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ARTICLE INFO ABSTRACT
Keywords: Objectives: Recent studies have demonstrated maternally expressed gene 3 (MEG3) as a tumor
MEG3 suppressor across multiple malignancies. Meanwhile, the role of MEG3 in ovarian cancer needs

Tube formation
Ovarian cancer
Endothelial cells

further investigation. We aim to study the effects of MEG3 on angiogenesis in ovarian cancer and
the underlying mechanisms.
Methods: The transcript levels of MEG3 in ovarian cancer samples from the GEPIA database were

31;1;(137621 analyzed and compared to those in normal samples. The effect of MEG3 on the tube formation
RASA1 ability was quantified in ovarian carcinoma-derived microvascular endothelial cells (ODMECs).
ODMECs Through sequence analysis, we identified miR-376a as a major candidate to bind to MEG3. A
LncRNAs MEG3-miR-376a binding site was identified via genetic modulation methods. RAS p21 protein

activator 1 (RASA1) was screened as a middle player to bridge the role of miR-376a and
angiogenesis. The regulation between miR-376a and RASA1 was confirmed via a dual-luciferase
reporter assay. Finally, the competition was explored between Y-box binding protein 1 (YBX1)
and miR-376a in binding to MEG3.

Results: MEG3 was significantly downregulated in ODMECs compared with normal ovarian
endothelial cells. Overexpression of MEG3 led to reduced tube formation of ODMECs. The MS2
hairpin assay showed that MEG3 acted as a platform to sponge miR-376a. RASA1, a key sup-
pressor of tube formation, was directly targeted by miR-376a. Further, MEG3 suppressed
angiogenesis through the miR-376a/RASA1 axis in ODMECs. Finally, YBX1 and miR-376a were
competitively bound to MEG3.

Conclusion: This study uncovered a novel mechanism that MEG3 sponged miRNA-376a and YBX1
to regulate the expression of RASA1 and exert an effect on the angiogenesis of ovarian cancer.
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1. Introduction

Ovarian cancer, the most lethal gynecological malignancy, is ranked as one of the top causes of cancer-related deaths among
women in developed countries [1]. New blood vessel formation is critical to cancer growth and metastasis. Ovarian carcinoma-derived
microvascular endothelial cells (ODMECs) are primarily responsible for blood vessel growth [2]. Therefore, novel therapeutics with
anti-angiogenic effects achieved by targeting ODMECs would hold considerable potential for ovarian cancer treatment.

Maternally expressed gene 3 (MEG3), despite limited expression in various tumors, functions as a tumor suppressor gene in ovarian
cancer [3]. Although the roles of MEG3 in the context of other cancers have been reported earlier [4], the effects of MEG3 in ODMECs
have not been well elucidated. Long noncoding RNAs (IncRNAs) are at least 200 nt transcripts lacking protein-coding potential. Their
roles have been recently appreciated in cancer diseases [5]. Recent research revealed that RNA-binding proteins (RBPs) and miRNAs
control the post-transcription process, including RNA decay and stability, and regulate gene expression [6]. The roles of IncRNAs
remain to be further investigated.

Here, we investigated MEG3 as a tumor suppressor in ODMECs and identified its interaction with miRNAs and RBPs. Through a
luciferase reporter system in combination with bioinformatics analysis, MEG3 was shown to sponge miR-376a and modulate the
transcript and protein levels of RASA1, leading to the modulation of tube formation in ODMECs. Our further experiments showed that
YBX1, a nucleic acid binding protein, is bound to MEG3 through a conserved prediction motif. Our results indicated that YBX1 and
miR-376a competitively sponge the tumor suppressor gene MEG3, thereby influencing tube formation by ODMECs.

2. Materials and methods
2.1. Samples collection and cell culture

Cancer tissue samples were collected from 14 patients histologically diagnosed with epithelial ovarian cancer in Xijing Hospital,
per the protocol (registration number: KY20173063-1) approved by the Ethics Committee of Xijing Hospital, The Fourth Military
Medical University. After resection, each tissue specimen was immediately portioned into three pieces for RNA analysis, protein
extraction, and liquid nitrogen storage for further uses. Primary human ODMECs were isolated from tissues and cultured in EGM-2MV
medium (#CC-3156, Lonza Group Ltd, Basel, Switzerland) with 10% FBS, 1% penicillin and streptomycin [7]. Cells were maintained in
a humidified incubator at 5% CO,, 37 °C.

2.2. Bioinformatics analysis

The transcript levels of MEG3 in ovarian cancer were calculated with the Gene Expression Profiling Interactive Analysis (GEPIA)
(http://gepia.cancer-pku.cn/) [8]. The correlation between the clinical outcome of overall survival (OS) and MEG3 expression was
analyzed with Kaplan-Meier Plotter (http://kmplot.com/analysis/index.php?p=service&cancer=ovar) [9]. The target genes for
miRNAs were predicted with TargetScan (http://www.targetscan.org/vert 72/) [10]. The gene binding sites for miRNAs were pre-
dicted via Starbase (http://starbase.sysu.edu.cn/starbase2/) [11]. The protein-binding motifs in MEG3 were analyzed with the online
platform RBPMap (http://rbpmap.technion.ac.il/) [12].

2.3. MS2 pulldown assay

MEG3, MEG3-MS2 and MEG3-mut-MS2 plasmids were first transfected into ODMECs, according to a previous study [13]. For MS2
pulldown assay, ODMECs were collected at 48 h post-transfection. Then ODMECs lysates were incubated with MBP-MCP-coated
amylase resin (prepared at 4 °C) for 8 h. After incubation, the samples were extensively washed. Then 100 pl of buffer (containing
20 mM maltose) was used to elute bound MEG3-MS2 complexes. Eluted complexes were then analyzed by Western blotting to identify
MEG3-associated proteins. We used quantitative reverse transcription polymerase chain reaction (QRT-PCR) analysis to identify any
miRNA associated with MEG3.

2.4. Plasmid construction

GenePharma (Shanghai, China) constructed the sequences for MEG3, MEG3 mutant, RASA1 3’ untranslated region (UTR, with miR-
376a-binding site), and mutated RASA1 3’ UTR. MEG3-expressing plasmids were constructed and cloned into a pCDNA3.0 and pGL3
vector. A six-repeat MS2 hairpin structure was then constructed and introduced into the pC3-MEG3 plasmid [14]. miR-376a site--
directed mutagenesis for the MEG3 sequence was cloned in two partss MEG3 mut-partl with primers P1
5-AGCCCCTAGCGCAGACGGCGGA-3' and P2 5'-AAAGTACAGTATCTCTCTTTGTA-3/, MEG3 mut-part2 with primers P3
5-TGCTCATACAAAGAGAGATACTGT-3' and P4 5'-TTTTTGTTAAGACAGGAAACACATT-3'. Then the primers P1 and P4 were used to
amplify whole MEG3 mutation sequence in the recombinant products MEG3 mut-part 1 and mut-part 2. Plasmid construction was
verified by sequencing before transfection. The MEG3 sequence was cloned into the pLenti-6.3 vector (Invitrogen, Carlsbad, CA, USA),
and then ODMECs were transfected as previously described [15].
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2.5. siRNA transfection and dual luciferase reporter assay

siRNAs were constructed by GenePharma (Shanghai, China). Transfection was done with the use of lipofectamine 2000 (Invi-
trogen). After transfection for 48 h, ODMECs were collected for downstream experiments. For the dual luciferase reporter assay,
ODMECs were co-transfected with widetype (WT)-RASA1-UTR or mutant (Mut)-RASA1-UTR, pRL-TK, and miRNA mimic. The dual
luciferase activity was measured after transfection as previously described [16].

2.6. RNA immunoprecipitation (RIP)

ODMECs were first transfected with plasmid or mimic. With recombinant protein G agarose (Thermo Scientific, MA, US) to preclear
the lysates, Cells (50 million in total) were separated into nuclear and cytoplasmic fractions. A small amount of the sample (1%) was
taken as input. The left sample was incubated with anti-YBX1 antibodies or rabbit serum IgG. The samples were then treated with
proteinase K. The mRNA or miRNA levels were analyzed by qRT-PCR as described previously [17].

2.7. qRT-PCR (quantitative reverse transcriptase PCR)

RNA isolation from ODMECs and reverse transcription for gene expression analysis were performed using PrimeScript™ RT Master
Mix kit (TaKaRa, Japan). Reverse transcription for miRNA expression analysis was done with miScript Reverse Transcription Kit
(Qiagen, Germany). The primers for qPCR were as follows: MEG3, forward 5-TCCATGCTGAGCTGCTGCCAAG-3/, reverse 5'-AGTC-
GACAAAGACTGACACCC-3'; PRKCE, forward 5'-CGAGGCCGTGAGCTTGAAG-3/, reverse 5'-GCAATGTAGGGGTCGAGAAGG-3’; DOK1,
forward 5'-CAATTCTGGGTAACGGTGCAG-3/, reverse 5'-CCACCCTCAGCACGTAGGA-3'; FGFR1, forward 5-CCCGTAGCTCCA-
TATTGGACA-3, reverse 5'-TTTGCCATTTTTCAACCAGCG-3’; PRKD1, forward 5- AGATGGCTTGCTCCATTGTCG-3/, reverse 5'-
GTCATGGCGAAAAAGCAGGAT-3’;  HIF1A, forward  5'-GAACGTCGAAAAGAAAAGTCTCG-3', reverse 5-CCTTATCAA-
GATGCGAACTCACA-3’; PIK3CB, forward 5-TATTTGGACTTTGCGACAAGACT-3, reverse 5'-TCGAACGTACTGGTCTGGATAG-3';
WNT2B, forward 5'-GGGGCACGAGTGATCTGTG-3/, reverse 5'-GCATGATGTCTGGGTAACGCT-3’; RASA1, forward 5'-ACTTGACA-
GAACGATAGCAGAAG-3', reverse 5'-GCCTCCGATCACTCTCTCTTA-3’; miR-5195-3p, forward 5-ATCCAGTTCTCTGAGGGGGCT-3';
miR-3150a-3p (miR-3150), forward, 5-CTGGGGAGATCCTCGAGGTTGG-3’; miR-361-5p (miR-361), forward, 5-TTATCA-
GAATCTCCAGGGGTAC-3’; miR-665, forward, 5-ACCAGGAGGCTGAGGCCCCT-3’; miR-376a-3p (miR-376a), forward, 5'-
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Fig. 1. MEG3 expression is downregulated in ODMECs, and overexpression of MEG3 inhibits tube formation by ODMECs. (A) MEG3 RNA levels in
ovarian cancer and normal tissues based on the GEPIA database. (B) Kaplan-Meier analysis on overall survival rates based on MEG3 expression
levels in 1435 patients with ovarian cancer. The mean value of MEG3 mRNA levels was applied to stratified patients into two groups. Log-rank test
was applied to analyze the differences between the two groups. (C) Expression of MEG3 in ODMECs and normal ovarian microvascular endothelial
cells. (D) qRT-PCR detection of lentivirus-mediated expression of MEG3 in ODMECs. (E) Analysis of tube formation by ODMECs infected with Lv-
control or Lv-MEG3. Scale bar = 100 pm. (F) Quantified data from E.
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ATCATAGAGGAAAATCCACGT-3’; and miR-485-5p, forward, 5-AGAGGCTGGCCGTGATGAATTC-3'; reverse, Universal Primer
(QIAGEN, Germantown, MD, USA).

2.8. Western blotting

Primary human ODMECs were lysed in ice-cold radioimmunoprecipitation assay buffer (RIPA; 20 mM Tris-HCI pH 7.4, 137 mM
NacCl, 10% glycerol, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA pH 8, 2 mM vanadate, 1 mM PMSF and a
cocktail of protease inhibitors). The cell lysate was cleared by centrifugation, and an appropriate sample buffer was added. Samples

were subjected to SDS-PAGE and immunoblotted using primary rabbit polyclonal anti-YBX1 (#ab76149; Abcam, Cambridge, UK),
anti-RASA1 (#ab40677; Abcam), and mouse monoclonal anti-p-actin (#A5441, Sigma-Aldrich) antibodies.

2.9. Tube formation assay

ODMECs were suspended in a complete EGM-2MV medium and cultured on matrigel (BD Biosciences, San Jose, CA, USA). After 48
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h of incubation, ODMEC tube formation was observed under a Nikon Eclipse microscope and photographed. Tube formation was
quantified using different parameters based on counting branching points and cell clusters.

2.10. Statistical analysis

Data were plotted as mean =+ standard deviation (SD). At least three biological repeats were performed-the statistical analysis.
Differences between two groups were proformed using a student’s t-test (two-tailed). One-way analysis of variance (ANOVA) with
Tukey’s posttest was assessed to evaluate data among more than two groups. GraphPad PRISM (version 9, La Jolla, CA, USA) was used
in this study and p < 0.05 was considered statistically significant.

3. Results
3.1. Downregulation of MEG3 and its inhibitory role in tube formation in ovarian cancer
To explore the roles of MEG3 in ovarian cancer progression, we first quantified the transcript levels of MEG3 with the GEPIA

database. MEG3 expression was significantly lower in ovarian cancer tissues than in normal controls (Fig. 1A, supplementary mate-
rials). Furthermore, to investigate the correlation of MEGS3 to the overall survival rate in patients with ovarian cancer, we divided the
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Fig. 3. MEG3/miR-376a loop regulates tube formation. (A) TargetScan prediction genes were collected from the online prediction website. Pre-
dicted candidate genes were then analyzed according to the PANTHER classification system. The listed genes are associated with the process of
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samples into two groups (high and low MEG3 levels) based on the mean value of MEG3 expression data. Our analysis showed that high
expression of MEG3 was correlated to a high overall survival rate (Fig. 1B). This indicates the role of MEG3 as a tumor suppressor in the
context of ovarian cancer.

Since microvascular endothelial cells are the main cellular component responsible for ovarian cancer angiogenesis, the levels and
activities of MEG3 in ODMECs were explored. Quantitative analysis showed that MEG3 level was lower in ODMECs than in controls
(Fig. 1C), consistent with MEG3 being considered a tumor suppressor for ovarian cancer. To determine the effect of MEG3 in
angiogenesis, lentiviral vectors were used to stably restore the expression of MEG3 in ovarian tumor endothelial cells, followed by the
examination of tube formation, an assay to quantify the potential of angiogenesis in vitro. Using qRT-PCR, we first confirmed the
increase in MEG3 expression (Fig. 1D). The subsequent tube formation assay displayed that increased MEG3 expression inhibited the
tube formation in ODMECs (Fig. 1E and F). These results proved that MEG3 restrained tube formation of ODMECs, suggesting the
inhibitory role of MEG3 in ovarian cancer angiogenesis.

3.2. MEGS3 acts as a platform to sponge miR-376a

MEGS3, as a long noncoding RNA, could play important roles in cancer via crosstalk with other RNA species, such as miRNAs. To
explore the miRNAs directly interacting with MEG3, a prediction software from Starbase was used to identify miRNA-binding sites on
MEG3 RNA. We found MEG3 sequence complementary to six miRNA seed sequences, including miR-5195-3p, miR-3150a-3p, miR-
361-5p, miR-665, miR-376a, and miR-485-5p (Fig. 2A). To prove the binding of these six miRNAs to MEG3, MS2 pulldown assays
were done on lysates of ODMECs expressing MEG3-MS2 or MEG3 (Fig. 2B-D). The bound miRNAs would be precipitated by MEG3-
MS2 and then confirmed by qRT-PCR. Among the six miRNAs predicted from bioinformatics analysis, only miR-376a and miR-485
were shown to be significantly enriched in the precipitates, of which miR-376a reached about five folds increase in MS2 samples
compared to negative control samples (Fig. 2E). However, only miR-376a was significantly reduced by miR-376a in ODMECs (Fig. 2F).
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blot images for Fig. 4A and Western blot quantification analysis were included as supplementary materials.
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Therefore, the interaction between miR-376a and MEG3 became the focus of our study.

To further assess the sequence responsible for the interaction between MEG3 and miR-376a, we introduced a mutation in the
putative miR-376a/MEG3 binding site (Fig. 2G). MEG3-mut-MS2 (with miR-376a binding site mutation) failed to precipitate miR-
3764, suggesting that MEG3 directly binds with miR-376a through a complementary sequence (Fig. 2H). Notably, overexpression
of miR-376a did not change the MEG3 level (Fig. 2I), suggesting that, instead of being negatively regulated by miR-376a, MEG3 acts as
a platform to sponge miR-376a.

3.3. MEGS3 suppresses angiogenesis through the miR-376a/RASA1 axis in ODMECs

To understand how MEG3-miR-376a interaction affects angiogenesis, we explored the potential targets of miR-376a via Tar-
getScan. All candidate genes were analyzed by the online web classification PANTHER. It showed that 5.2% of the enriched genes (8
candidate genes) were clustered in the angiogenesis pathway (Fig. 3A). With qRT-PCR, we found that RASA1 was significantly
downregulated in ODMECs with miR-376a overexpression (Fig. 3B). Therefore, RASA1, an essential gene in tube formation for
angiogenesis, became the top candidate.

To confirm whether miR-376a directly binds to RASA1, we predicted the binding site between the two (Fig. 3C). We next con-
structed the vectors containing the RASA1 3’-UTR in wild-type or mutant formats followed by firefly luciferase reporter. These vectors
were used for co-transfection with miR-376a or control mimics. The reporter assay demonstrated that the expression of miR-376a,
instead of control mimics, downregulated the luciferase activity of wild-type RASA1 3'-UTR but not the mutant form (Fig. 3D),
which confirmed the direct binding of miR-376a to RASAL.

Based on the above results that MEG3 sponges miR-376a and miR-376a binds to RASA1, we hypothesize that MEG3 suppresses
angiogenesis through the miR-376a/RASA1 axis in ODMECs. qRT-PCR analyses showed that overexpression of MEG3 upregulated
RASAL. Overexpression of miR-376a simultaneously abrogated MEG3’s upregulation on RASA1 (Fig. 3E). This suggested that MEG3
upregulated RASA1 expression, possibly through the abrogation of the binding of miR376a to RASA1 in the process of MEG3’s
sponging miR-376a. Furthermore, the knockdown of RASA1 abrogated the MEG3-induced suppression of tube formation of ODMECs
(Fig. 3F and G). These results suggest that MEG3 regulated tube formation through the miR-376a/RASA1 axis in ODMECs.

3.4. miR-376a and YBX1 compete with each other in binding to MEG3

Recent studies indicated that IncRNAs partner with RBPs to enable certain functions [6]. YBX1, a multi-functional RNA-binding
protein, has demonstrated that it can interact with LncRNAs and affect angiogenesis [18]. The interaction between MEG3 with YBX1
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mimics. The full, not adjusted blot images (for Fig. 5B and D) and Western blot quantification analysis were included as supplementary materials.
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was confirmed by MS2 pulldown assay (Fig. 4A). We then validated the interaction between YBX1 and MEG3 by RIP analysis using
anti-YBX1 antibodies and negative control IgG antibodies (Fig. 4B). MEG3 expression was highly enriched in YBX1 IP samples
(Fig. 4B), revealing that YBX1 is physically associated with MEG3.

Having demonstrated the binding of miR-376a and YBX1 to MEG3, we explored whether miR-376a and YBX1 competed their
binding to MEG3. The MS2 pulldown assay demonstrated that miR-376a was increasingly enriched onto MEG3 when YBX1 was
knocked down in ODMECs (Fig. 4C), suggesting a competitive relationship between miR-376a and YBX1 in binding to MEG3. To
validate whether the binding of miR-376a to MEG3 affected the binding of YBX1 to MEG3, we used RIP analysis with anti-YBX1
antibodies. In line with the competitive binding hypothesis, compared with mimics control, miR-376a mimics decreased the
enrichment of MEG3 association with YBX1 in ODMECs (Fig. 4D). Together these data suggest that YBX1 and miR-376a competitively
bind to MEG3.

3.5. Competitive binding network miR-376a/YBX1-MEG3 regulates RASA1 expression

Our results showed that miR-376a is directly bound to RASA1 to downregulate its expression, while miR-376a and YBX1 are
competitively bound to MEG3. It would be interesting to investigate whether YBX1 regulated the expression of RASA1. We found that
YBX1 knockdown increased the levels of RASA1 from both mRNA and protein aspects (Fig. 5A and B), indicating more miR-376a could
be sponged by MEG3, thus leading to the increased level of RASA1. In addition, miR-376a mimics disrupted the increase of mRNA and
protein levels of RASA1 in the si-YBX1 condition (Fig. 5C and D). This further sustains the notion that YBX1 and miR-376a compet-
itively bind to MEG3 with each other and regulate the expression of RASA1. Together, these results indicate that MEG3 could sponge
miR-376a and regulate the expression of RASA1. We further predicted that YBX1 is bound to MEG3 through a conserved prediction
motif. Our results reveal that the YBX1 and miR-376a competitively bind to MEG3, regulate the expression of RASA1, and ultimately
affect the tube formation of ODMECs.

4. Discussion

Here we first explored the effects and involved mechanism for MEG3 in ovarian cancer angiogenesis, with ODMECs as in vitro
model system. MEG3 was downregulated in ODMECs from our bioinformatics analysis. Overexpression of MEG3 reduced tube for-
mation of ODMECs. Furthermore, MEG3 inhibited tube formation of ODMECs by sponging miR-376a. RASA1, a key angiogenesis
suppressor, was directly targeted by miR-376a. YBX1 and miR-376a were competitively bound to MEG3 and regulated the expression
of RASA1 (Fig. 6). Our results demonstrated the novel mechanism that MEG3 sponged YBX1 and miR-376a to regulate ovarian cancer
angiogenesis through RASA1.

MEG3 was previously shown to promote tube formation in endothelial cells from the umbilical vein and brain, etc. [19-21]. Be-
sides, MEG3 functioned as a tumor suppressor through sponging molecular mechanisms for RBPs or miRNAs in a competing
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Fig. 6. A model depicting the roles of MEG3 was found to inhibit tube formation of ODMECs by sponging miR-376a. RASA1, a key angiogenesis
suppressor, was identified as a direct target gene of miR-376a. YBX1 and miR-376a competitively bind to MEG3 and regulate the expression
of RASAL.
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endogenous RNA manner. For instance, MEG3 increased TXNIP expression by binding miR-18a in lung tissues, thereby suppressing
NLRP3 inflammasome and caspase-1 signaling [22]. In bile acids metabolism, MEG3 destabilized Shp by serving as a guide RNA
scaffold to recruit the RBP PTBP1 to Shp mRNA and caused cholestasis [23]. Here, MEG3 sponged both miR-376a and YBX1 to
modulate the expression of RASA1, further affecting the tube formation in ODMECs.

We found that miR-376a directly targeted RASA1. RASA1 was reported to function as a suppressor of angiogenesis and played a
critical role in the tumorigenicity of hepatocellular carcinoma [24] and capillary malformation-arteriovenous malformation [25].
RASAL1 suppresses tube formation in human umbilical vein endothelial cells (HUVECs) via a miRNA-mediated mechanism [26]. In the
present study, MEG3 sponged miR-376a and increased RASA1, leading to the suppression of tube formation in ODMECs. miR-376a
rescued the effects of MEG3 overexpression on tube formation in ODMECs. These results indicate that MEG3 suppresses tube for-
mation via miR-376a/RASA1 axis. miR-376a expression increased in breast cancer patients’ plasma [27] and in pancreatic cancer
[28]. In ovarian cancer patients, miR-376a was found at increased levels, and its expression correlated with FIGO stages III-IV [29]. In
addition, miR-376a enhanced the proliferation and metastasis of ovarian cancer [30], suggesting that miR-376a could serve as a
diagnostic and prognostic biomarker in ovarian cancer. In addition to these oncogenic roles of miR-376a, several studies found that
miR-376a could be a tumor suppressor gene [31]. The roles of miRNAs in the context of cancer could be complicated and worth further
investigation. Our study enriches the limited knowledge of the roles of miR-376a in ovarian cancer progression.

Our findings reveal that the platform where MEG3 sponges miR-376a and YBX1 play an essential role in ovarian cancer angio-
genesis. MEG3 could sponge miR-376a and increase RASA1 expression, suppressing the tube formation of ODMECs. However, binding
of YBX1 to MEG3 could release miR-376a from MEG3 and inhibit RASA1 expression, promoting tube formation of ODMECs. This
insight provides further clues into how IncRNAs, miRNAs, and RBPs act in coordination to regulate ovarian cancer angiogenesis.
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