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Abstract. Long non-coding RNA forkhead box D3 antisense
RNA 1 (FOXD3-ASI) functions as an oncogenic regulator in
several types of cancer, including breast cancer, glioma and
cervical cancer. However, the effects and mechanisms under-
lying FOXD3-AS1 in cervical cancer (CC) are not completely
understood. The present study aimed to investigate the biolog-
ical functions and potential molecular mechanisms underlying
FOXD3-AS1 in CC progression. Reverse transcription-quanti-
tative PCR was performed to detect FOXD3-AS1, microRNA
(miR)-128-3p and LIM domain kinase 1 (LIMK1) expression
levels in CC tissues and cells. Immunohistochemical staining
and western blotting were conducted to assess LIMK1 protein
expression levels in CC tissues and cells, respectively. Cell
Counting Kit-8 and BrdU assays were used to determine the
role of FOXD3-ASI in regulating cell proliferation. CC cell
migration and invasion were assessed by performing Transwell
assays. Dual-luciferase reporter assays were conducted to
verify the binding between miR-128-3p and FOXD3-ASl1.
FOXD3-ASI expression was significantly increased in CC
tissues and cell lines compared with adjacent healthy tissues
and normal cervical epithelial cells, respectively. High
FOXD3-AS1 expression was significantly associated with
poor differentiation of tumor tissues, increased tumor size
and positive lymph node metastasis. FOXD3-ASI1 overexpres-
sion significantly increased CC cell proliferation, migration
and invasion compared with the negative control (NC) group,
whereas FOXD3-AS1 knockdown resulted in the opposite
effects compared with the small interfering RNA-NC group.
Moreover, the results demonstrated that FOXD3-AS1 targeted
and negatively regulated miR-128-3p, which indirectly
upregulated LIMK1 expression. Therefore, the present study
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demonstrated that FOXD3-AS1 upregulated LIMK1 expres-
sion via competitively sponging miR-128-3p in CC cells,
promoting CC progression.

Introduction

Cervical cancer (CC) is a commonly diagnosed tumor
among females, resulting in >500,000 new cases annually
worldwide (1-3). Investigating the mechanism underlying CC
pathogenesis is important for developing novel biomarkers and
therapeutic targets for CC.

Long non-coding RNAs (IncRNAs) were originally consid-
ered to be transcriptional noise, but an increasing number of
studies have demonstrated that IncRNAs serve a significant
regulatory role in human diseases, including numerous types
of cancer, including gallbladder cancer, gastric cancer and
lung squamous cell carcinoma (4-7). IncRNA forkhead box D3
antisense RNA 1 (FOXD3-AS1) is abnormally expressed in
neuroblastoma, breast cancer and glioma, functioning as an
oncogenic factor or tumor suppressor (8-10). However, the
functions and mechanism underlying FOXD3-ASl1 in CC are
not completely understood.

MicroRNAs (miRNAs/miRs) can bind to the 3'-untrans-
lated regions of target mRNAs, promoting mRNA degradation
or inhibiting mRNA translation (11). miRNAs are involved in
regulating a series of biological processes, and dysregulated
miRNA expression is a common event in tumorigenesis and
cancer progression (12,13). miRNAs are also important regula-
tors of CC pathogenesis (14-17). For example, miR-20a regulates
CC cell proliferation, apoptosis and autophagy by targeting
thrombospondin 2 (14). miR-15b upregulation is indicative of
poor prognosis in patients with CC (15). Additionally, it has
been reported that the expression of miR-128-3p is down-
regulated in CC tissues, whereas miR-128-3p overexpression
significantly inhibits CC cell proliferation, migration and inva-
sion (18). However, the mechanism underlying the effects of
miR-128-3p in CC requires further investigation.

LIM domain kinase 1 (LIMK1) is a serine/threonine kinase
that is involved in the activation of the cell division cycle
42 /myotonic dystrophy-Related Cdc42-binding kinase, Rac/p21
activated kinase 1 and ras homolog family member A/Rho
associated coiled-coil containing protein kinase 1 signaling
pathways, and can regulate cytoskeletal remodeling (19,20).
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Recent studies have demonstrated that LIMK1 expression
is upregulated or abnormally activated in various types of
cancer, including breast, prostate and colorectal cancer (21-23).
Moreover, LIMK1 expression is also significantly upregulated
in CC, which is associated with unfavorable prognosis (24).
However, the mechanism underlying dysregulated expression
of LIMKI1 in CC is not completely understood.

The present study aimed to explore the expression and
biological functions of FOXD3-ASl1 in CC, and to determine
its regulatory effect on miR-128-3p and LIMK1.

Materials and methods

FOXD3-AS1 expression analysis. The Gene Expression
Profiling Interactive Analysis (GEPIA) database (gepia.
cancer-pku.cn/) was used to predict the expression level of
FOXD3-AS1 in patients with CC.

Tissue samples. The present study was approved by
the Ethics Committee of Hengshui People's Hospital
(approval no. H20150019). Written informed consent was
obtained from all patients. A total of 60 female patients with
CC (age range, 29-67 years) who underwent surgery at the
Hengshui People's Hospital (Hebei, China) between May 2015
and May 2019 were recruited. Paired cancerous tissue and
corresponding adjacent healthy tissue (distance from tumor
margin, >3 cm) samples were obtained. All samples were
confirmed by pathological diagnosis. Patients had not received
treatment prior to surgery. All tissue samples were preserved
in liquid nitrogen at -196°C until RNA extraction.

Cell culture and cell transfection. Human CC cell lines (C33A,
HeLa, HT-3 and SiHa) and a normal cervical epithelial cell
line (HCE 16/3) were obtained from The Cell Bank of Type
Culture Collection of The Chinese Academy of Sciences. Cells
were cultured in DMEM (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS (Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin (100 U/ml)/streptomycin
(100 pg/ml) at 37°C with 5% CO,.

Empty pcDNA3.1 plasmid, pcDNA3.1-FOXD3-AS1, small
interfering (si)RNA negative control (NC; si-NC; 5'-CCTCCA
GTGACCGCCTAAG-3") and si-FOXD3-AS1 (si-FOXD3-AS1-1,
5-CTCCAAGATTTAACTTCCA-3'; si-FOXD3-AS1-2,5-GGA
GTTCCGAGAGGAAATA-3; si-FOXD3-AS1-3, 5'-GATGCT
GGGATGTGGATTT-3") were prepared by Guangzhou RiboBio
Co.,Ltd. miRNA mimics control (NC mimics, 5'-~ACGUGACAC
GUUCGGAGAATT-3"), miR-128-3p mimics (5-AAGAGACCG
UUCACUGUGA-3"), miRNA inhibitors control (NC inhibitors,
5'-CUAACGCAUGCACAGUCGUACG-3") and miR-128-3p
inhibitors (5'-UUUCUCUGGCCAAGUGACACU-3") were
obtained from Shanghai GenePharma Co., Ltd. HeLa and C33A
cells in the logarithmic growth phase were harvested and resus-
pended in antibiotic-free and serum-free medium. Subsequently,
cell suspension (5x10° cells/ml) was added to 6-well plates. Cells
were transfected with plasmids (1.5 pg/ml), siRNAs (100 nM)
or miRNAs (50 nM) using Lipofectamine® 3000 (Invitrogen;
Thermo Fisher Scientific, Inc.) at 37°C for 24 h. Cells were
cultured in complete medium supplemented with 10% FBS.
Following culture for 24 h, cells were harvested and transfection
efficiency was assessed.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from tissues and cells using TRIzol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.). RNA
concentrations were determined using a NanoDropl000
spectrophotometer (Thermo Fisher Scientific, Inc.). RNA
was reverse transcribed into cDNA using a PrimeScript RT
Master Mix kit (Takara Bio, Inc.) according to the manu-
facturer's protocol. Subsequently, cDNA was used for qPCR
using SYBR Green MasterMix kit (Takara Bio, Inc.) and an
ABI 7900 Fast Real-Time PCR System (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The thermocycling conditions
used for qPCR were as follows: Initial denaturation at 94°C for
5 min; 40 cycles of denaturation at 94°C for 30 sec, annealing
at 62°C for 45 sec and extension at 72°C for 40 sec; and final
extension at 72°C for 7 min. The sequences of the primers used
for qPCR are presented in Table I. FOXD3-AS1 and LIMK1
mRNA expression levels were normalized to the internal
reference gene GAPDH. miR-128-3p expression levels were
normalized to the internal reference gene U6. Gene expression
levels were quantified using the 2244 method (25).

Isolation of cytoplasmic and nuclear RNA. Subcellular
isolation of RNA from HeLa and C33A cells was performed
using the Cytoplasmic and Nuclear RNA Purification kit
(Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. Cytoplasmic and nuclear fraction expression
levels were determined via qPCR according to the aforemen-
tioned protocol. U6 was utilized as nuclear RNA control and
GAPDH as cytoplasmic control.

Cell Counting Kit-8 (CCK-8) assay. Transfected HelLa and
C33A cells were collected and seeded (2x10° cells/well) into
96-well plates. Following culture for 12, 24, 48, 72 or 96 h,
10 ul CCK-8 solution (Dojindo Molecular Technologies, Inc.)
was added to each well and incubated for 2 h. The optical
density was measured at a wavelength of 450 nM using a
microplate reader (BioRad Laboratories, Inc.).

BrdU assay. BrdU cell proliferation assay kit (Cell Signaling
Technology Inc.) was used for BrdU cell proliferation assay.
Transfected C33A and HeLa cells were seeded (5x10° cells/ml)
into 96-well plates and cultured overnight. Subsequently, 20 u1
BrdU solution (Beyotime Institute of Biotechnology) was
added to each well and incubated for 12 h. Subsequently, the
culture medium was discarded and cells were washed with
PBS. Cells were fixed with 4% paraformaldehyde for 30 min
at room temperature and washed again with PBS. Cells were
incubated with anti-BrdU (cat. no. ab6326; 1:2,000; Abcam)
for 1 h at room temperature. Then, cell nuclei were counter-
stained using Hoechst staining solution (Beyotime Institute of
Biotechnology) at room temperature for 30 min. BrdU* cells
were observed and counted using a fluorescence microscope
(CX41-32RFL; Olympus Corporation).

Transwell assay. Transwell chamber inserts (pore size, 8.0 ym;
EMD Millipore) were used to assess cell migration and invasion.
To assess cell invasion, the upper chambers of the Transwell
inserts were precoated with Matrigel (BD Biosciences) for
1 h at room temperature. To assess cell migration, the upper
chambers of the Transwell inserts were not precoated with
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Table I. Sequences of primers used for quantitative PCR.

Gene Sequence (5'—3")
FOXD3-ASl1 F: GGTGGAGGAGGCGAGGATG

R: GGTGGAGGAGGCGAGGATG
miR-128-3p F: GACTGCCGAGCGAGCG

R: GACGCCGAGGCACTCTCTCCT
LIMK1 F: GGGGCATCATCAAGAGCA

R: CCAGGCAGTTGTGGGAGT
GAPDH F: TGGGCTACACTGAGCACCAG

R: GGGTGTCGCTGTTGAAGTCA
U6 F: CCATCGGAAGCTCGTATACGAAATT
R: GGCCTCTCGAACTTGCGTGTCAG

FOXD3-AS1, forkhead box D3 antisense RNA 1; miR, microRNA;
LIMK1, LIM domain kinase 1; F, forward; R, reverse.

Matrigel. Transfected HeLa and C33A cells (2x10* cells/well)
resuspended in serum-free DMEM were added to the upper
chamber. The lower chamber was filled with DMEM supple-
mented with 10% FBS. Following incubation at 37°C for 24 h,
a cotton swab was used to remove non-migratory/invading
cells in the upper chamber. Migratory/invading cells were
fixed using 4% paraformaldehyde for 30 min at room tempera-
ture and stained with 0.1% crystal violet solution for 30 min
at room temperature. Cells were counted using a light micro-
scope (Nikon Corporation).

Luciferase reporter assay. The possible target miRNAs of
FOXD3-AS1 were predicted using StarBase (starbase.sysu.
edu.cn). The cDNA fragment containing the wild-type (WT;
FOXD3-AS1-WT) or mutant (MUT; FOXD3-AS1-MUT)
FOXD3-AS1 fragment was subcloned downstream of the lucif-
erase gene in psi-CHECK luciferase reporter vectors (Promega
Corporation). HeLa and C33A cells were co-transfected
(4x10* cells/well) with 100 nM luciferase reporter vectors and
50 nM miR-128-3p mimics or miRNA mimics control using
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) at room temperature for 24 h. Luciferase activities
were measured using a dual-luciferase reporter gene system
(Promega Corporation) according to the manufacturer's
protocol. Firefly luciferase activity was normalized to Renilla
luciferase activity.

RNA immunoprecipitation (RIP). RIP analysis was performed
using a Magna RIP RNA binding protein immunoprecipita-
tion kit (EMD Millipore). At 48 h post-transfection, HeLa and
C33A cells were lysed with RIP lysis buffer (EMD Millipore).
Cell lysate (2x107 cells) was incubated with protein A magnetic
beads (EMD Millipore) conjugated to anti-argonaute RISC
catalytic component 2 (Ago2; cat. no. ab32381; 1:500; Abcam)
or anti-IgG (cat. no. ab172730; 1:500; Abcam) antibody. After
6 h, the beads (50 ul) were washed four times with RIP buffer,
and then incubated with 0.1% SDS/0.5 mg/ml Proteinase K
for 30 min at 55°C to remove proteins. After purification, the
enrichment of FOXD3-AS1 and miR-128-2p was assessed via
qPCR according to the aforementioned protocol.
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Immunohistochemistry. CC tissues and corresponding adja-
cent healthy tissues were fixed with 10% formalin for 60 min
at room temperature and embedded in paraffin. Paraffin
sections (thickness, 4 ym) were de-paraffinized with xylene
and hydrated using a descending ethanol series. Antigen
retrieval was performed by heating (98°C) in 10 mM sodium
citrate-hydrochloric acid buffer (pH 8.0) for 30 min. Following
incubation in 3% H,0, solution to quench endogenous
peroxidase activity, samples were incubated with normal goat
serum (cat. no. ab7481; 1:100; Abcam) for 20 min to block
non-specific binding at room temperature. Subsequently,
samples were incubated with a primary antibody targeted
against anti-LIMKI1 (cat. no. 19699-1-AP; 1:100; ProteinTech
Group, Inc.) overnight at 4°C. Following washing with PBS,
samples were incubated with rabbit IgG monoclonal secondary
antibody (cat. no. ab172730; 1:500; Abcam) for 1 h at room
temperature. Subsequently, samples were washed with PBS
again and then stained with 3,3-diaminobenzidine hydrochlo-
ride for 15 min at room temperature. Stained sections were
observed and scored by two independent pathologists using a
light microscope (Olympus Corporation) using a double-blind
method. Scoring criteria were based on staining intensity
and the percentage of stained cells. The expression score was
calculated according to the following formula: Percentage of
stained cells (0, no staining, 1, <25 positively stained cells;
2, 25-50% positively stained cells; and 3, >50% positively
stained cells) + staining intensity score (0, no staining;
1, faint; 2, moderate; and 3, strong). The expression score was
categorized as negative (0-2) or positive (=2).

Western blotting. Transfected C33A and HeLa cells were
collected and lysed using RIPA lysis buffer (Beyotime Institute
of Biotechnology). Protein concentrations were determined
using a bicinchoninic assay kit (Bio-Rad Laboratories, Inc.).
Proteins (15 pg) were separated via SDS-PAGE (10% separa-
tion gel and 4% concentration gel) and transferred to PVDF
membranes (EMD Millipore). Following blocking with
5% skimmed milk for 2 h at room temperature, the membranes
were incubated with anti-LIMKI1 (cat. no. ab81046; 1:1,000;
Abcam) or anti-GAPDH (cat. no. ab181602; 1:1,000; Abcam)
primary antibodies overnight at 4°C. Following washing with
TBST (0.1% Tween-20), the membranes were incubated with
a horseradish peroxidase-conjugated secondary rat mono-
clonal IgG antibody (cat. no. sc-69916; 1:2,000; Santa Cruz
Biotechnology, Inc.) for 1 h at room temperature. Protein
bands were visualized using an ECL substrate kit (Amersham;
Cytiva). GAPDH was used as the loading control.

Statistical analysis. Statistical analyses were performed using
SPSS software (version 17.0; SPSS Inc.). All experiments were
performed in triplicate. Data are presented as the mean + SD.
The paired Student's t-test was used to analyze comparisons
between paired samples. The unpaired Student's t-test was
used to analyze comparisons between unpaired samples.
Comparisons among multiple groups were analyzed using
one-way ANOVA followed by Tukey's post hoc test. Categorical
data were analyzed using the %* test. Kaplan-Meier survival
analyses and log-rank tests were performed to determine the
association between overall survival time and FOXD3-AS1
expression. Pearson's correlation coefficient was used to analyze
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Figure 1. FOXD3-AS1 expression is upregulated in CC tissues and cells. (A) FOXD3-ASI expression levels in CC tissues and adjacent healthy tissues were
obtained from GEPIA database. Reverse transcription-quantitative PCR was performed to assess FOXD3-AS1 expression levels in (B) 60 paired CC tissue
and adjacent healthy tissue samples, as well as in (C) normal cervical epithelial and CC cell lines. (D) FOXD3-AS1 mRNA expression levels in the nucleus
and cytoplasm. (E) Kaplan-Meier survival analysis and log-rank tests were performed to analyze the association between FOXD3-AS1 expression and the
prognosis of patients with CC. "P<0.05, “P<0.01 and ““P<0.001. FOXD3-AS]I, forkhead box D3 antisense RNA 1; CC, cervical cancer; CESC, cervical
squamous cell carcinoma and endocervical adenocarcinoma; T, tumor tissue; N, healthy tissue.

the correlation between FOXD3-AS1 and miR-128-3p, LIMK1
and miR-128-3p, and LIMK1 and FOXD3-AS1. P<0.05 was
considered to indicate a statistically significant difference.

Results

FOXD3-AS1 expression in CC and its clinical significance.
FOXD3-AS1 expression in CC samples was analyzed
using data obtained from GEPIA (gepia.cancer-pku.cn/).
FOXD3-AS1 expression was significantly upregulated in
CC tissues compared with healthy cervical tissues (Fig. 1A).
RT-gPCR was performed to measure FOXD3-AS1 expression
levels in CC tissue and corresponding adjacent healthy tissue
samples obtained from 60 patients with CC. Compared with
corresponding adjacent healthy tissues, FOXD3-ASI expres-
sion levels were significantly higher in CC tissues (Fig. 1B).
Additionally, FOXD3-AS1 expression levels in CC cells
(HeLa, SiHa, C33A and HT-3) and normal cervical epithelial
cells (HCE 16/3) were determined. Consistent with the tissue
analysis, FOXD3-AS1 expression in CC cells was signifi-
cantly upregulated compared with HCE 16/3 cells (Fig. 1C).
Subsequently, the subcellular distribution of FOXD3-AS1
was assessed. The results demonstrated that FOXD3-AS1 was
primarily located in the cytoplasm of HeLLa and C33A cells
compared with the nucleus (Fig. 1D). Kaplan-Meier survival
analysis demonstrated that the overall survival time of patients
with CC with high FOXD3-AS1 expression was significantly
shorter compared with patients with CC with low FOXD3-AS1
expression (Fig. 1E). To determine the clinical significance

of high FOXD3-AS1 expression in CC tissues, patients were
stratified according to the median expression level (2.23+0.19)
of FOXD3-ASI in CC tissues. The results indicated that
high FOXD3-AS1 expression was significantly associated
with larger tumor size (P=0.0125), poorer tumor differen-
tiation (P=0.0048) and presence of lymph node metastasis
(P=0.0195) (Table II). The aforementioned results suggested
that FOXD3-ASl displayed a tumor-promoting effect on CC.

FOXD3-ASI promotes CC cell proliferation, migration and
invasion. Among the four CC cell lines, the expression of
FOXD3-AS1 was lowest in C33A cells and highest in HeLa
cells. Therefore, C33A cells were used for FOXD3-AS1
overexpression and HeLa cells were used for FOXD3-AS1
knockdown (Fig. 2A). Subsequently, CCK-8 and BrdU assays
were performed to assess cell proliferation. FOXD3-AS1
knockdown significantly inhibited HeLa cell proliferation
compared with the si-NC group, whereas FOXD3-AS1 over-
expression significantly increased C33A cell proliferation
compared with the NC group (Fig. 2B and C). Transwell
assays were conducted to assess CC cell migration and
invasion. Compared with the si-NC group, FOXD3-AS1
knockdown significantly suppressed HeLa cell migration and
invasion, whereas FOXD3-AS1 overexpression significantly
facilitated C33A cell migration and invasion compared with
the NC group (Fig. 2D and E).

FOXD3-ASI targets miR-128-3p. IncRNAs can regulate
miRNAs by serving as competitive endogenous RNAs (26).
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Table II. Association between FOXD3-AS1 expression levels
and clinical characteristics of patients with CC (n=60).

FOXD3-AS1
expression
Characteristic n High Low . P-value
Age (years) 2.5837 0.1080
<40 22 8 14
=40 38 22 16
Differentiation 7.9365 0.0048°
Poor 42 16 26
Well or moderate 18 14 4
Tumor size (cm) 6.2388 0.0125*
<4 19 14 5
>4 41 16 25
Histology 0.1307 0.7177
Squamous 51 26 25
Adenocarcinoma 9 4 5
HPV16/18 27000 0.1003
Negative 40 17 23
Positive 20 13 7
Lymph node 54545 0.0195*
metastasis
Negative 16 12 4
Positive 44 18 26

FOXD3-AS1, forkhead box D3 antisense RNA 1; CC, cervical
cancer; HPV, human papillomavirus. *P<0.05 and "P<0.01.

StarBase (starbase.sysu.edu.cn) was used to predict the
target miRNAs of FOXD3-ASI1. A potential binding site
between FOXD3-AS1 and miR-128-3p was identified
(Figs. 3A and Table SI). The dual-luciferase reporter assay
results demonstrated that miR-128-3p mimics significantly
inhibited the luciferase activity of the FOXD3-AS1-WT
reporter compared with the NC group, but did not display
a significant effect on the luciferase activity of the
FOXD3-AS1-MUT reporter (Fig. 3B). The interaction
between miR-128-3p and FOXD3-AS1 was further verified
by performing RIP assays. The results demonstrated that
FOXD3-AS1 and miR-128-3p were significantly enriched
in anti-Ago2 conditions compared with anti-IgG conditions
(Fig. 3C). Furthermore, Pearson's correlation coefficient
demonstrated a negative correlation between miR-128-3p
and FOXD3-AS1 expression in CC tissues (Fig. 3D).
miR-128-3p expression was significantly decreased in CC
tissues compared with adjacent healthy tissues (Fig. 3E).
miR-128-3p expression was significantly lower in the four
CC cell lines compared with normal cervical epithelial cells
(Fig. 3F). FOXD3-AS1 knockdown in HeLa cells signifi-
cantly increased miR-128-3p expression compared with the
si-NC group, whereas FOXD3-AS1 overexpression in C33A
cells significantly downregulated miR-128-3p expression
compared with the NC group (Fig. 3G). Collectively, the
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results suggested that FOXD3-AS1 adsorbed miR-128-3p
and negatively regulated miR-128-3p expression in CC cells.

miR-128-3p suppresses CC cell proliferation, migration and
invasion. To investigate the biological function of miR-128-3p
in CC cells, HeLa cells were transfected with miR-128-3p
inhibitors and C33A cells were transfected with miR-128-3p
mimics (Fig. 4A). The CCK-8 and BrdU assay results demon-
strated that miR-128-3p knockdown significantly promoted
HeLa cell proliferation compared with the NC inhibitors
group, whereas miR-128-3p overexpression significantly
inhibited C33A cell proliferation compared with the NC group
(Fig. 4B and C). Furthermore, the Transwell assay results
indicated that miR-128-3p knockdown significantly enhanced
HeLa cell migration and invasion compared with the NC
inhibitors group, whereas miR-128-3p overexpression signifi-
cantly reduced C33A cell migration and invasion compared
with the NC group (Fig. 4D and E). The results suggested that
miR-128-3p functioned as a tumor suppressor in CC.

LIMK] is regulated by the FOXD3-AS1/miR-128-3p axis.
It has been reported that LIMKI1 is a downstream target of
miR-128-3p (27). In the present study, immunohistochem-
istry was performed to assess LIMK1 expression in CC.
The positive expression rate of LIMK1 in CC tissues was
significantly higher compared with adjacent healthy tissues
(Fig. 5A). RT-qPCR and western blotting were performed
to detect LIMK1 mRNA and protein expression levels in
CC tissues and cells. LIMK1 mRNA and protein expres-
sion levels were notably upregulated in CC tissues and cells
compared with adjacent healthy tissues and normal cervical
epithelial cells, respectively (Fig. 5B-D). In CC tissue
samples, LIMK1 mRNA expression was negatively associ-
ated with miR-128-3p expression, but positively associated
with FOXD3-AS1 expression (Fig. SE and F). Furthermore,
miR-128-3p knockdown markedly upregulated LIMKI1
mRNA and protein expression levels in HeLa cells compared
with the NC inhibitors group, whereas miR-128-3p overex-
pression notably downregulated LIMK1 mRNA and protein
expression levels in C33A cells compared with the NC group.
FOXD3-AS1 knockdown markedly reduced LIMK1 mRNA
and protein expression levels in HeLa cells compared with
the si-NC group, whereas FOXD3-AS1 overexpression obvi-
ously increased LIMK1 mRNA and protein expression levels
in C33A cells compared with the NC group (Fig. 5G-J).
The results indicated that LIMK1 was regulated by the
FOXD3-AS1/miR-128-3p axis in CC.

miR-128-3p partially reverses the effects of FOXD3-ASI.
To further elucidate the role of the FOXD3-AS1/miR-128-3p/
LIMKI axis in CC, miR-128-3p inhibitors were transfected
into FOXD3-AS1-knockdown HeLa cells and miR-128-3p
mimics were transfected into FOXD-AS1-overexpression
C33A cells (Fig. 6A). Functional experiments demonstrated
that miR-128-3p inhibitors significantly reversed FOXD3-AS1
knockdown-mediated inhibitory effects on HeLa cell
proliferation, migration and invasion, whereas miR-128-3p
overexpression significantly inhibited FOXD3-AS1
overexpression-mediated promoting effects on C33A cell
proliferation, migration and invasion (Fig. 6B-E). Furthermore,
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Figure 2. FOXD3-ASI facilitates CC cell proliferation, migration and invasion. (A) Reverse transcription-quantitative PCR was performed to assess the
transfection efficiency of si-FOXD3-AS1-1/2/3 and FOXD3-AS1 overexpression plasmids. (B) Cell Counting Kit-8 and (C) BrdU assays were performed
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miR-128-3p knockdown markedly reversed FOXD3-AS1
knockdown-induced downregulation of LIMK1 mRNA and
protein expression levels, whereas miR-128-3p overexpres-
sion obviously reversed FOXD3-AS1 overexpression-induced
upregulation of LIMK1 mRNA and protein expression levels
(Fig. 6F). The results suggested that FOXD3-AS1 participated
in promoting CC progression via the miR-128-3p/LIMKI1 axis.

Discussion

In recent years, several studies on IncRNAs have provided a
theoretical basis for the progression of CC (28,29). For example,
IncRNA-transthyretin expression is upregulated in CC, where
it promotes CC cell malignant biological behaviors by regu-
lating TGF-f signaling, and upregulated IncRNA-transthyretin
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control.

expression is indicative of poor prognosis in patients with
CC (30). Long intergenic non-coding RNA (LINC)00675
promotes CC cell proliferation, migration and invasion,
and inhibits apoptosis via regulation of the Wnt/f3-catenin
signaling pathway (31). FOXD3-AS1 serves a crucial role in
certain types of cancer. For example, FOXD3-AS1 represses
neuroblastoma progression by inhibiting poly(ADP-ribose)
polymerase 1-mediated CCCTC-binding factor activation (8).
In breast cancer, FOXD3-AS1 knockdown inhibits cancer
cell proliferation, migration and invasion (9). To the best of
our knowledge, the present study was the first to demon-
strate that FOXD3-AS1 expression in CC tissues and cell
lines was significantly upregulated compared with adjacent
healthy cervical tissues and normal cervical epithelial cells,
respectively. Moreover, upregulated FOXD3-AS1 expression
was significantly associated with poor tumor differentiation,

ke

P<0.001. miR, microRNA; CC, cervical cancer; NC, negative

increased tumor size and lymph node metastasis in patients
with CC. FOXD3-ASI knockdown significantly inhibited CC
cell malignant behaviour compared with the si-NC group,
whereas FOXD3-AS1 overexpression displayed the opposite
effect compared with the NC group. The aforementioned results
indicated that FOXD3-AS1 displayed a tumor-promoting
effect in CC.

miRNAs are important regulators involved in numerous
aspects of cancer biology (32,33). miR-128-3p is abnormally
expressed in various types of cancer, where it is associated
with promoting or inhibiting tumor progression. In glioma,
miR-128-3p targets neuronal pentraxin 1 and regulates the
Insulin receptor substrate 1/PI3K/AKT signaling pathway to
repress glioma cell proliferation (34). Additionally, miR-128-3p
suppresses drosha ribonuclease III to facilitate lung cancer
cell migration (35). miR-128-3p inhibits liver cancer cell
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Figure 5. LIMKI1 expression is regulated by the FOXD3-AS1/miR-128-3p axis in CC. (A) Immunohistochemistry was performed to detect LIMK1 protein
expression levels in CC and adjacent healthy tissues. (B) RT-qPCR was performed to measure LIMK1 mRNA expression levels in CC and adjacent healthy
tissues. (C) Western blotting was performed to measure LIMK1 protein expression levels in CC cells and HCE 16/3 cells. (D) RT-qPCR was performed to detect
LIMK1 mRNA expression levels in normal cervical epithelial cells and CC cell lines. Pearson's correlation analysis was conducted to determine the correlation
between (E) LIMK1 mRNA expression and miR-128-3p expression and between (F) LIMK1 mRNA expression and FOXD3-AS1 expression in CC tissues.
RT-qPCR was performed to assess the regulatory effects of (G) miR-128-3p and (H) FOXD3-AS1 on LIMK1 mRNA expression levels. Western blotting was
performed to determine the regulatory effects of (I) miR-128-3p and (J) FOXD3-AS1 on LIMKI1 protein expression levels. “P<0.01 and ““P<0.001. LIMK1,
LIM domain kinase 1; FOXD3-ASI, forkhead box D3 antisense RNA 1; miR, microRNA; CC, cervical cancer; RT-qPCR, reverse transcription-quantitative

PCR; NC, negative control; si, small interfering RNA.

proliferation by repressing phosphoinositide-3-kinase regu-
latory subunit 1 (36). The present study demonstrated that
miR-128-3p expression was significantly reduced in CC
tissues and cell lines compared with adjacent healthy tissues
and normal cervical epithelial cells, respectively. Moreover,
compared with the NC inhibitors group, miR-128-3p

knockdown significantly facilitated CC cell proliferation,
migration and invasion, suggesting that miR-128-3p displayed
a suppressive effect on CC progression, which was consistent
with a previous study (18). IncRNAs can directly interact
with miRNAs and regulate the availability of their target
miRNAs by serving as competing endogenous RNAs (26), a


https://www.spandidos-publications.com/10.3892/or.2021.8013

10 YANG et al: FOXD3-ASI1, miR-128-3p AND LIMKI1 IN CERVICAL CANCER
A Hela C33A B Hela C33A
1.5 25 R, si-NC N
s . 5 O g 187 = s-FOXD3-AS1-3 g 5= FOxpa-Ast
5 e e 20 c . SI-.FQxDa'ASI-.S-f- g —+ FOXD3-AS1+
3510 T 8. 3 miR-128-3p inhibitors 0 miR-128-3p mimics "
o << $915 T 1.0+ 10 *|%
5 2t % w
88 8810] = g % ofs 8
2505 o3 g HF 2
£ g Hd _‘é’ 0.5 205
s £%os s g
T a 2 e 2
0.0 0.0 = <
R 0.0 0.0
si-NC NG T T T 1 T T T T 1
mm 5i-FOXD3-AS1-3 - FOXD3-AS1 0 24 48 72 96 0 24 48 72 96
= 5i-FOXD3-AS1-3+miR-128-3p inhibitors = FOXD3-AS1+miR-128-3p mimics Time (h) Time (h)
C C33A
HelLa C33A
60 ** 100
BrdU T ok e L
z F 80
% 40 I
= 2 60
Hoechst o e
5 2 404 oh
2 20 B
o
@ 20
M
erge 0 o
si-NC NC
si-NC si-FOXD3-AS1-3 si-FOXD3-AS1-3+ FOXD3-AS1 FOXD3-AS1+ . si-FOXD3-AS1-3 = FOXD3-AST o
miR-128-3p miR-129-3p = 5i-FOXD3-AS1-3+miR-128-3p inhibitors ™ FOXD3-AS14miR-128-3p mimics
inhibitors mimics

si-FOXD3-AS1-3+

FOXD3-AS1 FOXD3-AS1+
miR-128-3p mimics

Hela

WP - - W

si-FOXD3- AS1 -3
miR-128-3p inhibitors
E Hela C33A Hela C33A
Z2s Bes F
E b=}
220 20
5 5
F15 815 LIMK1
- £
E1o =10
?{3 o
205 2os
Z &
3 0.0 200
m - -
25£22% 25522
w2 . w 2 &

] 8 o [=]

[a] 5 a1 =

5 2 5 2

£ 2

FOXD3-AS1+miR-128-3p mimics
FOXD3-AS1+miR-128-3p mimics

o ®
£ S
=} 5
2 o
= £
(=9

& &
e 7

o ﬁ
& &
E £
E

l‘? f;
o o
< <
o o
o [=]
>

& ol
T s
® 5

Figure 6. miR-128-3p partially reverses the effects of FOXD3-AS1. (A) FOXD3-AS1-knockdown HeLa cells were transfected with miR-128-3p inhibitors and
FOXD3-AS1-overexpression C33A cells were transfected with miR-128-3p mimics. Subsequently, reverse transcription-quantitative PCR was performed to
measure FOXD3-AS1 expression levels in CC cells. (B) Cell Counting Kit-8 and (C) BrdU assays (scale bar, 250 ym) were performed to determine CC cell
proliferation. CC cell migration and invasion were (D) determined by performing Transwell assays (scale bar, 100 ym) and (E) quantified. (F) Western blotting
was performed to measure LIMK1 protein expression levels in CC cells. “P<0.01 and ““P<0.001. miR, microRNA; FOXD3-ASI, forkhead box D3 antisense
RNA 1; CC, cervical cancer; LIMKI1, LIM domain kinase 1; si, small interfering RNA; NC, negative control.

mechanism that has received increasing attention in cancer
research. For example, IncRNA HOXA cluster antisense
RNA 2 facilitates non-small cell lung cancer progression
by sponging miR-520a-3p (37). IncRNA double homeobox

si-NC
si-FOXD3-AS1-3
FOXD3-AS1

5i-FOXD3-A51-3+miR-128-3p inhibitors
FOXD3-AS1+miR-128-3p mimics

A pseudogene 8 promotes renal cell cancer progression
by repressing miR-126 (38). The present study identified a
binding site between FOXD3-AS1 and miR-128-3p. Moreover,
the results indicated that miR-128-3p was negatively regulated
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by FOXD3-AS1 in CC cells, confirming that the biological
function of FOXD3-AS1 in CC was partly dependent on
miR-128-3p.

LIMKI1 phosphorylation may result in dynamic alterations
to the cytoskeleton, thereby promoting cancer cell migration
and invasion (20,21). In ovarian cancer, LIMK1 knockdown
results in decreased cancer cell migration and invasion (39).
Additionally, LIMK1 interacts with myosin-9 and a-actinin-4,
activating the PI3K/AKT signaling pathway and driving
epithelial-to-mesenchymal transition of colorectal cancer
cells, thus facilitating cancer progression (40). In prostate
cancer, LIMKI1 regulates actin polymerization via phosphory-
lation and inactivation of cofilin, and modulating cancer cell
proliferation, cell cycle progression, migration, invasion and
androgen receptor nuclear translocation (41). By performing
immunohistochemical staining, the present study demonstrated
that LIMK1 expression was significantly higher in CC tissues
compared with adjacent healthy cervical tissues. Additionally,
LIMK1 mRNA expression levels were notably higher in CC
cells and tissues compared with the normal cervical cell line
and adjacent healthy tissues, respectively. It has been reported
that LIMKI is a target of miR-128-3p in breast cancer (27).
The present study demonstrated that LIMK1 mRNA expres-
sion was negatively associated with miR-128-3p expression,
but positively associated with FOXD3-AS1 expression in CC
tissues. LIMK1 was negatively regulated by miR-128-3p,
which indirectly upregulated FOXD3-AS1 expression. The
results suggested that FOXD3-AS1 may enhance LIMKI1
expression by adsorbing miR-128-3p, thereby promoting the
malignant phenotype of CC cells. However, there were a
number of limitations to the present study, including the lack
of in vivo experiments.

In summary, the results of the present study demonstrated
that FOXD3-AS1 upregulated LIMKI1 expression by targeting
miR-128-3p, thereby facilitating CC cell proliferation, migra-
tion and invasion. Therefore, FOXD3-AS1 may serve as a
potential therapeutic target and prognostic biomarker for
patients with CC.
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