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and regulating the PTP4A1/ERK1/2 pathway
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Abstract

Emerging evidence indicates that circRNAs play essential roles in tumorigenesis and development. However, the role
of circRNAs in cervical cancer (CC) remains unclear. CircRNA microarrays performed on the immortal cervical cell line
H8 and the cervical cancer cell line SiHa were used to identify a circRNA, termed circNRIP1 (hsa_circ_0004771), which
was upregulated in SiHa. QRT-PCR confirmed that circNRIP1 was upregulated in CC tissues, where its expression was
correlated with lymphovascular space invasion. Besides, both in vitro and in vivo experiments demonstrated that
circNRIP1 promotes cell proliferation, migration, and invasion. Additionally, we found that miR-629-3p induced tumor
suppression by regulating PTP4A1 and the ERK1/2 pathway. Finally, we confirmed that circNRIP1 exerts its effect, at
least partially, by sponging miR-629-3p and thereby regulating the PTP4A1/ERK1/2 pathway. Therefore, circNRIP1 may
be useful as a potential prognostic biomarker and therapeutic target in CC patients.

Introduction

According to the National Central Cancer Registry of
China (NCCRC), cervical cancer is the sixth most com-
mon cancer in women in China, with ~111,000 newly
diagnosed cases and nearly 34,000 new deaths in 2015".
According to the Surveillance, Epidemiology, and End
Results (SEER) registry, between 2009 and 2015, 36% and
15% of women, respectively, were diagnosed at regional
and distant stages of cancer progression, despite the
availability of viable prevention strategies and vaccines®.
These women were considered incurable, as they had
already lost the opportunity to undergo surgical resection
of their lesions due to metastasis®. Therefore, it is of
utmost importance to clarify the molecular mechanisms
underlying the development and progression of CC and to
find new, effective therapeutic targets.
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Circular RNA (circRNA), a novel class of endogenous
noncoding RNA molecules, is characterized by covalently
closed loop structures without 5’ to 3’ polarity or a poly A
tail’. They are abundant, conserved, stable, and display
spatio-temporal specificity in different tissues® . High-
throughput sequencing of cervical cancer tissues and cells
has shown that numerous circRNAs are differentially
expressed in cervical cancer®'°. “MiRNA sponging”, in
which circRNAs act as ceRNAs to sequester miRNAs
away from their target genes, is the most commonly
reported role of circRNAs''. In cervical cancer, some
circRNAs, such as circ_0067934 and circRNA-000284,
have been reported to function in the sponging of
miRNAs® ',

PTP4A1l (also known as phosphatase of regenerating
liver 1), which is reportedly upregulated in many tumor
cell lines, including HeLa cells, promotes cell migration
and invasion'>™"°, It has been reported that PTP4Al
promotes the activation of Extracellular signal-regulating
kinase (ERK) and thereby the expression of Matrix
metalloproteinase 2 (MMP2) and MMP9, which, in turn,
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induces cell migration and invasion'®'”. ERK signaling,
which is a crucial regulator of cell motility, participates in
cervical cancer progression'®'®, MMPs are important
hydrolytic enzymes, of which MMP2 and -9 are two of the
most widely studied. These are capable of degrading the
extracellular matrix, which promotes tumor cell migra-
tion, invasion, and distant metastasis®*~**,

Our study revealed that circNRIP1 promoted cervical
cancer cell proliferation, migration, and invasion both
in vitro and in vivo, and that miR-629-3p inhibits CC cell
progression. Finally, the study indicated that circNRIP1
promotes migration and invasion in cervical cancer by
sponging miR-629-3p and regulating the PTP4A1/ERK1/
2 pathway.

Materials and methods
Ethics approval and consent to participate

Human cervical cancer tissues and adjacent normal
tissues were obtained from patients who underwent sur-
gery at Shengjing Hospital of China Medical University.
Informed consent was obtained from all patients. BALB/c
nude female mice were purchased and housed under
special pathogen-free (SPF) conditions. All experiments
were approved by the ethics committee of Shengjing
Hospital of China Medical University.

Clinical specimens and cell cultures

Forty cervical cancer tissue and paired adjacent tissue
samples were obtained from patients who underwent
surgery at Shengjing Hospital of China Medical University
from 2018 to 2019. None of the patients had received
radiotherapy or chemotherapy prior to surgery. All spe-
cimens were stored in liquid nitrogen immediately after
resection and subsequently stored at —80°C until
required. Diagnoses were pathologically confirmed by two
independent pathologists. Stages were determined based
on the updated 2009 FIGO?. Cervical cancer cells (HeLa,
SiHa, CaSki, and C-33A) were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai,
China). HeLa cells were cultured in DMEM (High Glu-
cose), CaSki in RPMI 1640 and SiHa and C33A in MEM
(Corning, NY, USA) with 10% fetal bovine serum (FBS)
and 1% streptomycin and penicillin (GE Healthcare,
Chicago, IL, USA). Authentication of cells was verified by
short tandem repeat DNA profiling.

CircRNA microarrays

Arraystar Human circRNA Array v2 analysis was per-
formed by Kangcheng Biotech (Shanghai, China). Sample
preparation and microarray hybridization were performed
as outlined in the standard protocols stipulated by
Arraystar, as described previouslyM. Quantile normal-
ization and subsequent data processing were performed
using the R software package. Differentially expressed
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circRNAs with statistical significance between two groups
were identified via Volcano Plot filtering. Differentially
expressed circRNAs between two samples were identified
through Fold Change filtering. Data associated with cir-
cRNA microarray profiling have been deposited in NCBI's
Gene Expression Omnibus® and are accessible through
GEO Series accession number GSE147483.

RNA extraction and qRT-PCR

Total RNA from cells and tissues was isolated using
RNAiso Plus (Takara, Dalian, China) according to the
manufacturer’s protocol. In order to quantify the amount
of mRNA and circRNA, cDNA was synthesized using a
PrimeScript™ RT reagent Kit with gDNA Eraser, and
qRT-PCR was performed using TB Green™ Premix Ex
Taq II (Takara, Dalian, China). The levels of microRNAs
were determined using a miRNA 1st Strand cDNA
Synthesis Kit and miRNA Universal SYBR qPCR Master
Mix (Vazyme biotech, Nanjing, China). Primers were
designed and synthesized by Sangon Biotech (Shanghai,
China). All primer sequences are listed (Table S1).
GAPDH was measured as an endogenous control for
mRNA and circRNA, and U6 was used as a control for
miRNA. Relative levels of gene expression were calculated
using the 224" method.

Cellular fraction and RNA isolation

Norgen’s Cytoplasmic & Nuclear RNA Purification Kit
(Norgen Biotek Corp, ON, Canada) was used to separately
isolate nuclear and cytoplasmic RNA from cultured cells,
according to the manufacturer’s protocol.

Lentivirus vector constructs and cell infection

For in vitro studies, the circNRIP1 overexpression len-
tivirus vector (OV-cNRIP1) was constructed using the
pHBLV-CMV-Circ-MCS-EF1-ZsGreen-T2A-PURO vec-
tor purchased from Hanbio Biotechnology (Shanghai,
China), and further confirmation was obtained by Sanger
Sequencing. We also constructed an empty control vector
(OV-NCQ). Lentiviral vectors containing shRNAs that all
covered the backsplicing site of circNRIP1 were also
constructed using the pHBLV-U6-MCS-CMV-ZsGreen-
PGK-PURO vector, named as sh-cNRIP1. We also con-
structed a negative shRNA containing only a nonsense
sequence, named as sh-NC. The sequences of the shRNAs
used are listed (Table S2). Cells were infected with the
lentiviral particles, followed by selection via puromycin
(8 pg/ml) to select stably-transfected cells.

Oligonucleotide transfection

Hsa-miR-629-3p mimics, inhibitors and their respective
control oligonucleotides were synthesized by Gene-
Pharma (Shanghai, China). The sequences of the oligo-
nucleotides used are listed (Table S3). HeLa and SiHa
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cells were transfected with 50 nM of mimics and 100 nM
of inhibitors using Lipofectamine 3000 reagent (Life
Technologies, CA, USA) according to the manufacturer’s
protocol.

Wound-healing assay

Cells were cultured in 6-well plates and scraped with the
fine end of a 200l pipette tip (time Oh) after they
reached 90-100% confluency. Next these were cultured in
medium without FBS. Cell migration progress was pho-
tographed at Oh and 48 h following injury. Images of 5
randomly selected fields were obtained using an inverted
microscope (TS100-F, Nikon, Japan) with 10x objective
lenses. Remodeling was measured as the diminishing area
across the induced injury, normalized to the 0 h control,
and expressed as migration rate. Experiments were per-
formed in triplicate.

CCK-8 assay

Cell proliferation was detected using Cell count kit-8
(CCK-8, Dojindo, Japan). Briefly, cells were seeded into
96-well plates at approximately 2000-3000 cells per well,
where each group was replicated in quintuplicate. At
indicated time points, 10 pl of CCK-8 solution was added
to each well. The cells were incubated at 37 °C for another
2 h, following which absorbance at 450 nm was measured
using an automatic spectrophotometer (Synergy H1, Bio-
Tek, USA). Experiments were performed in triplicate.

EdU incorporation assay

An EdU incorporation assay was performed using a
Cell-Light EAU DNA Cell Proliferation Kit (RiboBio,
Guangzhou, China) to detect DNA synthesis and cell
proliferation. Cells were seeded in 96-well plates (2 x 10*
cells per well). After 36 h, 50 uM of EAU was added to
each well and incubated for another 3 h. The cells were
then fixed with 4% paraformaldehyde and stained with
Apollo Dye Solution. Hoechst 33342 was used to stain the
nucleic acid within cells. Images were obtained via
inverted fluorescence microscopy with 20x objective
lenses, and the numbers of EdU-positive (red) and
Hoechst 33342 positive (blue) cells were counted in 5
randomly selected fields. The cell proliferation rate was
estimated as being equal to: EdU-positive cells/Hoechst
33342 positive cells. Experiments were performed in
triplicate.

Transwell Matrigel invasion assays

A Matrigel invasion assay was performed using trans-
well cell culture inserts (8 mm pores; Corning, NY, USA)
in 24-well plates. HeLa and SiHa cells (10 x 10*) were
resuspended in 200 pl of serum-free medium and seeded
into the upper chamber of the 24-well plates with
Matrigel Matrix (Corning, NY, USA) and incubated for
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24 h. Next, 600 pl of medium with 10% FBS was added to
the lower chamber as a chemoattractant. Following
incubation, the cells were fixed with 4% paraformaldehyde
for 30 min and stained with 0.1% crystal violet for 30 min.
The number of invading cells was quantified by counting
the cells in 5 randomly selected fields using an inverted
microscope with 20x objective lenses. Experiments were
performed in triplicate.

Dual-luciferase reporter assay

In order to create luciferase reporter vectors, the
sequences of circNRIP1 and PTP4A1-3'UTR and their
corresponding mutant versions without miR-629-3p
binding sites were synthesized and subcloned into pmir-
GLO vector (Promega, WI, USA), termed WT-circNRIP1,
MUT-circNRIP1, WT-PTP4A1, MUT-PTP4A1l, respec-
tively. HEK-293T cells were seeded in 12-well plates at a
density of 5 x 10° cells per well for 24 h before transfec-
tion. Next, a mixture of miR-629-3p mimics and luciferase
reporter vectors was transfected into the HEK-293T cells;
each group was treated in triplicate. After 24 h, firefly and
Renilla luciferase activity was detected using the Dual-
Luciferase Reporter Assay System kit (Promega, WI,
USA). Experiments were performed in triplicate.

Western blot

Cells were lysed in RIPA lysis buffer (Beyotime,
Shanghai, China). Equal amounts of protein were sepa-
rated in 10% SDS-PAGE gels and transferred to PVDF
membranes (Millipore, Darmstadt, Germany). The
membranes were blocked for 2 h with 5% non-fat dry milk
and incubated with primary antibodies overnight at 4 °C.
Next, the membranes were incubated with secondary
antibodies for 2h. GAPDH was used as the internal
protein loading control. Finally, immune complexes were
detected via enhanced chemiluminescence (Beyotime,
Shanghai, China) using a GE detection system. Band
intensity was quantified by ImageJ software. Each group
was treated in triplicate.

Xenograft model

BALB/c nude female mice (4-5 weeks old) were ran-
domly divided into OV-cNRIP1 and OV-NC groups (6
per group) and housed under standard conditions. Stably-
transfected HeLa cells were subcutaneously injected into
the right flanks of the mice using 5 x 10° cells per mouse.
Tumor volumes were measured every 4—5 d. Three weeks
after injection, the mice were humanely euthanized.
Subcutaneous tumor tissues were isolated, and the
volume and weight of the dissected tumors were mea-
sured. Tumor volume was calculated as follows: V (mm?) =
(length x width?)/2.  All animal experiments were
approved by the ethics committee of Shengjing Hospital
of China Medical University.
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Fig. 1 Screening and expression of circNRIP1 in CC cells and tissues. a Heat map of all differentially expressed circRNAs between SiHa and H8
cells. Red and green strips represent high and low expression, respectively. b The scatter plot was used to assess the differential expression of
circRNAs between SiHa and H8 cells. Values on the X and Y axes are normalized signal values of samples (log2 scaled). The green lines are Fold
Change Lines. The circRNAs above or below the green line indicate circRNAs with >2.0-fold change between the two samples. ¢ Validation of 5
upregulated circRNAs in SiHa and H8 cells using gRT-PCR (n = 3). d Existing circNRIP1 was validated by gqRT-PCR and Sanger sequencing. The red
arrow represents the head-to-tail splicing site. @ Schematic illustration showing that circNRIP1 is formed by head to tail splicing of NRIPT exon 2 and
exon 3. f, g Relative expression of circNRIP1 in paired CC and adjacent tissues was measured by gRT-PCR (n = 40). Data are presented as mean + SD.

*p <0.05, **p <0.001.

Immunohistochemistry (IHC)

Tumor tissue samples (z = 3 per group) were fixed with
4% paraformaldehyde and embedded in paraffin. Paraffin
sections were incubated overnight with primary anti-
bodies against PTP4A1 (1:50) at 4 °C, followed by incu-
bation with a secondary antibody at room temperature for
1h and HRP-labeled streptavidin (KIT-9710, MXB Bio-
technologies, China) for 10 min. Lastly, the tissues were
stained with diaminoaniline (DAB) (ZLI-9018, ZSGB-
BIO, China). Five randomly selected fields of sections
were photographed using a light microscope (Nikon
Eclipse NI, Japan).
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Reagents and antibodies

Anti-TP4A1 (YN2105), anti-ERK1/2 (YT1625), anti-
ERK1/2 (Phospho T202/Y204) (YP1197), and anti-MMP9
(YMO0446) were purchased from Immunoway (Plano, TX,
USA). Anti-GAPDH (60004-1-Ig), anti-MMP2 (66366-1-
Ig), anti-E-cadherin (60335-1-Ig), and anti-ZEB2 (14026-
1-AP) were purchased from Proteintech (Wuhan, China).

Statistical analysis

All data were statistically analyzed using GraphPad
Prism 8. The results are presented as mean + standard
deviation (SD). Student’s ¢-test (two-tailed), or ANOVA,
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were performed to analyze 2, or more than 2 groups,
respectively. The association between circNRIP1
expression and clinicopathological features was ana-
lyzed using a x2 test. The correlation between two
variables was determined using the Pearson correlation
test. Significant p values are represented as follows: *p <
0.05, **p<0.01, ***p<0.001, and n.s., no significant
difference.

Results
CircNRIP1 is upregulated in cervical cancer

We performed a microarray analysis of the cervical
cancer cell line, SiHa, and the immortalized cervical epi-
thelial cell line, H8 (Fig. 1a). Differentially expressed cir-
cRNAs between two samples were identified via Fold
Change filtering (Fig. 1b). The expression levels of 5
upregulated circRNAs in SiHa and H8 cells were verified
using qRT-PCR (Fig. 1c; Table S4). Results obtained from
qRT-PCR were consistent with microarray data. Next,
head-to-tail splicing of qRT-PCR products was confirmed
via Sanger sequencing (Figs. 1d and S1A). Hsa_
circ_0004771 displayed the greatest increase and was
selected for further study. Hsa_circ_0004771, with a
length of 203 bp, is formed by head-to-tail splicing of
NRIP] exon 2 and exon 3, and is referred to as circNRIP1
(Fig. le).

Next, we detected the expression of circNRIP1 in 40
pairs of cervical cancer and adjacent tissue samples.
Compared to the adjacent tissues, circNRIP1 expression
was significantly higher in the cancer tissues (Fig. 1f, g).
Correlation analysis showed that circNRIP1 expression
was significantly associated with lymphovascular space
invasion (LVSI) in cervical cancer patients (Table 1).

CircNRIP1 promotes cervical cancer proliferation,
migration, and invasion in vitro

To explore the role of circNRIP1 in cervical cancer, we
examined circNRIP1 expression in 4 CC cell lines to
determine cell lines that could be used for silencing and
overexpression studies. The expression of circNRIP1 was
highest in SiHa (HPV16+) and lowest in HeLa (HPV18+)
(Fig. 2a). Therefore, the HeLa cell line was selected for
overexpression of circNRIP1 and the SiHa cell line for
silencing. Next, we constructed 3 shRNA vectors to
knockdown circNRIP1 expression. The vectors were
successfully transfected into SiHa cells (Fig. S1B). Fol-
lowing the transfection shRNAs into cells, silencing effi-
ciency of the shRNAs was evaluated using qRT-PCR,
following which shRNA-2 was selected for subsequent
experiments due to its high inhibitory efficiency (Fig. 2b).
The circNRIP1 overexpression lentiviral vector was also
successfully transfected into HeLa cells (Fig. S1B), and its
ability to overexpress circNRIP1 was confirmed via qRT-
PCR (Fig. 2c¢).
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Next, we examined the effect of circNRIP1 silencing on
cervical cancer cells. CCK-8 and EdU assays indicated that
SiHa cell proliferation was suppressed by sh-cNRIP1
(Fig. 2d—f). Wound healing and transwell assays showed
that downregulation of circNRIP1 significantly decreased
cell migration and invasion ability (Fig. 2g—j). Moreover,
overexpression of circNRIP1 promoted proliferation,
migration, and invasion of HeLa cells compared to the
OV-NC group (Fig. 2d—j). These results suggested that
circNRIP1 promotes cell proliferation, migration, and
invasion in cervical cancer cells.

CircNRIP1 acts as a sponge for miR-629-3p

It has been widely reported that circRNAs may function
as “miRNA sponges” in cancer cells. To explore the
molecular mechanism underlying the functioning of cir-
cNRIP1, we isolated cytoplasmic and nuclear RNA from
SiHa cells. Through qRT-PCR, we found that circNRIP1
was mostly expressed in cytoplasm (Fig. 3a). Next, using
Arraystar’s home-made miRNA target prediction software
based on TargetScan26 and miRanda?’, we detected 5
potential circNRIP1-binding microRNAs, namely miR-
330-5p, miR-339-5p, miR-595, miR-629-3p and miR-653-
5p (Figs. 3b, S1C). Next, we examined the effect of cir-
cNRIP1 on the expression levels of these 5 miRNAs. The
results showed that the expression of miR-629-3p was
decreased in OV-cNRIP1 cells but increased in sh-
cNRIP1 cells, compared to their respective negative con-
trols (Fig. 3¢, d). This indicated that circNRIP1 may reg-
ulate miR-629-3p expression. In order to further confirm
this interaction, we conducted a dual-luciferase reporter
assay in 293T cells. We used the RNAhybrid bioinfor-
matics prediction tool to calculate the secondary con-
formation of circNRIP1 and miR-629-3p>® (Fig. S2). WT-
circNRIP1 and MUT-circNRIP1 sequences were cloned
into the pmirGLO vector (Fig. 3e). The results showed
that miR-629-3p mimics significantly decreased luciferase
activity of the WT groups but not of the MUT groups,
suggesting that circNRIP1 may directly interact with miR-
629-3p (Fig. 3f). Considered together, these results sug-
gest that circNRIP1 acts as a sponge for miR-629-3p.

MiR-629-3p inhibits CC cell proliferation, migration, and
invasion by inhibiting PTP4A1 in vitro

To our knowledge, miR-629-3p has not been reported
on in the context of cervical cancer. In order to investigate
the function of miR-629-3p in cervical cancer cells, miR-
629-3p mimics, inhibitors (inh-629-3p), and their
respective controls were transfected into cells. The qRT-
PCR results indicated that miR-629-3p was successfully
upregulated or downregulated following transfection with
the mimics or inhibitors, respectively (Fig. S3A, B). Next,
cell viability and proliferation were determined via CCK8
assay and EdU assay, and the results indicated that
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Correlations between expression of circNRIP1/miR-629-3p and clinicopathological characteristics of cervical

Characteristics Group Cases circNRIP1 expression miR-629-3p expression
High (20) Low (20) p value High (20) Low (20) p value
Age 04053 >0.9999
>60 7 2 5 4 3
<60 33 18 15 16 17
HPV type 0.1843 0.3690
16/18 32 18 14 18 14
Others 3 0 3 1 2
No 5 2 3 1 4
Histologic grade 0.5421 0.7384
Well 3 1 2 1 2
Moderate 31 17 14 15 16
Poor 6 2 4 4 2
Histologic type 0.6614 0.6614
Squamous 33 17 16 17 16
Adenocarcinoma 5 3 2 3 2
Others 2 0 2 0 2
Tumor size 0.1025 0.7440
>4cm 15 5 10 8 7
<4cm 25 15 10 12 13
FIGO stage 0.1967 0.0239*
Stage | 24 14 10 16 8
Stage |l 16 6 10 4 12
Lymphatic metastasis 0.6579 0.6579
Yes 6 2 4 2 4
No 34 18 16 18 16
Stromal invasion 03416 0.6326
>1/2 35 19 16 18 17
<1/2 5 1 4 2 3
LVSI 0.0114* 0.5271
Yes 20 14 6 11 9
No 20 6 14 9 "
*p <0.05.

upregulation of miR-629-3p inhibited proliferation of cells
while downregulation of miR-629-3p promoted pro-
liferation, compared with the controls (Fig. 4a—c).
Wound-healing assay and transwell assay results indicated
that, whereas miR-629-3p mimics significantly inhibited
the migration and invasion of CC cells, inh-629-3p
induced the opposite (Fig. 4d—g). Furthermore, qRT-

PCR results suggested that miR-629-3p was
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downregulated in human cervical cancer tissues com-
pared to adjacent normal tissues (Fig. 4h). Further analysis
indicated that miR-629-3p expression was negatively
correlated to circNRIP1 expression (Fig. 4i), while its
expression was significantly associated with the FIGO
stage in cervical cancer patients (Table 1). Next, we used
OncomiR, an online pan-cancer resource for analysis of
miRNA dysregulation, to analyze the association between
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stage and histologic grade of CC patients (Fig. 4j). Besides,

higher levels of miR-629-3p were correlated with better
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prognoses in CESC (Cervical squamous cell carcinoma
and endocervical adenocarcinoma) (Fig. 4k).

Reportedly, miRNAs function by post-transcriptionally
regulating target mRNAs via complementary binding.
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Bioinformatics predictions indicated that miR-629-3p
possesses binding sites that are potentially com-
plementary to PTP4A1 (Fig. 5a). We conducted luciferase
reporter assays to verify this interaction. The results
showed that transfection of miR-629-3p mimics sig-
nificantly reduced the activity of WT-PTP4A1 but did not
affect the activity of MUT-PTP4A1 (Figs. 5b, S4). Fur-
thermore, qRT-PCR and western blot assays showed that
miR-629-3p suppressed PTP4A1 expression at both
mRNA and protein levels (Figs. 5c—e, S3C). Together,
these results suggest that PTP4A1 is a target of miR-629-
3p. Previous studies have reported that PTP4Al can
promote cancer migration and invasion via the ERK1/
2 signaling pathway'®'”. Therefore, we detected the
expression of ERK1/2, MMP2, and MMP9 using western
blot. Results showed that miR-629-3p overexpression
decreased the expression of MMP2 and MMP9 via the
ERK1/2 pathway, while inh-629-3p induced the opposite
(Figs. 5d, e, S3D-G). Besides, a Kaplan—Meier survival
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curve, generated using the UALCAN cancer database
based on TCGA (The Cancer Genome Atlas), showed
that higher levels of PTP4A1 and MMP2 were correlated
with poorer prognoses® (Fig. 5f, g). In conclusion, these
results revealed that miR-629-3p significantly inhibited
the migration and invasion of cervical cancer cells by
targeting PTP4A1 via the ERK1/2 pathway.

CircNRIP1 promotes CC cell progression by sponging miR-
629-3p

In order to further verify whether circNRIP1 promotes
CC cell progression by sponging miR-629-3p, HeLa cells
were co-transfected with OV-cNRIP1 and miR-629-3p
and SiHa cells were co-transfected with sh-cNRIP1 and
inh-629-3p. The results of CCK8 and EdU assays sug-
gested that miR-629-3p mimics inhibited the effect of
circNRIP1 on HeLa cells and that inh-629-3p reinstated
the proliferative capacity of sh-circNRIP1 cells (Fig. 6a—c).
Moreover, wound healing and transwell assays also
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presented as mean + SD. *p < 0.05, **p < 0.01, **p < 0.001.

Fig. 4 MiR-629-3p inhibits proliferation, migration, and invasion of CC cells. a—c CCK8 and EdU assays were used to analyze the proliferation of
CC cells following transfection with miR-629-3p and inh-629-3p or respective controls (n = 3). d, e Wound-healing assays were performed to evaluate
cell migration capability following transfection with miR-629-3p and inh-629-3p or respective controls (n = 3). f, g Cell invasion ability of CC cells
transfected with miR-629-3p and inh-629-3p or respective controls were evaluated using transwell Matrigel invasion assays (n = 3). h Relative
expression of miR-629-3p in paired CC and adjacent tissues was measured by gRT-PCR (n = 40). i Negative correlation between circNRIP1 expression
and miR-629-3p (n = 40). j Results of analyses from OncomiR showing the association between miR-629-3p and the clinical parameters of CESC.
k Results of analyses from the OncomiR showing that miR-629-3p is associated with the survival of CESC patients. Scale bar, 100 um; data are

showed that miR-629-3p could reverse the effects of cir-
cNRIP1 overexpression and that inh-629-3p could rein-
state the effects of circNRIP1 knockdown (Fig. 6d—g).

Since these findings suggested that circNRIP1 may
function in cervical cancer cells by sponging miR-629-3p,
we examined whether circNRIP1 regulates the expression
of PTP4A1, the target gene of miR-629-3p. Western blot
results showed that upregulation of circNRIP1 increased
PTP4A1 expression, while downregulation of circNRIP1
decreased PTP4Al expression (Figs. 6h, S3H). We
examined whether miR-629-3p would rescue the effects of
circNRIP1 on PTP4A1l expression levels. Transfecting
HeLa/OV-cNRIP1 with miR-629-3p reversed PTP4Al
upregulation, while inh-629-3p rescued PTP4A1 down-
regulation in SiHa/sh-cNRIP1 cells (Figs. 6i, S3K). p-
ERK1/2, MMP2, and MMP9 expression changes were
consistent with those of PTP4A1 (Figs. 6i, S3L-0O).

Previous studies have reported that circNRIP1 functions
by sponging miR-149-5p or miR-653, and promoting cell
epithelial-mesenchymal transition (EMT)**% Thus, in
order to understand the molecular mechanism of cir-
cNRIP1 more comprehensively, we examined the
expression of miR-149-5p and miR-653 in different
groups. Results showed that miR-149-5p was upregulated
in sh-cNRIP1 group while miR-653 was also upregulated
rather than downregulated in the OV-cNRIP1 group (Fig.
3¢, d). Meanwhile, circNRIP1 also increased ZEB2
expression and decreased E-cadherin expression in CC
cells, indicating that circNRIP1 was also involved in EMT
in cervical cancer (Figs. 6h, S3I-]). Considered together,
these findings support the hypothesis that circNRIP1
promotes cervical cancer cell migration and invasion, at
least partially, by sponging miR-629-3p and regulating the
PTP4A1/ERK1/2 pathway.

CircNRIP1 promotes the growth of cervical cancer tumors
in vivo

To further investigate whether circNRIP1 regulated
tumor growth in vivo, HeLa cells transfected with OV-
cNRIP1 or OV-NC were injected subcutaneously into
BALB/c nude female mice (Fig. 7a). Tumor volumes were
monitored 7d following injection. The mice were
humanely euthanized 3 weeks following injection,
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subcutaneous tumor tissues isolated, and the volume and
weight of dissected tumors measured. Overexpression of
circNRIP1 significantly promoted tumor growth in vivo
(Fig. 7b—d). Furthermore, qRT-PCR (3 samples per
group) showed that circNRIP1 was upregulated and miR-
629-3p was downregulated in the OV-cNRIP1 group
(Fig. 7e, f). IHC (3 samples per group) confirmed that
PTP4A1 was elevated in the tumor tissues of the OV-
c¢NRIP1 group, compared with those of the control group
(Fig. 7g). These results may indicate that circNRIP1
promoted the progression of cervical cancer by, at least
in part, sponging miR-629-3p and regulating the
PTP4A1/ERK1/2 pathway (Fig. 8)'*".

Discussion

In recent years, numerous studies have confirmed that
circRNAs, which regulate various biological processes,
play several roles in carcinogenesis and cancer progres-
sion®***, Furthermore, circRNAs may be of use as
potential biomarkers and therapeutic targets for cancers
due to their special stable loop structure®°. However,
the expression profile and function of circRNAs in cer-
vical cancer remains unclear. The current study per-
formed a microarray analysis on SiHa and HS8 cell lines
and identified a novel circRNA, termed circNRIP1, which
was significantly upregulated in the SiHa cell. Next, we
validated the differential expression between H8 and SiHa
using qRT-PCR. We further quantified the expression of
circNRIP1 in tumor tissues obtained from cervical cancer
patients. The results revealed that circNRIP1 was upre-
gulated in tumor tissues and that its expression was sig-
nificantly correlated with LVSL. LVSI is an important
intermediate risk factor used to guide adjuvant treatment
decisions and fertility-sparing approaches, which is diffi-
cult to assess before surgery”>”*®, Thus, circNRIP1 may
be a good indicator of LVSI, and thereby guide CC
treatment. However, the sample size used in our study
was small and did not include samples from patients in
advanced stages of cancer who had lost the opportunity to
qualify for surgical resection of the lesions due to
metastasis. Besides, circNRIP1 expression was detected
only in tumor tissues, and not in serum, which may be
more suitable for biomarker detection®’. Additionally,
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cervical cytology has long been used to test for cervical
neoplasia. Many studies have used exfoliated cervical cells
to detect cancer-specific gene methylation*®*!, Therefore,
liquid-based cytology samples may be more suitable for
detection of circRNAs due to the non-invasiveness asso-
ciated with this technique. In summary, further clinical
studies using larger sample sizes and a wider variety of
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samples, including tumor tissues, serum, and cervical
liquid-based cytology are needed to evaluate the clinical
value of circNRIP1 as a biomarker.

Next, gain- and loss-of-function experiments demon-
strated that circNRIP1 may promote cervical cancer cell
proliferation, migration, and invasion both in vitro and
in vivo. Growing evidence has shown that circRNAs may
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function in the sponging of miRNAs in cervical cancer*™**,

A dual-luciferase assay and qRT-PCRs, performed by the
current study, confirmed that circNRIP1 may sponge
miR-629-3p. MiR-629-3p has been reported to promote
lung carcinoma and breast cancer progression, but has
not been reported on in the context of cervical cancer*>*°.
Interestingly, in our study, gain- and loss-of-function
experiments in vitro showed that miR-629-3p inhibited
cervical cancer cell proliferation, migration, and invasion.
MiR-629-3p expression was downregulated in tumor tis-
sues, and higher levels of miR-629-3p were correlated
with better prognoses in CESC. Moreover, we found a
new target gene of miR-629-3p termed PTP4A1. PTP4Al
reportedly promotes ERK1/2 activation and thereby the
expression of MMP2 and -9, which, in turn, induces cell
migration and invasion'>~"”. Thus, we hypothesized that
miR-629-3p acts as a tumor suppressor in CC by targeting
PTP4A1I and regulating the ERK1/2 pathway. Our analysis
of the expression levels of these proteins in different cell
groups confirmed this hypothesis.

Based on the above results, we hypothesized that cir-
cNRIP1 functions by regulating the miR-629-3p/PTP4A1/
ERK1/2 axis. Further rescue experiments showed that
miR-629-3p rescued the phenotypes of cells over-
expressing circNRIP1, and that inh-629-3p restored the
effects of circNRIP1 knockdown on cell function. More-
over, circNRIP1 also enhanced the oncogenic effect of
PTP4A1 and consequently activated ERK1/2. Considered
together, our findings indicated that circNRIP1 functions
by sponging miR-629-3p and regulating its target PTP4A1
to promote cell migration and invasion. Besides, circRNAs
reportedly regulate cell growth by sponging multiple
miRNAs*”*%, Our results also indicated that miR-149-3p
may also function in SiHa cells but not in HeLa cells.
Therefore, our results could only conclude that circNRIP1
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functions, at least partially, by sponging miR-629-3p in
cervical cancer. Thus, we inferred that circNRIP1 may act
as an oncogene in multiple cancers, functioning by
sponging different miRNAs or even sponging multiple
miRNAs simultaneously due to the specific cells or tissues
involved®"*>, Many studies have reported that ceRNA-
mediated regulation may be determined by the number of
transcriptomic miRNA-binding sites and miRNA abun-
dance*®”°. Therefore, we propose that these results may
due to the differences in the abundance of circNRIP1,
miRNAs, and miRNA targets in different cell lines.
However, the mechanism via which circNRIP1 changes its
mode of function in different cancers requires further
exploration.

In conclusion, our results indicated that circNRIP1 is
significantly upregulated in CC tissues and promotes
migration and invasion in CC, at least partially, by
sponging miR-629-3p and regulating the PTP4A1/ERK1/
2 pathway. Our results provide additional evidence indi-
cating that circRNAs function as miRNA sponges, sug-
gesting that circNRIP1 may be a potential prognostic
biomarker and therapeutic target for CC.

Acknowledgements

This study was supported by the Free Researcher Project of Shengjing Hospital
(Grant No. 201302) and Liaoning Provincial Natural Science Foundation of
China (Grant No. 20170541003).

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/541419-020-2607-9).


https://doi.org/10.1038/s41419-020-2607-9
https://doi.org/10.1038/s41419-020-2607-9

Li et al. Cell Death and Disease (2020)11:399

Received: 7 February 2020 Revised: 13 May 2020 Accepted: 14 May 2020
Published online: 26 May 2020

References

1.

2.

22.

23.

Zheng, R. S. et al. Report of cancer epidemiology in China, 2015. Zhonghua
zhong liu za zhi [Chinese journal of oncology] 41, 19-28 (2019).

Howlader N. et al. SEER Cancer Statistics Review, 1975-2016, https.//seer.
cancergov/csr/1975_2016/ (based on November 2018 SEER data submission,
posted to the SEER web site, April 2019) (National Cancer Institute. Bethesda,
MD).

Koh, W. J. et al. Cervical cancer, Version 3.2019, NCCN clinical practice
guidelines in oncology. J. Natl Compr. Cancer Netw. 17, 64-84 (2019).
Barrett, S. P, Wang, P. L. & Salzman, J. Circular RNA biogenesis can proceed
through an exon-containing lariat precursor. eLife 4, 07540 (2015).

Jeck, W. R. et al. Circular RNAs are abundant, conserved, and associated with
ALU repeats. RNA 19, 141-157 (2013).

Salzman, J, Chen, R.E, Olsen, M. N,, Wang, P. L. & Brown, P. O. Cell-type specific
features of circular RNA expression. PLoS Genet. 9, 1003777 (2013).

Suzuki, H. & Tsukahara, T. A view of pre-mRNA splicing from RNase R resistant
RNAs. Int J. Mol. Sci. 15, 9331-9342 (2014).

Ma, H. B, Yao, Y. N, Yu, J. J, Chen, X. X. & Lii, H. F. Extensive profiling of circular
RNAs and the potential regulatory role of circRNA-000284 in cell proliferation
and invasion of cervical cancer via sponging miR-506. Am. J. Transl. Res. 10,
592-604 (2018).

Wang, H, Zhao, Y, Chen, M. & Cui, J. Identification of novel long non-coding
and circular RNAs in human papillomavirus-mediated cervical cancer. Front.
Microbiol. 8, 1720 (2017).

Jiao, J. et al. hsa_circ_0000745 promotes cervical cancer by increasing
cell proliferation, migration, and invasion. J Cell Physiol. 235, 1287-1295
(2020).

Liu, J, Wang, D, Long, Z, Liu, J. & Li, W. CircRNA8924 promotes cervical cancer
cell proliferation, migration and invasion by competitively binding to MiR-
518d-5p /519-5p family and modulating the expression of CBX8. Cell Physiol.
Biochem. 48, 173184 (2018).

Hu, C. et al. Overexpressed circ_0067934 acts as an oncogene to facilitate
cervical cancer progression via the miR-545/EIF3C axis. J. Cell. Physiol. 234,
9225-9232 (2019).

Achiwa, H. & Lazo, J. S. PRL-1 tyrosine phosphatase regulates c-Src levels,
adherence, and invasion in human lung cancer cells. Cancer Res. 67, 643-650
(2007).

Wang, J, Kirby, C. E. & Herbst, R. The tyrosine phosphatase PRL-1 localizes to
the endoplasmic reticulum and the mitotic spindle and is required for normal
mitosis. J. Biol. Chem. 277, 46659-46668 (2002).

Liu, L-Z et al. Protein tyrosine phosphatase PTP4AT promotes proliferation
and epithelial-mesenchymal transition in intrahepatic cholangiocarcinoma via
the PI3K/AKT pathway. Oncotarget 7, 75210-75220 (2016).

Bai, Y. et al. PRL-1 protein promotes ERK1/2 and RhoA protein activation
through a non-canonical interaction with the Src homology 3 domain
of p115 Rho GTPase-activating protein. J. Biol. Chem. 286, 42316-42324
(2011).

Luo, Y, Liang, F. & Zhang, Z. Y. PRLT promotes cell migration and invasion by
increasing MMP2 and MMP9 expression through Src and ERK1/2 pathways.
Biochemistry 48, 1838-1846 (2009).

Wu, M-H. et al. Praeruptorin A inhibits human cervical cancer cell growth and
invasion by suppressing MMP-2 expression and ERK1/2 signaling. Int. J. Mol.
Sci. 19, 10 (2017).

Peng, L. et al. PRL-3 promotes the motility, invasion, and metastasis of LoVo
colon cancer cells through PRL-3-integrin betal-ERK1/2 and-MMP2 signaling.
Mol. Cancer 8, 110 (2009).

Jacob, A. & Prekeris, R. The regulation of MMP targeting to invadopodia during
cancer metastasis. Front. Cell Dev. Biol. 3, 4 (2015).

Deryugina, E. I. & Quigley, J. P. Tumor angiogenesis: MMP-mediated induction
of intravasation- and metastasis-sustaining neovasculature. Matrix Biol. 44-46,
94-112 (2015).

Song, C, Zhu, S, Wu, C. & Kang, J. Histone deacetylase (HDAC) 10 suppresses
cervical cancer metastasis through inhibition of matrix metalloproteinase
(MMP) 2 and 9 expression. J. Biol. Chem. 288, 28021-28033 (2013).

Pecorelli, S. Revised FIGO staging for carcinoma of the vulva, cervix, and
endometrium. Int. J. Gynaecol. Obstet. 105, 103-104 (2009).

Official journal of the Cell Death Differentiation Association

24,

25.

26.

27.

28.

29.

30.

3.

32.

33.

34,

35.

36.

37.

38.

39.

40.

42.

43.

45.

46.

47.

48.

49.

50.

Page 15 of 15

Chen, L. et al. Circular RNA 100146 functions as an oncogene through direct
binding to miR-361-3p and MiR-615-5p in non-small cell lung cancer. Mol.
Cancer 18, 13 (2019).

Edgar, R, Domrachev, M. & Lash, A. E. Gene Expression Omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res. 30,
207-210 (2002).

Enright, A. J. et al. MicroRNA targets in Drosophila. Genome Biol. 5, R1 (2003).
Pasquinelli, A. E. MicroRNAs and their targets: recognition, regulation and an
emerging reciprocal relationship. Nat. Rev. Genet. 13, 271-282 (2012).
Rehmsmeier, M, Steffen, P, Hochsmann, M. & Giegerich, R. Fast and effective
prediction of microRNA/target duplexes. RNA 10, 1507-1517 (2004).

Wong, N. W, Chen, Y, Chen, S. & Wang, X. OncomiR: an online resource for
exploring pan-cancer microRNA dysregulation. Bioinformatics 34, 713-715
(2018).

Chandrashekar, D. S. et al. UALCAN: a portal for facilitating tumor subgroup
gene expression and survival analyses. Neoplasia 19, 649-658 (2017).

Zhang, X. et al. Circular RNA circNRIP1 acts as a microRNA-149-5p sponge to
promote gastric cancer progression via the AKT1/mTOR pathway. Mol. Cancer
18, 20 (2019).

Xie, R, Tang, J, Zhu, X. & Jiang, H. Silencing of hsa_circ_0004771 inhibits
proliferation and induces apoptosis in breast cancer through activation of
miR-653 by targeting ZEB2 signaling pathway. Biosci. Rep. https//doi.org/
10.1042/BSR20181919 (2019).

Su, M. et al. Circular RNAs in Cancer: emerging functions in hallmarks, stem-
ness, resistance and roles as potential biomarkers. Mol. Cancer 18, 90 (2019).
Qu, S. et al. The emerging functions and roles of circular RNAs in cancer.
Cancer Lett. 414, 301-309 (2018).

Zhang, Z. et al. Circular RNA: new star, new hope in cancer. BMC Cancer 18,
834 (2018).

Meng, S. et al. CircRNA: functions and properties of a novel potential bio-
marker for cancer. Mol. Cancer 16, 94 (2017).

Widschwendter, P. et al. Prognostic factors for and pattern of lymph-node
involvement in patients with operable cervical cancer. Arch. Gynecol. Obstet.
300, 1709-1718 (2019).

Hutchcraft, M. L. et al. Conization pathologic features as a predictor of inter-
mediate and high risk features on radical hysterectomy specimens in early
stage cervical cancer. Gynecologic Oncol. 153, 255-258 (2019).

Vea, A, Llorente-Cortes, V. & de Gonzalo-Calvo, D. Circular RNAs in Blood. Adv.
Exp. Med. Biol. 1087, 119-130 (2018).

De Strooper, L. M. et al. Methylation analysis of the FAM19A4 gene in cervical
scrapes is highly efficient in detecting cervical carcinomas and advanced
CIN2/3 lesions. Cancer Prev. Res. (Phila, Pa,) 7, 1251-1257 (2014).

van der Meide, W. F. et al. Promoter methylation analysis of WNT/B-catenin
signaling pathway regulators to detect adenocarcinoma or its precursor lesion
of the cervix. Gynecol. Oncol. 123, 116-122 (2011).

Chaichian, S, Shafabakhsh, R, Mirhashemi, S. M, Moazzami, B. & Asemi, Z.
Circular RNAs: a novel biomarker for cervical cancer. J. Cell. Physiol. 235,
718-724 (2020).

Song, T. et al. CircRNA hsa_circRNA_101996 increases cervical cancer pro-
liferation and invasion through activating TPX2 expression by restraining miR-
8075. J. Cell. Physiol. 234, 14296-14305 (2019).

Cai, H. et al. Circular RNA hsa_circ_0000263 participates in cervical cancer
development by regulating target gene of miR-150-5p. J. Cell. Physiol. 234,
11391-11400 (2019).

Wang, J. et al. miR-629-3p may serve as a novel biomarker and potential
therapeutic target for lung metastases of triple-negative breast cancer. Breast
Cancer Res. 19, 72 (2017).

Li, B. et al. MiR-629-3p-induced downregulation of SFTPC promotes cell pro-
liferation and predicts poor survival in lung adenocarcinoma. Artif. Cells
Nanomed. Biotechnol. 47, 3286-3296 (2019).

Zheng, Q. et al. Circular RNA profiling reveals an abundant circHIPK3 that
regulates cell growth by sponging multiple miRNAs. Nat. Commun. 7, 11215
(2016).

Li, Y, Ge, Y-Z, Xy, L. & Jia, R. Circular RNA [TCH: a novel tumor suppressor in
multiple cancers. Life Sci. https//doiorg/10.1016/)lfs.2019.117176 (2019).
Bosson, A. D, Zamudio, J. R & Sharp, P. A. Endogenous miRNA and target
concentrations determine susceptibility to potential ceRNA competition. Mol.
Cell 56, 347-359 (2014).

Denzler, R, Agarwal, V, Stefano, J, Bartel, D. P. & Stoffel, M. Assessing the
ceRNA hypothesis with quantitative measurements of miRNA and target
abundance. Mol. Cell 54, 766-776 (2014).


https://seer.cancer.gov/csr/1975_2016/
https://seer.cancer.gov/csr/1975_2016/
https://doi.org/10.1042/BSR20181919
https://doi.org/10.1042/BSR20181919
https://doi.org/10.1016/j.lfs.2019.117176

	Circular RNA circNRIP1 promotes migration and invasion in cervical cancer by sponging miR-629-3p and regulating the PTP4A1/ERK1/2 pathway
	Introduction
	Materials and methods
	Ethics approval and consent to participate
	Clinical specimens and cell cultures
	CircRNA microarrays
	RNA extraction and qRT-PCR
	Cellular fraction and RNA isolation
	Lentivirus vector constructs and cell infection
	Oligonucleotide transfection
	Wound-healing assay
	CCK-8 assay
	EdU incorporation assay
	Transwell Matrigel invasion assays
	Dual-luciferase reporter assay
	Western blot
	Xenograft model
	Immunohistochemistry (IHC)
	Reagents and antibodies
	Statistical analysis

	Results
	CircNRIP1 is upregulated in cervical cancer
	CircNRIP1 promotes cervical cancer proliferation, migration, and invasion in�vitro
	CircNRIP1 acts as a sponge for miR-629-3p
	MiR-629-3p inhibits CC cell proliferation, migration, and invasion by inhibiting PTP4A1 in�vitro
	CircNRIP1 promotes CC cell progression by sponging miR-629-3p
	CircNRIP1 promotes the growth of cervical cancer tumors in�vivo

	Discussion
	Acknowledgements




