
Chen et al. Cancer Cell Int           (2021) 21:34  
https://doi.org/10.1186/s12935-020-01736-4

PRIMARY RESEARCH

CircNEIL3 promotes cervical cancer 
cell proliferation by adsorbing miR‑137 
and upregulating KLF12
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Abstract 

Background:  CircRNAs play crucial roles in multiple tumours. However, the functions of most circRNAs in cervical 
cancer remain unclear.

Methods:  This study collected GSE113696 data from the GEO database to search for differentially expressed circRNAs 
in cervical cancer. Quantitative reverse transcription PCR was used to detect the expression level of circNEIL3 in cervi-
cal cancer cells and tissues. Then, functional experiments in vitro and in vivo were performed to evaluate the effects of 
circNEIL3 in cervical cancer.

Results:  CircNEIL3 was highly expressed in cervical cancer. In vivo and in vitro experiments verified that circNEIL3 
enhanced the proliferation capacity of cervical cancer cells. RNA immunoprecipitation, luciferase reporter assay, pull-
down assay, and fluorescent in situ hybridization confirmed the interaction between circNEIL3 and miR-137 in cervical 
cancer. A luciferase reporter assay showed that circNEIL3 adsorbed miR-137 and upregulated KLF12 to regulate the 
proliferation of cervical cancer cells.

Conclusions:  CircNEIL3 is an oncogene in cervical cancer and might serve as a ceRNA that competitively binds to 
miR-137, thereby indirectly upregulating the expression of KLF12 and promoting the proliferation of cervical cancer 
cells.
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Background
Cervical cancer is the second most common malignant 
tumour in females worldwide and has severely threat-
ened the physical health of females [1]. Cervical cancer 
is also an important cause of cancer-related death among 
women worldwide [2]. There are approximately 529,000 
new cervical cancer cases annually, resulting in 260,000 

deaths [2]. Human papillomavirus (HPV) vaccines have 
greatly contributed to the primary prevention of cervi-
cal cancer, but in some developing countries, the preven-
tion of cervical cancer can hardly be realized due to the 
cost and limited availability [3, 4]. At present, the clinical 
therapeutic strategies for cervical cancer include surgi-
cal resection, radiotherapy, chemotherapy, or combined 
therapy. Although substantial progress has been attained 
in the diagnosis and treatment of cervical cancer, the 
prognosis for cervical cancer patients is still dismal, with 
a 5-year overall survival (OS) rate of lower than 30% in 
most countries [5]. Therefore, it is important to investi-
gate the initiation and development mechanisms of cer-
vical cancer, to develop novel diagnostic and prognostic 
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biomarkers, and to find therapeutic targets for tumour 
prevention.

In 1976, Sanger first discovered circular RNA (cir-
cRNA) in viroids [6]. With the emergence of new gen-
eration sequencing technology and the advancement 
of bioinformatics, the regulatory roles of circRNAs in 
eukaryotic cells have gradually been recognized [7, 8]. 
CircRNA is a kind of noncoding RNA (ncRNA) with a 
ring structure made through covalent binding that is 
not affected by RNA excision enzymes and is evolution-
ally conserved. Its multiple biological functions, such as 
chromatic remodelling, transcription and post-transcrip-
tion processing, and gene expression regulatory func-
tions have been extensively investigated and reported, 
which mainly manifest at three levels: the epigenetic level 
(chromosome silencing, genomic imprinting and chro-
matin modification), the transcription level and the post-
transcription level. CircRNA has become a hot topic in 
genetic research [9–11]. It has been indicated that circR-
NAs play crucial roles in the initiation and development 
of multiple tumours, including cervical cancer [12–17]. 
However, the functions of most circRNAs in cervical 
cancer remain unclear. This study collected GSE113696 
data from the GEO database to search for differentially 
expressed circRNAs in cervical cancer [12]. Data from 
cervical cancer patient specimens from the Third Affili-
ated Hospital of Soochow University were combined 
with GEO data, and it was discovered that circNEIL3 was 
highly expressed in cervical cancer. In  vivo and in  vitro 
experiments verified that circNEIL3 enhanced the pro-
liferation capacity of cervical cancer cells. Subsequent 
molecular mechanism analysis revealed that circNEIL3 
was an oncogene that served as the ceRNA to indirectly 
upregulate KLF12 expression by competitively binding 
with miR-137, thus promoting the proliferation of cervi-
cal cancer cells.

Methods
Cells and tissues
A normal cervical epithelial cell line (End1/E6E7) and 
cervical cancer cell lines (SiHa, C-4 I, HeLa and C-33A) 
were purchased from American Type Culture Collection 
(ATCC, Manassas, VA, USA). All cells were cultured in 
RPMI 1640 containing 10% foetal bovine serum (FBS) 
and incubated in the cell incubator at 37 °C and 5% CO2.

Postoperative specimens were collected from 20 cer-
vical cancer patients receiving surgical resection at 
the Third Affiliated Hospital of Soochow University 
from 2016 to 2017. After surgery, the specimens were 
pathologically confirmed as cervical cancer tissues and 
matched with para-carcinoma normal tissues. All cervical 
cancer patients received radiochemotherapy or chemo-
therapy. The specimens were immersed in liquid nitrogen 

immediately after surgery and then transferred into an 
80  °C refrigerator for preservation. This study protocol 
conformed to the Declaration of Helsinki. All tests were 
approved by the Ethics Committee of the Third Affiliated 
Hospital of Soochow University. The patients and family 
members were informed of the pathology results of the 
specimens and signed written informed consent forms.

Cell transfection
The circNEIL3 overexpression plasmid, circNEIL3 small 
interfering RNA (siRNA) and negative control plasmids 
were purchased from Generbiol (Shanghai, China). 
Moreover, miR-137 mimics, miR-137 inhibitors and neg-
ative controls were obtained from RiboBio (Guangzhou, 
China). Lipofectamine 3000 was utilized for transfection 
in accordance with the instructions.

Quantitative real‑time reverse transcription PCR (qRT‑PCR)
TRIzol reagent was used to extract tissue and cellular 
total RNA, and the total RNA content and concentra-
tion were determined by using a NanoDrop 2000 micro-
spectrophotometer. Then, the PrimeScript RT Reagent 
Kit was utilized to reverse transcribe the total RNA 
into cDNA, and TB Green Fast qPCR Mix was used for 
qRT-PCR. GAPDH was used as the internal reference 
for circRNA and mRNA, while U6 was used as the inter-
nal reference for miRNA. The comparative Ct (2−ΔΔCt) 
method was used to calculate the expression quantities 
of circRNA, mRNA and miRNA. The information for all 
primers is presented in Additional file 1: Table S1.

Western blotting
RIPA was used to lyse cells, and total cellular protein 
was extracted. Thereafter, the BCA method was adopted 
to determine the cellular protein concentration, and an 
equivalent amount of sample was collected from each 
group for sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE), and the proteins were 
transferred onto membranes. Later, the membranes were 
blocked for 1  h, and then the KLF12 or GAPDH anti-
body was added and incubated at 4  °C overnight. Then, 
the membranes were washed with TBST, incubated with 
secondary antibody for 1 h, washed, and developed with 
ECL, followed by X-ray film exposure, development, fixa-
tion, and scanning. Finally, the results were calculated.

CCK‑8
A total of 100 µl of transfected cell suspension (approxi-
mately 1 × 103 cells) was inoculated into 96-well plates 
and cultured. At the monitoring time points (24, 48, 72 
and 96 h), 10 µl of CCK-8 solution was added into each 
well, and the culture plate was gently tapped for suf-
ficient mixing to avoid the production of bubbles that 
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affect reading OD values. After incubation at 37  °C for 
2 h, the OD value was measured with Bio-Tek EPOCH2 
at 450 nm. The test was repeated three times.

Colony formation assay
The transfected cells were prepared into cell suspensions, 
inoculated into culture dishes supplemented with 10 ml 
of preheated (37  °C) culture medium, and cultured in a 
37 °C incubator containing 5% CO2 for 14 days. Then, the 
cells were washed with PBS twice, fixed with 4% para-
formaldehyde for 20  min, and treated with 0.1% crystal 
violet for 30  min at room temperature. The number of 
cell colonies with a diameter of > 0.1  mm was observed 
under the microscope.

Actinomycin D transcription inhibition assay
The SiHa cells were divided into 5 aliquots and placed 
into 5 wells (wells 1–5) of 24-well plates. At 24 h, cells in 
well 1 were harvested, and RNA was extracted. Actino-
mycin D (Abcam, abl41058) was added to wells 2–5  at 
a final concentration of 2 µg/ml. After 4, 8, 12 and 24 h, 
cells in wells 2–5 were collected to extract the RNA for 
subsequent qRT-PCR.

Luciferase reporter assays
The wild-type and mutant sequences were synthesized 
and cloned into dual-luciferase reporter gene plasmids 
(Promega) containing the psiCheck2 promoter to bio-
logically predict the possible miRNA target genes and 
binding sequences. After SiHa cells were inoculated into 
a 96-well plate and cultured for 24 h, the cells were co-
transfected with wild-type or mutant reporter gene plas-
mids and overexpression or silencing plasmid mimics. 
Luciferase activity was measured 48 h after transfection.

RNA immunoprecipitation (RIP)
RNA enrichment was examined by qRT-PCR using a 
Magna RIP RNA binding protein immunoprecipitation 
kit (Millipore, Billerica, MA, USA) according to the man-
ufacturer’s instructions using anti-Ago2 or a control IgG 
as the antibody.

Fluorescence in situ hybridization (FISH)
SiHa cells were used for FISH to determine the subcel-
lular localization of circNEIL3 and miR-137. The cell 
specimens were pre-denatured in PBS containing 10% 
stationary liquid for 5  min. Then, the slide specimens 
were immersed into the stationary liquid twice for 
10 min, processed with ice-cold ethanol at gradient vol-
ume fractions of 70%, 90% and 100%, and dried. Later, 
50 ml of 50% formamide/2 × SSC was added into the wet 
box and preheated at 37  °C. Finally, the FITC-labelled 
probe circNEIL3 and the PE-labelled probe miR-137 

(Tingzhou; Shanghai, China) were detected and observed 
by confocal microscopy. The probe sequences are dis-
played in Additional file 1: Table S2.

Subcutaneous tumour formation in nude mice
Altogether, 10 4-week-old female BALB/c nude mice 
were randomly divided into the si-circNEIL3 group and 
si-NC group, with 5 mice in each group. Later, 1  ml 
(approximately 5 × 107 cells) of SiHa cell suspension 
transfected with si-circNEIL3 or si-NC was inoculated 
subcutaneously into one side of the axilla in mice in the 
si-circNEIL3 group and in the si-NC group. The general 
conditions of nude mice were observed and recorded, 
and the xenograft formation time and size were observed 
at 3-day intervals. After the completion of the experi-
ment, the tumours were completely dissected, photos of 
the entire tumours were taken, and tumour volume and 
weight were measured. All animal experiments were 
performed in line with the Animal Care and Laboratory 
Guidelines and approved by the Ethics Committee of the 
Third Affiliated Hospital of Soochow University.

Statistical analysis
SPSS 22.0 statistical software was adopted for statistical 
analysis. GraphPad Prism 5.0 and Adobe Photoshop CS5 
software were employed for producing images. Experi-
mental data are expressed as the mean ± standard error 
of the mean (mean ± SEM). Differences between two 
groups were compared by Student’s t-test, while those 
among multiple groups were analysed by one-way anal-
ysis of variance (ANOVA). A difference of P < 0.05 indi-
cated statistical significance; otherwise, there was no 
significant difference. Each experiment was repeated at 
least three times.

Results
Different expression of circRNAs in cervical cancer
To investigate the differentially expressed circRNAs 
between cervical cancer and para-carcinoma tissues, the 
GSE113696 dataset was used [12]. The GSE90737 data-
set provided the high-throughput ChIP data of circRNA 
in 10 pairs of cervical cancer and para-carcinoma tis-
sues (CapitalBio Technology Human CircRNA Micro-
array v2.0). The circRNA microarray used two probes 
with different lengths (long probe: 30 nt; short probe: 
20 nt). The long probe (30 nt) has a high detection sig-
nal, while the short probe (20 nt) has high specificity. In 
our study, using the criteria of fold change > 2.0 and t-test 
P < 0.05, the long probe detected the abnormal expres-
sion of 4125 circRNAs, while the short probe detected 
the abnormal expression of 4229 circRNAs. Among 
them, 1613 circRNAs were abnormally expressed by 
both the long probe and the short probe. Subsequently, 
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the differential circRNAs were screened from these 
1613 circRNAs, among which 43 circRNAs with a fold 
change > 4.0 were detected by both the long probe and 
the short probe (Fig.  1a, b), including 40 upregulated 
and 3 downregulated circRNAs. The top 10 circRNAs 
with the most significant differential expression in the 
20 pairs of cervical cancer and para-carcinoma tissues 
(hsa_circ_0000583, hsa_circ_0071474, hsa_circ_0060458, 
hsa_circ_0090531, hsa_circ_0006968, hsa_circ_0004266, 
hsa_circ_0068858, hsa_circ_0045016, hsa_circ_0066970, 
and hsa_circ_0014756) were selected. Upon qRT-PCR 
verification, we discovered that hsa_circ_0071474 was 
the most significantly upregulated circRNA in cervical 
cancer tissues, and the expression increased by 11.37-
fold (Fig.  1c). Moreover, we detected hsa_circ_0071474 
expression in a normal cervical epithelial cell line (End1/
E6E7) and cervical cancer cell lines (SiHa, C-4 I, HeLa 
and C-33A). The results suggested that hsa_circ_0071474 
was highly expressed in cervical cancer cell lines (Fig. 1d).

Features of circNEIL3
Using the circBase database (http://www.circb​ase.org/), 
it was suggested that hsa_circ_0071474 was formed 
by the cyclization of exons 8–10 in the NEIL3 gene, 
with a spliced length of 1246  bp (hereafter referred to 

as circNEIL3) (Fig.  2a). CircRNA is a kind of closed 
annular base sequence formed by reverse shear pair-
ing; therefore, in addition to PCR amplification by for-
ward primers, reverse primers at the interface can also 
be used for PCR amplification. cDNA obtained through 
the reverse transcription of circNEIL3 and the directly 
extracted genomic gDNA were subjected to PCR ampli-
fication using normally designed forward primers, while 
only the former might be subjected to PCR amplification 
using reverse primers, and there was no obvious band 
of gDNA. This result suggested that the fragment was 
indeed derived from circNEIL3 (Fig. 2b). Linear RNA has 
poor resistance to RNase R, and the abundance of lin-
ear RNA after RNase R digestion remarkably decreased. 
In contrast, the annular RNA had high resistance to 
RNase R. After RNase R digestion, the results indicated 
that circNEIL3 expression was not significantly down-
regulated, while the linear RNA level markedly declined 
(Fig. 2c). Subsequently, an actinomycin D experiment was 
conducted, and the results suggested that the half-life of 
circNEIL3 was over 24  h, while that of the correspond-
ing linear transcript was approximately 4 h (Fig. 2d). The 
above experiment verified that the circNEIL3 sequence 
was indeed circRNA. In addition, by nuclear-cytoplasmic 
fractionation and FISH, it was determined that circNEIL3 

Fig. 1  Screening of differentially expressed circRNAs in cervical cancer. a Analysis of differentially expressed circRNAs in cervical cancer based on 
GSE90737 dataset detected by the long probe (30 nt) (Fold change > 2.0, P < 0.05 in t-test). b Analysis of differentially expressed circRNAs in cervical 
cancer based on GSE90737 dataset detected by the short probe (20 nt) (Fold change > 2.0, P < 0.05 in t-test). c Validation of circRNAs in 20 pairs of 
cervical cancer tissues and para-carcinoma tissues via qRT-PCR. d The expression of hsa_circ_0071474 in the cervical cancer cell lines SiHa, C-4 I, 
C-33A, HeLa and the normal cervical epithelial cells End1/E6E7 was detected by qRT-PCR. *P < 0.05, **P < 0.01, ***P < 0.001

http://www.circbase.org/


Page 5 of 12Chen et al. Cancer Cell Int           (2021) 21:34 	

was mainly located in the cytoplasm of SiHa cells (Fig. 2e, 
f ).

circNEIL3 enhanced cervical cancer cell growth
Previously, we detected the expression of circNEIL3 in 
cervical cancer cell lines, among which the expression 
of circNEIL3 in SiHa and HeLa cell lines was the most 
significantly upregulated. Therefore, the SiHa and HeLa 
cell lines were selected for subsequent functional experi-
ments. Briefly, the circNEIL3 overexpression plasmid 
was transfected into the SiHa and HeLa cell lines, and 
qRT-PCR was carried out to verify the overexpression 
efficiency (Fig.  3a). CCK-8 and colony formation assays 
revealed that the upregulation of circNEIL3 expression 
significantly enhanced the proliferation capacities of SiHa 
and HeLa cells (Fig. 3b, d). Then, circNEIL3 siRNA was 
transfected into the SiHa and HeLa cell lines, and qRT-
PCR was conducted to verify the interference efficiency 
(Fig.  3e). CCK-8 and colony formation assays suggested 
that the downregulation of circNEIL3 expression led to 
significantly decreased proliferation of SiHa and HeLa 
cell lines (Fig. 3f, h).

circNEIL3 adsorbed miR‑137
Previous research revealed that circNEIL3 is a kind of 
RNA that stably exists in the cytoplasm (Fig. 2e, f ). Pre-
vious literature reports that circRNA in the cytoplasm 
can adsorb miRNAs [9]. Therefore, this study explored 
whether circNEIL3 bound with miRNAs to regulate 
the proliferation of cervical cancer cells. The circBank 
(http://www.circb​ank.cn/index​.html) was utilized to pre-
dict the possible target genes of circNEIL3, and it was 
discovered that 104 miRNAs might bind with circNEIL3. 
Then, the most likely binding miRNAs, namely, miR-
1197, miR-18a-3p, miR-1243, miR-137, miR-19a-5p, and 
miR-33a-5p, were screened. Later, the above miRNAs 
were subjected to RIP detection in SiHa cells. As a result, 
compared with the levels in circNEIL3 and miR-137 in 
the IgG antibody control group, higher levels of circ-
NEIL3 and miR-137 were enriched in the Ago2 antibody 
group (Fig. 4a). This result demonstrates that circNEIL3 
binds to miR-137 in the SiHa cervical cancer cell line. To 
further show this result, a dual-luciferase reporter gene 
assay was conducted. The constructed full-length circ-
NEIL3-WT and circNEIL3-MUT luciferase vectors were 
co-transfected with miR-137 into SiHa cells (Fig.  4b). 
MiR-137 overexpression significantly reduced the activity 

Fig. 2  The features of circNEIL3 in cervical cancer. a The exonic information of circNEIL3 was illustrated as indicated. b qRT-PCR assay with 
convergent or divergent primers indicating the existence of circNEIL3 in SiHa cells. c The expressions of circNEIL3 and linear mRNA in SiHa cells were 
detected by qRT-PCR in the presence or absence of RNase R. d qRT–PCR analysis for the expression of circNEIL3 and NEIL3 mRNAs after treatment 
with Actinomycin D in SiHa cells. e Nuclear-cytoplasmic fractionation experiment showing that circNEIL3 was mainly distributed in the cytoplasm. 
f FISH for circNEIL3. Nuclei were stained with DAPI. Data were represented as means ± S.D. of at least three independent experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001

http://www.circbank.cn/index.html
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of luciferase containing the circNEIL3-WT vector but 
did not reduce that of luciferase containing empty vec-
tor or circNEIL3-MUT vector (Fig. 4c). This finding veri-
fied that circNEIL3 directly bound with miR-137, and the 
binding site was the mutation site. To observe the colo-
calization of circNEIL3 and miR-137 in cells, FISH assays 
were carried out. The results indicated that circNEIL3 
and miR-137 were colocalized in SiHa cells, mainly in 
the cytoplasm (Fig. 4d). In addition, when circNEIL3 was 
overexpressed in cervical cancer cell lines, the miR-137 
expression quantity was not markedly changed (Fig. 4e); 
similarly, when miR-137 was overexpressed in cervical 
cancer cell lines, the expression quantity of circNEIL3 
showed no obvious changes (Fig. 4f ). These results indi-
cated that the binding of circNEIL3 with miR-137 did not 
affect the expression quantity of each other. Therefore, 
circNEIL3 adsorbed miR-137.

circNEIL3 adsorbed miR‑137 and upregulated KLF12 
to regulate the proliferation of cervical cancer cells
A previous study indicated that miR-137 plays a role as 
a tumour suppressor gene in multiple tumours. There-
fore, we speculated that circNEIL3 adsorbed miR-137 to 
upregulate oncogene expression in cervical cancer, thus 
promoting the proliferation of cervical cancer cells. The 
possible regulatory target genes of miR-137 were pre-
dicted by a bioinformatics approach. The top 50 pre-
dicted target genes in the TargetScan (http://www.targe​

tscan​.org/vert_72/), miRDB (http://www.mirdb​.org/) 
and PicTar (https​://picta​r.mdc-berli​n.de/) databases 
were screened and intersected to obtain the 5 shared tar-
get genes among the three databases (MITF, PDLIM3, 
KLF12, PALM2-AKAP2 and SS18, Fig.  5a). Afterwards, 
miR-137 expression was upregulated or downregulated 
in SiHa cells, and qRT-PCR results revealed that the 
mRNA expression of KLF12 was significantly changed 
(Fig.  5b, c). Later, KLF12 protein expression in SiHa 
and HeLa cells was detected by Western blotting. As 
a result, miR-137 overexpression downregulated the 
KLF12 protein expression level, while downregulating 
miR-137 expression elevated the KLF12 protein expres-
sion (Fig. 5d). Afterwards, we constructed the wild-type 
sequence (KLF12-WT) and the mutant binding sequence 
(KLF12-MUT) (Fig. 5e), which were co-transfected with 
miR-137 mimic or miR-NC into MDA-MB-231 cells for 
a dual-luciferase reporter assay. The results indicated that 
miR-137 overexpression remarkably reduced the activ-
ity of luciferase containing the KLF12-WT vector but 
did not reduce that of luciferase containing the KLF12-
MUT vector (Fig.  5f ), verifying that KLF12 was one of 
the direct target genes of miR-137.

To verify whether circNEIL3 adsorbed miR-137 
and upregulated KLF12 to promote tumour prolif-
eration, a rescue experiment was performed. In brief, 
SiHa and HeLa cells were subjected to the follow-
ing 4 groups of transfection: (1) si-NC + miR-NC, (2) 

Fig. 3  CircNEIL3 could enhanced cervical cancer cell proliferation. a The efficiency of circNEIL3 overexpression in SiHa and Hela cells was verified by 
qRT-PCR. b, c circNEIL3 enhanced cervical cancer cell growth CCK-8 proliferation assays of SiHa and Hela cells transfected with circNEIL3 or control 
vector. d Colony-formation assays of SiHa and Hela cells transfected with circNEIL3 or control vector. e The efficiency of circNEIL3 down expression 
in SiHa and Hela cells was verified by qRT-PCR. f, g CCK-8 proliferation assays of SiHa and Hela cells transfected with si-circNEIL3 or si-NC. (H) 
Colony-formation assays of SiHa and Hela cells transfected with with si-circNEIL3 or si-NC. Data were represented as means ± S.D. of at least three 
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001

http://www.targetscan.org/vert_72/
http://www.targetscan.org/vert_72/
http://www.mirdb.org/
https://pictar.mdc-berlin.de/
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si-circNEIL3 + miR-NC, (3) si-NC + miR-137 inhibitor, 
and (4) si-circNEIL3 + miR-137 mimic. First, qRT-PCR 
and Western blotting revealed that downregulation 
of circNEIL3 expression suppressed KLF12 expres-
sion, while inhibiting miR-137 expression upregulated 
circNEIL3 expression. This result verified that circ-
NEIL3 adsorbed miR-137 and regulated KLF12 mRNA 
and protein expression (Fig.  6a, b). Subsequently, the 
CCK-8 proliferation assay proved that, compared with 
the control group, circNEIL3 expression was down-
regulated in SiHa and HeLa cells, which suppressed 
cell proliferation. By contrast, in SiHa and HeLa cells, 
downregulating miR-137 promoted cell proliferation. 
However, in SiHa and HeLa cells with downregulated 

miR-137, the downregulation of circNEIL3 did not sup-
press the proliferation of these two cell lines (Fig.  6c, 
d). Consequently, it was proven that the role of circ-
NEIL3 as a tumour suppressor gene in cervical cancer 
cells was dependent on miR-137. To determine whether 
circNEIL3 exerted a tumour suppression effect via 
KLF12, the following rescue experiment was carried 
out. The SiHa and HeLa cells were subjected to the fol-
lowing 4 groups of transfection: (1) Control + si-NC, 
(2) circNEIL3 + si-NC, (3) Control + si-KLF12, and 
(4) circNEIL3 + si-KLF12. CCK-8 cell proliferation 
assays revealed that, compared with the control group, 
overexpressing circNEIL3 in SiHa and HeLa cells pro-
moted cell proliferation. In contrast, silencing KLF12 

Fig. 4  CircNEIL3 serves as a sponge for miR-137 in cervical cancer. a RIP experiments were performed in SiHa cells, and the co-precipitated miR-137 
was subjected to qRT-PCR for circNEIL3. b MiR-137 and circNEIL3 binding sequences and circNEIL3 mutation sequences. c Luciferase activity in SiHa 
cells co-transfected with luciferase reporter containing wild-type or mutant circNEIL3 sequences and miR-137 mimic or control. d FISH showed 
that circNEIL3 and miR-137 were co-localized in the cytoplasm of SiHa cells. e After upregulation of circNEIL3 expression in the SiHa and Hela cell 
lines, the miR-137 expression was detected by qRT-PCR. f After upregulation of miR-137 expression in the SiHa and Hela cell lines, the circNEIL3 
expression was detected by qRT-PCR. Data were represented as means ± S.D. of at least three independent experiments. *P < 0.05, **P < 0.01, 
***P < 0.001
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Fig. 5  KLF12 was one of the direct target gene of miR-137. a TargetScan, miRDB and Pictar were used to predict the potential target genes 
of miR-137. b After upregulation of miR-137 expression in SiHa cell lines, the candidate mRNA expression was detected by qRT-PCR. c After 
downregulation of miR-137 expression in SiHa cell lines, the candidate mRNA expression was detected by qRT-PCR. d The expressions of KLF12 
protein in SiHa and Hela transfected with miR-137 mimic or miR-137 inhibitor were measured by Western blotting. e MiR-137 and KLF12 binding 
sequences and KLF12 mutation sequences. f Luciferase activity in SiHa cells co-transfected with luciferase reporter containing wild-type or mutant 
KLF12 sequences and miR-137 mimic or control. Data were represented as means ± S.D. of at least three independent experiments. *P < 0.05, 
**P < 0.01, ***P < 0.001

Fig. 6  CircNEIL3 adsorbed miR-137 and up-regulated KLF12 to regulate the proliferation of cervical cancer cells. a The expressions of KLF12 mRNA 
in SiHa and Hela transfected with si-NC + miR-NC, si-circNEIL3 + miR-NC, si-NC + miR-137 inhibitor, and si-circNEIL3 + miR-137 inhibitor were 
detected by qRT-PCR. b The expressions of KLF12 protein in SiHa and Hela transfected with si-NC + miR-NC, si-circNEIL3 + miR-NC, si-NC + miR-137 
inhibitor, si-circNEIL3 + miR-137 inhibitor were detected by Western blotting. c, d CCK-8 proliferation assays of SiHa and Hela cells transfected with 
si-NC + miR-NC, si-circNEIL3 + miR-NC, si-NC + miR-137 inhibitor, and si-circNEIL3 + miR-137 inhibitor. e, f CCK-8 proliferation assays of SiHa and 
Hela cells transfected with control + si-NC, circNEIL3 + si-NC, control + si-KLF12, and circNEIL3 + si-KLF12. Data were represented as means ± S.D. of 
at least three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001
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expression in SiHa and HeLa cells suppressed cell 
proliferation. However, in SiHa and HeLa cells with 
silenced KLF12, upregulating circNEIL3 did not pro-
mote cell proliferation (Fig. 6e, f ). Therefore, the above 
results suggested that circNEIL3 promoted the prolif-
eration of cervical cancer cells via KLF12. In summary, 
circNEIL3 is an oncogene and might serve as ceRNA, 
which competitively binds to miR-137, thereby indi-
rectly upregulating KLF12 expression and promoting 
the proliferation of cervical cancer cells.

Downregulating circNEIL3 suppressed the growth 
of cervical cancer in vivo
To examine the important biological functions of circ-
NEIL3 in the initiation and development of cervical 
cancer, cervical cancer tumour-bearing mice were con-
structed according to the indicated steps. Then, SiHa 
cells stably transfected with circNEIL3 siRNA or si-NC 
were injected subcutaneously into the backs of nude 
mice. Ten days after injection, the growth of subcutane-
ous xenografts in nude mice was observed every 3 days, 
the long diameter and short diameter of the tumour body 
were measured using a Vernier calliper, and the tumour 
volume was calculated. After 30 days of culture, the 
tumour tissues were dissected, as presented in Fig.  7a. 
From day 18 of injection, the subcutaneous xenograft 
volume in nude mice of the si-circNEIL3 group began 

to be significantly smaller than that in the control group 
(Fig.  7b). Apart from subcutaneous xenograft volume, 
we also detected the expression levels of KLF12 in two 
groups with subcutaneous xenografts. The results sug-
gested that the KLF12 mRNA and protein expression 
levels in the circNEIL3 siRNA group apparently declined 
(Fig. 7c, d).

Discussion
circRNA possesses high stability, conservatism and abun-
dance, exerts multiple functions, participates in numer-
ous biological processes [18], and may exert an important 
role in cancer [19]. circRNA is a promising tumour diag-
nostic biomarker and a novel target for antitumour treat-
ment [19–21]. An increasing number of studies have 
discovered that circRNAs play a vital role in the initiation 
and development of cervical cancer [12–17, 22, 23]. Hu 
et al. discovered that circ_0067934 was overexpressed in 
cervical cancer tissues and cell lines, and the high expres-
sion of circ_0067934 was related to the poor prognosis 
of cervical cancer. circ_0067934 knockdown suppressed 
the proliferation and migration of cervical cancer cells. 
hsa_circ_0000263 adsorbed miR-150-5p to regulate the 
initiation and development of cervical cancer cells [23]. 
Cao et  al. found that circPOLA2 was highly expressed 
in cervical squamous cell carcinoma (CSCC), which was 
positively correlated with the poor prognosis of CSCC 

Fig. 7  Down-regulating circNEIL3 suppressed the growth of cervical cancer in vivo. a Image of representative resected tumors from xenograft nude 
mice on the 30th day. b Growth curves of si-NC and si-circNEIL3. c The expression of KLF12 mRNA in tumor tissues detected by qRT-PCR. d The 
expression of KLF12 protein in tumor tissues detected by Western blotting. *P < 0.05, **P < 0.01, ***P < 0.001
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patients. circPOLA2 knockdown suppressed the prolif-
eration, migration and invasion of cervical cancer cells 
both in  vivo and in  vitro. circPOLA2 adsorbed endog-
enous miR-326 and promoted GNB1 expression [16]. 
Yang et al. discovered that circOSBPL10 was significantly 
upregulated in cervical cancer cells. Downregulating cir-
cOSBPL10 inhibited the proliferation and migration of 
cervical cancer cells. circOSBPL10 absorbed miR-1179, 
upregulated UBE2Q1 expression, and thus affected cer-
vical cancer cell functions [15]. Ji et  al. reported that 
circSLC26A4 was upregulated in cervical cancer cells 
and tissues. In the clinic, the high expression of circ-
SLC26A4 is related to the low survival rate of cervi-
cal cancer patients. circSLC26A4 knockdown inhibited 
tumour growth, proliferation and invasion both in  vitro 
and in vivo. Moreover, circSLC26A4 promoted the pro-
gression of cervical cancer via the miR-1287-5p/HOXA7 
axis [14]. Ou et  al. verified that circ-AKT1 was highly 
expressed in cervical cancer tissues and cells. The high 
expression of circ-AKT1 and AKT1 accelerated cervical 
cancer cell proliferation and invasion. In addition, TGF-β 
induced the expression of circ-AKT1 and AKT1 and pro-
moted EMT in cervical cancer [13]. This study screened 
the most significant circRNA (circNEIL3) through the 
differential expression between cervical cancer tis-
sues and para-carcinoma tissues. circNEIL3 was highly 
expressed in cervical cancer tissues and cells. It was 
verified that circNEIL3 was indeed the annular struc-
ture mainly distributed in the cytoplasm. Meanwhile, 
upregulating circNEIL3 promoted the proliferation of 
cervical cancer cells, whereas downregulating circNEIL3 
suppressed cervical cancer cell proliferation. Animal 
experiments also proved that knocking out circNEIL3 
suppressed tumour growth.

Subsequently, this study explored and verified the 
molecular mechanism of circNEIL3 in promoting cer-
vical cancer proliferation. First, the candidate miRNAs 
of circNEIL3 were screened through a bioinformat-
ics approach. RIP and dual-luciferase reporter assays 
confirmed that circNEIL3 adsorbed miR-137. MiR-137 
is located on chromosome 1p22, which is a miRNA 
abundant in brain tissue, has multiple potential target 
genes and participates in numerous biological pro-
cesses through different target genes [24]. miR-137 is 
downregulated in high-grade glioma, and its expres-
sion level in high-grade glioma is significantly lower 
than that in low-grade glioma, revealing that miR-137 
is closely related to the malignant transformation of 
glioma. In addition, COX2 in glioma can serve as the 
target gene of miR-137 [25]. In addition, COX2 knock-
down or miR-137 upregulation promotes the prolifera-
tion of glioma cells. Thus, it is proposed that miR-137 
suppresses COX2 gene expression as a suppressor of 

glioma cell production [26]. Chen et al. discovered that 
miR-137 expression in normal tissue decreased relative 
to that in gastric cancer tissues, and this decline was 
negatively correlated with Cdc42 expression. Further 
research discovered that increased miR-137 expres-
sion and inactivation of Cdc42 promoted tumour cell 
apoptosis or cell cycle arrest at G1 phase, thus sup-
pressing the development of gastric cancer [27]. Some 
research indicates that miR-137 inhibits Cdc42 and 
Cdk6 expression to suppress the development of non-
small cell lung cancer (NSCLC) [28]. In cervical cancer 
tissues and cells, miR-137 expression is downregulated. 
The lower expression of miR-137 is related to the short 
OS of cervical cancer patients. Upregulating miR-137 
expression suppresses cervical cancer cell proliferation 
and migration. EZH2 is the direct downstream target 
gene of miR-137 in cervical cancer [29]. Miao et al. also 
discovered that miR-137 was expressed at low levels 
in cervical cancer tissues and cells. Overexpression of 
miR-137 suppressed EMT in cervical cancer cells, cell 
proliferation, colony formation, invasion, migration and 
tumour formation. Further mechanistic studies verified 
that miR-137 bound with GREM1 to suppress the acti-
vation of the TGF-β/Smad pathway [30]. In summary, 
miR-137 mainly plays a role as a tumour suppressor 
gene in tumours. In our study, downregulating miR-137 
suppressed the proliferation of SiHa and HeLa cells and 
reversed the decreased proliferation of cervical cancer 
induced by circNEIL3 downregulation. Finally, by bio-
informatics approaches and cell experiments, the target 
gene regulated by miR-137 was identified, which proved 
that KLF12 expression was regulated by circNEIL3 and 
miR-137. In addition, rescue experiments confirmed 
that KLF12 blocked the effect of circNEIL3 on improv-
ing the proliferation of cervical cancer. KLF12 has been 
verified as an oncogene in multiple tumours [31–34].

Although this study has confirmed the regulatory func-
tion of circNEIL3/miR-137/KLF12 in cervical cancer, 
there are still some questions to be resolved: (1) Does 
circNEIL3 regulate signal pathways other than miR-137/
KLF12? (2) Whether circNEIL3 regulates the prolifera-
tion of cervical cancer through mechanisms other than 
ceRNA? 3. Previous studies have confirmed that miR/137 
can regulate KLF12 in gastric cancer and pancreatic can-
cer. Is there a regulatory network of circNEIL3/miR-137/
KLF12 in these two tumors? All of the above needs to be 
explored and verified by further research in the future.

In conclusion, circNEIL3/miR-137/KLF12 can form 
a ceRNA network to regulate the proliferation of cervi-
cal cancer cells. Based on this mechanism, we believe 
that circNEIL3/miR-137/KLF12 may be a promising 
and novel biomarker and therapeutic target for cervical 
cancer.
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