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ARTICLE INFO ABSTRACT

Keywords: Aberrant expression of long non-coding RNAs (IncRNAs) is associated with progression of mul-
Hepatocellular carcinoma tiple human cancers including hepatocellular carcinoma (HCC). However, the role of IncRNAs in
LII_C'PLAZG4A'4 HCC is not been fully understood. Our study aimed to investigate the biological function and
3;;2:'3[’ potential molecular mechanism of Lnc-PAL2G4A-4 in HCC. In the current study, we show that
Metastasis Lnc-PLA2G4A-4 was significantly up-regulated in HCC tissues and high Lnc-PLA2G4A-4 expres-

sion was remarkably associated with tumor size, microvascular invasion and poor prognosis of
HCC patients. Functionally, Lnc-PLA2G4A-4 positively regulated cell proliferation, invasion and
migration in vitro, and facilitated lung metastasis of HCC in vivo. Mechanistically, Lnc-PLA2G4A-
4 functioned as a competing endogenous RNA (ceRNA) to bind to miR-23b-3p and subsequently
facilitate miR-23b-3p’s target gene versican (VCAN) expression in HCC cells. Over-expression of
miR-23b-3p could reverse Lnc-PLA2G4A-4 induced cell phenotypes in HCC and suppress versican
expression of by rescue analysis. Collectively, Lnc-PLA2G4A-4 promotes HCC progression by
targeting the miR-23b-3p/versican axis, which may be a potential biomarker and therapeutic
target for HCC.
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common, aggressive malignancies, and the third leading cause of cancer death
worldwide [1]. Although significant progress has been made in the treatment of HCC in recent years, the 5-year survival rate is still
unsatisfactory due to the high incidence of metastasis and recurrence [2]. Therefore, identifying novel therapeutic targets to inhibit
HCC metastasis and exploring the underlying mechanism of HCC metastasis are essential to reduce recurrence and improve the overall
prognosis of HCC patients after surgery.

Long non-coding RNAs (IncRNAs) are defined as transcribed RNA sequences with a transcript greater than 200 nucleotides in
length and lacking protein coding potential [3]. To date, there are increasing evidences indicating that IncRNAs function in many
biological processes, including epigenetic, transcriptional, and posttranscriptional regulation [4-6]. More and more IncRNAs are found
to affect cell proliferation, apoptosis and metastasis and regulate the tumour micro-environment in HCC, thereby affect tumorigenesis
and progression [7]. It has been reported that LncRNA SNHG14 promoted HCC progression by sponging miR-4673 to regulate SOCS1
expression [8]. Another study shown that Lnc-APUE promotes G1/S phase transition and tumor growth by regulating miR-20b/E2F1
Axis [9]. Although a lot of IncRNAs have been reported to participate in the progression of HCC, the roles of most IncRNAs in HCC are
still unclear.

Versican (VCAN) is a major component of the extracellular matrix, which is involved in cell adhesion, proliferation, migration and
angiogenesis [10]. The expression of versican is upregulated in a variety of malignancies, including liver cancers [11], lung cancers
[12], breast cancers [13], gastric cancers [14], colon cancers [15], ovarian cancers [16] and bladder cancers [17], and play important
roles in all aspects of malignant transformation and progression of tumors [18], including participation in the regulation of tumor cell
proliferation, invasion and metastasis, angiogenesis and apoptosis. Moreover, a lot of studies showed that versican is regulated by
miRNAs, such as miR-543 [19], miR-135a-5p [20], and miR-143 [21]. And a recently study indicated that Inc-VCAN-AS1 may regulate
the expression of versican via targeting miRNA [22]. Whether IncRNA affects tumor progression via regulating the expression and
activity of versican remains to be explored.

To identify IncRNAs involved in the tumorigenesis and progression of HCC, we use transcriptome analysis and RT-qPCR to compare
the expression of Lnc-PLA2G4A-4 HCC tissue and adjacent non-tumor tissue. Then, several functional assays are performed to
investigate the effect of Lnc-PLA2G4A-4 in HCC. We firstly reported the upregulation of Lnc-PLA2G4A-4 in HCC and the stimulative
roles of Lnc-PLA2G4A-4 in HCC proliferation and metastasis. Moreover, we analyzed the mechanism of Lnc-PLA2G4A-4 in HCC. Our
findings elucidated that the Lnc-PLA2G4A-4/miR-23b-3p/versican axis is a novel regulatory mechanism implicated in HCC occurrence
and progression, which provides a new prognostic predictor and a therapeutic target for HCC.

2. Materials and methods
2.1. Clinical specimens

Totally, 105 patients with HCC were enrolled from November 2013 to July 2016 at Mengchao Hepatobiliary Hospital of Fujian
Medical University. All the patients underwent curative resection at Mengchao Hepatobiliary Hospital of Fujian Medical University.
Clinical and pathological diagnosis of HCC patients were made following the diagnostic criteria of the American Association for the
Study of Liver Diseases. All enrolled patients provided written informed consent and this study was approved by the ethics committee
of Mengchao Hepatobiliary Hospital of Fujian Medical University (2020-027-01).

2.2. TCGA data of HCC

All available TCGA data on HCC were obtained from the TCGA data portal (TCGA group, https://tcga-data.nci.nih.gov/tcga/). In
September 2021, there were RNAseq data on 424 HCC samples, including 324 single tumor samples, 50 pairs of HCC and adjacent non-
tumor liver tissues, and clinical data including survival time and survival status records of 370 patients (excluding 1 case without
survival time and 3 cases of recurrence). The gene expression data were normalized using the RNA normalization method described in
the TCGA NCI Wiki. The expression value of the Lnc-PLA2G4A-4 gene was collected for each case and was divided into the high-
expression and the low-expression groups using the cut-off point. Kaplan-Meier survival analysis was used to determine the sur-
vival differences between the high-expression and low-expression subgroups, with P-values calculated using the log-rank test.

2.3. Cell culture

Human HCC cell line SNU398, SNU449, SK-Hep-1, Hep3B, HepG2/C3A, as well as Human Embryonic Kidney 293T (HEK-293T)
cell line were purchased from the American Type Culture Collection (ATCC, USA). Human HCC cell lines SMMC-7721, Huh7, and
normal human hepatocyte cell line LO2 were purchased from the Chinese Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). Hep3B cell line was cultured in Eagle’s Minimum Essential Medium (MEM; HyClone, USA). SNU398, SNU449 cell line was
cultured in RPMI-1640 (Gibco, USA). SMMC-7721, Huh7, SK-Hep-1, HepG2/C3A, LO2, and HEK-293T cell lines were cultured in
Dulbecco’s Modified Eagle Medium (DMEM,; Gibco, USA). During the process of cell culture, we sterilized the experimental materials,
and the experiments were performed according to strict aseptic operation; 1% penicillin and streptomycin (Gibco, USA) were added to
the growth medium when necessary in an effort to prevent bacterial contamination in the medium. All of the cultured mediums
contained 10% (v/v) fetal bovine serum (FBS; Gibco, USA). Cells were cultured in an atmosphere of 95% humidified air and 5% CO at
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37 °C.

2.4. RT-qPCR

Total RNAs isolated from fresh-frozen tissues and cultured cells were extracted using TransZol Up Plus RNA kit (Beijing TransGen
Biotech Ltd., China) and quantified. Afterwards, 1 pg of total RNA was revise-transcribed into cDNA using the Transcriptor First Strand
cDNA Synthesis Kit (Roche Ltd., Basel, Switzerland). The miRNA was revise-transcribed into cDNA using miRcute Plus miRNA First-
Strand c¢DNA Kit (Beijing TransGen Biotech Ltd., China). Then, RT-qPCR was carried out under the following conditions: initial
denaturation at 95 °C for 5 min, 40 cycles of 95 °C for 10 s, 60 °C for 30 s and 72 °C for 30 s. The miRNA expression was detected using
miRcute Plus miRNA qPCR Kit (SYBR Green) (Beijing TransGen Biotech Ltd., China). The primer sequences of target genes are shown
in Supplementary Table S1. The sequences of oligonucleotides in miRNA mimics, miRNA inhibitor are shown in Supplementary
Table S2. The relative gene expression was normalized to the geometric mean of the housekeeping gene 18S rRNA and U6, and then
calculated according to the Livak method (AACt) (Livak and Schmittgen, 2001).

2.5. Plasmids and transfection

Stable Lnc-PLA2G4A-4 over-expression in the SNU398, SK-Hep-1 and C3A cell lines was achieved by transduction with lentivirus
encoding Lnc-PLA2G4A-4. pCDH-CMV-Lnc-PLA2G4A-4-EF1-copGFP-T2A-Puro was designed and synthesized by Sangon Biotech
(Shanghai, China). SMMC-7721 cell line was transfected with shRNA against Lnc-PLA2G4A-4 (pLKO.1-GFP-puro-sh-Lnc- PLA2G4A-4,
target sequence: 5’-GCTTTATATCCAGGCAAATTG-3’) according to the manufacturer’s instructions. The empty vectors were used as
negative control. Afterwards, HEK-293T cells were co-transfected with lentivirus packaging plasmid (Invitrogen, Waltham, MA, USA)
and corresponding plasmids respectively, using the Lipofectamine 3000 (Invitrogen, Waltham, MA, USA) according to the manu-
facturer’s protocol. Opti-MEM (Gibco, USA) as harvest media from cells was centrifugated at 4,000g for 15 min at 4 °C and was filtered
through a 0.22 pm filter to remove the cells. Virus was concentrated by ultracentrifugation. The supernatant was centrifuge at 76,618g
for 90min at 4 °C in a Beckman SW32 rotor. After that, poured off the supernatant and drained the remaining liquid by resting the
inverted tubes on paper towels. Finally, re-suspended the viral pellets in 150 pl of DMEM (Gibco, USA) and stored at —80 °C. When
target cells approximately 60-80% confluent, add 50 pl virus and 1 pl Polybrene (Beijing Solarbio Science & Technology Co., Ltd,
China) to each target cells well. Subsequently, the infection efficiency was observed by fluorescence microscopy. The transfected cells
were further selected by medium containing 2 pg/ml puromycin (Sigma-Aldrich, St Louis, MO, USA) for 2-3 weeks. The over-
expression or knockdown efficiency of all transfections was validated by RT-qPCR.

2.6. Cell counting Kit-8 (CCK-8) assay

HCC cells suspensions were added to a 96-well plate at a density of 1000-2000 cells in 100 pl of complete medium and cultured
overnight. A total of 10 pl CCK-8 solution (TransGen Biotech Ltd., Beijing, China) was added to each well at different time points (Oh,
24h, 48h, 72h, 96h). The absorbance at 450 nm was measured using a microplate reader (Molecular Devices, USA) after 2 h incubation.

2.7. Colony formation assay

SMMC-7721 and SK-Hep-1 cell lines were seeded in a six-well plate (2000 cells/well) and cultured with complete medium for 7-14
days. Cell colonies were fixed with 4% paraformaldehyde (Wuhan Servicebio Biotech Ltd., China) for 30 min and stained with crystal
violet (Beyotime Biotechnology Ltd., Shanghai, China). Photographs were captured, and the colonies were quantified using Image J
software.

2.8. In vitro migration and invasion assays

Cell migration and invasion assays were carried out on 24-well plates with transwell inserts (8-pm pore size; Millipore, Billerica,
MA, USA). Matrigel-coated inserts were used in the invasion assay. In each assay, 2 x 10° HCC cells were seeded in 200 pl serum-free
DMEM/1640 in the upper chamber of the wells, and 600 ul DMEM/1640 with 10% FBS was placed in the lower chamber. The cells
were incubated for 18-36 h, and the migrating or invading cells on the lower membrane surface were fixed in 4% paraformaldehyde
(Wuhan Servicebio Biotech Ltd., China) for 20 min and stained with crystal violet (Beyotime Biotechnology Ltd., Shanghai, China) for
40min. The migrating or invading cells were counted in five randomly selected fields under a microscope. Images were acquired at 200
x magnification.

Wound healing assay were carried out to evaluate cell migration. When cells grew in full monolayer on cover slips in Ibidi Culture-
Inserts (Ibidi, Germany), gently unplug the culture-Inserts and washed with PBS. Then use DMEM/RPMI-1640 with 2% FBS to relapse
the medium immediately. Phase contrast images were captured and marked O h. The width of wounds was measured in three-
independent wound sites per group. Constantly observed the wounds until one of them healed, the cells were taken contrast im-
ages again. Relative migration of cells was calculated with the healing distance.
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2.9. Western blot

Total proteins were extracted from tissue samples or HCC cells and dissolved in radio immunoprecipitation assay (RIPA) lysis buffer
(Beijing Solarbio Science & Technology Co., Ltd., China) with phosphatase Inhibitor Cocktail (cat. no. 11697498 001; Roche Di-
agnostics, Germany) and phenylmethanesulfonyl fluoride (Shanghai Macklin Biochemical Ltd., China). All proteins were quantified
using a bicinchoninic acid protein assay kit (Beijing Solarbio Science & Technology Co., Ltd., China) according to the manufacturer’s
instructions. Equal amounts (40 pg) of protein were fractionated on 8-10% sodium dodecyl sulphatepolyacrylamide gels electro-
phoresis (SDS-PAGE), and transferred to nitrocellulose (NC) membranes (Pall Corporation, Mexico) with electroblotting. After
blocking with 5% nonfat milk for 1 h at room temperature, the membranes were incubated with primary antibodies against E-cadherin
(CST, #3159, 1:1000), N-cadherin (CST, #13116, 1:1000), Vimentin (CST, #5741p, 1:1000), Snail (CST, #3879s, 1:1000), Slug
(Biorbyt, Orb74769, 1:1000), ZEB2 (Biorbyt, RG219, 1:1000), Versican (Abcam, ab177480, 1:1000), AKT (CST, #4691p, 1:1000),
Cyclin D1 (CST, #2978s, 1:1000), EGFR (CST, #4267s, 1:1000), P21 (CST, #2947s, 1:1000), p-AKT (phosphorylation site: Thr308,
CST, #13038s, 1:1000), p-EGFR (phosphorylation site: Tyr1173, CST, #4407, 1:1000) and p-actin-HRP (Abcam, ab49900, 1:20 000)
overnight at 4 °C. Then, the membranes were washed three times with 1 x TBS-T and incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies at a 1:3000 dilution for 1h at room temperature. The blot signals were visualized using an enhanced
chemiluminescence (ECL) reagent (Thermo, USA) and detected with ChemiDoc Imaging System (Bio Rad, USA). p-actin-HRP (1:20
000, Abcam, #ab49900) was used as a loading control.

2.10. Tumor xenograft model

SMMC-7721 cells stably transfected with sh-Lnc-PLA2G4A-4 or sh-NC were harvested at the exponential growth stage and injected
into the lateral tail veins of 5-week-old B-NDG mice (cat. no. 110586; Beijing Biocytogen Co., Ltd.). B-NDG mice were randomly
divided into two groups of 5 animals each. Each immune-deficient mouse injected 200 pl cell suspension containing 2 x 1076 cells.
After 6 weeks, mice were sacrificed, and fluorescent images were taken by ChemiDoc Imaging System (Bio Rad, USA). Then, the
resected lung tissues were fixed in 4% paraformaldehyde fix solution (Wuhan Servicebio Biotech Ltd., China). The fixed samples were
embedded in paraffin and stained with hematoxylin and eosin (H&E staining). The relative fluorescence intensity of lung metastatic
nodules was analyzed. All animal experiments were performed in accordance with guidelines of the Laboratory Animal Center of
Fujian Medical University.

2.11. Luciferase reporter assay

The interaction between Lnc-PLA2G4A-4 and miR-23b-3p was measured using pGL3-Basic system. The interaction between ver-
sican and miR-23b-3p was measured using pmiRGLO system. Full length of Lnc-PLA2G4A-4 (termed Lnc-PLA2G4A-4 -WT) and
mutated Lnc-PLA2G4A-4 (mutated in each miR-23b-3p target site of the Lnc-PLA2G4A-4 sequence, termed Lnc-PLA2G4A-4-Mut) were
inserted into pGL3-Basic vector respectively. The 3’UTR region of versican were inserted into pmiRGLO vector. Luciferase reporter
assays were performed according to the manufacturer’s instruction. Briefly, HEK-293T cells were transfected with corresponding
pGL3-Basic constructs, renilla and miR-23b-3p mimic (or scramble control) using Lipofectamin 3000 in 24-well plate. The cells were
harvested after transfection for 36h and the luciferase activity was measured using TransDetect Double-Luciferase Reporter Assay Kit
(TransGen Biotech Ltd., Beijing, China) according to the manufacturer’s instruction. Renilla activities were measured as internal
control. Data were obtained by normalization of renilla activity to luciferase activity.

2.12. Statistical analysis

SPSS 19.0 statistical software and Graphpad graphing software were used for statistical analysis and graphing of quantitative PCR
results. Data were expressed as mean + standard deviation, and paired t-test was used to compare the differences between cancer and
paracancer. The relationship of Lnc-PLA2G4A-4 with clinicopathological characteristics was analyzed using the chi-square test or
Fisher’s exact probability method. The differences of overall patient survival and relapse-free survival with high or low expression
level of Lnc-PLA2G4A-4 were estimated using the Kaplan-Meyer method, and the log-rank test was performed to examine the sig-
nificance. Comparisons between the two samples were made using paired or unpaired t-tests for measurement data, and one-way
ANOVA was used for comparisons between categorical and count data. Lung metastases in mice were counted by counting the
number of lung nodules using the nonparametric U test. p < 0.05 was considered a statistically significant difference in the analysis.

3. Results
3.1. Lnc-PLA2G4A-4 was up-regulated in HCC tissues and relates to worse prognosis

Various IncRNAs are reported to be involved in cancer development. However, the specific IncRNAs to engage in HCC progression
is yet to be explored. In our previous study, we performed RNA transcriptome sequencing analysis in 61 paired HCC tissues and
corresponding para-tumor tissues and found that Lnc-PLA2G4A-4 (AL596211.1) was one of up-regulated IncRNAs in HCC tissues [23].
So far, the study of Inc-PLA2G4A-4 in HCC has not been reported, therefore we were particularly focused on this uncharacterized
IncRNA. In this study, we are intended to provide novel insights into the mechanism of HCC and potentially explore important
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therapeutic implications for HCC treatment. We wanted to explore the clinical significance and molecular mechanism of
Lnc-PLA2G4A-4 in HCC. To further verify the RNA transcriptome sequencing analysis result, we expanded the sample size to measure
the expression of Lnc-PLA2G4A-4. Total RNAs from 105 pairs of HCC tissues and adjacent normal tissues were extracted and confirmed
that Lnc-PLA2G4A-4 expression was significantly up-regulated in HCC tissues by RT-qPCR with unpaired (Fig. 1A) and paired t-tests
(Fig. 1B). The up-regulation of Lnc-PLA2G4A-4 was also observed in the TCGA dataset with unpaired (Fig. 1C) and paired t-tests
(Fig. 1D). Thereafter, the up-regulation of Lnc-PLA2G4A-4 in HCC tissue was also confirmed by Fluorescence in Situ Hybridization
(FISH) assay (Fig. 1E). More importantly, Kaplan-Meier analysis indicated that high expression of Lnc-PLA2G4A-4 is associated with
shorter overall survival (p = 0.0363, Fig. 1F) and recurrence free survival (p = 0.0424, Fig. 1F). Further clinical pathology data
analysis shows that the increased expression of Lnc-PLA2G4A-4 significantly correlated with the tumor size and microvascular in-
vasion of patients (Table 1). Collectively, these data suggest that increased Lnc-PLA2G4A-4 level in tumor associates with poor clinical
outcomes of HCC patients.

3.2. Lnc-PLA2G4A-4 promotes HCC cell proliferation

Consider that Lnc-PLA2G4A-4 was up-regulated in HCC tissue; we next investigated the effects of Lnc-PLA2G4A-4 on HCC cell
phenotypes. First of all, the expression of Lnc-PLA2G4A-4 was evaluated in seven wild-type HCC cell lines (SNU398, SNU449, SK-Hep-
1, Hep3B, Huh7, SMMC-7721, HepG2) and found that SMMC-7721 cells showed higher background levels of Lnc-PLA2G4A-4 than
other 6 other cell lines (Fig. 2A). Thus Lnc-PLA2G4A-4 was stably over-expression in SNU398, C3A and SK-Hep-1 cells and knocked
down in SMMC-7721 cells respectively. The over-expression and knockdown of Lnc-PLA2G4A-4 were confirmed by RT-qPCR (Fig. 2B).
Notably, compared with those in corresponding control cells, proliferation and colony formation were both increased in the Lnc-
PLA2G4A-4 over-expressed SNU398 or SK-Hep-1 cells and reduced in Lnc-PLA2G4A-4 knockdown SMMC-7721 cells (Fig. 2C and D
and Supplementary Figs. S1 and S2). Previous studies show that AKT signaling is a critical signal transduction pathway that regulates
cell proliferation [24]. Among them, AKT/p21 signaling cascade promotes cancer cells proliferation was reported by many researches
[25,26]. We next examined the expression of the significant markers related to the AKT signaling pathways in HCC cells with
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Fig. 1. Lnc-PLA2G4A-4 was up-regulated in HCC tissues. A. RT-qPCR validation of Lnc-PLA2G4A-4 expression in 105 HCC patients with paired
tumor and para-tumor tissues. 18S rRNA was used as an internal control. Student’s unpaired t-test was used to compare the difference between para-
tumor and tumor tissues. B. Relative expression level of Lnc-PLA2G4A-4 in adjacent para-tumor tissues (n = 105) and HCC tumor tissues (n = 105)
from MCHH in Student’s paired t-test. C. Relative expression level of Lnc-PLA2G4A-4 in normal liver tissues (n = 50) and HCC tumor tissues (n =
374) from TCGA cohort in Student’s unpaired t-test. D. Relative expression level of Lnc-PLA2G4A-4 in normal liver tissues (n = 50) and HCC tumor
tissues (n = 50) from TCGA cohort in Student’s paired t-test. E. Fluorescence in Situ Hybridization (FISH) assay (green) used to examine the
expression of Lnc-PLA2G4A-4 in HCC tissue. F. Kaplan—Meier analysis revealed that high expression of Lnc-PLA2G4A-4 significantly associated with
shorter OS (overall survival) and RFS (recurrence free survival). (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Table 1

Correlation between the clinicopathological characteristics and Lnc-PLA2G4A-4 expression in HCC.
Parameter No.of patients Lnc-PLA2G4A-4 -value P value

Low (n = 53) High (n = 52)

Sex
male 85 41 44 0.896 0.344
female 20 12 8
Age (year)
<55 56 32 24 2.134 0.144
>55 49 21 28
Tumor size (cm)
<5 58 35 23 5.048 0.025*
>5 47 18 29
Microvascular invasion
Yes 46 18 28 4.216 0.040*
No 59 35 24
Tumor capsule
Yes 91 45 46 0.287 0.592
No 14 8 6
Tumor number
Single 102 51 51 0.324 0.569
Multiple 3 2 1
AFP (ng/ml)
<400 73 40 33 1.787 0.181
>400 32 13 19
Differentiation grade
I-1I 34 19 15 0.489 0.484
III-1IV 70 34 36
TNM stage
I-II 84 46 38 3.086 0.079
III-1IV 21 7 14
Liver cirrhosis
yes 84 46 38 3.086 0.079
no 21 7 14
Hepatitis B
Yes 96 48 48 0.102 0.750
No 9 5 4

Lnc-PLA2G4A-4 over-expression or knockdown by Western blot. As shown in Fig. 2E, Lnc-PLA2G4A-4 over-expression in SK-Hep-1
cells enhanced the expression of p-AKT and cyclin D1 at the protein level, whereas Lnc-PLA2G4A-4 knockdown in SMMC-7721 cells
reduced the protein level of p-AKT and cyclin D1. Lnc-PLA2G4A-4 expression had the adverse effects on the expression of p21, which is
a cyclin-dependent kinase inhibitor [27]. Hence, Lnc-PLA2G4A-4 regulates cell proliferation through AKT/p21 signaling pathway.

3.3. Lnc-PLA2G4A-4 regulates HCC cell migration and invasion in vitro and in vivo

Moreover, cell migration and invasion abilities in HCC cell lines were also significantly increased by Lnc-PLA2G4A-4 over-
expression and suppressed by Lnc-PLA2G4A-4 knockdown (Fig. 3A). The wound healing assays validate that Lnc-PLA2G4A-4 posi-
tively regulates cell migratory capacity both in HepG2/C3A and SMMC-7721 cells (Fig. 3B). In addition, when cells were pretreated
with cell cycle inhibitor mitomycin C to block proliferation, Lnc-PLA2G4A-4 over-expression can still promotes migration and invasion
of HCC cell (Supplementary Fig. S3). EMT is well known to be involved in the invasion and metastasis of cancer cells [28]. In addition,
we examined the expression of the significant markers related to EMT in HCC cells with Lnc-PLA2G4A-4 over-expression or knock-
down by Western blot. The result showed that Lnc-PLA2G4A-4 decreased the expression of epithelial marker E-cadherin, but increased
mesenchymal markers N-cadherin and Vimentin as well as EMT-inducing transcription factor snail, slug and ZEB2. Conversely,
Lnc-PLA2G4A-4 knockdown in SMMC-7721 cells induced a reverse trend (Fig. 3C). To further validate the function of Lnc-PLA2G4A-4
in metastasis of HCC in vivo, a lung metastasis mouse model was constructed and the results showed that Lnc-PLA2G4A-4 knockdown
dramatically inhibited HCC lung metastasis of SMMC-7721 cells (Fig. 3D and E).

3.4. Lnc-PLA2G4A-4 acts as a molecular sponge for miR-23b-3p in HCC cells

To further determine the subcellular localization of Lnc-PLA2G4A-4, fluorescence in situ hybridization (FISH) assays were per-
formed at tissue and cellular levels for the intracellular localization of Lnc-PLA2G4A-4. The cell fractionation assay was also conducted
to detect the distribution of Inc-PLA2G4A-4. The results demonstrated that Lnc-PLA2G4A-4 is localized in the cytoplasm (Fig. 4A and
B) which meant Lnc-PLA2G4A-4 may act as sponge to inactivate miRNAs and thus regulate the post-transcriptional translation of
target genes. To investigate the mechanisms underlying the role of Lnc-PLA2G4A-4 in HCC, we predicted the possible binding
microRNAs of Lnc-PLA2G4A-4 by miRNA target prediction tools (LncBase, LNCediting and LncRNASNP2) and found 7 miRNAs that
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Fig. 2. Lnc-PLA2G4A-4 regulates HCC cell proliferation. A. Relative expression of Lnc-PLA2G4A-4 in different HCC cell lines. B. Validation of
Lnc-PLA2G4A-4 over-expression and knockdown effect in different HCC cell lines. C, D. The CCK8 assays and colony formation assays detection of
cellular growth in SNU398 cells with Lnc-PLA2G4A-4 over-expression or SMMC-7721 cells with Lnc-PLA2G4A-4 knockdown, respectively. E.
Western blotting detection of protein expression of p-EGFR, EGFR, p-AKT, AKT, cyclin D1 and p21 in stable up-regulation or down-regulation of Lnc-
PLA2G4A-4.

may bind to Lnc-PLA2G4A-4 (Fig. 4C). Therefore, miR-567, miR-888 and miR-23b-3p were selected for validation using luciferase
reporter assays. As shown in Fig. 4D, miR-23b-3p was a potential target of Lnc-PLA2G4A-4, while miR-567 and miR-888 did not bind to
Lnc-PLA2G4A-4. We constructed two types of luciferase reporter vectors containing either wild type (WT) or mutated (MUT) putative
binding sites of Lnc-PLA2G4A-4 transcript to confirm miR-23b-3p is regulated by Lnc-PLA2G4A-4. In luciferase reporter assays,
transfection of miR-23b-3p significantly inhibited the luciferase activity in HEK-293T cells but failed to regulate the luciferase activity
when the binding site was mutated (Fig. 4E), which indicated that miR-23b-3p directly bind to Lnc-PLA2G4A-4. Next, the expression
levels of miR-23b-3p were evaluated in five HCC cell lines (Huh7, SNU398, SMMC-7721, SK-Hep-1, HepG2) and normal human he-
patocyte cell line LO2, and the data indicated that miR-23b was down-regulated in HCC cell line (Fig. 4F). In addition, the down-
regulation of miR-23b-3p was also observed in the TCGA dataset (Fig. 4G and H). Moreover, Lnc-PLA2G4A-4 over-expression
significantly decreased the expression of miR-23b-3p and Lnc-PLA2G4A-4 knock-down improved the expression of miR-23b-3p
(Fig. 4I). Finally, we examined the correlation between miR-23b-3p and Lnc-PLA2G4A-4 expression in HCC samples from 32 pa-
tients at MCHH (Fig. 4J) and form TCGA cohort (Fig. 4K). Therefore, the expression of the miR-23b-3p was significantly negatively
correlated with Lnc-PLA2G4A-4 in HCC cells and tissues. Hence, the above data indicated that Lnc-PLA2G4A-4 directly bind to miR-
23b-3p.

3.5. Lnc-PLA2G4A-4 promotes HCC cell proliferation, migration and invasion by sponging miR-23b-3p

To determine whether Lnc-PLA2G4A-4 regulates HCC cells phenotypic changes by sequestering miR-23b-3p, we performed
transwell assays and the results revealed that the effect of Lnc-PLA2G4A-4 on SNU398 cells migration was rescued by co-transfection of
miR-23b (Fig. 5A). Conversely, Lnc-PLA2G4A-4 knock-down on SMMC-7721 cells migration was rescued by co-transfection of miR-
23b inhibitor (Fig. 5B). The results of wound healing assays indicated that Lnc-PLA2G4A-4 abolished the inhibiting effect of migra-
tion and invasion by “sponge” adsorption of miR-23b (Fig. 5C and D). In addition, CCK-8 cell proliferation assays showed the effect of
Lnc-PLA2G4A-4 over-expression on HCC cells proliferation was rescued by co-transfection of miR-23b (Fig. 5E). Hence, Lnc-PLA2G4A-
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4 regulates HCC cell proliferation and metastasis via sponging miR-23b-3p.

3.6. MiR-23b-3p/versican axis mediates the pro-oncogenic action of Lnc-PLA2G4A-4 in HCC

The above data have confirmed that Lnc-PLA2G4A-4 promotes HCC cell proliferation, migration and invasion by sponging miR-
23b-3p. However, how Lnc-PLA2G4A-4/miR-23b axis regulates HCC progression still need to further explore. To identify the un-
derlying molecular mechanism, RNA transcriptome sequencing was performed in Lnc-PLA2G4A-4 over-expression cells and control
cells were. As shown in Fig. 6A, Supplementary Table S3 and Supplementary data S4, there are 64 genes up-regulated and 48 genes
down-regulated in Lnc-PLA2G4A-4 over-expression cells. Among the higher-ranking upregulated genes, we noticed that versican
(VCAN) was significantly up-regulated. It has been reported that versican was a downstream target of miR-23b-3p [29], and
participating in the regulation of proliferation and metastasis of cancers. Therefore, we guess Lnc-PLA2G4A-4 may play its
pro-oncogenic role via miR-23b-3p/Versican axis. In addition, TCGA dataset supported the upregulation of versican in HCC tissues
(Fig. 6B and C) and high expression of versican was related to worse prognosis (Fig. 6D). Correspondingly, Pearson’s correlation
analysis indicated that there is a negatively correlation between expression of versican with miR-23b-3p (Fig. 6E and F) and a positive
correlation between expression of versican and Lnc-PLA2G4A-4 (Fig. 6G and H), which was analyzed using the MCHH tissues and the
TCGA dataset. To further confirm the positive correlation between versican and Lnc-PLA2G4A-4, we investigate the effects of
Lnc-PLA2G4A-4 on the expression of versican mRNA and protein by RT-qPCR and Western blot. The result showed that
Lnc-PLA2G4A-4 can positively regulate versican expression at the mRNA and protein levels (Fig. 61 and J), while miR-23b negatively
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regulates the expression of versican (Fig. 6K).

Simultaneously, luciferase reporter assay indicated that miR-23b binds to the 3'-untranslated region (UTR) of versican transcripts
(Fig. 6L), which is consistent with the previous report [29]. Next, miR-23b-3p inhibitor was transfected in Lnc-PLA2G4A-4 knockdown
SMMC-7721 cells, and Western blot assays demonstrated that miR-23b-3p inhibitor partly restore the suppressive effects of
sh-Lnc-PLA2G4A-4 on EMT (Fig. 6M). Additionally, previous study has reported that versican regulates the expression level of p-EGFR
and participates in regulating the proliferation of cancer cells through the p-EGFR/p-AKT signaling pathway [11]. Therefore, we
examined the expression of the significant markers related to p-EGFR/p-AKT signaling pathway in HCC cells with Lnc-PLA2G4A-4
over-expression or knockdown by Western blot. The result showed that Lnc-PLA2G4A-4 over-expression in SNU398 cells enhanced
the expression of p-EGFR and p-AKT at the protein level, whereas Lnc-PLA2G4A-4 knockdown in SMMC-7721 cells reduced the protein
level of those proteins (Figs. 2E and 6 M). In addition, miR-23b-3p inhibitor restores the suppressive effects of sh-Lnc-PLA2G4A-4 on
p-EGFR, p-AKT and versican (Fig. 6M), which indicated that Lnc-PLA2G4A-4 promoted HCC cells proliferation through the
miR-23b/versican/p-EGFR/p-AKT signaling pathway. Taken together, we identified a novel IncRNA Lnc-PLA2G4A-4, which acts as an
endogenous sponge of miR-23b-3p to promote HCC cell proliferation and metastasis via targeting miR-23b-3p/versican axis (Fig. 6N).
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Fig. 6. The pro-oncogenic action of Lnc-PLA2G4A-4 was mediated by miR-23b-3p/versican axis. A. Volcano map of differentially expressed
gene by single-cell sequence. B, C. Relative versican expression in paired cancer and paracancer tissues in TCGA cohort. D. Prognostic difference of
high and low expression of versican in TCGA-LIHC cohort. E, F. Correlation between miR-23b-3p and versican expression in HCC tissues of MCHH
and TCGA. G, H. Correlation between Lnc-PLA2G4A-4 and versican expression in HCC tissues of MCHH and TCGA. I. RT-qPCR detected Lnc-
PLA2G4A-4 regulates the expression of versican. J. Western blot assays detected Lnc-PLA2G4A-4 regulates the expression of versican. K. West-
ern blot assays detected miR-23b regulates the expression of versican. L. Luciferase reporter assay to verify the binding of miR-23b-3p to versican
3’UTR region. M. Western blotting detection of protein expression of EMT related marker, VCAN, p-EGFR, EGFR, p-AKT, AKT in SMMC-7721 cells
stably transfected with sh-Lnc-PLA2G4A-4 or co-transfected with miR-23b inhibitor and sh-Lnc-PLA2G4A-4. N. Schematic overview of Lnc-
PLA2G4A-4 contributes to hepatocellular carcinoma proliferation, migration and invasion.

4. Discussion

To date, more and more evidences have confirmed that long noncoding RNAs (IncRNAs) play important roles in the tumor pro-
gression [30], including hepatocellular carcinoma (HCC) [31]. However, there still are many functions and mechanisms of IncRNAs in
the pathogenesis of HCC require further elucidation. In this study, we found a new HCC-related long non-coding RNA, Lnc-PLA2G4A-4,
and elucidate its biological function and molecular mechanism in HCC development. Upregulation of Lnc-PLA2G4A-4 in HCC results in
down-regulation of miR-23b, leading to enhanced versican expression and in turn accelerating tumor growth, migration and invasion.

The aberrant expression of IncRNA is involved in the regulation of HCC progression [32,33], which means IncRNAs have
tremendous potential as novel biomarkers [34]. Notably, the expression level of Lnc-PLA2G4A-4 was associated with the tumor size
and microvascular invasion. It’s reported that microvascular invasion (MVI) has increasingly been recognized to reflect enhanced
abilities of local invasion and distant metastasis of HCC [32]. Therefore, we proposed a hypothesis that Lnc-PLA2G4A-4 has potential
functions of regulating tumor proliferation and metastasis in liver cancers. Next, we functionally validated this in vivo and in vitro by
performing phenotypic analysis and the results are consistent with our hypothesis. Importantly, our data suggested that
Lnc-PLA2G4A-4 related to worse prognosis, which highlighted Lnc-PLA2G4A-4 acted as a tumor oncogene in tumor cells abilities and
its measurable values in clinical application.

The molecular mechanisms of IncRNA are closely associated with their subcellular localization. LncRNAs enriched in the nucleus
typically regulate gene expression at the levels of epigenetic modification and transcription, while IncRNAs enriched in the cytoplasm
typically served as the miRNA sponges to participate in post-transcriptional regulation [33]. Therefore, we explored the subcellular
localization of Lnc-PLA2G4A-4 and found it was mainly localized to the cytoplasm. And many studies have demonstrated that mRNA,
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IncRNA, pseudogene transcripts, circRNA can regulate the protein levels of encoded genes and the biological behavior of cells by
competitively binding to miRNA [34]. Thus, we guess Lnc-PLA2G4A-4 may act as a ceRNA to promote HCC proliferation and
metastasis. In our research, we identified some possible binding microRNAs of Lnc-PLA2G4A-4 by bioinformatic prediction, which
were reported to regulate tumor progression, such as miR-23b, miR-567 and miR-888. Among them, miR-23b-3p attracted our
attention, because it acts as both a tumor suppressor [35-37] and an oncogenic miRNA [38-40] in various types of carcinogenesis.
There is accumulating evidence that miR-23b performed a variety of functions in various tumor progressions, which is involved in
proliferation [41], apoptosis [42], metastasis [43], angiogenesis [44], chemoresistance [45] and glycolysis [45]. In addition, miR-23b
was significantly down-regulated in LIHC dataset. Therefore, we were trying to further reveal its function and mechanism in HCC. In
this study, we discovered that Lnc-PLA2G4A-4 promotes HCC proliferation and metastasis by sponging miR-23b-3p. Hence, there was a
reason to believe that miR-23b-3p might play a negative role in regulating HCC proliferation and metastasis.

Versican, the downstream target genes of Lnc-PLA2G4A-4, was reported that had the functions of regulating tumor proliferation
and metastasis [14,17]. According to previous research, the expression of versican is regulated by several miRNAs, such as miR-23b
[29], miR-144 [46], miR-143 [47]. In combination with literature research, we wonder if Lnc-PLA2G4A-4 regulates tumor prolifer-
ation and metastasis by miR-23b-3p/versican axis. Then, our studies showed that miR-23b was able to inhibit versican expression and
reverse the function of Lnc-PLA2G4A-4 in promoting HCC proliferation, invasion and migration. We also found that versican could
facilitate the tumor proliferation via targeting p-EGFR/p-Akt axis and promote EMT progress, which ties well with previous studies
[29]. Thus, we speculated that Lnc-PLA2G4A-4 promotes HCC progression by inducing versican expression via sponging miR-23b-3p,
which expanded our understanding of the HCC progression network.

In our study, we found Lnc-PLA2G4A-4 promoted EMT via versican, which may regulate EMT via targeting E-cadherin. Never-
theless, versican may also promote EMT via other pathways. For example, the G1 domain of versican plays a role in the crosslinking of
hyaluronic acid and HAPLN1, which mediated cell adhesion and proliferation [48]. As the expression of other EMT markers was also
influenced by versican, the downstream signaling network of Lnc-PLA2G4A-4 in regulating EMT still needs further investigation.
Recently, versican was reported to promote escaping from tumor immune surveillance through dendritic cell dysfunction [49].
Versican silencing also improves the antitumor efficacy of endostatin by alleviating its induced inflammatory and immunosuppressive
changes in the tumor microenvironment [50]. Therefore, it is worth exploring whether Lnc-PLA2G4A-4 plays a key role in the tumor
microenvironment through miR-23b/versican pathway.

4.1. Limitation of the study

The main drawback of the present study is the lack of in vivo data about the function of Lnc-PLA2G4A-4 in proliferation of HCC.
Though we have examined that Lnc-PLA2G4A-4 regulates cell proliferation by activating the EGFR-AKT signaling, whether PLA2G4A-
4 regulates cell proliferation through the versican/EGFR/AKT pathway needs to be further tested in animal models.

5. Conclusions

Our research concluded that Lnc-PLA2G4A-4 related to worse prognosis and served as a ceRNA for miR-23b-3p to facilitate the
proliferation, migration and invasion of HCC through increasing versican expression. The results of our study illustrated the biological
function of Lnc-PLA2G4A-4 in the progression of HCC, suggesting that Lnc-PLA2G4A-4 might be a new indicator for HCC prognosis and
a potential therapeutic target of HCC.
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