpression offset the inhibitory effect of circNINL silence on CC malignant progression.

Conclusion CircNINL silencing can increase miR-2467-3p, thereby inducing the downregulation of SP1, thereby sup-
pressing CC progression.
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1 Introduction

Cervical cancer (CC) is a prevalent tumor affecting the cervix and posing a serious threat to female reproductive health
[1]. In addition to human papillomavirus (HPV) infection, environment, immune, genetic and epigenetic factors also are
related to the etiology of CC [2]. HPV vaccination is an effective way to prevent infection, but the lack of timely cancer
screening and vaccination has resulted in the majority of CC patients having advanced or invasive cancer at diagnosis [3].
The treatment of advanced CCis a clinical challenge that needs to be urgently solved because the prognosis of advanced
CCis often poor and the possibility of metastasis is high. At present, surgery and radiotherapy are clinically applied, but
lesion morphology, location and degree of infiltration are different, as well as differences in individual patient’s condition,
some CC patients (particular recurrent or advanced patients) are not sensitive to chemotherapy [4, 5]. Consequently,
pursuing alternative therapeutic strategies requires an in-depth understanding of the molecular mechanisms related
to CC progression.

Circular RNAs (circRNAs) have higher stability than linear RNAs [6] and can decoy miRNAs and therefore change mRNA
expression [7, 8]. It has been demonstrated that has_circ_0000515 can promote the malignant behaviors of CC cells by
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binding to miR-326 [9] and circ_0031288 could exert oncogenic effects in CC [10]. circNINL is a novel oncogene. Elevated
levels of circNINL in breast cancer tissues and cell lines and its high expression are associated with poor clinicopathologic
features and prognosis, and significantly promote cell proliferation and migration [11]. circNINL is highly expressed in lung
cancer and promotes cell proliferation, migration, invasion, and aerobic glycolysis through the miR-3918/FGFR1 axis [12].
However, the mechanism of action of circNINL in CC remains unclear.

Given the significant action of miRNAs in tumor biology [13], analysis of miRNA signature could serve as biomarkers
for tumor diagnosis and progression. Some miRNAs such as miR-21 have a promoting effect on CC cells, while miR-372
has an inhibitory effect [14].

As a zinc-finger transcription factor, specificity protein 1 (Sp1) could bind to GC-rich motifs in promoters and interact
with co-activating complexes of multiple signaling pathways, mediate cellular functions, and stimulate tumor malignancy
[15,16]. It has been reported that SP1 triggers ovarian cancer development [17]. Based on bioinformatics software analy-
sis, circNINL and Sp1 had complementary binding sites to miR-2467-3p, which prompted us to speculate on the circNINL/
miR-2467-3p/Sp1 network in CC. Our analysis explored the potential regulatory network of circNINL/miR-2467-3p/Sp1
in CC and provided new therapeutic targets for clinical CC patients.

2 Materials and methods
2.1 Clinical samples

CC tissue specimens and healthy tissue specimens were collected from 86 CC patients in Affiliated Hospital of Weifang
Medical College. All were pathologically confirmed to be squamous cell carcinoma. Immediately after surgical excision,
the tissues were stored in liquid nitrogen and stored at —80 °C. This study was approved by the Ethics Committee of
Affiliated Hospital of Weifang Medical College. All participants signed written informed consent.

2.2 Cell culture

H8 and human CC cell lines (Caski, ME180, MS751, SiHa, HelLa) were obtained from ATCC. Caski, SiHa, HeLa, ME180 and
H8 cells were cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.). MS751 was cultured in MEM (Gibco, USA). The
medium was supplemented with 10% FBS (Invitrogen) and 1% penicillin/streptomycin (Gibco) [18, 19].

2.3 Cell transfection

The 3rd passage Hela cells were digested with trypsin (Beyotime, Shanghai, China) and inoculated in 24-well plates
(1% 10° cells/well). When 85% cell confluence was reached, cell transfection was achieved by Lipofectamine 2000 (Inv-
itrogen, USA). The synthesis of transfection vectors was commissioned to GenePharma (Shanghai, China), including
sh-circNINL, circNINL overexpression vector, miR-2467-3p mimic and inhibitor, SP1 overexpression vector (pcDNA SP1),
and their corresponding controls. For transient transfection, HeLa cells (1x 10%well) were mixed with 50 nM oligonu-
cleotides or 4.0 ug vector for 24 h at 37 °C according to the instruction of Lipofectamine 2000 (Invitrogen). Transfection
efficiency was assessed by RT-qPCR.

2.4 Actinomycin D assay

Actinomycin D (Sigma, Germany) was added to Hela cell medium at 5 ug/ml. Cells were collected at the indicated time
points, and total RNA was extracted to measure circNINL expression using RT-qPCR. Untreated RNA served as a control
(Mock).

2.5 RNase R treatment

RNA was digested with 3 U/ug RNase R reagent (Epicentre, USA) at 37 °C for 15 min and RNA was purified using the

RNeasy MinElute Cleanup kit (Qiagen, Hilden, Germany). Subsequently, RT-qPCR was used to study circNINL expression
and linear NINL.
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2.6 Subcellular localization analysis

Cytoplasmic RNA and nuclear RNA of Hela cells were isolated using the PARIS Kit (Ambion, USA), followed by RNA
expression analysis.

2,7 MTT assay

Hela cells (6 x 103/well) were collected after transfection and inoculated into 96-well plates (6 X 103 cells/well). At 24,
48,72 or 96 h, 10 pL of prepared MTT reagent (5 mg/mL; Sigma-Aldrich) was added to each well and incubated at
37 °Cfor 4 h. The supernatant was aspirated. Then, 100 pl of dimethyl sulfoxide (Sigma-Aldrich) was added to each
well, and the crystals were dissolved by placing the microtiter plate on a shaker for 10 min. A microplate reader (PR
4100 TSC, Bio-Rad) was used to detect the optical density value of each well at 570 nm.

2.8 Colony formation assay

HeLa cells (2 x 103/well) were inoculated into 6-well plates with DMEM containing 10% FBS and incubated in a humidi-
fied incubator (37 °C, 5% CO,) for two weeks. After colony formation was observed, the medium was removed. Cells
were washed twice with PBS (Beyotime) and fixed with 1 mL of 4% paraformaldehyde (Beyotime) for 10 min. Then,
1 mL of 0.1% crystal violet staining solution was added for 10 min. Excess staining solution was rinsed with running
water, cells were photographed through a microscope (Olympus Corp, Tokyo, Japan), and the number of colonies
was counted.

2.9 Scratch test

Hela cells were inoculated at a density of 5 x 10° cells/well in 24-well plates and grown to 90% confluence. Confluent
monolayers were scraped using a pipette tip and each well was washed with PBS (Beyotime) to remove non-adherent
cells. Cells were incubated for 24 h after treatment. At 0 and 24 h, cells were observed under a light microscope (Olympus,
Tokyo, Japan) and cell migration distances were measured using Image-Pro Plus analysis software (Media Cybernetics,
MD, USA).

2.10 Transwell assay

Cell migration and invasion experiments were performed using Transwell chambers (Corning, NY, USA) with a pore size
of 8 um. The upper chamber of Transwell chambers (Costar, NY, USA) was coated with Matrigel. HelLa cells (8 x 1 0% were
resuspended in the upper chamber with 200 pL of serum-free medium, and 600 pL of complete medium containing
10% FBS was added as a chemoattractant in the lower compartment. After 24 h of incubation in the incubator (37 °C,
5% CO,), cells in the upper chamber were gently wiped with a cotton swab and washed with PBS, and the cells were
fixed in the lower chamber with 4% paraformaldehyde (Beyotime). The invasive cells were counted by staining with
0.5% crystal violet (Kokusai Chemical Reagent) and then observed through an inverted microscope (Olympus) with five
randomly selected fields of view.

2.11 Flow cytometry

Apoptotic cells were detected by Annexin V-FITC apoptosis detection kit (Thermo Fisher Scientific). The treated Hela cells
were inoculated into 6-well plates with 5 x 10* cells per well and incubated overnight at room temperature. Hela cells
were digested with EDTA-free trypsin (0.25%, Beyotime) and centrifuged at 1200 rpm for 5 min to obtain cell precipitates.
The cell precipitates were gently resuspended in 500 pl 1 X Annexin V binding buffer and stained with 10 pL Annexin
V-FITC and 5 pL propidium iodide (PI) for 30 min at room temperature, protected from light. Apoptotic cells (Annexin
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V-positive and Pl-negative) and necrotic cells (Annexin V- and Pl-positive) were distinguished using a FACS Calibur flow
cytometer (BD Biosciences). Apoptosis rate was the percentage of Annexin V-FITC-positive and Pl-positive/negative cells.

2.12 Examination of RNA expression

Total RNA was extracted with Trizol reagent (Takarashu, Otsu, Japan), and RNA concentration was measured using a dicin-
choninic acid (CC) kit (Invitrogen). For miRNA, cDNA was produced using the TagMan™ Advanced miRNA cDNA Synthesis
Kit (Takara), while PrimeScriptm RT Reagent kit (TaKaRa, Japan) was used to synthesize cDNA for mRNA and circRNA. Three
replicates of qRT-PCR were completed for each sample on the First Step Plus Real-Time PCR System (Applied Biosystems)
using SYBR Green PCR Kit (Takara). Gene expression was determined by 2722 method. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal reference gene for circRNAs and mRNAs, and U6 was used as an internal
control for miRNAs to normalize the expression levels of each gene. PCR primers (Table 1) were synthesized by Takara
(Dalian, China).

2.13 Protein expression analysis

Cells were washed twice with pre-cooled PBS. Total proteins were then extracted with RIPA lysis buffer (Beyotime) on
ice for 20 min and quantified using BCA™ protein assay kit (Pierce, Appleton, USA). Proteins were separated by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes, which was
blocked with 5% skimmed milk for 2 h and interacted with primary antibodies SP1 (1:1000, ab231778), Bcl-2 (1:1000,
ab32124), Bax (1:1000, ab32503), and GAPDH (1:1000, ab8245, Abcam) at 4 °C overnight. Rabbit monoclonal IgG (1:1000,
ab172730) was incubated for 1 h at 37 °C as a secondary antibody for Bax, and goat Anti-Rabbit IgG HRP (1:100, 000,
ab97051) for the remaining antibodies. Finally, the results were visualized with the ECL Detection Kit (Vazyme; E411-04)
and examined on a FluorChem"M system.

2.14 Dual luciferase reporter assay

starBase3.0 (http://starbase.sysu.edu.cn/) predicted potential binding sites of miR-2467-3p with circNINL and Sp1. Vec-
tors (circNINL-WT, circNINL-MUT, SP1-WT, and SP1-MUT) were generated by cloning wild-type or mutant circNINL or SP1
fragment containing the miR-2467-3p target sequence into pmirGLO luciferase reporter vectors (Promega). Hela cells
were inoculated into 96-well plates with 1 x 10* cells per well and cultured to logarithmic phase in a humidified incuba-
tor (37 °C, 5% CO,). Using Lipofectamine 2000 reagent (Invitrogen), the luciferase reporter plasmid was co-transfected

Table 1 Sequences for PCR Sequences (5'—3/)

CircNINL Forward: 5'-CCTGGGGCTGCATAAGTGAT-3’
Reverse: 5'-TGAGTCACCAGAGCACAACG-3’
miR-2467-3p Forward: 5'-GCCGAGGGACAGGCACCTGA-3’
Reverse: 5'-CTCAACTGGTGTCGTGGA-3’
SP1 Forward: 5'-GCACCTGCCCCTACTGTAAA-3’
Reverse: 5'-GTGCCTCTGTAGCTCATCCG-3'
Bcl-2 Forward: 5'-GGTGGGGTCATGTGTGTGG-3'
Reverse: 5'-CGGTTCAGGTACTCAGTCATCC-3’
Bax Forward: 5'-CCCGAGAGGTCTTTTTCCGAG-3’
Reverse: 5'-CCAGCCCATGATGGTTCTGAT-3’
U6 Forward: 5'-GGCTGTGTTCAAGTGGTTCT-3’
Reverse: 5'-ACGCCTGTAATCACAGCACT-3’
GAPDH Forward: 5'- CTGCCAACGTGTCAGTGGTG-3’

Reverse: 5'- TCAGTGTAGCCCAGGATGCC-3'

CircNINL Circular RNA NINL, miR-2467-3p microRNA-2467-3p, SP1 specificity protein 1, GAPDH Glyceralde-
hyde-3-phosphate dehydrogenase
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with miR-2467-3p mimic to Hela cells, and culture was continued for 48 h. Luciferase activity was detected by a dual
luciferase assay system (Promega) [20].

2.15 RNA-pull down assay

Biotinylated miR-2467-3p and biotinylated miR-NC (100 pmol) were transfected into Hela cells at 50% confluence using
Lipofectamine 3000 (Invitrogen). Cells were harvested and lysed in lysis buffer at 24 h post-transfection and incubated
with streptavidin magnetic beads (Life Technologies) for 3 h. The beads were washed, and RNA interacting with the miRNA
was extracted using Trizol reagent. The enrichment of circNINL and SP1 in the precipitated complexes was analyzed by
RT-gPCR.

2.16 Statistical analysis

All data were analyzed and plotted by GraphPad Prism8.0 software. Measurement data were reported in the form of
mean + standard deviation. After the test of normal distribution and homogeneity of variance, the data were analyzed
by t-test for bilateral comparisons or one-way ANOVA or two-way ANOVA followed by Tukey’s multiple comparisons for
multiple comparisons. The enumeration data (rate or percentage) were assessed by chi-square test. P indicated a two-
sided test, and P <0.05 was considered statistically significant.

3 Results

3.1 CircNINL is overexpressed in CC

CircNINL levels in CC patients’ tissue samples (n =86) were compared, presenting an overexpressed trend in CC tis-
sues (Fig. TA). The 5 CC cell lines had the same expression trend of circNINL when compared with H8 (Fig. 1B). To
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Fig. 1 Abnormal elevation of circNINL expression in CC. circNINL in clinical samples and CC cell lines (A-B); the genomic location and struc-
tural characteristics of circNINL (C); the stability of circNINL (D); circ-NINL expression at different time points after Actinomycin D treatment
(E); Subcellular localization of circNINL (F). n=86, N=3. Data were analyzed by t-test or by two-way ANOVA, and Tukey’s multiple compari-
son test. * P<0.05 vs. H8
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characterize circRNA transcripts, circbase (http://www.circbase.org/) and Primer were used to determine the stability
of circNINL. circNINL was derived from “lasso splicing” of intron 16 of its NINL locus (Fig. 1C). circ-NINL was resistant
to RNase R, while NINL was rapidly digested by RNase R (Fig. 1D). Furthermore, actinomycin D results showed that
circ-NINL was more stable than NINL (Fig. 1E). Subcellular localization analysis validated that circNINL was mainly
distributed in the cytoplasm of CC cells (Fig. 1F).

Referring to the median of circNINL expression, there were 43 patients with circNINL high expression and 43
patients with low expression. The clinical analysis demonstrated the correlations of circNINL expression with tumor
size, differentiation, interstitial infiltration, vascular invasion, FIGO stage and lymph node metastasis (Table 2). There
is an upregulation of circNINL in CC, which correlates with the clinicopathological characteristics of the disease.

3.2 Theregulatory role of circNINL in CC cell biological progression

Hela cells with the highest expression of circNINL were the study object in functional assays. sh-circNINL-1, sh-circ-
NINL-2, and circNINL overexpression plasmid were transfected into Hela cells, successfully altering cellular circNINL
expression (Fig. 2A). Since the knockdown effect of sh-circNINL-1 was more obvious, subsequent functional experi-
ments were performed using sh-circNINL-1, denoted as sh-circNINL. When investigating the tumor biology in CC,
cellular assays were included and eventually proved that circNINL-silenced Hela cells exhibited repressed viability and
proliferation, elevated apoptosis rate, restrained Bcl-2 expression and induced Bax expression, enhanced migration
and invasion abilities (Fig. 2B-H). The results were the opposite after overexpression of circNINL (Fig. 2B-H).

3.3 A spongy effect of circNINL on miR-2467-3p

CircRNAs can regulate miRNA expression. To further study the new mechanism of circNINL regulating CC, the poten-
tial target miR-2467-3p of circNINL was analyzed through the bioinformatics software http://starbase.sysu.edu.cn/
(Fig. 3A). The dual luciferase reporter experiments showed that miR-2467-3p posed a repressive impact on the lucif-
erase activity of circNINL-WT (Fig. 3B); RNA-pull down assay showed that biotinylated miR-2467-3p had a great pro-
moting effect on circNINL abundance (Fig. 3C). miR-2467-3p expression was determined to be lower in CC tissues than
normal tissues, and in CC cell lines than H8 cells (Fig. 3D, E). Moreover, miR-2467-3p expression had an inverse cor-
relation with circNINL expression (Fig. 3F) and could be promoted when circNINL was silenced in Hela cells (Fig. 3G).

Table 2 Correlation between
CircNINL expression and

clinicopathological features of High (n=43) Low (n=43)
cervical cancer

Characteristics Cases CircNINL expression P

Age <35 years 19 1 8 0.604
=35 years 67 32 35

Tumor size <3cm 40 26 14 0.017
=23 cm 46 17 29

Differentiation High 58 34 24 0.037
Low 28 9 19

Interstitial infiltration <66% 36 12 24 0.016
>66% 50 31 19

Vascular invasion Yes 47 17 30 0.009
No 39 26 13

FIGO I~ 54 32 22 0.044
N~V 32 1 21

Lymph node metastasis Yes 61 36 25 0.017
No 25 7 18
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Fig.2 The regulatory role of circNINL in the biological progression of CC cells. circNINL expression (A), proliferation activity (B-C), apopto-
sis (D), Bcl-2 and Bax protein expression (E-F), migration and invasion (G-H) after transfection with sh-circNINL. N=3, *P<0.05 vs. sh-NC;
#P <0.05 vs. Vector. Data were analyzed by one-way ANOVA followed by Tukey post hoc test

3.4 miR-2467-3p-induced prevention against CC malignancy

miR-2467-3p mimic transfection was conducted to probe miR-2467-3p-mediated CC progression (Fig. 4A). Then, the
aforementioned experiments were repeated, figuring out that miR-2467-3p-overexpressed Hela cells had similar
malignant phenotypes of circNINL-silenced Hela cells (Fig. 4B-H). In conclusion, miR-2467-3p inhibited CC cell

progression.
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3.5 miR-2467-3p-mediated targeting on SP1

The bioinformatics software http://starbase.sysu.edu.cn/ predicted miR-2467-3p targeting SP1 (Fig. 5A). The data obtained
from dual-luciferase reporter assay and RNA-pull down assay also verified the binding relationship between miR-2467-3p
and SP1 (Fig. 5B, C). SP1 expression was checked to be higher in CC tissues and Hela cells (Fig. 5D, E), demonstrating a
negative correlation with miR-2467-3p expression, as well as a positive correlation with circNINL expression (Fig. 5F, G).
Next, it was tested that SP1 expression was reduced in HelLa cells after silencing circNINL or overexpressing miR-2467-3p
(Fig. 5H, 1). Briefly, miR-2467-3p could target.

3.6 circNINL/miR-2467-3p/SP1 network-mediated the biological progress of CC cells

pPcDNA SP1 overexpression vector or miR-2467-3p inhibitor was transfected into CC cells on the basis of sh-circNINL
transfection to clarify the circNINL/miR-2467-3p/SP1 axis regulates the biological progress of CC cells. The two transfection
vectors led to the restoration of SP1T mRNA expression in the pre-transfected Hela cells (Fig. 6A). Through experimental
analysis, it was turned out that after co-transfection of miR-2467-3p inhibitor or pcDNA SP1, sh-circNINL-induced alter-
nations of Hela cell phenotypes were mitigated (Fig. 6B-H). In conclusion, circNINL/miR-2467-3p/SP1 axis regulates CC
cell biological progression.

@ Discover


http://starbase.sysu.edu.cn/

Discover Oncology (2024) 15:766 | https://doi.org/10.1007/512672-024-01588-8 Research

NC mimic miR-2467-3p mimic
B NC mimic s B NC mimic
N o - NC mimic 0 ——
- M miR-2467-3p mimic = miR-2467-3p mimic M miR-2467-3p mimic
& 4 -~ 08 300
55 + £ 3
J 23 S 06
& N £
o g 5 3 200
Eg2 g 04 * >
22 s 5100
21 — 0.2 Q
52 a o
g ® o
L 0.0 o
24h 48h 72h 96h
D Times (hours) E F
O
ég
oR
¢ F
NC mimic miR-2467-3p mimic é\e Q_‘;\:
3 3 O £
N So| 2% o B NC mimic m NC mimic < & . ™ NCmimic
] e M miR-2467-3p mimic H M miR-2467-3p mimic S M miR-2467-3p mimic
o o 25 ‘? - @ 2.
. . £ ) g 2s . Bol2 | W g2s .
&2 82 820 820 g20 T
g g 8 o c
% > 015 < 1.5 Bax . - £ 1.5
: 210 Z 10 10
3 |8 A IPRL N Biu| B g s s . - .
9m‘ 102 103 10* 105 108 107 1082 gto' 102 103 10* 10% 108 107 1082 ‘<1 '% i GAPDH - - %, :
0 < 0.0 00
4 Bcl-2 Bax [ Bcl-2 Bax
NC mimic miR-2467-3p mimic
B NC mimic y NC rnimic miR-2467-3p‘(r|imic B NC mimic
B miR-2467-3p mimic e . R e M miR-2467-3p mimic

-]
o

-
o

T

IS
o

N

=

N
=]

Migration distance (%)
o
G

Invasion (Fold Change)

o
=4
o

Fig.4 The suppressive impacts of miR-2467-3p on the biological progression of CC cells. miR-2467-3p expression (A), proliferation activity
(B-C), apoptosis (D), Bcl-2 and Bax protein expression (E-F), migration and invasion (G-H) after transfection with miR-2467-3p mimic. N=3,
*P <0.05 vs. NC mimic. Data were analyzed by one-way ANOVA followed by Tukey post hoc test

4 Discussion

Although both prevention and treatment methods have achieved rapid development at this stage, CC still faces
poor prognosis such as postoperative recurrence and metastasis, and a low survival rate [21]. HPV infection and gene
mutation are key pathogenic factors [22]. This work aimed to investigate the effect of circNINL on CC by sponging
miR-2467-3p and upregulating SP1.

CircRNA has high stability and conservation and regulates gene expression in various organisms [23], attracting
attention on genetic research. Its regulatory mechanism in cancer can be summarized as ceRNA network [24]. It has
been established that CC cell invasion and proliferation could be enhanced by hsa_circRNA_101996-pivoted ceRNA
network [25]. Abnormally expressed circNINL exerts functionally as to the proliferation, migration and apoptosis of
breast cancer cells [6]. Concerning the novelty, the present work analyzed that circNINL was upregulated in CC and
associated with tumor size, differentiation, interstitial infiltration, vascular invasion, FIGO stage and lymph node
metastasis. Furthermore, silencing circNINL in HelLa cells inhibited the cellular progression while restoring circNINL
caused the opposite results, indicating that circNINL may act as an oncogene in CC.

A miRNA sponge mechanism was explored, confirming the binding of circNINL to miR-2467-3p. miR-2467-3p has been
considered a tumor inhibitor by directly interacting with target genes, such as non-small cell lung cancer [26] and colo-
rectal cancer [27]. In addition, miR-2467-3p downregulation has been tested in CC previously, as well as its anti-CC effects
on cellular activities [28]. Echoed with the former studies, our research tested that miR-2467-3p was downregulated in CC
and that miR-2467-3p inhibited CC cell malignant activities. To investigate the mechanism thoroughly, functional rescue
assay validated that knocking down miR-2467-3p released the effects of circNINL silencing on CC cells.
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Fig. 5 A binding effect of miR-2467-3p on SP1. Binding site between miR-2467-3p and SP1 (A), evaluation of the binding between miR-
2467-3p and SP1 (B-C), SP1 expression in CC patients (n=286) and Hela cells (D-E), correlation between miR-2467-3p and circNINL with SP1
(n=86) (F-G), SP1 expression after inhibition of circNINL or overexpression of miR-2467-3p (H-1). N=3, *P<0.05 vs. sh-NC; #P<0.05 vs. NC
mimic. Data were analyzed by one-way ANOVA followed by Tukey post hoc test

SP1 was shown to be a downstream target of miR-2467-3p. SP1 is closely related to tumor biology through various
signaling pathways and acts aggressively in triple-negative breast cancer [29], skin squamous cell carcinoma [30], and
colorectal cancer [31]. Especially, SP1 is upregulated in CC and controlling SP1 expression can inhibit the migration and
invasion of human CC cells [32, 33]. Consistent with this, the present work displayed that SP1 expression was raised in
CC and could block the effects of silencing circNINL on CC cells.

This study demonstrated that circNINL, a novel oncogenic RNA, regulates proliferation, apoptosis, migration and inva-
sion of CC cell lines through miR-2467-3p/SP1. To the best of our knowledge, this is the first study to point out the role
of circNINL in CC and its mechanism, providing a possible therapeutic target for CC intervention. Nevertheless, there is
still a lack of sufficient clinical trials to validate the effect of the circNINL/miR-2467-3p/SP1 axis on CC treatment. Whether
circNINL regulates signaling pathways other than miR-2467-3p/SP1 is also a question we need to address urgently. In
addition, drug resistance in CC becomes difficult in the treatment of CC, and it is necessary to investigate the effect of
circNINL/miR-3918/FGFR1 axis on drug resistance in CC cell lines in subsequent studies.

Taken together, the data suggest that circNINL is highly expressed in CC. CircNINL/miR-2467-3p/SP1 axis stimulates
the malignant progression of CC cells, underlining a new regulatory pathway in CC and providing new ideas and insights
for CCintervention.
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Fig. 6 circNINL/miR-2467-3p/SP1 network-mediated the biological progress of CC cells. SP1 expression (A), proliferation activity (B-C), apop-
tosis (D), Bcl-2 and Bax protein expression (E-F), migration and invasion (G-H) after co-transfection. N=3, *P<0.05 vs. sh-NC group; #P < 0.05
vs. sh-circNINL + NC inhibitor; AP < 0.05 vs. sh-circNINL + pcDNA. Data were analyzed by one-way ANOVA followed by Tukey post hoc test
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