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Aim: To explore the role and potential mechanism of circSND1 in cervical cancer (CC).
Main Methods: qRT-PCR was used to determine the expression of circSND1 in tumor
necrosis factor-o. (TNF-a)-treated HeLa cells. CircSND1 overexpression and knockdown
were performed to indicate the functional role of circSNDI in vitro and in vivo. Luciferase
assay was used to analyze promoter activity. The expression and regulation of circSNDI,
miR-125a-3p and FUT6 were evaluated using EGFP fluorescent reporter assay and rescue
experiments. Immunofluorescence and Western blot assays were used to analyze the activa-
tion of nuclear factor-kB (NF-«B).

Results: In HeLa cells, TNF-a up-regulated the expression of circSND1 by activating the
NF-«kB signaling pathway. Overexpression of circSND1 significantly increased the migration
and invasion and the epithelial-mesenchymal transition (EMT) process of CC cells, and
promoted tumor metastasis in xenograft nude mouse model, whereas down-regulation of
circSND1 exerted opposite effects. Furthermore, circSND1 enhanced the expression of
FUT®6 via sponging miR-125a-3p, and FUT6 activated NF-kB signaling pathway.
Conclusion: We found that circSND1 promoted the expression of FUT6 and the malignant
behavior of cervical cancer through the ceRNA mechanism, and there was a TNF-o/NF-«xB/
circSND1/miR-125a-3p/FUT6/NF-«B positive feedback pathway between them, which sug-
gests that circSND1 can be a promising prognostic marker and therapeutical target for
cervical cancer.

Keywords: circSND1, miR-125a-3p, FUT6, NF-kB, ceRNA, cervical cancer

Introduction
Cervical cancer (CC) is one of the most common gynecological cancer. Over 100
genotypes of human papillomavirus (HPV) have been identified and persistent
infection by certain high-risk HPV types has been recognized as a major cause of
cervical cancer.' In recent years, cytology combined with HPV screening programs
has been applied successfully in cervical cancer treatment and proved to be an
effective strategy to decrease the morbidity of cervical cancer.” However, the
prognosis and the 5-year survival rates of CC patients remain unsatisfying.’
Therefore, further exploration of the mechanism of cervical cancer occurrence
and development is imperative for disease diagnosis, treatment and prognosis.
Circular RNAs (circRNAs) are a novel class of non-coding RNAs, which form a
covalently closed loop structure without 5’ cap and 3’ poly(A) tail.* In 1976, Sanger
et al first discovered RNA in a circular form in a viroid.> In 1979, Hsu et al used
electron microscopy for observation and discovered that there is also a circular
conformation of RNA in the cytoplasm of HeLa cells.® Initially, circRNA was
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considered as a result of abnormal splicing of RNA and
attracted little attention. In recent years, more and more
circRNAs were observed by high-throughput sequencing
techniques.” CircRNAs have been found as tissue-specific
and played vital roles in the occurrence and progression of
cancer.®” Accumulated evidences showed that circRNAs
function as miRNA sponges through the competing endo-
genous RNA (ceRNA) network.'” It was reported that
circRNA ¢cSMARCAS inhibits proliferation and metastasis
by sponging miR-17-3p and miR-181b-5p to promote the
expression of TIMP3 in hepatocellular carcinoma cells
while ¢TFRC facilitates progression of bladder cancer by
sponging miR-107."""'> However, the exact role and
mechanism of circRNAs in CC remain elusive to date.

Unresolvable inflammation is closely linked with the
initiation and development of malignant tumors. In the
inflammatory environment, the main pro-inflammatory
factors (TNF-a, IL-6 and others) directly or indirectly
activate the downstream NF-kB signal pathway and reg-
ulate the expression of a series of oncogenes and tumor
suppressor genes, including a large amount of non-coding
RNAs."* A large number of circRNAs have important
regulatory effects on the NF-xB signaling pathway. For
example, Guan et al found that circPUM1 promotes the
expression of NF-kB by adsorbing miR-615-5p, thereby
promoting the occurrence and development of ovarian
cancer.'* In addition, circular RNA circC3P1 inhibits kid-
ney cancer cell activity by regulating miR-21/PTEN axis
and inactivating PI3K/AKT and NF-«B pathways."”
However, the relationship between inflammation and cer-
vical cancer is still unclear. The purpose of our research is
to explore whether dysregulated circRNA plays a role in it.

In this study, we used next-generation sequencing of
circRNAs to screen the differentially expressed circRNAs
in TNF-a-induced HeLa cells and identified the signifi-
cantly upregulated circSND1, which is derived from the
exons 8 to 10 of the SNDI gene. We demonstrated here
that TNF-a notably induced circSND1 expression by tran-
scription factor NF-xB, which directly bound to the pro-
moter region of circSND1. CircSND1 promoted metastasis
of CC by acting as a “sponge” of miR-125a-3p to upregu-
late the expression of FUT6, which subsequently activated
NF-«B signaling pathway. Therefore, circSND1 exerted its
functions via the TNF-a/NF-kB/circSND1/miR-125a-3p/
FUT6/NF-xB positive regulatory circuit. This is the first
report on the expression and role of circSND1 in CC. Our
findings indicated that circSND1 may act as a promising
diagnostic and prognostic marker for CC.

Materials and Methods

Cell Culture and Transfection

Human cervical cancer cell lines HeLLa and SiHa were supplied
by the American Type Culture Collection (ATCC) cell bank
(HeLa, ATCC® CCL-2™. SiHa, ATCC® HTB-35™). The
cells were cultured in RPMI 1640 (HeLa) and DMEM
(SiHa) medium (GIBCO BRL, Gaithersburg, MD) respec-
tively. The complete culture medium contained 7% (HeLa)
or 10% (SiHa) fetal bovine serum, 100 ug/mL streptomycin
and 100 IU/mL penicillin. All cells were cultured in 5% CO, at
37°C. All transfection experiments were carried out by using
Lipofectamine™ 2000 transfection Reagent (Invitrogen,
Carlsbad, CA) following the manufacturer’s instruction.

Plasmid Construction

A fragment containing the sequence of circSND1 was ampli-
fied and cloned into the pcDNA3-vector as an over-expression
plasmid (pcDNA3-vector/circSND1). The pcDNA3-vector
was constructed following the report.'® The full CDS sequence
of FUT6 and p65 was amplified and cloned into pcDNA3
(pcDNA3-flag/FUT6 and pcDNA3-flag/p65) and pSilencer
2.1-U6 neo was used to construct the sShRNA vectors to silence
circSND1 and FUT6 expressions. The synthesized oligonu-
cleotides were annealed and ligated into pSilencer. The frag-
ment containing miR-125a-3p binding sites in circSND1 was
synthesized, annealed and ligated into pcDNA3-EGFP to con-
struct the reporter vectors (pcDNA3-EGFP/circSND1-3’UTR-
WT/Mut). The over-expression plasmids (pcDNA3/miR-
125a-3p, pcDNA3-EGFP/FUT6-3’UTR-WT/Mut), antisense
oligonucleotides to silence miR-125a-3p and the respective
control (ASO-miR-125a-3p, ASO-NC) were commercially
synthesized (GenePharma, Shanghai, China). The fragments
containing sequence of circSND1 promoter were cloned into
pGL3-Basic vector. All sequences of primers and oligonucleo-
tides were listed in (Table 1).

RNA Extraction and RT-qPCR

TRIzol reagent (Invitrogen, Carlsbad, CA) was adopted to
extract total RNAs. A Nanodrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA) was used to mea-
sure RNA concentration. RNAs were reverse transcribed into
cDNA by using M-MLV (Promega, Madison, WI). For
examination of circSNDI, the cDNA was synthesized with
random primers rather than oligo(dT). And SYBR Premix Ex
TaqTM (TaKaRa, Dalian, China) was adopted in RT-qPCR
experiments. B-actin and U6 were used as the internal control
genes for mRNA and miRNA, respectively. The relative
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Table | Primers and Oligonucleotides Used in This Study

Name

Sequences

Primers for expression vectors construction

circSND | -Forward

5-CGGGGTACCATGGCAACATCACAGAGCTCCTCCT-3'

circSND | -Reverse

5'-CCGCTCGAGCCTGGGTGTTCTCCCCCTCCAGCCT-3'

FUT6-Forward

5-GAGGAATTCCCCATGGATCCCCTGGGCCCG-3'

FUT6-Reverse

5-GAGGCCTCGAGGGTGAACCAAGCCGCTATGCC-3'

p65-Forward

5-CGCGGATCCATGGACGAACTGTTCCCCCT-3'

p65-Reverse

5-CGCTCTAGATCAATCTGGCAGGTACTGGAATTC-3'

circSND | -promoter-Forward

5-GCAGCCTCGAGCCGACCTTTTTACTGGGGCT-3'

circSND | -promoter-Reverse

5'- GACGCAAGCTT GCCGGACTGGAGGTGTCA-3'

circSND | -P-mut#| -Forward

5’- CCGCCCCTAGGGCTCTTATGGCCCCCCGCGCCCCGL-3'

circSND | -P-mut# | -Reverse

5'- GGGGGCCATAAGAGCCCTAGGGGCGGAGCCAGCC-3'

circSND | -P-mut#2-Forward

5'- GGCTGCCCCTGAAGTCAAGCCCCATATTTAGCCCATC-3'

circSND | -P-mut#2-Reverse

5'- TATGGGGCTTGACTTCAGGGGCAGCCGGAGTAGGTA-3'

circSND | -P-mut#3-Forward

5'- CGCTTCCTTCAACTCACAACCGTTTTGGGGACCAAG-3’

circSND | -P-mut#3-Reverse

5'- CAAAACGGTTGTGAGTTGAAGGAAGCGCTGAAAGAGT-3'

GAPDH divergent Forward

5-CATGGCCCACATGGCCTCC-3'

GAPDH divergent Reverse

5-GTTCTCAGCCTTGACGGT-3'

GAPDH convergent Forward

5'- GCTCTCTGCTCCTCCTGTTC-3'

GAPDH convergent Reverse

5-ACGACCAAATCCGTTGACTC-3'

CircSND| divergent Forward

5'- GATGCAGGTTCTGAATGCTGATGC-3'

CircSND| divergent Reverse

5'- TGGGAGCCACATAGTCTCTCCA-3'

CircSND| convergent Forward

5-AATGGCAACATCACAGAGCTCC-3'

CircSND| convergent Reverse

5'- ACAGGTGAATCGTCTTGTAATCGC-3'

Oligo nucleotides for making constructs

shR-circSND | #1-Sense

5-GATCCAACACCCAGGATGGCAACATCCTCGAGGATGTTGCCATCCTGGGTGT
TTTTTTGA-3'

shR-circSND I #1-Antisense

5-AGCTTCAAAAAAACACCCAGGATGGCAACATCCTCGAGGATGTTGCCATCCTG
GGTGTTG-3'

shR-circSND | #2-Sense

5'GATCCCAGGATGGCAACATCACAGAGCTCGAGCTCTGTGATGTTGCCATCCTGTTTTTG
A3

shR-circSND | #2-Antisense

5'AGCTTCAAAAACAGGATGGCAACATCACAGAGCTCGAGCTCTGTGATGTTGCC
ATCCTGG 3'

shR-FUT6-Sense

5-GATCCAGCTGTGTGTTTCTTCTCCTACTCGAGTAGGAGAAGAAACACACAGC
TTTTTTGA-3'

(Continued)
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Table | (Continued).

Name

Sequences

shR-FUT6-Antisense

5-AGCTTCAAAAAAGCTGTGTGTTTCTTCTCCTA
CTCGAGTAGGAGAAGAAACACACAGCTG-3'

pcDNA3-EGFP/circSND | -WT-Sense

5'-GATCCCGATTACAAGACGATTCACCTGTAAGCTTG-3'

pcDNA3-EGFP/circSND | -WT-

Antisense

5-AATTCAAGCTTACAGGTGAATCGTCTTGTAATCGG-3’

pcDNA3-EGFP/circSND | -mut-Sense

5-GATCCAGGCGATTACAAGACGATAGGTGACTCCAAAGCTTG-3’

pcDNA3-EGFP/circSND | -mut-
Antisense

5-AATTCAAGCTTTGGAGTCACCTATCGTCTTGTAATCGCCTG-3'

Primers for RT-qPCR

miR-125a-3p RT-primer

5-GTCGTATCCAGTGCAGGGTCCGAGGTGCACTGGATACGACGGCTCC
CA-3'

U6 RT-primer

5-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAA
AATATGGAAC-3’

qPCR-miR-125-3p-Forward

5-TGCAGACAGGTGAGGTTCTTG-3'

qPCR-U6-Forward

5-TGCGGGTGCTCGCTTCGGCAGC-3'

qPCR-Reverse

5-CCAGTGACGGGTCCGAGGT-3'

qPCR-mSND | -Forward

5-ACTCAGGCGATTACAAGACG-3'

qPCR-mSND |-Reverse

5-GTACGCTCTGAAAAGGCAGGC-3’

qPCR-circSND | -Forward

5'- GATGCAGGTTCTGAATGCTGATGC-3'

qPCR-circSND | -Reverse

5'- TGGGAGCCACATAGTCTCTCCA-3'

qPCR-circZBTB46-Forward

5-AGCAGCCGAGACTCAAAGTCTG-3'

qPCR-circZBTB46-Reverse

5'- CTCTGCTCGTTGAGCTCCCG-3'

qPCR-circlFI30-Forward

5-TGCAAATTCAACAAGGTGGAGGC-3'

qPCR-circlFI30 Reverse

5-AGCCACCGCACAGTGCTTCATAG-3'

qPCR-circCOPA-Forward

5-CTCAGACCAGAAATATCCCAAACG-3’

qPCR-circCOPA-Reverse

5-TGGTGAAGCATGTACTAGAGGGT-3'

qPCR-circWBSCR22-Forward

5-CTGCCATGCTGGGTGAGGCTGTG-3'

qPCR-circWBSCR22-Reverse

5-GCAGATAAAGAAGCTCCAATGCTC-3’

qPCR-circGALNT2-Forward

5-CTTACGCCCGCAACAAGTTCAAC-3'

qPCR-circGALNT2-Reverse

5-CTTTCCCTGGAGGGAGGGTCTCC-3'

qPCR-circSCCPDH-Forward

5-AGCAGCGGCTTTGACTCCATTCC-3'

qPCR-circSCCPDH-Reverse

5-AAACCGATCTGGTCCTACGCAAT-3'

qPCR-circMAN | A2-Forward

5'-GAAACATGCTTGGGATAACTATA-3’

qPCR-circMAN | A2-Reverse

5-TCTTCATTTCTTGGACTACCTTA-3'

qPCR-circPPP | CB-Forward

5-AATGATCGTGGTGTTTCCTTTAC-3'

(Continued)
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Table | (Continued).

Name Sequences

qPCR-circPPP| CB-Reverse

5-CTGTATCAGGGACATCAGTAGGT-3’

qPCR-circVASP-Forward

5-CAGCAAGGAGGATGCGGCCCAGTT-3'

qPCR-circVASP-Reverse

5-CGGCCCACGACGCGAAAGGAATT-3'

qPCR-circPPP2CA-Forward

5-GATTTGCCACCAATTCTAAACAG-3'

qPCR-circPPP2CA-Reverse

5-TCACCAGCTAGTGATGGAGGGAT-3'

qPCR-FUT6-Forward

5-CATTTCTGCTGCCTCAGG-3'

qPCR-FUT6-Reverse

5-GGGCAAGTCAGGCAACTC-3’

qPCR-B-actin-Forward

5-CGTGACATTAAGGAGAAGCTG-3'

qPCR-B-actin-Reverse

5-CTAGAAGCATTTGCGGTGGAC-3'

Commercial synthetic oligonucleotides or genes

ASO-NC

5-CAGUACUUUUGUGUAGUACAA-3'

ASO-miR-125a-3p

5-GGCUCCCAAGAACCUCACCUGU-3'

FUT6-3'UTR-WT

5-CUGCUAGGAGCCUCACCUG-3’

FUT6-3'UTR-mut

5-CUGCUAGGAGCCACAGCAG-3'

miR-125a-3p

5-GGATCCATCTCTGACCCCCACCCCAGGGTCTACCGGGCCACCGCACAC
CATGTTGCCAGTCTCTAGGTCCCTGAGACCCTTTAACCTGTGAGGACATCC
AGGGTCACAGGTGAGGTTCTTGGGAGCCTGGCGTCTGGCCCAACCACAC
ACCTGGGGAATTGCTGGCCTGACTTCTGACCCCTGACTCCTGAATTC-3'

2*AACt

fold-change was calculated by the method. All primer

sequences for RT-qPCR were provided in (Table 1).

Nuclear-Cytoplasmic Fractionation,
RNase R Actinomycin D Treatment and
BAY-11-7082

RNAs from nucleus and cytoplasm of CC cells were separated
by the RNA Subcellular Isolation Kit (Active Motif, USA)
following the manufacturer’s instructions. RNase R treatment
was executed at 37°C with 4 U/ug of RNase R (Epicenter
Biotechnologies, Madison, WI, USA) for 30 min. Total RNA
from HeLa cell was treated with 5 pg/mL actinomycin D
(Sigma, USA) against new RNA synthesis for 2 h,4 h,8 h,12
h and 24 h, respectively. An NF-kB inhibitor BAY-11-7082
(MCE, USA) was used to treat HeLa cells at 25uM with 1h.

Transwell Migration and Invasion Assays,
Colony Formation and MTT Assay

Migration and invasion assays were performed as pre-
viously described.'”'® In brief, for migration and invasion,

each well was photographed with a microscope and the
number of cells in five fields was counted and the average
number was taken as the number of cells that migrated and
invaded. For clone formation experiments, a single cell
cluster with a cell count more than 50 under the micro-
scope was considered a clone. Clone formation rate = the
number of clones/the number of cells inoculated. For MTT
assay, relative cell viability = absorbance of experimental
group/absorbance of control group. Normalize the control
group to 1 in data statistics.

Immunofluorescence

The subsequent protocol was previously reported by Chen
et al.'” Specific primary antibodies against FUT6 (anti-
rabbit, diluted 1:20) was obtained from Tianjin Saier
Biotech (Tianjin, China), and Flag-p65 (anti-mouse,
diluted 1:50) was obtained from Sigma (United States).
Fluorescent-conjugated secondary antibodies TRITC and
FITC were obtained from ABclonal (United States). DAPI
was obtained from Beyotime (Shanghai, China). Images
were captured by confocal microscopy.
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Western Blot Analysis

Western blot analysis was performed as previously
described.”® The antibodies were used as follows: EGFP
(Saier Biotechnology, SRP12235; 1:1000), FUT6 (Saier

Biotechnology, = SRP06891;  1:500), p65  (Saier
Biotechnology, SRP00533; 1:500), E-cadherin (Saier
Biotechnology, SRP05266; 1:100), vimentin (Saier
Biotechnology, SRP01327; 1:1000) HPV-18-E6 (Saier
Biotechnology, LXR28/CH; 1:500), HPV-18-E7 (Saier
Biotechnology, LXR29/CH; 1:500), HPV-16-E6 (Saier
Biotechnology, LXR23/DR; 1:500), HPV-16-E7 (Saier
Biotechnology, LXR24/CH; 1:500), CENPA (Saier

Biotechnology, SRP01348; 1:10,000) and GAPDH (Saier
Biotechnology, SRP00849; 1:5000). The secondary goat
anti-rabbit antibody was obtained from Sigma (Sigma,
RO881). Whole cell lysate and cytoplasmic proteins were
normalized with an internal reference protein GAPDH,
while nuclear proteins were normalized with CENPA.
And the expression intensities of all other proteins were
standardized with an internal reference protein before the
comparison between the experimental group and the con-
trol group. The band intensities were quantified by Imagel.

Immunohistochemistry

The tumors separated from the nude mice were prepared
for paraffin sections. Paraffin sections were dewaxed with
xylene and gradient alcohol, rinsed with three distilled
water and placed in 98°C sodium citrate buffer for 10-15
minutes for antigen thermal restoration. Then, wash the
sections with PBS, and incubate with 3% H,O, at 37°C for
15 minutes to block endogenous peroxidase activity.
Blocked with 5% BSA for 1 hour, added primary antibody
against FUT6 (Saier Biotechnology, SRP06891; 1:500),
and incubated overnight at 4°C. Rinse the sections with
PBS, add biotinylated two holes, and at 37°C for 40
minutes, developed with DAB chromogenic reagent and
observe under a microscope, evaluate the staining result by
counting the percentage of positive cells.

Animal Experiments

Six-week-old female BALB/c nude mice were selected for in
vivo xenotransplantation experiments. The mice were kept in
SPF environment. All procedures were approved by the
Animal Protection and Use Committee of Tianjin Medical
University. The HeLa cell line stably expressing circSND1
and the empty vector was constructed and 5x10° cells were
injected into the tail vein. After 60 days, the mice were

sacrificed to isolate their lungs. Lung metastatic nodules
were counted and assessed by hematoxylin and eosin (HE)
staining. The expression levels of RNA and protein from
Lung tissue were determined with the above method.

Statistical Analysis

All experimental data were processed with GraphPad Prism
8.0 software. The data are presented as the means + SD. The
two-tailed Student’s ¢-test was applied for contrast between the
two groups. ANOVA analysis was performed for the analysis
of MTT assay. P < 0.05 was considered as statistically sig-
nificant (*p<0.05; **p<0.01; ***p<0.001). The results from
each set of experiments were repeated at least three times.

Results
CircSNDI is Up-Regulated by TNF-a in
CC Cells

To study the regulatory relationship between circRNAs and
inflammation and cervical cancer, we performed circRNAs
expression profiles in TNF-a-treated-HeLa cells by high-
throughput sequencing. Compared with the non-treated
group, 98 circRNAs were up-regulated and 63 circRNAs
were down-regulated (Figure 1 A). By further analysis of the
read counts and the FPKM value, 11 most up-regulated
circRNAs were chosen for further validation by RT-qPCR.
The results indicated that the expression levels of 6/11
circRNAs were increased greatly after TNF-o treatment
(Figure 1B). Among them, circSND1 (hsa_circ_0003655)
showed the most significant upregulation, thus was chosen
for further study.

CircSNDI (hsa_circ_0003655) was generated from exon
8, exon 9 and exon10 of the SND1 gene by back-splicing (312
bp) based on the annotation of circBase (http://www.circbase.

org/). Its back-splicing junction was confirmed by Sanger
sequencing (Figure 1C). In order to eliminate the possibility
of genomic rearrangements and trans-splicing, PCR and agar-
ose gel electrophoresis assays were performed to detect the
expression level of backspliced or canonical forms of SND1 in
cDNA and genomic DNA (gDNA). Divergent primers
detected circSND1 in ¢cDNA, but no products were detected
in gDNA (Figure 1D). In addition, circSND1 was found as
more resistant to RNase R digestion than mSND1 (Figure 1E).
Actinomycin D was used to inhibit the RNA synthesis,
circSND1 showed high stability after treatment by actinomy-
cin D compared with mSNDI1 (Figure 1F). Then, nuclear-
cytoplasmic fractionation assays showed that circSND1 was
mainly located in the cytoplasm of CC cells (Figure 1G). To
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Figure | CircSNDI is up-regulated by TNF-a in CC cells. (A) The dysregulated 161 circRNAs identified from the TNF-o treated Hela cells by deep sequencing. (B) The
expression of the |1 selected circRNAs were detected by RT-qPCR. (C) CircSNDI forms a circular structure through exons 8, exons 9 and exons10 in SNDI gene. The
back-splice junction sequence of circSND| was proved by Sanger sequencing. (D) cDNA and gDNA of Hela cells were used as the templates to amplify circSND| and
GAPDH with divergent primers and convergent primers, respectively. GAPDH was served as the negative control. (E) The abundances of circSND| and SNDI mRNA in
CC cells treated with RNase-R were verified by RT-qPCR. (F) The RNA expression of circSND| and SND| mRNA of CC cells were examined by RT-qPCR after treatment
with actinomycin D at the indicated time points. (G) Nuclear-cytoplasmic fractionation assay showed that circSND| was mainly localized in the cytoplasm of CC cells. B-
Actin was known as a cytoplasmic house-keeping gene. U6 was known as a nucleus house-keeping gene. (H) Wild type (WT) and mutant (mut) sequences of three predicted
binding sites of p65 on SND | promoter were shown. (I) The luciferase activity of the circSNDI-P or circSND | -P-mut with and without TNF-a treatment. (J) The luciferase
activity of the circSNDI-P or circSND|-P-mut after overexpression of p65. (K) RT-qPCR results showed that overexpression of p65 increased the levels of mSNDI and
circSNDI. (L) The expression level of circSND| was detected by RT-qPCR assays after Hela cells were treated with TNF-a (60ng/mL), BAY |1-7082 (25uM), or TNF-a in
the absence or presence of BAY | |-7082. Experiments were performed 3 times, and data are presented as means + SD. *P <0.05; **P <0.01; ***P <0.001.
Abbreviation: ns, not significant.

Cancer Management and Research 2021:13

submit your manuscript

Dove

265


http://www.dovepress.com
http://www.dovepress.com

Bai et al Dove
A B c
Z 40 3 25 E 3
P | . vector % 20 o}
] B3 circSND1 5 -
S 204 ¥ < 2.5 52
c - B3 pSilencer-NC K g™ 5 E
S | | ) H H ] 2
310 = 3 pshR-circSND1#1 & = 10 g 31 L
B s £
£ 08 B pshR-circSND1#2 = 2o0s = H
% 0.6+ k] 00 K
| 3 0. S 0
® g-;_ « Migration assay « Invasion assay
g02 - vector =3 circSND1 - vector B3 circSND1
3" s (N = esiencerNC B3 pshRcireSNDY B3 pSilencerNC B3 pshR-circSND1
pSilencer-NC pshR-circSND1
vector circSND1
SiHa SiHa SiHa
) © 3
Z 409 sS4 e
I | . vector 5 1] =
s 3 circSND1 53 H
4 ) 2
S x B3 pSilencer-NC s £ 5 5.
gl Hemo - : - :
B =3 pshR-circSND1#1 & = - g 3 L)
2 . H 3 — £ Sy —
g_ B3 pshR-circSND1#2 ot 2
° & Migrati Invasion assay
3 igration assay )
] - vector B circSND1 - vector =1 cireSND1
K} vy B3 pSilencer-NC £33 pshR-circSND1 = pSilencer-NC B3 pshR-circSND1
pSilencer-NC pshR-circSND1 pSilencer-NC pshR-circSND1
D Hela E F Hela
1.5 Hela & e
= vector e H i
S ns ns ns ‘ 215 - £, = GiresNDt
= M s 5 ns 1 B3 circSND1 H NS ons or 5
| M — o] X 2 3 circSND1 22
-2 1.01 B3 pSilencer-NC E 10 = pSilencer-NC H
3 =3 pshR-circSND1 2 3 pshR-GircSND1 E
z
2 05 gos " Vimentin _E-coapern
: =
(4 =
0.0-
24h 48h 72h S
vector circSND1
SiHa Sitia
B
1.5 SiHa 3 o -—vecer
’ W vector £, 5 25 — & circSND1
ns ns = = vector E]
% ™ s ops T one =3 circSND1 E M M = s £z
3 H .
g 1.0 £l B3 pSilencer-NC E10 3 pSilencer-NC z L)
3 =3 pshR-circSND1 > 3 pshR-GieSND1 Y
S S0 Vimentin _E-cadnerin
S K]
Q 3
0.0- o~ =
an an oo [
vector circSND1
HeLa
Hela SiHa
3" -vector e - vector 515
= ns = cicSDN1 8 ns o 3 - vector
£ r £ — FRESHEN 2 ns =1 circSND1
£10 g 10 £ 10 —
: : i
w B a
e 0.5 I; 0.5 m 0.5-
: : £
] =
Y % o &
coron| S | S —— -

vector  circSND1 vector  circSND1

vector

circSND1

vector circSND1

Figure 2 CircSND| enhances migration and invasion of CC cells in vitro. (A) Validation of circSND | overexpression and knockdown plasmid by RT-qPCR in CC cells. # means
serial number. (B, C) Transwell assays showed that overexpression of circSND | promoted cell migration and invasion; and knockdown of circSND | inhibited cell migration and
invasion. Scale bar: 100 pm. (D) The cell viability of HeLa and SiHa cells in the presence of circSND | overexpression and pshR-circSND | was measured at 24—72h post-transfection
by using an MTTassay. (E) The cell growth capacity was assessed by colony formation assay in HeLa and SiHa cells. (F) Western blotting assessed the protein level of key molecular
markers associated with EMT (E-cadherin and vimentin) in HeLa and SiHa cells when overexpression of circSND |. (G) Western blotting assay showed the effect of overexpression
of circSND| on the protein level of the HPV E6/E7 oncogenes. Experiments were performed 3 times, and data are presented as means + SD. *P <0.05; **P <0.01; ***P <0.001.

Abbreviation: ns, not significant.

investigate the mechanism by which TNF-o induced
circSND1 expression, bioinformatics analysis was used to
predict the transcription factor bound to the SND1 promoter.
We found that circSNDI1 promoter region contains three
potential NF-«xB binding sites which is a target gene of TNF-
0.”'*? To study whether TNF-o. promotes the expression of
circSND1 via NF-«B, NF-«kB binding sites (at =116 mut#1,
—174 mut#2 and —267 mut#3) in promoter sequences of SND1

were selected and luciferase reporter plasmids containing the
wild type (WT) or mutant (mut) SND1 promoter were con-
structed (Figure 1H). According to results from luciferase
reporter assays, TNF-a promoted the activity of wild type
SND1 promoter and partially promoted the activities of
mut#l and mut#2 promoter; while TNF-a had no obvious
effect on the activities of mut#3 promoter. When the two
binding sites were simultaneously mutated (at —116 and
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—174), the promotion of TNF-a was abolished (Figure 1I).
After this, we assessed the induction of p65 on circSNDI
promoter activity and found similar results with overexpres-
sing of p65 (Figure 1J). RT-qPCR assay demonstrated that
overexpression of p65 increased the mRNA level of circSND1
and mSND1 (Figure 1K). Subsequently, to further confirm that
TNF-a promotes the expression of circSND1 through NF-«B,
we studied the effect of TNF-a on the expression of circSND1
in the pretreatment of the NF-kB inhibitor BAY 11-7082. RT-
gPCR assays showed that compared with the control without
BAY 11-7082, the expression level of circSND1 was signifi-
cantly reduced after HeLa cells were treated with BAY
11-7082. Meanwhile, the promotion effect of TNF-o on
circSND1 was significantly weakened after treating HeLa
with BAY 11-7082 (Figure 1L). These results showed that
the up-expression of circSND1 was induced by TNF-a
through activation of the NF-«B signal pathway in HeLa cells.

CircSND| Enhances Migration and

Invasion of CC Cells in vitro

To determine the effects of circSND1 on cervical cancer
cells, circSND1 overexpression and knockdown plasmids
were constructed and the effectiveness of the plasmids was
RT-gPCR  (Figure 2A). pshR-
circSNDI1#2 was more effective, it was adopted in the

verified by Since
further experiment and referred to as pshR-circSNDI.
Then, functional experiments were performed in HeLa
and SiHa cells. As shown in (Figure 2B and C), over-
expression of circSND1 accelerated, whereas knockdown
of circSND1 significantly attenuated cell migration and
invasion abilities. However, overexpression of circSNDI
did not affect cell viability (Figure 2D) or colony forma-
tion ability in CC cells (Figure 2E). To further investigate
the potential mechanisms of how circSND1 promotes the
migration and invasion ability of CC cells, we detected the
expression of key EMT markers, E-cadherin and
Vimentin. Western blot analysis revealed that overexpres-
sion of circSND1 led to a reduction of E-cadherin expres-
sion, which is an epithelial marker, but it elevated the
expression of mesenchymal markers such as Vimentin
(Figure 2F). Among the high-risk types, HPV 16 is
undoubtedly the most frequently detected genotype in
60.5% of cervical cancer cases, followed by HPV18.
Oncoproteins encoded by E6 and E7 genes are important
factors that cause cervical epithelial cancer.**** To deter-
mine whether circSND1 has an effect on the two oncopro-
teins of HPV in the process of CC, we detected the

expression levels of E6/E7 oncogenes after overexpression
of circSNDI in HeLa (harboring HPV 18 type) and SiHa
(harboring HPV16 type) cells with Western blot assay.
Results showed that circSND1 had no obvious effect on
the expression level of E6 and E7 (Figure 2G). These data
indicated that circSNDI1 facilitated the migration and inva-
sion of CC cells and EMT process.

CircSND|1 Serves as miR-125-3p Sponge
in CC Cells

We know that circRNAs can act as a miRNA sponge to
regulate gene expression. In order to determine whether
circSND1 can function by ceRNA mechanism, we first pre-
dicted the miRNAs that might bind to circSND1 through the
circhank database  (http://www.circbank.cn/) and the
RegRNA2.0 database (http://www.circbank.cn/) (Figure 3A).
Combined with previous literature reports,”>*° miR-125a-3p

was chosen for further study. The binding sites for miR-125a-
3p in circSND1 sequence were shown in (Figure 3B.) To
explore whether that miR-125a-3p directly combines with
circSND1, EGFP reporter assays were performed. As shown
in Figure 3C, miR-125a-3p significantly decreased the EGFP
intensity of circSND1-WT. Nevertheless, miR-125a-3p had no
effect on the EGFP intensity of circSND1-mut, which was
mutated in the miR-125a-3p binding sites of circSND1. RT-
gqPCR results showed that overexpression of circSNDI1
decreased the level of endogenous miR-125a-3p while knock-
down of circSNDI increased the level of miR-125a-3p
(Figure 3D).

Functional experiments illustrated that overexpression
of miR-125a-3p significantly inhibited migration and inva-
sion ability, while ASO-miR-125a-3p enhanced the migra-
tion and invasion ability of CC cells (Figure 3E and F).
Next, we checked the expression of key molecular markers
in EMT (E-cadherin and vimentin) to explore the role of
miR-125a-3p in this process. Western blot assay showed
that miR-125a-3p increased the protein levels of E-cadherin
but decreased vimentin (Figure 3G). Therefore, our results
demonstrated that circSND1 served as miR-125-3p sponge
and miR-125a-3p suppressed the migration and invasion
ability and EMT process of HeLa and SiHa cells.

FUT6 is a Direct Target of miR-125a-3p
and Enhances the Migration and Invasion

in Cervical Cancer Cells
Previous research showed that circRNAs might be involved
in tumor progression through circRNA-miRNA-mRNA
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Abbreviation: ns, not significant.
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Abbreviation: ns, not significant.
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Abbreviation: ns, not significant.

pathway.?’ To identify possible candidates that mediate the
effects of miR-125a-3p in CC cells, we predicted with
Targetscan (http://www.targetscan.org) and selected a target

protein, FUT6, which contained conserved target sites of

miR-125a-3p (Figure 4A). We constructed the EGFP reporter
plasmids containing 3" UTR of FUT6. As indicated in
Figure 4B, miR-125a-3p over-expression weakened the
EGFP expression, while miR-125a-3p inhibition enhanced
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the expression of EGFP in the wild type reporter. However,
these effects disappeared once the binding sites of miR-125a-
3p was mutated. RT-qPCR and Western blot assays showed
that miR-125a-3p significantly decreased the endogenous
FUT6 expression while miR-125a-3p silencing elevated the
expression of FUT6 (Figure 4C). In HeLa and SiHa cells,
overexpression of FUT6 promoted, but knockdown of FUT6
inhibited cell migration and invasion ability (Figure 4D).
Meanwhile overexpression of FUT6 promoted the EMT
progress with increasing vimentin and decreasing
E-cadherin (Figure 4E). In order to further confirm that
miR-125-3p inhibits the malignant behavior of CC cells
through FUT6, we conducted a rescue experiment. After
co-transfection of FUT6 with miR-125a-3p, the inhibitory
effect of miR-125a-3p on migration and invasion was wea-
kened in HeLa and SiHa cells compared to the miR-125a-3p
transfected group (Figure 4F). Western blot analysis showed
that the inhibition of miR-125a-3p on EMT process was
reduced compared to the miR-125a-3p transfected group
(Figure 4G). FUT6 was indicated by these data as a direct
downstream target of miR-125a-3p in cervical cancer cells,
which facilitated migration, invasion and EMT process in CC
cells.

CircSND| Promotes the Progression of
CC via the circSND I/miR-125a-3p/FUT6/
NF-kB Axis

To determine whether circSND1 regulates CC progression
through miR-125a-3p/FUT6 axis, we detected the effect of
circSND1 on FUT6 expression first and found that
circSND1 over-expression upregulated FUT6 expression
on mRNA and protein levels while circSND1 knockdown
downregulated it (Figure 5A). Subsequently, we performed
rescue assays. The inhibitory effect of miR-125a-3p on
FUT6 expression was counteracted by circSNDI1 overex-
pression as manifested in RT-qPCR and Western blot
assays (Figure 5B). And similar results were observed in
functional rescue experiments. As shown in (Figure 5C),
circSNDI can restore the inhibitory effect of miR-125a-3p
on migration and invasion in HeLa and SiHa cells. The
Western blot of EMT markers showed similar result
(Figure 5D). Our data demonstrated that circSNDI1 is
endogenously competitive for miR-125a-3p to increase
the expression of FUT6, thus facilitating migration/inva-
sion and EMT process in CC cells.

Our results revealed that TNF-a promoted the expres-
sion of circSNDI1 via NF-kB and then circSND1 promoted

the expression of FUT6 through the ceRNA mechanism. In
recent research, FUT6 significantly enhanced the activation
of PI3K/Akt signaling pathway and promoted the expres-
sion of p65.2%?° Therefore, we examined whether FUT6
had an effect on NF-xB activation in HeLa cells.
Immunofluorescence analysis showed that the nucleus
accumulation of p65 was obviously increased after FUT6
transfection, but inhibited by pshR-FUT6 transfection
(Figure 5E). Simultaneous, nuclear cytoplasmic protein
separation assay demonstrated that overexpression of
FUT®6 increased the level of p65 in nucleus whereas knock-
down of p65 decrease its level (Figure S5F). Therefore,
circSND1 exerted its functions via the TNF-o/NF-xB/
circSND1/miR-125a-3p/FUT6/NF-kB positive regulatory
circuit and promoted the malignant behavior of CC cells.

CircSND | Accelerates Metastasis of

Xenograft Tumors in vivo

We constructed the human CC xenograft model in the
nude mice to study the influence of circSND1 on tumor
metastasis in vivo. HeLa cells with stable overexpression
of circSNDI1 and empty vector were injected subcuta-
neously into the tail vein of female nude mice. The results
showed that the overexpression of circSND1 promoted CC
malignant behaviors obviously with more lung metastatic
nodules and shorter survival time (Figure 6A—C). THC
result showed that the expression of FUT6 was increased
remarkably in circSND1 overexpressing xenograft tumor
tissues (Figure 6D). RT-qPCR and Western blot assay
that FUT6 was
circSND1 overexpression (Figure 6E and F). This is con-

revealed strongly increased after
sistent with the results from in vitro assays, showing that
circSNDI1 plays the role of oncogene in CC.

In summary, our study showed that circSND1 promotes
migration/invasion and EMT process of CC cells through
TNF-0/NF-kB/circSND1/miR-125a-3p/FUT6/NF-xB  axis
(Figure 6G). The results from this study may present a
new biomarker for the early diagnosis and treatment of

cervical cancer.

Discussion
Cervical cancer is the fourth most common gynecological
malignant tumor in the world. Almost all cervical cancers
are caused by high-risk subtype HPV viruses, especially
HPV-16 and HPV-18.*° Studies showed that the increase
in the number of cervical epithelial macrophages will
exacerbate HPV infection,

leading to inflammatory
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Figure 6 CircSND| accelerates metastasis of xenograft tumors in vivo. (A) H&E staining of the lungs was shown and in vivo tail vein injection model confirmed that
overexpression of circSND | could significantly promote metastasis of CC cells to lungs. (B) Number of metastatic nodules in lung were presented. (C) The survival curve of
the nude mice injected with Hela cells stably expressing circSND| and empty vector. (D) Representative IHC images showed the levels of FUT6 expression in xenograft
tumor tissues. (E, F) RT-qPCR and Western blotting detected the level of FUT6 in xenograft tumor tissues. (G) The schematic showed that circSND| promoted the ability
of migration/invasion and the process of EMT in CC cells through TNF-a/NF-«B/circSND I/miR-125a-3p/FUT6/NF-kB axis. Experiments were performed 3 times, and data

are presented as means + SD **P <0.01; ***P <0.001.
Abbreviation: ns, not significant.

reactions.’! After the early HPV infection, the HPV virus
integrates certain parts of its genome into the genome of
the host cells, thus causing the massive release of pro-
inflammatory factors and inducing chronic inflammation.*
Therefore, continuous HPV infection and the chronic
inflammation induced by it are the main reasons for the
occurrence and development of cervical cancer.

In human transcripts, only 2% are encoded as proteins and
most of the transcripts are termed as non-coding RNAs. As a
major discovery in bioscience, the aberrant expression and
role of non-coding RNAs in tumorigenesis and progression of
tumors was extensively studied in recent years. Research
results have demonstrated that IncRNA and microRNA play
important roles in the process of inflammation-related cervical
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cancer development.®*~* However, only limited studies indi-
cated the involvement of circRNAs in inflammation-related
diseases. In our research, we firstly identified circSNDI as a
novel and up-regulated circRNA upon TNF-a stimulation in
HeLa cells. CircSND1 originated from the back-splice of
SNDI exons 8, 9 and 10. And sanger sequencing, RNase R,
PCR and agarose gel electrophoresis assays confirmed that
circSND1 is indeed a circRNA. Next, to examine the regula-
tion mechanism of circSND1 expression, we cloned a 1000 bp
sequence corresponding to the human SND1 gene promoter
into the firefly luciferase reporter vector pGL3-Basic. It con-
tains a highly conserved 300 bp segment with NF-kB sites and
other cis-regulatory elements.”? Proinflammatory cytokine
TNF-a caused the activation of NF-xB cascade. NF-«xB is
the key transcription factor that induces the expression of
protective genes and finally resolves the protection or death
of the cell.*® To assess whether TNF-a promoted the expres-
sion of circSNDI via NF-«B, three NF-«B binding sites (at
—116,—174 and —267) in a converged 300 bp region upstream
to the transcription start site of the promoter sequences of
SNDI1 were mutated and assayed for luciferase activity.
Results showed that mutations for NF-kB binding at —116
(mut#l) or —174 (mut#2) appeared a decrease of SND1 pro-
moter activity. No effect observed when NF-kB —322 (mut#3)
was changed in the region of SND1 promoter may suggest
that this is not important role for promoter function. In addi-
tion, TNF-a promoted the activity of wild type SND1 promo-
ter and partially promoted the activities of mut#1 and mut#2
promoter; while TNF-a had no obvious effect on the activities
of mut#3 promoter. Subsequently, the two NF-kB binding
sites were simultaneously mutated (at —116 and —174), the
promotion of TNF-a was abolished. Previous study demon-
strated that there is a putative enhancer role for the cis-acting
elements in the region from —274 to —112 of SNDI promoter,
among them potential NF-«B binding sites (at —116 and —174)
would be important for transcriptional activation control.**
Then, we assessed the induction of the p65 subunit of NF-
«B on circSND1 promoter activity and found similar results
with overexpressing of p65. RT-qPCR assay demonstrated
that overexpression of p65 increased the expression of
circSND1 and mSNDI. And to further confirm TNF-a pro-
motes the expression of circSND1 through NF-kB, we studied
the effect of TNF-a on the expression of circSNDI1 in the
pretreatment of the NF-xB inhibitor BAY 11-7082. Our
results showed that blockage of canonical NF-kB signaling
reduced the TNF-o induced circSND1 expression. These
results showed that the up-expression of circSND1 was

induced by TNF-a through activation of the NF-kB signal
pathway in HeLa cells.

Next, functional analysis showed that circSND1 did not
influence cell viability or colony formation ability in CC
cells, but it promoted migration/invasion ability and EMT
process. Additionally, in vivo experiments confirmed that
circSND1 promoted the lung metastasis of CC. The results
showed that circSND1 regulated by TNF-a has a key role in
the progression of CC. HPVs are small, nonenveloped
double-stranded DNA viruses. Oncoproteins encoded by
E6 and E7 genes are important factors that cause cervical
epithelial cancer. Both E6 and E7 contribute to achieve
uncontrolled proliferation through deregulation of growth
suppressors.23 To determine whether circSND1 has an
effect on the two oncoproteins of HPV in the process of
CC, we detected the expression levels of E6/E7 oncogenes
after overexpression of circSND1 in HeLa and SiHa cells,
with the fact that HeLa cells harboring HPV 18 type, SiHa
harboring HPV 16 type. Results showed that circSND1 had
no obvious effect on the expression of E6 and E7.

CircRNA functions through the classic way of the
ceRNA mechanism. Our study showed that miR-125a-3p
inhibited the migration, invasion, and EMT processes,
suggesting that miR-125a-3p played a tumor suppressor
function in CC cells. We confirmed that circSND1 bound
to miR-125a-3p and inhibited the expression of miR-125a-
3p. Furthermore, FUT6 is a latent target of miR-125a-3p
by using TargetScan (http://www.targetscan.org) for bioin-

formatics analysis. Subsequently, the Western blotting dis-
covered that miR-125a-3p bound to the 3’ UTR of FUT6
directly in EGFP report assay and reduced the mRNA and
protein levels of FUT6. Rescue assays further confirmed
that FUT6 was the functional target gene of miR-125a-3p
and miR-125a-3p inhibited the malignant behavior of CC
cells through FUT6. The rescue experiments showed that
circSNDI1 reduced the inhibitory effect of miR-125a-3p on
FUT6. Therefore, circSND1 may act as a sponge for miR-
125a-3p to regulate the expression of FUT6. FUT family is
abnormally expressed in breast cancer®® and hepatocellular
carcinoma.”’ Gain/loss-of-function analysis revealed that
altered FUT6 promoted migration/invasion and EMT pro-
cess in vitro. Meanwhile, immunofluorescence analysis
and nuclear cytoplasmic separation assay showed that
over-expression of FUT6 accelerated the nuclear translo-
cation of p65 and could activate the NF-xB signaling
pathway.

In addition to the ceRNA mechanism, circRNA may
also exert its effect through other mechanisms including
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protein encoding. CircRNA needs two basic elements for
translation ability: open reading frame (ORF) and transla-
tion initiation element (IRES). Containing ORF regions
but not IREs, circSND1 may not encode peptide. In the
latest study, m6A methylation modification can also lead
to circRNA-encoded peptides.*® We predicted by SRAMP
(http://www.cuilab.cn/sramp) and found that there are

mo6A methylation modification sites in the circSNDI
sequence. Hence, further study is needed to evaluate
whether circSND1 can encode a protein.

In conclusion, our results demonstrated that circSND1
exerted its functions via the TNF-o/NF-kB/circSND1/
miR-125a-3p/FUT6/NF-kB positive regulatory circuit and
promoted the process of CC, which suggests that
circSND1 can be a promising prognostic marker and ther-

apeutical target for cervical cancer.
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