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A B S T R A C T

Osteoarthritis (OA) is a highly prevalent skeletal disease. Mesenchymal stem cell-derived cartilage tissue en-
gineering is a clinical method used for OA treatment. Investigations on the molecular regulatory mechanisms of
the chondrogenic differentiation of synovium-derived mesenchymal stem cells(SMSCs) will help promote its
clinical applications. In this study, bioinformatics analysis from three different databases indicated that the long
non-coding RNA (lncRNA) MEG3 may regulate the chondrogenic differentiation of SMSCs by targeting TRIB2.
We then performed assays and found that both knockdown of MEG3 or overexpression of TRIB2 can stimulate
the chondrogenic differentiation of SMSCs and increase Col2A1 and aggrecan expression. Knockdown of MEG3
can induce the expression of TRIB2; conversely, overexpression of MEG3 can inhibit the expression of TRIB2.
Futhermore, knockdown of the TRIB2 can rescue the MEG3 silencing-mediated promotion of chondrogenic
differentiation. Moreover, RNA immunoprecipitation(RIP) and RNA pull-down assays demonstrated that MEG3
can interact with EZH2, thus recruiting it to induce H3K27me3, which promotes the methylation of TRIB2 by
binding with the promoter of TRIB2 in SMSCs. Additionally, EZH2 silencing significantly rescued the MEG3
overexpression-mediated inhibition of TRIB2 expression and chondrogenic differentiation of SMSCs. Taken to-
gether, these data indicated that MEG3 regulates chondrogenic differentiation by inhibiting TRIB2 expression
through EZH2-mediated H3K27me3.

1. Introduction

Osteoarthritis (OA) is a highly prevalent age-related skeletal disease
[1]. A recent epidemiological study has shown that an estimated 10% of
males and 13% of females over 60 years old suffer from OA [2]. Despite
this, no efficient clinical therapeutic agent or method has been estab-
lished to cure OA [3]. The secretion of inflammatory factors (IL1-b and
TNF-a) from synovial membranes and cartilage causes the production
and secretion of matrix degradation enzymes, which degrade the car-
tilage matrix, and impair articular cartilage [4]. Therefore, the treat-
ment of OA must involve the repair of articular cartilage.

Mesenchymal stem cells (MSCs) are found in the bone marrow,
adipose tissue, synovial membranes and synovial fluid. MSCs possess
multipotent and the ability to differentiate into osteoblasts, chon-
drocytes, adipocytes, and myoblasts [5,6]. The application of MSCs to
repair articular cartilage provides a potential approach for the

treatment of OA [7]. Synovium-derived mesenchymal stem cells
(SMSCs) possess the full multipotent of MSCs and are involved in the
regeneration of osteoarthris cartilage in vivo [8]. Furthermore, SMSCs
have been shown to have the greatest chondrogenesis potential, com-
pared with MSCs derived from other tissues [9]. Therefore, SMSCs are
considered to be ideal stem cells for cartilage repair in OA therapy [10].
However, the molecular regulation of chondrogenesis by MSCs requires
further elucidation.

Long non-coding RNAs (lncRNAs) are RNA sequences of> 200
nucleotides (nt) in length and which are not translated into proteins
[11]. They are known to regulate cellular activities, such as prolifera-
tion [12–14], differentiation [15] and apoptosis [16,17]. Recently, in-
creasing evidence has revealed that lncRNAs regulate MSC differ-
entiation [15,18–20]. LncRNA MEG3 (maternally expressed 3) is a
maternally expressed lncRNA located on the human chromosome 14
[21]. Early studies have shown that lncRNA MEG3 can activate p53,
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thus acting as a tumor suppressor [22]. In addition, MEG3 was down-
regulated in OA tissues [23] (PMID: 26090403) and MEG3 knockdown
might lead to the progression of OA [24](PMID: 29255591); also, up-
regulation of lncRNA MEG3 was found to enhance the osteogenic dif-
ferentiation of MSCs [25]. Therefore, we hypothesized that MEG3 may
participate in the chondrogenic differentiation of SMSCs.

Biochemical investigations have indicated that lncRNA MEG3 reg-
ulates gene expression by association with chromatin, and exert an
effect via epigenetic mechanisms [26,27] Polycomb Repressive Com-
plex 2 (PRC2) is a large molecular machine which catalyzes the me-
thylation of histone H3 at Lys(H3K27). It is evolutionarily conserved in
Drosophila, mammals, and plants [28,29] (PMID: 31032401/PMID:
30967505). EZH2 protein, the catalytic component of PRC2, was found
to bind with lncRNA MEG3 directly [26]. In this manner, MEG3 recruits
PRC2 to specific gene targets in chromatin, and PRC2 exerts its function
for modulating chromatin, subsequently leading to the regulation of
specific gene expression.

Tribbles homolog 2 (TRIB2), a member of the tribbles family
(TRIB1, TRIB2, TRIB3), is first identified in Drosophila as mitosis
blocker that regulates embryo and germ cell development [30]
(PMID:10850494). TRIB2 plays a crucial role in regulating human
diseases, such as acute myeloid leukemia [31] (PMID:17097562), liver
cancer [32] (PMID: 2376967), colorectal cancer [33] (PMID:
30541550). Also, TRIB2 appears to play roles in inflammatory diseases
[34] (PMID:26517922), however, the biological role of TRIB2 in OA is
not fully understood.

In our study, we focused on the regulatory molecular mechanisms of
chondrogenic differentiation of SMSCs. We revealed that TRIB2 was a
target of MEG3 and MEG3 can inhibit TRIB2 expression. Also, the in-
hibition of MEG3 or upregulation of TRIB2 can promote the chondro-
genic differentiation of SMSCs. Furthermore, we demonstrated that
MEG3 can suppress TRIB2 by interacting with EZH2 in SMSCs. Taken
together these data suggest that MEG3 is a promising target for ther-
apeutic interventions in patients with OA.

2. Materials and methods

2.1. Bioinformatics analysis

Differentially expressed genes in GSE114007 and GSE31980 fom the
GEO database were analyzed using bioinformatics analysis. Limma-
Microarray/Counts were used to calculate gene expression with
|log2FC| > 1, with FDR < 0.05 as a screening threshold.
Differentially expressed genes were analyzed using the Pearson's cor-
relation coefficient method. The GSE114007 dataset comprises ten
samples of human healthy knee chondrocytes and ten samples of os-
teoarthritis articular cartilage tissue, and the GSE31980 dataset com-
prises three samples of synovial stem cell monolayer cultured samples
and synovial stem cell aggregation (cartilage tissue repair) cultured
samples. Simultaneously, bioinformatics was used to analyze ChIP-seq
data [26] to obtain differentially expressed genes following MEG3
knockdown. The STRING database was used for analysis of the TRIB2
action network diagram, and the Cyctoscape 3.6 software was used to
draw the network diagram.

2.2. Isolation and characterization of synovial MSC

The human synovium was harvested from the knees of ten donors
with osteoarthritis during total knee arthroplasty. Cells were isolated
from the synovium tissue of extracted as previously described [35]. P4
cells at confluence in 25 cm2

flasks were collected and stained for
30min at 4 °C with antibodies against human CD44 (338803, Biole-
gend), CD90 (328107, Biolegend), CD14 (367103, Biolegend) and
CD45 (368509, Biolegend), as well as anti-IgG antibody (400109,
Biolegend). Subsequently, cells were analyzed using a FACS Calibur
flow cytometer and Cell Quest software (BD Biosciences). The study

was approved by the Ethics Committee of the Second Xiangya Hospital
of Central South University. Written informed consent was obtained
from all donors.

2.3. Multilineage differentiation of SMSCs

SMSCs were cultured in Human Mesenchymal Stem Cell Growth
Medium (Cyagen Biosciences, Inc., Guangzhou, China) supplemented
with 10% FBS, 10mM glutamine and 100 U/L penicillin-streptomycin
at 37 °C with 5% CO2. Cells were then treated with osteogenic, chon-
drogenic and adipogenic induction medium for 2–3weeks as previously
reported [36,37]. Trilineage differentiation of human synovial MSCs
was evaluated with alizarin red, alcian blue and oil red O staining using
a Human Mesenchymal Stem Cell Differentiation kit (Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.

2.4. Cell transfection

For cell transfection, SMSCs (1.5× 105 cells/well) were cultured in
6-well plates overnight. SiMEG3, siTRIB2, pcDNA-TRIB2 or corre-
sponding negative controls were transfected into SMSCs using
Lipofectamine-2000 (Invitrogen) according to the manufacturer's pro-
tocol. Following transfection for 48 h, the transfection efficiency was
measured by quantitative reverse transcription PCR (qRT-PCR) and
western blotting analysis. MEG3 small interfering RNA (siRNA), TRIB2
siRNA, EZH2 siRNA and pcDNA-TRIB2 were purchased from
GenePharma (Shanghai, China).

2.5. RNA isolation and quantification

Total RNA was extracted using the TRIzol reagent (Invitrogen, USA)
according to the manufacturer's protocol. A Primer-Script One Step RT-
PCR Kit (TaKaRa, China) was used for reverse transcription. An SYBR
Premix DimerEraser Kit (TaKaRa, China) was used for real-time RT-
PCR. Primers were designed by Shanghai Sangon Biotech Co., Ltd., and
their sequences were as follows: MEG3 (GenBank Accession Number
NR_046465); forward 5′-AGACAACAGGCCGTCCAGGAG-3′, reverse
5′-GAAGAGCGAGTCAGGAAGCAGTG-3′; TRIB2 (GenBank Accession
Number NM_021643); forward 5′-TGTTCTACCAGATTGCCTCGG-3′,
reverse 5′-GCTTGTCGGAGAGGGAATCAT-3′; and β-actin (GenBank
Accession Number JN038572); forward 5′-AGGGGCCGGACTCGTCAT
ACT-3′, reverse 5′-GGCGGCACCACCATGTACCCT-3′. β-actin expression
was used for normalization. The 2–△△Ct method was used to calculate
the relative expression changes in RNAs.

2.6. Nuclear-cytoplasmic fractionation

The nucleus and cytoplasm were separated of SMSCs according to
the manufacturer's instructions of PARIS™ Kit (Life Technologies). The
expression of MEG3, GAPDH and U6 in nucleus and cytoplasm were
detected through RT-qPCR. GAPDH was used as a cytoplasm control
and U6 was used as a nuclear control.

2.7. Western blotting

Western blotting was performed as previously described [38]. The
blot was probed using the following antibodies: anti-TRIB2 (ab117981,
Abcam), anti-EZH2 (ab191250, Abcam), anti-Col2A1 (YT1022, Im-
munoway), anti-aggrecan (ab3778, Abcam), anti-H3K27me3 (ab6147,
Abcam), anti-β-actin (#4970, Cell Signaling Technology) and anti-
GAPDH(#5174, Cell Signaling Technology). Secondary antibodies were
sourced from Beijing Zhong Shan Biotechnology Co.Ltd. (Beijing,
China).

D. You, et al. Cellular Signalling 63 (2019) 109379

2

http://www.ncbi.nlm.nih.gov/pubmed/26090403
http://www.ncbi.nlm.nih.gov/pubmed/29255591
http://www.ncbi.nlm.nih.gov/pubmed/31032401
http://www.ncbi.nlm.nih.gov/pubmed/30967505
http://www.ncbi.nlm.nih.gov/pubmed/10850494
http://www.ncbi.nlm.nih.gov/pubmed/17097562
http://www.ncbi.nlm.nih.gov/pubmed/30541550
http://www.ncbi.nlm.nih.gov/pubmed/26517922
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NM_021643
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=JN038572


2.8. Immunofluorescence assay

Cells were inoculated on coverslips in a 6-well plate overnight.
Subsequently, they were fixed using 4% paraformaldehyde, permeabi-
lized using PBS solution and 0.5% Triton X-100, followed by blocking.
Primary antibodies (anti-Col2A1 (YT1022, Immunoway), anti-aggrecan
(ab3778, Abcam)) were added to the cells and they were then incubated
for 30–45min at 37 °C followed by incubation with secondary anti-
bodies for another 30–45min at 37 °C. Finally, the cells were mounted
onto slides with a mounting solution, and 0.2 mg/mL DAPI was added,
cover slips were placed over the cells and sealed with nail polish. Slides
were stored in the dark at 4 °C until they could be examined under a
fluorescence microscope.

2.9. RNA pull-down assay

RNA pull-down assay was performed to identify the interactions
between MEG3 and EZH2 proteins using an RNA-Protein Pull-Down Kit
(Thermo Scientific), according to the manufacturer's instructions.
MEG3 was labeled with biotin using Biotin RNA Labeling Mix (Roche)
according to the manufacturer's instructions. Biotinylated RNAs were
then incubated with streptavidin magnetic beads (Invitrogen) and the
cell lysates were incubated for 1 h. The RNA-protein complexes were
used to conduct western blotting analysis of EZH2 and H3K27me3. The
input sample was used as a control to verify if the western blot was
functioning correctly.

2.10. RNA-binding protein immunoprecipitation (RIP)-PCR assay

An RNA-binding protein immunoprecipitation (RIP) assay was
performed using anti-EZH2 antibodies to determine whether MEG3 can
be enriched in the complex that was immunoprecipitated by anti-EZH2
antibodies. The assay was performed using an RIP Kit (BersinBio,
Guangzhou, China) with EZH2 (Abcam, ab191250) antibodies ac-
cording to the manufacturer's instructions. qRT-PCR was performed as
described above to measure the levels of MEG3 associated with EZH2.
The results were normalized relative to the input control.

2.11. Chromatin immunoprecipitation-PCR

The EZ-ChIP KIT (Millipore, USA) was used for ChIP assays ac-
cording to the manufacturer's protocol. Normal IgG antibodies served as
negtive control (NC). Specific primers used for the TRIB2 promoter
were as follows: forward; 5′-AGGAGGATGTCGGAGAGAT-3′, reverse;
5′-CATGTTCCTGGCGCTTTTCCC-3′. The results were calculated as a
percentage relative to the input DNA level.

2.12. Statistical analysis

The data are presented as mean ± SD. Statistical significance
(p < .05), which is indicated in the figures, was determined using two-
tailed paired Student's t-test or analysis of variance (ANOVA) for the
comparison of more than two groups comparison (GraphPad Prism 5,
San Diego, California, USA). TheImage-Pro-Plus 6.0 software (Media

Fig. 1. Bioinformatics analysis. A Differentially expressed genes in the GSE114007 dataset co-expressed with MEG3 (osteoarthritis vs healthy). B Effects of MEG3
knockdown on differentially expressed genes (knockdown vs control). C Differentially expressed genes (SMSCs vs SMSC-aggregates) in GSE31980 dataset. D
Differentially expressed genes in the GSE114007, MEG3 knockdown and GSE31980 shown as a Wayne diagram.
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Cybernetics, Rockville, USA) was used to analysis fluorescence quan-
titative.

3. Results

3.1. TRIB2 as a candidate gene based on bioinformatics analysis

To explore how MEG3 can regulate the chondrogenic differentiation
of SMSCs (a potential target for cartilage repair in OA therapy), we
analyzed three datasets using bioinformatics approach. The GSE114007
dataset, comprises ten samples of human healthy knee chondrocytes
and ten samples of osteoarthritis articular cartilage tissue from patients
with osteoarthritis. The results of the GSE114007 dataset analysis
showed that there were 3200 differentially expressed genes in human
healthy knee chondrocytes and osteoarthritis chondrocytes, among
which 328 were co-expressed with MEG3 (Fig. 1A). To further analyze
the target of MEG3, we analyzed ChIP-seq data from previous study
[26], the results of which showed that the expression of 300 genes
changed following MEG3 knockdown. Among these genes, 118 genes
were negatively correlated with MEG3 expression (Fig. 1B). Further-
more, we also analyzed the GSE31980 dataset that comprises three
samples of synovial stem cell monolayer cultured samples and synovial
stem cell aggregation (cartilage tissue repair) [39]. The results showed
that there were 3024 differentially expressed genes in the monolayer
culture compared with the aggregation culture of synovial stem cells
(cartilage repair) (Fig. 1C); therefore, we speculated 3024 differentially
expressed genes may be involved in the chondrogenic differentiation of
SMSCs. Next, we determined that TRIB2 was a candidate gene to cross
the intersection of GSE114007, GSE31980 and MEG3 knockdown data
(Fig. 1D). These data showed that TRIB2 expression was lower in os-
teoarthritis chondrocytes than in healthy chondrocytes, and that it is
co-expressed with MEG3(GSE114007); Furthermore, TRIB2 was nega-
tively correlated with MEG3 expression and TRIB2 was highly ex-
pressed in the chondrogenic differentiation of SMSCs. Therefore, we
speculated that MEG3 affects the differentiation of SMSCs into cartilage
by regulating TRIB2.

3.2. Culture and identification of SMSCs

To confirm the previous hypothesis, we isolated SMSCs from syno-
vium tissue, and analyzed the markers using flow cytometry. We found
that SMSCs can express the mesenchymal stem cell markers CD44 and
CD90, whereas the hematopoietic cell markers CD45 and CD14 were
negatively expressed (Fig. 2A). The positive and negative im-
munophenotypic characteristics of the isolated SMSCs were consistent
with those observed in previous studies [40,41]. We also detected
multipotency of human SMSCs. And found separated SMSCs long
spindles (Fig. 2B). SMSCs cultured in an osteogenic medium showed a
high osteogenic differentiation ability when analyzed using alizarin red
staining (Fig. 2C). Additionally, oil red O staining showed that SMSCs
possessed adipogenic differentiation ability (Fig. 2D), whereas alcian
blue staining demonstrated their chondrogenic differentiation ability
(Fig. 2E).

3.3. Knockdown of MEG3 expression or overexpression of TRIB2 promotes
chondrogenesis in SMSCs

To identify the role of MEG3 and TRIB2 in the chondrogenic dif-
ferentiation of SMSCs, the expression of MEG3 and TRIB2 following
SMSC-induced chondrogenic differentiation was investigated. MEG3
expression decreased following the induction of chondrogenic differ-
entiation (Fig. 3A), whereas TRIB2 expression increased (Fig. 3B & C)
compared with control cells. To further study the effect of MEG3 on
chondrogenic differentiation of SMSCs, a loss-of-function study using
siRNAs was performed. Si-MEG3 was transfected into SMSCs to reduce
the expression of MEG3 (Fig. 3D). Alcian blue staining showed that

interfering with MEG3 in SMSCs can induce SMSCs chondrogenic dif-
ferentiation (Fig. 3E), and that downregulation of MEG3 can promote
the expression of aggrecan and Col2A1 as determined by western
blotting and immunofluorescence analysis (Fig. 4A & B). Bioinformatics
analysis showed that TRIB2 may be a target of MEG3 and may also be
negatively regulated by MEG3. Therefore, we explored the role of
TRIB2 in the chondrogenic differentiation of SMSCs. SMSCs were
transfected with OE-TRIB2 to increase TRIB2 expression (Fig. 5A & B).
Surprisingly, the overexpression of TRIB2 resulted in a phenomenon
similar to that resulting from the downregulation of MEG3. Briefly,
TRIB2 induced the chondrogenic differentiation of SMSCs (Fig. 5C) and
also promoted the expression of aggrecan and Col2A1, which are car-
tilage markers (Fig. 5D & E).

3.4. MEG3 influences differentiation of MSC into chondrocytes via
regulating of TRIB2

According to the above results, both MEG3 and TRIB2 affect the
chondrogenic differentiation of SMSCs. Simultaneously, bioinformatics
analysis showed that the knockdown of MEG3 upregulate the expres-
sion of TRIB2. To further verify whether MEG3 regulates TRIB2, we
examined the effect of MEG3 interference on TRIB2. As shown in
Fig. 6A, B & C, the overexpression of MEG3 inhibited TRIB2 expression,
whereas TRIB2 expression increased after MEG3 interference. These
results suggest that MEG3 plays a role in the expression of TRIB2. To
further investigate the relationships among MEG3, TRIB2 and the
chondrogenic differentiation of SMSCs, we performed rescue assays by
either transfection of si-MEG3, or si-TRIB2, or co-transfection with si-
MEG3 and si-TRIB2 into SMSCs. The results showed that the inhibition
of TRIB2 expression can inhibit the expression of AGGRECAN and
Col2A1. Conversely, the inhibition of MGE3 expression can promote the
expression of AGGRECAN and Col2A1. Meanwhile, si-TRIB2 can sig-
nificantly reverse the effects of si-MEG3 (Fig. 6D & E). Taken together,
the results of our study indicated that TRIB2 is a downstream target of
MEG3 in chondrogenic differentiation of SMSCs.

3.5. MEG3 binds to EZH2 and the epigenetic silencing of TRIB2 expression
in SMSCs

To further elucidate the underlying mechanism of how MEG3 reg-
ulates TRIB2, the major locus of MEG3 in SMSCs was investigated. The
results showed that MEG3 is mainly located in the nucleus (Fig. 7A),
which is consistent with that reported in previous reports [42], sug-
gesting that MEG3 exerts its regulatory function at the level of gene
transcription. A previous study has shown that MEG3 plays a role in
gene expression by recruiting PRC2 and acting as the corresponding
target gene site of chromatin via an epigenetic mechanism [43],fur-
thermore, MEG3 was found to be directly associated with EZH2, the
catalytic subunit of PRC2 [26]. Other studies have also shown the
function of some lncRNAs to be dependent on EZH2 [44–46]. An RNA
immunoprecipitation assay using EZH2 antibodies verified that MEG3
can bind to EZH2 in SMSCs(Fig. 7B) and an RNA pull-down assay
showed similar results, that MEG3 can bind with EZH2 and H3k7me3
(Fig. 7C). Moreover, EZH2 and H3K27me3 which bind to MEG3 were
significantly reduced when MEG3 was knocked down in SMSCs
(Fig. 7D). Furthermore, we silenced EZH2 expression using siRNAs and
promoted EZH2 expression using pCDNA3.1-EZH2. As expected, the
results showed that silencing EZH2 promoted TRIB2 expression,
whereas the overexpression of EZH2 inhibited TRIB2 expression
(Fig. 8A & B). OE-MEG3(pcDNA3.1-MEG3) significantly inhibited the
expression of TRIB2, but promoted the expression of H3K27me3, while
co-transfection with si-EZH2 and OE-MEG3 partially rescued the OE-
MEG3-inbited expression of TRIB2 and OE-MEG3-promoted expression
of H3K27me3 (Fig. 8C). Therefore, we hypothesized that MEG3 may
repress TRIB2 by binding to EZH2 and H3K27me3-trimethylation. To
investigate our hypothesis, we performed ChIP-qPCR and rescue assays.
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The ChIP-qPCR results showed that while EZH2 and H3K27me3 can
bind to the promoter of TRIB2 and H3K27me3 binding in the promoter
regions of TRIB2 was significantly reduced when MEG3 was knocked
down in SMSCs(Fig. 8D). Furthermore, the rescue assay showed that
OE-MEG3 can inhibit the expression of aggrecan and Col2A1, whereas
co-transfection with si-EZH2 and OE-MEG3 partially rescued the OE-
MEG3-inbited expression of AGGRECAN and Col2A1 (Fig. 8E). Thus,
these data indicated that MEG3 can act as a co-inhibitor with EZH2 to
inhibit TRIB2 expression and subsequently inhibit cartilage formation.

4. Discussion

As a highly prevalent skeletal disease, osteoarthritis(OA) is a major
threat to public health and is also associated with a high economic
burden [47]. Unfortunately, at present there are no efficient therapeutic
agents or surgical methods with which to cure OA, therefore, the in-
vestigations on OA pathogenesis and the development of new ther-
apeutic methods are of critical importance. According to previous re-
ports, lncRNA MEG3 can regulate the development of OA. Su W. et al.
have revealed that lncRNA MEG3 was downregulated and negatively

associated with VEGF levels in OA tissue [23]. Recent studies have also
indicated that the downregulation of lncRNA MEG3 can led to OA
progression [24]. In our study, we used bioinformatics analysis of OA
databases in order to determine if there are other mechanisms in OA
pathogenesis that involve MEG3. After analyzing the OA database
GSE114007, we found that 328 OA-related genes were correlated with
the expression of MEG3. Insights from the ChIP-sequence database in-
dicated that the expression of 118 genes has a negative correlation with
MEG3. Given that synovial MSCs possess the greatest potency for
chondrogenesis, they may also have the highest potential for cartilage
repair in the treatment of OA. We attempted to analyze the gene ex-
pression profile of synovial MSCs during chondrogenesis from another
database GSE31980. We found that the TRIB2 gene is correlated with
MEG3 in all the three databases mentioned above. Therefore, TRIB2
may be a regulatory target for MEG3, as predicted by bioinformatics
analysis. TRIB2, which belongs to the Tribbles pseudokinase group, is a
critical mediator for various cell signaling activities and is essential for
different types of cellular processes, such as differentiation, prolifera-
tion and survival [48]. Our bioinformatics analysis results implicated
that MEG3 and TRIB2 may both play a role in SMSCs.

Fig. 2. Isolation and identification of SMSCs. A Molecular markers on cell surfaces were identified using flow cytometry (CD44 and CD90 were positive markers,
CD45 and CD14 were negative markers). B SMSCs under white light-microscopy (×100). C Alizarin red staining after SMSCs were induced (×100). D Oil red O
staining after SMSCs were induced (×100). E Alcian blue staining after SMSCs were induced (×100). Note: The scale bar represents 1000 μm(×100). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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To investigate our hypothesis, we isolated SMSCs, which were
confirmed by the assay of the positive surface markers CD44 and CD90
[49], as well as the negative markers CD45 and CD14. In addition,
SMSCs were confirmed by testing different types of differentiation po-
tency, including osteogenesis, chondrogenesis and adipogenesis. We
found that the expression of MEG3 was downregulated; whereas, TRIB2
expression was stimulated following chondrocyte differentiation.
Therefore, we hypothesized that MEG3 exerts a negative effect on
chondrogenesis, but TRIB2 potentiates chondrogenesis in SMSCs. This
hypothesis was confirmed by the knockdown of MEG3, or the over-
expression of TRIB2 in SMSCs. Each of these assays showed that
chondrogenesis of SMSCs was promoted by the knockdown of MEG3 or
the promotion of TRIB2. Therefore, MEG3 inhibits the chondrogenic
differentiation of SMSCs, whereas TRIB2 promotes the chondrogenic
differentiation.

Our study showed that the knockdown of MEG3 can promote the
expression of TRIB2, conversely, the overexpression of MEG3 can in-
hibit TRIB2 expression. Furthermore, si-MEG3 stimulated chondrogenic
differentiation can be reversed by the knockdown of TRIB2. Therefore,
it is reasonable to conclude that MEG3 suppresses the chondrogenic
differentiation of SMSCs by inhibiting the expression of TRIB2. The
molecular mechanisms of the interactions between MEG3 and TRIB2 in

SMSCs remained unclear, therefore we next aim to gain a deeper insight
into the biochemical details of how MEG3 suppresses the expression of
TRIB2. Previous studies have shown that lncRNAs can activate or in-
activate gene expression via DNA methylation, chromosome repro-
gramming or histone protein modification through their interactions
with RNA binding proteinsc [44,46]. More than 20% of lncRNAs are
bound by the epigenetic functional protein complex PRC2 to silence the
downstream target genes [50]. EZH2 is a core subunit of the PRC2
complex that can catayze the trimethylation of lysine residue 27 of
histone 3(H3K27me3) which is overexpressed in many cancers [51].
According to previous studies, MEG3 recruits PRC2 to chromatin and
binds to specific DNA regions of target genes [52]. Here, the RNA-
protein interaction between MEG3 and EZH2, the main component of
PRC2, was examined. The RIP and RNA-pull-down experiments re-
vealed that MEG3 binds to EZH2 and H3K27me3, and that the knock-
down of MEG3 can reduce the binding between MEG3 and EZH2 or
H3K27me. Furthermore, the knockdown of EZH2 promoted the ex-
pression of TRIB2 and H3K27me3; conversely, the overexpression of
EZH2 inhibited the expression of TRIB2 and H3K27me3. The over-
expression of MEG3 can reverse the effect of si-EZH2 on TRIB2 and
H3K27me3. ChIP-qPCR showed that knockdown of MEG3 resulted in
EZH2 and H3K27me3 losing their ability to bind to the promoter of

Fig. 3. MEG3 knockdown promotes chondrogenesis in SMSCs. A Expression of MEG3 detected by qPCR after SMSCs were induced. B Expression of TRIB2 detected by
qPCR after SMSCs were induced. C Expression of TRIB2 detected by western blotting after SMSCs were induced. D Expression of MEG3 detected by qPCR after
transfection with si-MEG3 for 48 h. E Chondrocytes were detected by alcian blue staining after transfection with si-MEG3 for 48 h. Notes: Control, cells without
treatment; Induced, cells with induction medium added; si-NC, cells transfected with si-RNA as a negative control(si-NC); si-MEG3, cells transfected with si-MEG3;
The scale bar represents 1000 μm(100×). All data are presented as mean ± SD, n= 3. *p < .05, **p < .01, ***p < .001. (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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TRIB2, These results confirm that TRIB2 is a downstream target of
MEG3. Importantly, knockdown of EZH2 can promote the expression of
aggrecan and Col2A1, whereas co-transfection with si-EZH2 and OE-
MEG3 partially mitigates this phenomenon. Taken together, our find-
ings show that inhibition of MEG3 promotes the chondrogenic differ-
entiation of SMSCs by binding to EZH2/PRC2 and epigenetically re-
pressing TRIB2 expression in SMSCs.

In summary, bioinformatics analysis of osteoarthritis and SMSC
databases led to the discovery that lncRNA MEG3 plays a role in the

chondrogenic differentiation of SMSCs, and that TRIB2 may be its
target gene. Experimental studies demonstrated that the down-
regulation of lncRNA MEG3 promotes the chondrogenic differentiation
of SMSCs by alleviating the suppression of TRIB2 expression, thus sti-
mulating the TRIB2 level. This lncRNA MEG3-EZH2-TRIB2 axis is a
newly discovered regulatory mechanism for the chondrogenic differ-
entiation of SMSCs. This discovery may provide new information for the
potential improvement of SMSC-derived cartilage tissue engineered for
the treatment of osteoarthritis.

Fig. 4. MEG3 knockdown promotes aggrecan and Col2A1 in SMSCs. A Expression of aggrecan and Col2A1 detected by western blot after transfection with si-MEG3
for 48 h. B Expression of aggrecan and Col2A1 detected by immunofluorescence after transfection with si-MEG3 for 48 h. Notes: Control, cells without treatment; si-
NC, cells transfected with siRNA as a negative control(si-NC); si-MEG3, cells transfected with si-MEG3 which is a small interfering RNA targeting MEG3; The scale bar
represents 1000 μm. All data mean ± SD, n= 3. *p < .05, **p < .01, ***p < .001.

Fig. 5. Overexpression of TRIB2 promotes chondrogenesis in SMSCs. A Expression of TRIB2 detected by qPCR. B Expression of TRIB2 detected by western blotting
after transfection with OE-TRIB2 for 48 h. C Chondrocytes detected by alcian blue staining after transfection with OE-TRIB2 for 48 h. D Expression of aggrecan and
Col2A1 detected by western blotting after transfection with OE-TRIB2 for 48 h. E Expression of aggrecan and Col2A1 detected by immunofluorescence after
transfection with OE-TRIB2 for 48 h. Notes: Control, cells without treatment; Induced, cells with induction medium added; OE-NC, cells transfected with OE-NC
which was an empty vector(pCDNA3.1); OE-MEG3, cells transfected with OE-MEG3 which was a vector that overexpression MEG3(pCDNA3.1-MEG3); The scale bar
represents 25 μm(400×). All data are presented as mean ± SD, n=3. *p < .05, **p < .01, ***p < .001. (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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Fig. 6. MEG3 regulates differentiation of mesenchymal stem cells into chondrocytes via the regulation of TRIB2. A Expression of MEG3 detected by qPCR after
transfection with si-MEG3 for 48 h. B Expression of TRIB2 detected by western blotting after transfection with si-MEG3 for 48 h. C Expression of TRIB2 detected by
western blotting after transfection with OE-MEG3 for 48 h. D Expression of TRIB2 detected by western blotting after transfection with si-TRIB2 for 48 h. E Expression
of aggrecan and Col2A1 detected by western blot. Notes: si-NC, cells transfected with siRNA as a negative control(si-NC); si-MEG3, cells transfected with si-MEG3
which is a small interfering RNA targeting MEG3; si-TRIB2, cells transfected with si-TRIB2 which is a small interfering RNA targeting TRIB2; si-MEG3+ si-TRIB2,
cells transfected with si-MEG3 and si-TRIB2 which are two small interfering RNAs targeting MEG3 and TRIB2. All data are presented as mean ± SD, n= 3. All data
are mean ± SD, n= 3. *p < .05, **p < .01, ***p < .001.

Fig. 7. MEG3 can directly bind to EZH2. A qPCR was used to detect the expression of MEG3 in the cytoplasm and nuclei. U6 was used as a nucleus marker, and β-
actin was used as a cytosol marker. B qRT-PCR on EZH2 RIP from SMSCs. The fold enrichment of Meg3 in EZH2 RIP was relative to its matching IgG control RIP. β-
actin was used as a control and the RIP was performed with EZH2 antibody. C RNA pull-down assays were performed with biotin-labeled MEG3 in vitro. After capture
using beads, EZH2 protein in the samples was detected using western blotting. Input, the lysate sample; MEG3, the sample pulled-down by biotin-labeled MEG3; IgG,
the sample pulled down by the negative control of MEG3. D RNA pull-down assays were performed using biotin-labeled MEG3 in vitro after transfection with si-
MEG3. Input, the lysate sample; MEG3, the sample pulled down by the biotin-labeled MEG3.
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5. Conclusions

MEG3 inhibits the chondrogenic differentiation of SMSCs by epi-
genetically inhibiting TRIB2 via methyltransferase EZH2.
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