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Purpose: Long intergenic non-protein coding RNA 1224 (LINC01224) plays vital roles in

the tumorigenesis and progression of hepatocellular carcinoma. Here, we determined

LINC01224 expression in epithelial ovarian cancer (EOC) tissues and cells. We also assessed

the effects of LINC01224 knockdown on the malignant phenotype of EOC cells both in vitro

and in vivo. Furthermore, the detailed molecular mechanisms underlying the oncogenic

actions of LINC01224 in EOC cells were elucidated.

Methods: Quantitative real-time polymerase chain reaction (qRT-PCR) was used to detect

LINC01224 expression in EOC tissues and cells. EOC cells were transfected with small

interfering RNAs, and cell proliferation, apoptosis, migration, and invasion were assessed

using Cell Counting Kit-8 assay, flow cytometry, cell migration assays, and cell invasion

assays, respectively. Using tumor xenografts, the effects of LINC01224 silencing on EOC

tumor growth were analyzed in vivo. The mechanism underlying LINC01224 regulation of

malignant processes in EOC cells was explored using bioinformatics, RNA immunoprecipi-

tation assay, qRT-PCR, Western blotting, and rescue experiments.

Results: LINC01224 expression was upregulated in EOC tissues and cells. LINC01224

upregulation was correlated to tumor size, the International Federation of Gynecology and

Obstetrics stage, and lymph node metastasis. LINC01224 depletion in EOC cells suppressed

cell proliferation, migration, and invasion and facilitated cell apoptosis in vitro. LINC01224

downregulation also hindered EOC tumor growth in vivo. Mechanistically, LINC01224

served as a competing endogenous RNA for microRNA-485-5p (miR-485-5p) and conse-

quently increased p21-activated kinase 4 (PAK4) expression in EOC cells. Furthermore,

miR-485-5p inhibition or PAK4 upregulation significantly abrogated the effects of

LINC01224 depletion in EOC cells.

Conclusion: LINC01224/miR-485-5p/PAK4 formed a competing endogenous RNA net-

work regulating the aggressive behavior of EOC. Therefore, targeting this pathway may be

an attractive therapeutic strategy for EOC.

Keywords: long intergenic non-protein coding RNA 1224, p21-activated kinase 4, epithelial

ovarian cancer, anticancer therapy

Introduction
Ovarian cancer is one of the most common gynecological malignancies and is the

third leading cause of cancer-related mortalities among women.1 According to

GLOBOCAN 2018, there are 295,414 new ovarian cancer cases and 84,799 ovarian

cancer-related deaths globally each year.2 Epithelial ovarian cancer (EOC) is

a major subtype of ovarian cancer and accounts for approximately 90% of all
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ovarian cancer cases.3 Owing to lack of obvious symptoms

during the early phase of EOC and the unavailability of

sensitive clinical screening techniques, patients with EOC

are usually diagnosed with general dissemination metasta-

sis in the pelvic and abdominal cavity.4 Although signifi-

cant advances have been made toward the development of

therapeutic and diagnostic methods, the outcomes of

patients with EOC remain rather poor, and approximately

80% of patients suffer from recurrence and/or metastasis

even after undergoing complex treatment.5 Taking these

issues into account, there is an urgent clinical demand to

thoroughly understand the key molecular mechanisms

associated with EOC initiation and progression, which

may lead to the identification of effective diagnostic and

therapeutic targets for this malignancy.

Noncoding RNAs, including long noncoding RNAs

(lncRNAs) and microRNAs (miRNAs), have been exten-

sively studied for their roles in carcinogenesis and cancer

progression.6 lncRNAs are a group of transcribed RNA

molecules longer than 200 nucleotides.7 lncRNAs lack an

open reading frame and do not therefore encode proteins.8

However, a substantial amount of evidence has revealed

that they participate in regulating gene expression at tran-

scriptional and/or post-transcriptional levels by interacting

with DNA, proteins, or other RNAs.9–11 Abnormal expres-

sion of lncRNAs has been frequently observed in EOC,

wherein they exhibit both tumor-suppressing or tumor-

inhibiting activities.12,13

miRNAs are another group of noncoding RNAs with

a length of 20–25 nucleotides.14 Although they do not

encode proteins, miRNAs are implicated in diverse biolo-

gical behaviors via direct binding to the 3′-untranslated

regions (3′-UTRs) of mRNAs, resulting in mRNA degra-

dation or translation repression. Interestingly, several stu-

dies have identified the role of an lncRNA–miRNA

regulatory axis in EOC.15–17 lncRNAs can serve as com-

peting endogenous RNAs (ceRNAs) or molecular sponges

by competitively interacting with miRNAs, thereby liber-

ating miRNA-induced actions on target mRNAs.18

Therefore, exploring the lncRNA–miRNA axis in EOC is

crucial and essential for the development of potential

diagnostic biomarkers and therapeutic targets.

Long intergenic non-protein coding RNA 1224

(LINC01224) plays crucial roles in the tumorigenesis and

progression of hepatocellular carcinoma.19 However, its

expression status, detailed roles, and possible molecular

mechanisms in EOC have not yet been adequately explored.

Therefore, we determined LINC01224 expression in EOC

tissues and cell lines. In addition, we assessed the effects of

LINC01224 knockdown on the malignant phenotype of

EOC cells both in vitro and in vivo. Furthermore, the

molecular mechanisms underlying the oncogenic actions

of LINC01224 in EOC cells were elucidated in detail.

Materials and Methods
Ethics Statement and Clinical Tissues
This study was approved by the Ethics Committee of The

No.4 Hospital of Jinan and performed in accordance with

the guidelines of the Declaration of Helsinki. Written

informed consent was provided by all patients prior to

their participation. Paired EOC tissues and the correspond-

ing adjacent normal tissues were obtained from 63 patients

in The No.4 Hospital of Jinan. All normal tissues were

obtained at least 2 cm away from EOC tissues. All normal

ovarian and EOC tissues were confirmed according to

histopathological evaluation. Patients who received preo-

perative radiotherapy, chemotherapy, or other anticancer

therapies were excluded. All collected tissue specimens

were instantly frozen and stored in liquid nitrogen until

further use. The pathologic types of patients with EOC

were summarized in Table 1.

Cell Lines
The Cell Bank of the Chinese Academy of Science

(Shanghai, China) provided four EOC cell lines: Caov-3,

ES-2, OVCAR3, and SK-OV-3. Caov-3 cells were cul-

tured in Dulbecco’s modified Eagle’s medium (Gibco;

Thermo Fisher Scientific, Inc., Waltham, MA, USA) sup-

plemented with 10% fetal bovine serum (FBS; Gibco;

Thermo Fisher Scientific, Inc.) and sodium pyruvate 100

mM solution (Gibco; Thermo Fisher Scientific, Inc.). ES-2

and SK-OV-3 cells were cultured in McCoy’s 5A culture

medium (Sigma-Aldrich; Merck KGaA, Darmstadt,

Germany) containing 10% FBS. OVCAR3 cells were

maintained in RPMI-1640 medium (Gibco; Thermo

Fisher Scientific, Inc.) with 20% FBS. All culture media

were supplemented with100 U/mL penicillin and

100 mg/mL streptomycin (both from Sigma-Aldrich).

The normal human ovarian epithelial cell line NOEC

was purchased from ScienCell Research Laboratories

(Catalog #7310; Carlsbad, CA, USA) and cultured in

Ovarian Epithelial Cell Medium (Catalog #7311;

ScienCell Research Laboratories). All cells were grown

in humidified air with 5% CO2 at 37°C.

Xing et al Dovepress

submit your manuscript | www.dovepress.com

DovePress
OncoTargets and Therapy 2020:135644

R
E
T
R
A
C
T
E
D

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


Cell Transfection
Small interfering RNAs (siRNAs) targeting LINC01224 (si-

LINC01224#1 and si-LINC01224#2) and negative control

siRNA (si-NC) were obtained from Ribobio (Guangzhou,

China). An miR-485-5p mimic and miR-485-5p inhibitor

(GenePharma; Shanghai, China) were used to increase and

decrease endogenous miR-485-5p expression, respectively,

with miRNA mimic negative control (miR-NC) and NC

inhibitor as controls. The p21-activated kinase 4 (PAK4)

overexpression plasmid pCDNA3.1-PAK4 (pc-PAK4) was

constructed by GenePharma (Shanghai, China). The empty

plasmid pcDNA3.1 served as the negative control for pc-

PAK4. Cells were inoculated into 6-well plates and trans-

fected with the above molecular products using

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).

Quantitative Real-Time Polymerase Chain

Reaction (qRT-PCR)
The RNAsimple Total RNAKit (Tiangen Biotech, China) was

used to isolate total RNA from tissue specimens or cultured

cells. To quantify LINC01224 and PAK4 expression, cDNA

was synthesized from total RNA using a Prime Script RT

Reagent Kit (Takara, Dalian, China). The synthesized cDNA

was subjected to quantitative PCR using a SYBR Premix Ex

Taq kit (Takara). Expression levels of LINC01224 and PAK4

were normalized to that of GAPDH. miR-485-5p expression

was detected using an All-in-One™ miRNA qRT-PCR

Detection Kit (GeneCopoeia, Guangzhou, China). U6 small

nuclear RNAwas used to normalize miR-485-5p expression.

Relative gene expression was calculated using the 2−ΔΔCt

method.

Subcellular Fractionation
The separation and purification of cytoplasmic and nuclear

RNA were performed using a Cytoplasmic and Nuclear

RNA Purification Kit (Norgen Biotek, Thorold, Canada)

following the manufacturer’s instructions. The cytoplas-

mic and nuclear RNA was then subjected to qRT-PCR for

the determination of LINC01224 sub-cellular percentage.

Cell Counting Kit-8 (CCK-8) Assay
The CCK-8 assay was conducted to measure cell prolifera-

tion. Briefly, 24 h following transfection, cells were col-

lected and seeded into 96-well plates at a density of 2 × 103

cells/well and then incubated at 37°C for 0, 24, 48, or

72 h. At each time point, 10 μL CCK-8 reagent (Dojindo

Laboratories, Kumamoto, Japan) was added and cells were

incubated at 37°C for 2 h. Optical density was detected at

450 nm using a microtiter plate reader (SpectraMax,

Molecular Devices, USA).

Table 1 Summary of Pathologic Types of EOC

No. Type No. Type No. Type No. Type

1 serous 19 serous 37 serous 55 serous

2 serous 20 serous 38 endometroid 56 serous

3 serous 21 mucinous 39 serous 57 mucinous

4 mucinous 22 serous 40 serous 58 serous

5 serous 23 endometroid 41 mucinous 59 serous

6 mucinous 24 serous 42 serous 60 mucinous

7 serous 25 serous 43 serous 61 serous

8 endometroid 26 serous 44 endometroid 62 mucinous

9 serous 27 mucinous 45 serous 63 serous

10 serous 28 serous 46 clear cell

11 endometroid 29 endometroid 47 serous

12 serous 30 serous 48 mucinous

13 endometroid 31 clear cell 49 endometroid

14 serous 32 serous 50 serous

15 mucinous 33 endometroid 51 serous

16 serous 34 serous 52 serous

17 endometroid 35 serous 53 mucinous

18 serous 36 endometroid 54 serous

Abbreviation: EOC, epithelial ovarian cancer.
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Flow Cytometry
Cell apoptosis was determined using an Annexin

V/Fluorescein Isothiocyanate (FITC) Apoptosis Detection

Kit (Biolegend, San Diego, CA, USA). Transfected cells

were harvested by treating with an EDTA-free trypsin reagent

(Gibco; Thermo Fisher Scientific, Inc.). After two rinses with

pre-cooled PBS, cells were centrifuged at 37°C for 5 min. The

supernatant was then aspirated, and the cells were resuspended

in 100 μL of 1× binding buffer and stained with 5 μL of

Annexin V/FITC/and 5 μL of propidium iodide. Following

15-min incubation at room temperature in the dark, the apop-

totic rate was quantified using flow cytometry (FACScan, BD

Biosciences, Franklin Lakes, NJ, USA).

Cell Migration and Invasion Assays
Transwell polycarbonate inserts with an 8-µm pore size

(BD Biosciences, San Jose, CA) were used for cell migra-

tion assays. A total of 5 × 104 cells suspended in 100 μL
FBS-free culture medium were added into the upper com-

partment. The lower compartment was filled with culture

medium containing 10% FBS. Following incubation for

24 h at 37°C, the unmigrated cells were carefully removed

with a cotton bud, and the migrated cells were fixed with

4% paraformaldehyde and stained with 0.1% crystal vio-

let. The stained cells were photographed using a light

microscope, and five random fields per sample were

selected to count cell numbers. Cell invasion assays

were conducted as described above, except that the trans-

well chambers were precoated with Matrigel® (BD

Biosciences).

Tumor Xenografts
To knockdown LINC01224, recombinant lentiviruses car-

rying LINC01224 short hairpin RNA (shRNA; sh-

LINC01224) and negative control shRNA (sh-NC) were

chemically synthesized by GenePharma. After transfection

with the constructed lentiviruses, the stably transfected

Caov-3 cells were selected with puromycin for 14 days.

All animal studies were approved by the Animal Care and

Use Committee of The No.4 Hospital of Jinan. Female

BALB/c nude mice (4–6-week old) were purchased from

the Experimental Animal Center of Shandong University

(Shandong, China), and carried out in compliance with the

Animal Protection Law of the People’s Republic of China-

2009 for experimental animals. The stably transfected Caov-

3 cells were collected and resuspended in culture medium.

Cell suspension (100 μL) containing 5 × 106 cells, uniformly

mixed with 0.1 mL of extracellular matrix gel, was subcuta-

neously injected into the flank of mice. Each group contained

three mice. After cell inoculation, the volume of tumor

xenografts was measured every 4 days and analyzed using

the following formula: 0.5 × width2 × length. The width and

length of tumor xenografts were measured using a Vernier

caliper. All mice were euthanized 4 weeks after injection, and

the tumor xenografts were removed, weighed, and collected

for further use.

Bioinformatics Analysis
Gene Expression Profiling Interactive Analysis (GEPIA2;

http://gepia2.cancer-pku.cn/#index) was used to analyze

LINC01224 expression in EOC. The interaction between

LINC01224 and miRNAs was assessed using StarBase 3.0

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

Two online databases, StarBase 3.0 and TargetScan

Human 7.2 (http://www.targetscan.org/vert_72/), were used

to predict the putative targets of miR-485-5p.

RNA Immunoprecipitation (RIP) Assay
The RIP assay was performed using a Magna RIP RNA-

Binding Protein Immunoprecipitation Kit (Millipore,

Billerica, MA, USA). EOC cells were treated with RIP

lysis buffer to obtain cell extracts. The cell extracts were

probed with magnetic beads conjugated with human anti-

argonaute 2 (Ago2; Millipore) or anti-immunoglobulin

G (IgG; Millipore) antibodies. After overnight incubation

at 4°C, the magnetic beads were digested with proteinase

K to remove proteins and isolate RNA. Finally, the iso-

lated RNA was subjected to qRT-PCR to quantify

LINC01224 and miR-485-5p expression.

Luciferase Reporter Assay
The partial sequences of LINC01224 carrying the predicted

wild-type (wt) miR-485-5p binding site (CAGCCUC) and

mutant (mut) LINC01224 sequences (GUCGGAG) were

inserted into the psiCHECK™-2 luciferase reporter plasmid

(Promega Corporation, Madison, WI, USA), resulting in

wt-LINC01224 and mut-LINC01224 reporter plasmids.

The wt-PAK4 and mut-PAK4 reporter plasmids were

designed and produced in the same way.

For reporter assays, cells seeded into 24-well plates

were transfected with either wt or mut luciferase reporter

plasmids along with miR-485-5p mimic or miR-NC using

Lipofectamine 2000. Luciferase activity was detected 48 h

after transfection using a dual-luciferase assay system

(Promega Corporation).
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Western Blotting
Transfected cells were collected and lysed in radioimmu-

noprecipitation lysis buffer (Beyotime Institute of

Biotechnology, Shanghai, China) containing phenylmethyl-

sulfonyl fluoride. A Bradford Protein Quantitative Kit

(Tiangen Biotech) was used to measure protein concentra-

tion. Equal amounts of proteins were isolated using 10%

sodium dodecyl sulfate–polyacrylamide gel electrophor-

esis, transferred to polyvinylidene fluoride membranes,

and blocked with 5% nonfat dried milk at room temperature

for 2 h. After incubating with primary antibodies overnight

at 4°C, the membranes were incubated with a horseradish

peroxidase (HRP)-conjugated anti-rabbit IgG secondary

antibody (ab205718; 1:5000 dilution; Abcam Cambridge,

MA, USA), followed by incubation with the ECL Prime

Western Blotting Detection Reagent (GE Healthcare,

Parsippany, NJ, USA) for protein signal visualization. The

primary antibodies against PAK4 (ab62509) or GAPDH

(ab181602) were obtained from Abcam and used at

a dilution of 1:1000.

Statistical Analysis
All experiments were independently repeated at least three

times. The obtained data were presented as mean and stan-

dard deviation and analyzed using SPSS 21.0 (IBM Corp,

Armonk, NY). The correlation of LINC01224 expression

with clinicopathological characteristics of patients with

EOC was examined using the chi-square test. Comparisons

between two groups were performed using t-tests. One-way

analysis of variance following by Tukey’s post hoc test was

performed to detect differences among multiple groups. The

correlation between LINC01224 and miR-485-5p expression

was tested via Pearson’s correlation coefficient analysis.

A value of P < 0.05 was considered statistically significant.

Results
LINC01224 Is Upregulated in EOC
RNA sequencing data of LINC01224 expression from The

Cancer Genome Atlas (TCGA) and The Genotype Tissue

Expression (GTEx) projects were used to analyze

LINC01224 expression in EOC using GEPIA2. The data

indicated that LINC01224 expression was higher in EOC

tissues (n = 426) than in normal ovarian (n = 88) tissues

(Figure 1A). In agreement with this result, qRT-PCR analysis

confirmed that LINC01224 expression was upregulated in

EOC tissues compared with that in the corresponding adja-

cent normal tissues (Figure 1B). Further measurement of

LINC01224 expression was performed in four EOC cell

lines (Caov-3, ES-2, OVCAR3, and SK-OV-3) and the nor-

mal human ovarian epithelial cell line NOEC. All four EOC

cell lines showed a much higher level of LINC01224 expres-

sion than the NOEC cell line (Figure 1C).

To examine the clinical relevance of LINC01224 in EOC,

GEPIA2 was used to determine whether LINC01224 expres-

sion was associated with the overall survival of patients with

EOC. The data showed that there was no significant associa-

tion between LINC01224 expression and overall survival of

patients with EOC (Figure 1D). Our finding was also con-

sistent with this observation (Figure 1E; P = 0.2619). All 63

patients enrolled were classified into either low LINC01224

or high LINC01224 expression groups using the median

LINC01224 expression in EOC tissues as the cutoff value.

Next, the correlation of LINC01224 expression with clinico-

pathological characteristics of the 63 patients with EOC was

analyzed using the chi-square test. As shown in Table 2, high

LINC01224 expression was correlated with tumor size

(P = 0.045), the International Federation of Gynecology

and Obstetrics (FIGO) stage (P = 0.019), and lymph node

metastasis (P = 0.011). These findings collectively suggest

that LINC01224 is upregulated in EOC and plays important

roles in aggressive cancer behaviors.

LINC01224 Depletion Inhibits EOC Cell

Proliferation, Migration, and Invasion and

Promotes Cell Apoptosis in vitro
To explore the detailed functions of LINC01224 in EOC,

Caov-3 and OVCAR3 cells, which showed the highest

level of LINC01224 expression, were used in subsequent

experiments and were transfected with si-LINC001224.

qRT-PCR analysis verified that transfection with both

si-LINC001224#1 and si-LINC001224#2 dramatically down-

regulated LINC01224 expression in Caov-3 and OVCAR3

cells (Figure 2A). The CCK-8 assay and flow cytometry

were performed to determine the effects of LINC01224 down-

regulation on the proliferation and apoptosis of Caov-3 and

OVCAR3 cells, respectively. LINC01224 downregulation

suppressed Caov-3 and OVCAR3 cell proliferation

(Figure 2B) but promoted cell apoptosis (Figure 2C) in vitro.

In addition, the migratory (Figure 2D) and invasive

(Figure 2E) capacities of Caov-3 and OVCAR3 cells were

obviously reduced after LINC01224 silencing, as revealed by

cell migration and invasion assays. Collectively, these results

suggest that LINC01224 exhibits tumor-promoting activities

in EOC progression.
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LINC01224 Acts as a Molecular Sponge

for miR-485-5p in EOC Cells
lncRNAs located in the cytoplasm serve as ceRNAs or

molecular sponges for miRNAs. We first evaluated the

cellular distribution of LINC01224 expression in EOC

cells. Subcellular fractionation indicated that LINC01224

was mainly distributed in the cytoplasm of Caov-3 and

OVCAR3 cells (Figure 3A). Bioinformatic prediction ana-

lysis was conducted to identify target miRNAs of

LINC01224. The seed region of miR-485-5p could form

complementary base pairing with LINC01224 (Figure 3B).

In addition, miR-485-5p expression is downregulated in

multiple human cancers, and it exerts antioncogenic actions

during carcinogenesis and cancer progression;20–30 there-

fore, this miRNAwas selected for further validation.

Luciferase reporter assay was conducted to verify whether

miR-485-5p was able to directly bind to LINC01224 in EOC

cells. To conduct this assay, the efficiency of miR-485-5p

mimic was determined using qRT-PCR. The results showed

that transfection with miR-485-5p mimic notably upregulated

miR-485-5p expression in both Caov-3 and OVCAR3 cells

(Figure 3C). The results of the luciferase reporter assay

revealed that miR-485-5p upregulation evidently decreased

the luciferase activity of wt-LINC01224 in Caov-3 and

OVCAR3 cells, whereas mutation in the binding site within

LINC01224 abrogated the inhibitory ability of miR-485-5p on

luciferase activity (Figure 3D). Furthermore, the RIP assay

further demonstrated that LINC01224 and miR-485-5p were

clearly enriched in Ago2-containing microribonucleoprotein

complexes (Figure 3E), suggesting that LINC01224 can bind

to themiR-485-5p RNA-induced silencing complex in Caov-3

and OVCAR3 cells.

In addition, miR-485-5p was expression was lower in

EOC tissues than in the corresponding adjacent normal tissues

(Figure 3F). Furthermore, miR-485-5p expression was inver-

sely correlated to LINC01224 expression in the 63 EOC

tissues, as shown by Pearson’s correlation coefficient analysis

(Figure 3G; r = −0.5315, P < 0.0001). Moreover, LINC01224

Figure 1 LINC01224 is highly expressed in epithelial ovarian cancer (EOC) tissues and cell lines. (A) Gene Expression Profiling Interactive Analysis (GEPIA2) was used to

analyze LINC01224 expression in ovarian cancer. The data were obtained from The Cancer Genome Atlas (TCGA) and The Genotype-Tissue Expression (GTEx). T, tumor;

N, normal. (B) LINC01224 expression was examined in EOC tissues and the corresponding adjacent normal tissues using qRT-PCR. (C) qRT-PCR was used to measure

LINC01224 expression in four EOC cell lines (Caov-3, ES-2, OVCAR3, and SK-OV-3) and the normal human ovarian epithelial cell line NOEC. (D) GEPIA2 database

indicated the overall survival of patients with ovarian cancer presenting with high or low LINC01224 expression. (E) Kaplan–Meier survival curves for patients with EOC

were plotted according to high or low LINC01224 expression (P = 0.2619). *P < 0.05, **P < 0.01.
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silencing clearly increased miR-485-5p expression in Caov-3

and OVCAR3 cells (Figure 3H). Collectively, these results

suggest that LINC01224 functions as a molecular sponge for

miR-485-5p in EOC cells.

PAK4 Is a Direct Target of miR-485-5p in

EOC Cells
Because miR-485-5p was downregulated in EOC, we next

studied the biological roles of miR-485-5p in EOC cells.

The CCK-8 assay and flow cytometry indicated that exo-

genous miR-485-5p expression suppressed the prolifera-

tion (Figure 4A) and enhanced the apoptosis (Figure 4B)

of Caov-3 and OVCAR3 cells. Additionally, ectopic miR-

485-5p expression obviously impaired the migration

(Figure 4C) and invasion (Figure 4D) of Caov-3 and

OVCAR3 cells.

Using an online database for miRNA target predictions,

PAK4 was predicted as a putative target of miR-485-5p

(Figure 4E) and selected for further analysis in subsequent

experiments. Luciferase reporter assay was conducted to

assess whether miR-485-5p could bind to the 3′-UTR of

PAK4. The luciferase activity of wt-PAK4 but not of mut-

PAK4 was decreased in Caov-3 and OVCAR3 cells follow-

ing miR-485-5p overexpression (Figure 4F), suggesting that

miR-485-5p was could directly binding to the 3′-UTR of

PAK4. PAK4 mRNA (Figure 4G) and protein (Figure 4H)

expression was downregulated in miR-485 mimic-

transfected Caov-3 and OVCAR3 cells, as revealed by qRT-

PCR and Western blotting, respectively. Furthermore, PAK4

mRNA expression was higher in EOC tissues (Figure 4I) and

was inversely correlated to miR-485-5p expression

(Figure 4J; r = −0.5986, P < 0.0001). Therefore, miR-485-

5p functions as an antioncogenic miRNA, and PAK4 is

a direct target of miR-485-5p in EOC cells.

Increased miR-485-5p/PAK4 Output Axis

Abolishes the Effects of LINC01224

Knockdown in EOC Cells
We demonstrated that LINC01224 functions as a molecular

sponge for miR-485-5p, and PAK4 is a direct target of miR-

485-5p. Thus, we examined whether LINC01224 regulated

PAK4 expression in EOC cells via sponging miR-485-5p.

qRT-PCR and Western blotting were conducted to measure

PAK4mRNA and protein levels, respectively, in LINC01224-

deficient Caov-3 and OVCAR3 cells. LINC01224 depletion

notably suppressed PAK4 expression in Caov-3 andOVCAR3

cells at both mRNA (Figure 5A) and protein (Figure 5B)

levels. To conduct rescue experiments, qRT-PCR was used

to determine the transfection efficiency of miR-485-5p inhi-

bitor in Caov-3 and OVCAR3 cells. miR-485-5p inhibitor

effectively silenced miR-485-5p expression in Caov-3 and

OVCAR3 cells (Figure 5C). si-LINC01224 together with

miR-485-5p inhibitor or NC inhibitor was co-transfected into

Caov-3 and OVCAR3 cells. The downregulation of PAK4

mRNA (Figure 5D) and protein expression (Figure 5E) fol-

lowing LINC01224 knockdownwas almost completely recov-

ered in Caov-3 and OVCAR3 cells after miR-485-5p

inhibition.

Furthermore, a series of rescue experiments was per-

formed to further clarify whether the pro-oncogenic activ-

ities of LINC01224 in EOC cells were dependent on the

output of the miR-485-5p/PAK4 axis. The PAK4 overex-

pression plasmid pc-PAK4 was used in rescue assays, and its

transfection efficiency was detected using Western blotting.

Treatment with pc-PAK4 led to considerable upregulation

of PAK4 protein expression in Caov-3 and OVCAR3

Table 2 Association of LINC01224 Expression with

Clinicopathological Characteristics of Patients with EOC

Characteristics LINC01224 Expression P

High (n =

32)

Low (n =

31)

Age, years 0.616

<50 13 15

≥50 19 16

Tumor size, cm 0.045*

<5 12 20

≥5 20 11

Differentiation 0.315

Well 15 19

Moderate and poor 17 12

FIGO stage 0.019*

I/II 7 16

III/IV 25 15

Histological subtype 0.305

Serous 22 17

Non-serous 10 14

Lymph node

metastasis

0.011*

No 9 19

Yes 23 12

Note: *P < 0.05 by chi-square test.

Abbreviations: LINC01224, long intergenic non-protein coding RNA 1224; EOC,

epithelial ovarian cancer.
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cells (Figure 5F). Next, LINC01224-deficient Caov-3 and

OVCAR3 cells were co-transfected with miR-485-5p inhi-

bitor or pc-PAK4. The CCK-8 assay and flow cytometry

revealed that reduction in LINC01224 expression attenuated

Caov-3 and OVCAR3 cell proliferation (Figure 5G) and

promoted their apoptosis (Figure 5H). Conversely, the

LINC01224 silencing-mediated effects on cell proliferation

and apoptosis were abrogated by miR-485-5p inhibitor or

pc-PAK4 co-transfection. Similarly, LINC01224 downregu-

lation impaired the migration (Figure 5I) and invasion

Figure 3 Long intergenic non-protein coding RNA 1224 (LINC01224) functions as a molecular sponge of microRNA-485-5p (miR-485-5p) in epithelial ovarian cancer

(EOC) cells. (A) Subcellular fractionation and qRT-PCR indicated that LINC01224 was mainly located in the cytoplasm of Caov-3 and OVCAR3 cells. Glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) and U6 small nuclear RNA acted as the controls to evaluate the fractioning efficiency. (B) The schematic illustration of wild-type (wt)

and mutant (mut) binding sites between miR-485-5p and LINC01224. (C) qRT-PCR results revealed the expression of miR-485-5p in miR-485-5p mimic or miRNA mimic

negative control (miR-NC)-transfected Caov-3 and OVCAR3 cells. (D) Relative luciferase activity was measured in Caov-3 and OVCAR3 cells co-transfected with wt-

LINC01224 or mut-LINC01224 reporter plasmid and miR-485-5p mimic or miR-NC. (E) The interaction between miR-485-5p and LINC01224 was evaluated in Caov-3 and

OVCAR3 cells using the RNA immunoprecipitation (RIP) assay. Immunoglobulin G (IgG) acted as the negative control. (F) The expression of miR-485-5p was measured

using qRT-PCR in EOC tissues and corresponding adjacent normal tissues. (G) Pearson’s correlation coefficient analysis identified an inverse correlation between miR-485-5p

and LINC01224 expression in EOC tissues (r = −0.5315, P < 0.0001). (H) qRT-PCR results uncovered miR-485-5p expression in Caov-3 and OVCAR3 cells after small

interfering RNA targeting LINC01224 (si-LINC01224) or negative control small interfering RNA (si-NC) transfection. **P < 0.01.

Figure 2 Long intergenic non-protein coding RNA 1224 (LINC01224) depletion inhibits Caov-3 and OVCAR3 cell proliferation, migration, and invasion and promotes cell

apoptosis in vitro. (A) LINC01224 expression in Caov-3 and OVCAR3 cells after small interfering RNA targeting LINC01224 (si-LINC01224) or negative control small

interfering RNA (si-NC) transfection was detected via qRT-PCR. (B) Proliferation of LINC01224-depleted Caov-3 and OVCAR3 cells was assessed by the CCK-8 assay. (C)

The proportion of apoptotic Caov-3 and OVCAR3 cells transfected with si-LINC01224 or si-NC was examined by flow cytometry analysis. PI, propidium iodide. (D and E)
Cell migration and invasion assays were used to determine the migrated and invaded Caov-3 and OVCAR3 cells with silenced LINC01224 expression. *P < 0.05, **P < 0.01.
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(Figure 5J) of Caov-3 and OVCAR3 cells, but miR-485-5p

inhibition or PAK4 reintroduction reversed these effects. In

summary, the above results suggest that LINC01224 per-

forms its oncogenic actions during EOC progression via

regulating output of the miR-485-5p/PAK4 axis.

LINC01224 Silencing Inhibits Tumor

Growth of EOC Cells in vivo
To elucidate the effect of LINC01224 silencing on EOC

tumor growth in vivo, tumor xenografts were generated

using recombinant lentiviruses expressing sh-LINC01224

or sh-NC. The volumes of tumor xenografts formed by sh-

LINC01224-transfected Caov-3 cells were markedly smal-

ler than those formed by sh-NC-transfected Caov-3 cells,

and the growth curves of the sh-LINC01224 and sh-NC

groups diverged over time (Figure 6A and B). The weights

of tumor xenografts in the sh-LINC01224 group were evi-

dently reduced compared with those in the sh-NC group

(Figure 6C). In addition, qRT-PCR analysis showed that

LINC01224 expression was downregulated (Figure 6D),

while miR-485-5p expression was increased (Figure 6E)

in the tumor xenografts derived from Caov-3 cells stably

expressing sh-LINC01224. Finally, PAK4 protein expres-

sion was downregulated in the LINC01224-depleted tumor

xenografts (Figure 6F), as shown by Western blotting. In

short, these results suggest that LINC01224 silencing inhib-

ited tumor growth of EOC cells in vivo via regulating the

miR-485-5p/PAK4 axis.

Discussion
An increasing number of studies have recently indicated

that differentially expressed lncRNAs are involved in the

oncogenicity of EOC.31 Extensive evidence has demon-

strated the comprehensive regulatory actions of lncRNAs

in nearly all aggressive phenotypes in EOC.32–34 Hence,

lncRNAs may be potential targets for the diagnosis and

therapy of human EOC. Nevertheless, the expression of

and important roles of lncRNAs in EOC are not comple-

tely understood. The present study attempted to explore

the implications of LINC01224 in EOC pathogenesis.

LINC01224 is upregulated in hepatocellular carcinoma.19

Its high expression is correlated with TNM stage and distant

Figure 4 P21-activated kinase 4 (PAK4) is a direct target of microRNA-485-5p (miR-485-5p) in epithelial ovarian cancer (EOC) cells. (A and B) Cell proliferation and

apoptosis in Caov-3 and OVCAR3 cells that were transfected with miR-485-5p mimic or miRNA mimic negative control (miR-NC) were measured by the CCK-8 assay and

flow cytometry, respectively. PI, propidium iodide. (C and D) Cell migration and invasion assays were used to determine the migratory and invasive abilities of Caov-3 and

OVCAR3 cells following miR-485-5p upregulation. (E) The predicted wild-type (wt) binding sequences of miR-485-5p in the 3ʹ-UTR of PAK4. The mutant (mut) sequences

were also shown. (F) Caov-3 and OVCAR3 cells were co-transfected with wt-PAK4 or mut-PAK4 together with miR-485-5p mimic or miR-NC. Luciferase activity was

determined at 48 h post-transfection using dual-luciferase assay. (G and H) The mRNA and protein levels of PAK4 in Caov-3 and OVCAR3 cells transfected with miR-485-5p

mimic or miR-NC were analyzed using qRT-PCR and Western blotting, respectively. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. (I)
PAK4 mRNA level in EOC tissues and corresponding adjacent normal tissues was detected using qRT-PCR. (J) A negative correlation was identified between miR-485-5p and

PAK4 mRNA in EOC tissues (r = −0.5986, P < 0.0001). **P < 0.01.
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metastasis.19 In a previous study, LINC01224 inhibition

decreased hepatocellular carcinoma cell sphere, colony forma-

tion, proliferation, migration, and invasion in vitro; promoted

cell apoptosis; induced cell cycle arrest; and impaired tumor

growth in vivo.19 However, the expression profile and detailed

roles of LINC01224 in EOC have not yet been explored. In

this study, information obtained from TCGA and GTEx data-

bases showed that LINC01224 is upregulated in ovarian

cancer. Furthermore, qRT-PCR was used to detect

LINC01224 expression in 63 pairs of EOC tissues and the

corresponding adjacent normal tissues. Histological evaluation

was performed to verify the EOC tissues and adjacent normal

ovarian tissues. LINC01224 was found to be highly expressed

in EOC tissues compared with adjacent normal tissues. The

survival data from TCGA and GTEx databases showed no

association between LINC01224 expression and overall

Figure 5 Long intergenic non-protein coding RNA 1224 (LINC01224) drives the malignant progression of epithelial ovarian cancer (EOC) cells by modulating the

microRNA-485-5p (miR-485-5p)/p21-activated kinase 4 (PAK4) axis. (A and B) qRT-PCR and Western blotting were conducted to measure the expression levels of PAK4

mRNA and protein in Caov-3 and OVCAR3 cells after small interfering RNA targeting LINC01224 (si-LINC01224) or negative control small interfering RNA (si-NC)

transfection. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. (C) The knockdown efficiency of miR-485-5p inhibitor in Caov-3 and

OVCAR3 cells was determined by qRT-PCR. Negative control (NC) inhibitor served as the control. (D and E) si-LINC01224, together with miR-485-5p inhibitor or NC

inhibitor, was transfected into Caov-3 and OVCAR3 cells. The transfected cells were collected, and the mRNA and protein levels of PAK4 via qRT-PCR and Western blotting

were measured. (F) The efficiency of pCDNA3.1-PAK4 (pc-PAK4) transfection was detected by Western blotting. The empty pcDNA3.1 vector served as the control.

(G and H) LINC01224-depleted Caov-3 and OVCAR3 cells were co-transfected with miR-485-5p inhibitor or pc-PAK4. The CCK-8 assay and flow cytometry analysis were

used to assess cell proliferation and apoptosis, respectively. PI, propidium iodide. (I and J) The migration and invasion of the cells mentioned above were detected via cell

migration and invasion assays. *P < 0.05, **P < 0.01.
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survival of patients with ovarian cancer, whichwas in line with

our results. In addition, high LINC01224 expression was

found to be correlated with tumor size, FIGO stage, and

lymph node metastasis in patients with EOC. Functionally,

loss of LINC01224 expression decreased EOC cell prolifera-

tion, migration, and invasion in vitro and increased cell apop-

tosis. Additionally, LINC01224 knockdown attenuated tumor

growth of EOC cells in vivo. However, in the tumor xeno-

grafts, only 3 mice each group was used, and it was

a limitation of our study. We will resolve it in the near future.

We next elucidated the possible mechanisms involved

in LINC01224 regulation of tumor behaviors in vitro and

in vivo. lncRNAs participate in the regulation of tumor-

igenesis and tumor progression via different mechanisms.

At present, the lncRNA/miRNA/mRNA pathway has been

widely studied.35–37 LncRNAs can attenuate the expres-

sion of specific miRNAs by acting as molecular sponges,

thereby increasing the expression of repressed target

mRNAs.38 Thus, in this study, the localization of

LINC01224 in EOC cells was first examined via subcel-

lular fractionation, which showed that LINC01224 was

mostly distributed in the cytoplasm of EOC cells.

Bioinformatic analysis predicted that LINC01224 may

interact with miR-485-5p, a classical tumor suppressor

miRNA.20–30 The results of luciferase reporter and RIP

assays showed that miR-485-5p could bind directly and

interact with LINC01224 in EOC cells. qRT-PCR analysis

further demonstrated that miR-485-5p was expressed at

low levels in EOC tissues and showed an inverse

correlation with LINC01224 expression. These findings

identified LINC01224 as an upstream regulator of miR-

485-5p and verified LINC01224 as a molecular sponge of

miR-485-5p in EOC cells.

miR-485-5p expression is downregulated in colorectal

cancer,20,21 gastric cancer,22 glioblastoma,23,24 hepatocel-

lular carcinoma,25,26 lung cancer,27 breast cancer,28,29 and

bladder cancer.30 To the best of our knowledge, the present

study is the first to describe the expression, roles, and

underlying mechanisms of miR-485-5p in EOC. We

showed that miR-485-5p was downregulated in EOC and

that miR-485-5p overexpression could prevent EOC pro-

gression. PAK4 was identified as a direct downstream

target of miR-485-5p in EOC cells. Furthermore, interfer-

ence of LINC01224 expression reduced PAK4 expression

by sponging miR-485-5p. The present study results identi-

fied a ceRNA pathway comprising LINC01224, miR-485-

5p, and PAK4.

PAK4, located on 19q13.2, is a serine/threonine protein

kinase and functions as a downstream effector of Rac and

Cdc42.39 A previous study reported that PAK4 was upregu-

lated in EOC and that its expression was correlated with

frequent tumor metastasis, high chemoresistance, advanced

stage, high grade, and short overall and disease-free survival

rates.40 Functionally, PAK4 exhibited cancer-promoting

activities in EOC and was implicated in the regulation of

various malignant processes both in vitro and in vivo.40,41 In

this study, rescue experiments showed that increased output

of the miR-485-5p/PAK4 axis, including miR-485-5p

Figure 6 Long intergenic non-protein coding RNA 1224 (LINC01224) depletion impairs epithelial ovarian cancer (EOC) tumor growth in vivo. (A) Caov-3 cells stably

expressing LINC01224 short hairpin RNA (sh-LINC01224) or negative control short hairpin RNA (sh-NC) were subcutaneously inoculated into the flank of nude mice. The

growth curve of tumor xenografts was plotted by detecting tumor volume at different time points. (B) The tumor xenografts obtained from sh-LINC01224 or sh-NC

groups. (C) The tumor xenografts collected from sh-LINC01224 or sh-NC groups were weighed at 4 weeks post-injection. (D and E) qRT-PCR was used to analyze the

expression of LINC01224 and miR-485-5p in tumor xenografts. (F) Western blotting was performed to assess the protein level of p21-activated kinase 4 (PAK4) in tumor

xenografts. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. **P < 0.01.
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inhibition and PAK4 upregulation, significantly abrogated

the effects of LINC01224 depletion in EOC cells. These

observations revealed that LINC01224, miR-485-5p, and

PAK4 formed a ceRNA network to regulate the aggressive

behavior of EOC. Therefore, targeting the LINC01224/miR-

485-5p/PAK4 pathway may be an attractive therapeutic

strategy for EOC.

In this study, we found that miR-485-5p was not cor-

related with the overall survival of patients with EOC.

Nevertheless, high expression of LINC01224 and PAK4

was notably correlated with the shorter overall survival in

patients with EOC. This discrepancy may be attributed to

the small sample size and short follow-up time. In later

experiments, we will collect more tissues and further test

the correlation between miR-485-5p expression and clin-

ical overall survival in patients with EOC.

Conclusion
We showed for the first time that LINC01224 plays pivotal

roles in the malignancy of EOC both in vitro and in vivo.

Furthermore, our results revealed an explicit tumor-promoting

role of LINC01224 in EOC by competing with miR-485-5p as

a molecular sponge and consequently increasing PAK4

expression. These findings may facilitate the development of

novel diagnostic and therapeutic techniques for EOC.
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