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Abstract

Cartilage generation and degradation are controlled by miRNAs. Our previous study showed miR-23a-3p was downregulated
during chondrogenic differentiation in chondrogenic human adipose-derived mesenchymal stem cells (hADSCs). In the present
study, we explored the function of miR-23a-3p in chondrogenesis differentiation. The role of miR-23a-3p in chondrogenic
differentiation potential of hADSCs was assessed by Alcian blue staining, quantitative real-time polymerase chain reaction
(qQRT-PCR), and Western blot. We show that miR-23a-3p suppressed the chondrogenic differentiation of hADSCs. LncRNA
SNHGS interacted with miR-23a-3p, and suppression or overexpression of SNHGS5 correlates with inhibition and promotion of
hADSC chondrogenic differentiation, respectively. We have determined that SNHGS5 can sponge miR-23a-3p to regulate the
expression of SOX6/SOXS, transcription factors that play essential roles in chondrocyte differentiation. Furthermore, the over-
expression of SNHGS activates the INK/MAPK/ERK pathway. In conclusion, miR-23a-3p regulated by IncRNA SNHGS
suppresses the chondrogenic differentiation of human adipose-derived stem cells via targeting SOX6/SOXS.
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Introduction

Osteoarthritis (OA) is a progressive joint disease involving
mainly degeneration of articular cartilage and inflammation
of the synovium, causing joint pain and significantly reducing
motor functions (Andarwulan et al. 2010). The prevalence rate
of OA in people over 60 years old is higher than that of lum-
bago, neck and shoulder pain, inflammatory arthritis, osteo-
porosis, and spinal deformity, and OA has been one of the

< Bo Li
libo3 @medmail.com.cn

<1 Xiaobin Tian
Txb6@vip.163.com

Medical College of Guizhou University, Guiyang 550025, Guizhou,
China

Department of Orthopedics, Guizhou Provincial People’s Hospital,
Guiyang 550002, Guizhou, China

Department of Orthopedics, Affiliated Hospital of Zunyi Medical
College, Zunyi 563000, Guizhou, China

Department of Orthopedics, Affiliated Hospital of Guizhou Medical
University, Guiyang 550001, Guizhou, China

main diseases leading to the decline of activity dysfunction
and quality of life in the middle-aged and older people (Pereira
et al. 2011). Autogenous chondrocyte implantation is widely
used in cartilage defect repair, and its clinical effect has been
confirmed (Komarek et al. 2010; Niethammer et al. 2016).
However, the sources of autologous chondrocytes are limited,
and the materials are inconvenient (arthroscopy or surgical
materials are required); the ability of traditional culture to pass
through and proliferate is limited, and in vitro culture is prone
to dedifferentiation. Its activity decreases significantly with
age (Schulze-Tanzil 2009). The clinical application of autolo-
gous chondrocyte repair is limited. Developing an alternative
treatment strategy in the repair of damaging cartilage is quite
necessary.

Recently, stem cell-based tissue engineering has been
regarded as a potential ideal strategy to address this problem
(Lai et al. 2015). According to previous reports, mesenchymal
stem cells (MSCs), particularly adipose-derived stem cells
(ADSCs) (Im 2017; Polymeri et al. 2016), are commonly used
in clinical applications due to their ease of isolation, strong
proliferation ability, and multi-differentiation potential (Miura
2016). Furthermore, compared with bone marrow-derived
mesenchymal stem cells (BMMSCs), ADSCs do have an
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equal potential to differentiate into cells and tissues of meso-
dermal origin, such as adipocytes, cartilage, bone, and skeletal
muscle. On the other hand, the easy and repeatable access to
subcutaneous adipose tissue and the simple isolation proce-
dures provide a clear advantage (Schéffler and Biichler 2007,
Zhu et al. 2008). Different studies have shown that the appli-
cation of ADSCs as therapy in the treatment of OA has im-
proved the symptoms suffered by patients, particularly after
more than 6 months of follow-up (Lee et al. 2019, Pers et al.
2018).

MicroRNAs (miRNAs) are a group of small, noncoding
single-stranded RNA with a tissue or developmental stage
specificity, which plays a regulatory role through post-
transcriptional binding to specific sequences of target genes.
Several miRNAs were verified to take part in the processes of
cartilage differentiation and degradation (Dong et al. 2012;
Kobayashi et al. 2008). Our previous study revealed that
miR-23a-3p was downregulated during chondrogenic differ-
entiation. We likewise anticipated possible target genes of
miR-23a-3p predicted the potential target genes of miR-23a-
3p using prediction software and the literature (Yang et al.
2015). In this work, we continue to explore certain biological
functions as well as mechanisms of miR-23a-3p based on our
previous study.

Materials and methods
Isolation and culture of human ADSCs

hADSCs were harvested and cultured from donors who
underwent elective liposuction or other abdominal surgery at
the Tianjin Haihe Hospital (Tianjin, China). All the donors
were obtained after written informed consent was provided
and ethical approval. hADSCs were cultured and induced as
our previous study described (Yang et al. 2018).

Alcian blue staining

The cells were fixed with 4% paraformaldehyde for 20 min
and then stained with Alcian blue for 30 min. After culture, the
cells were washed three times with PBS, and the samples were
observed with a phase-contrast microscope.

Cell transfection

The miR-23a-3p mimic, miR-23a-3p inhibitor, pcDNA3.1-
SNHGS, and short hairpin RNA (sh-SNHGS) were designed
and synthesized by GenePharma Company (Shanghai,
China). Cell transfections were performed using
Lipofectamine 2000 reagent (Life Technologies Corporation,
USA) following the manufacturer’s protocol.
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Fig. 1 miR-23a-3p suppressed cell chondrogenic differentiation of P
hADSCs. a Alcian blue staining of hADSCs (scale bar = 50 pum). b The
expression of levels of SOX9, COL2A1, and Aggrecan was determined
using RT-qPCR. ¢ The expression of miR-1307-3p was determined by
qRT-PCR. d, e Infection efficiency was determined by microscopic ex-
amination of the GFP-expressing cells (scale bar = 100 um). f Expression
of miR-23a-3p after mimics or inhibitor transfection. g The deposition of
cartilage matrix proteoglycans was determined by Alcian blue staining
(scale bar=50 pm). h The mRNA and i protein expression levels of
SOX9, COL2Al, and Aggrecan were determined using RT-qPCR and
Western blotting, respectively. Data are expressed as mean + SEM and
*P<0.05, **P<0.01, and ***P < 0.001

Dual-luciferase reporter assays

Dual-luciferase reporter assay was performed to confirm
whether SNHGS directly targets miR-23a-3p, and miR-23a-
3p directly targets SOX6/SOXS. Cells were co-transfected
with SNHGS5-WT (or -MUT) or SOX6/SOX5 3'-untranslated
region (UTR) -WT (or -MUT) reporter plasmids and miR-
23a-3p mimics (or mimic control). The luciferase activities
were measured by a dual-luciferase reporter assay kit
(Promega, USA) after transfection.

Real-time quantified PCR

Total RNA was isolated with Trizol reagent (Takara Bio Inc.,
Japan) and also was reverse recorded. The GAPDH was made
use of as an internal control for determining the mRNA ma-
terial. After drawing the standard curve of the PCR reaction,
the expression level of mRNA is computed. The outcomes
were analyzed by using the organic system 7300 rapid real-
time PCR system.

Western blot assay

Total protein separated from hADSC cells using a protein
extraction kit (Bio-Rad, USA). Then, protein samples
(50 pg) were resolved using SDS-PAGE and then moved to
polyvinylidene fluoride membrane (PVDF) (Millipore, USA)
with being probed with GAPDH (Proteintech), Collagen II,
SOX9, Aggrecan (Abcam), and SOX6 and SOXS5 (cell signal-
ing) antibodies followed by appropriate secondary antibody.
All Western blots were repeated at least three times.

Statistical analysis

The data in this research exist as the mean + standard error
indicates (SEM) from at least three independent experiments.
The differences among the groups’ one-way variation analysis
and Duncan multiple range examinations were used to deter-
mine considerably different groups. P values less than 0.05
were taken into consideration as considerable distinctions for
all statistical estimations.
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we suppressed or overexpressed miR-23a-3p in hADSCs.
The number of GFP-positive cells was examined by a
microscope to evaluate the infection efficiency. As shown
in Fig. 1d, e, the percentage of GFP-positive cells in all
groups was approximately 80—-90%. The results of qRT-
PCR showed that the transfection was successful (Fig. 1f).
The Alcian blue staining showed that proteoglycan secre-
tion of chondrocytes increased in the groups with less
miR-23a-3p (Fig. 1g). Moreover, results from qRT-PCR
and Western blot indicated that COL2A1, SOX9, and
Aggrecan mRNA and protein expression were significant-
ly decreased in miR-23a-3p mimics group, whereas they
were increased in the miR-23a-3p inhibitor group (Fig.
1h, 1). These data suggested that miR-23a-3p inhibited
chondrogenic differentiation in hADSC cells.

The IncRNA SNHGS5 interacts with miR-23a-3p

Previous studies have suggested that IncRNAs play an
essential role in gene expression regulation by acting as
ceRNAs (Salmena et al. 2011). The potential IncRNA-—
miRNA mutual binding sites were predicted by the bioin-
formatics tool (Starbase). According to the results of the
prediction algorithm and the previous study about long
noncoding RNAs involved in bone generation from mes-
enchymal stem cells (Peng et al. 2018), we found MEG3,
MALATI, SNHGS, GASS, XIST, SHNGI16, and NEAT!1
may interact with miR-23a-3p. Next, to evaluate the ex-
pression of each IncRNA in hADSCs, RT-PCR was per-
formed. As shown in Fig. 2a, hADSCs expressed very
high SNHGS5 IncRNA levels, compared with other groups.
As Fig. 2b indicated, there are potential binding sites at
the 3'- and 5’-UTR among the SNHG5 and miR-23a-3p.
To validate this bioinformatics prediction, we used a dual-
luciferase reporter gene assay. The results indicated that
SNHGS5-WT presented lower luciferase activity than the
corresponding MUT group, confirming the binding rela-
tionship of SNHGS5 and miR-23a-3p (Fig. 2c). Overall,
these findings suggested that IncRNA SNHGS interacted
with miR-23a-3p.
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Fig. 2 The IncRNA SNHGS targeted miR-23a-3p in hADSCs. a RT-
PCR for IncRNAs (MEG3, MALATI, SNHGS, GASS, XIST,
SHNG16, and NEAT]1 targeted miR-23a-3p) level in hADSCs. b
Potential binding sites of IncRNA-SNHGS and miR-23a-3p. ¢ Relative
luciferase activity in hADSCs co-transfected with luciferase reporter con-
taining SNHG5-WT or SNHG5-MUT with either miR-23a-3p mimics or
miR-NC and fluorescence was quantified. Data are expressed as mean +
SEM and *P < 0.05, **P <0.01, and ***P < 0.001

SNHG5 promoted cell chondrogenic differentiation of
hADSCs

To further elucidate the role of SNHGS5 in the regulation of
osteogenic differentiation of hADSCs, pcDNA3.1-SNHGS or
sh-SNHGS5 was transfected into hADSCs. The SNHGS level
was markedly upregulated by pcDNA3.1-SNHGS and sub-
stantially downregulated by sh-SNHG5 (Fig. 3a).
Furthermore, osteogenic differentiation was significantly pro-
moted after overexpression of SNHGS and inhibited after re-
duction of SNHGS5 (Fig. 3b), as indicated by the Alcian blue
staining, as well as the expression change of the chondrogenic
differentiation markers, Aggrecan, SOX9, and COL2A1 (Fig.
3¢, d).

SNHG5 can reverse the effect of miR-23a-3p on cell
chondrogenic differentiation of hADSCs

To verify the regulatory relationship between SNHGS and
miR-23a-3p was also determined in our study. As shown in



Cell Tissue Res (2021) 383:723-733

727

@ @ pcDNA3.1 @ pcDNA3.1-SNHG5

_ BEsh-NC M sh-SNHG5
g .- ***ﬁ_
o
c R
QO 3 e
7 S
S 2 S
x * %
o 2
O 44
> S
=
T o I
04
b % b’_
PcDNA3. 1 pcDNA3.1-SNHG5
&P
&
X
}2)
o o &

d é?“ e?“ < é?*

S &S

< Q¢ & &

Aggrecan — . W —

SOX9
COL2ALT e e

GAPDH «ib Gl T «b

Fig. 3 SNHGS promoted the chondrogenic differentiation of hADSCs. a
RT-PCR analyzed the expression of SNHGS among the four groups. b
The Alcian blue staining at day 14 showed the deposition of cartilage
matrix proteoglycans after SNHGS5 overexpression and suppression

Fig. 4a, miR-23a-3p expression was remarkably upregulated
in the miR-23a-3p-mimics+pcDNA3.1-SNHGS group com-
pared with that in miR-23a-3p-mimics group+pcDNA3.1
group and downregulated in the miR-23a-3p inhibitor+sh-
SNHGS group relative to that in miR-23a-3p inhibitor+sh-
NC group, indicating that SNHGS negatively regulated the
expression of miR-23a-3p. Moreover, we co-transfected
miR-23a-3p mimics and SNHGS5 overexpression plasmids in-
to hADSCs to determine whether SNHGS5 can inhibit miR-
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(scale bar=50 pm). ¢ RT-PCR and Western blot d analysis of
chondrogenic differentiation markers. Data are expressed as mean +
SEM and *P <0.05, *#P <0.01, and ***P < 0.001

23a-3p-induced cell chondrogenic differentiation of hADSCs.
The results showed that the mRNA and protein levels of the
chondrogenic differentiation markers were remarkably elevat-
ed in the miR-23a-3p mimics+pcDNA3.1-SNHGS group
when compared with the miR-23a-3p overexpression group
alone (Fig. 4b, c). These results demonstrated that the upreg-
ulation of SNHGS could reverse the inhibitory effect of
overexpressed miR-23a-3p on proteoglycan deposition as
well as Aggrecan, SOX9, and COL2A1 expression.
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S0OX6/SOX5 can reverse the effect of SNHG5 on cell
chondrogenic differentiation of hADSCs

To identify potential target genes of miR-23a-3p, the
TargetScan, miRanda, and Starbase were used. SOX6/
SOXS was the potential target of mir-23a-3p, according
to TargetScan, and the binding sequence was shown in
Fig. 5a. Also, the luciferase reporter gene experiment re-
sults confirmed that miR-23a-3p could target SOX6/
SOX5 3'UTR (Fig. 5b). Besides, miR-23a-3p mimic sig-
nificantly inhibited the expression of SOX6/SOXS5 at both
mRNA and protein levels, while miR-23a-3p inhibitor
markedly increased the expression levels of SOX6/SOX5
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SOX9 COL2AL1

Fig. 5 SOX6/SOX5 can reverse the effect of SNHG5 on cell P>
chondrogenic differentiation of hADSCs. a The binding sequence of
miR-23a-3p and SOX6/SOXS5. b Luciferase reporter assay confirmed
the target relationship between miR-23a-3p and SOX6/SOXS. ¢, d The
expression levels of SOX6/SOX5 mRNA and protein in hADSCs
transfected with miR-23a-3p mimic, miR-23a-3p inhibitor, and their neg-
ative controls. e hADSCs were transfected with pcDNA3.1, pcDNA3.1-
SNHGS, pcDNA3.1-SNHG5+sh-NC, pcDNA3.1-SNHGS5+sh-SOX6,
and pcDNA3.1-SNHG5+sh-SOX5. The protein level of SOX6/SOXS5
was detected with an anti-SOX6/SOXS5 antibody. f The relative expres-
sion level of the Aggrecan, SOX9, and COL2A1 of hADSCs harboring
the indicated expressing vector was detected. Data are expressed as mean
+ SEM and *P < 0.05, **P <0.01, and ***P < 0.001
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(Fig. 5c, d). These results indicated the negative regulato-
ry relationship between miR-23a-3p and SOX6/SOXS. To
further explore the effect of SNHGS on SOX6/SOXS,
hADSCs were transfected with pcDNA3.1-SNHGS, sh-
SNHGS5, and sh-SOX6/SOX5 which was detected by
Western blot. As shown in Fig. 5e, SNHGS5 overexpres-
sion increased SOX6/SOXS5 expression level.
Consistently, the downregulation of SNHGS reduced the
abundance of SOX6/SOX5. Besides, we also detected the
expression of cartilage differentiation markers Aggrecan,
Sox9, and COL2A1 by downregulating SOX6/SOXS. As
shown in Fig. 5f, inhibition of SOX6/SOXS can reduce
the expression level of Aggrecan, SOX9, and COL2A1
that was induced by SNHGS. These data suggested that
SOX6/SOXS is essential for the function of SNHGS in the
chondrogenic differentiation of hADSCs.

Overexpression of SNHG5 enhances chondrogenic
differentiation via activation of JNK/MAPK/ERK
pathway

We further investigated the possible signal pathways regulat-
ed by SNHG5/miR-23a-3p/SOX6/SOXS5. It is found that the
INK/MAPK/ERK pathway plays a crucial role in the process
of cartilage differentiation and activation. As shown in Fig. 6a,
pcDNA3.1-SNHG5+miR-23a-3p mimics+pcDNA3.1-
SOX5/SOX6 groups increased the expression levels of p-
JNK, p-ERK1/2, and p-P38 MAPK compared with
pcDNA3.1-SNHG5+miR-23a-3p mimics group, confirming
that overexpression of SNHGS can relieve the inhibition of
miR-23a-3p on SOX6/SOXS expression and activate JNK/
MAPK/ERK pathway. To better confirm these findings,
hADSCs were treated with 1 uM Cl-1040 (MEK inhibitor)
before transfection with pcDNA-SNHG or pcDNA3.1. The
WB results showed that CI1-1040 therapy considerably re-
versed the impacts of overexpression of SNHGS5 on cell dif-
ferentiation by reducing the expression of Aggrecan, SOX9,
and COL2A1 (Fig. 6b), suggesting that INK/MAPK/ERK
pathway was an essential mechanism mediating the function
of SNHGS in OA development. All these data demonstrated
that SNHGS modulates SOX6/SOXS5 to activate the JNK/
MAPK/ERK pathway, affecting hADSC differentiation by
sponge miR-23a-3p.

Discussion

Cartilage differentiation of stem cells is under precise gene
regulation at different levels of expression (Almalki and
Agrawal 2016; Lin and Hankenson 2011), including a variety
of cytokines (BMPs, FGFs, TGF-3), signaling pathways
(Smad, MAPK, Notch, Wnt), and transcription factors
(Runx2, Osterix, ATF4, SOCS1, SATB2). In recent years,
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studies have proved that cartilage differentiation of stem cells
is strictly regulated by miRNA, and the main signal pathway
and related transcription factors of cartilage differentiation of
stem cells are regulated by miRNA (Gangaraju and Lin 2009;
Gao et al. 2011). In our previous study, we demonstrated that
the expression level of miR-23a-3p was significantly de-
creased in hADSCs (Yang et al. 2015). However, the regula-
tory function of miR-23a-3p in hADSC:s is still unknown. In
this study, we found that miR-23a-3p regulated by IncRNA
SNHGS5 suppresses the chondrogenic differentiation of
hADSC:s via targeting SOX6/SOXS5.

MiRNA is paired with the 3'UTR base of the target
mRNA and silences the gene at the post-transcriptional
level by inhibiting the translation of the mRNA or directly
degrading the mRNA (Liao et al. 2010). More and more
evidence shows that the gene regulatory mechanism reg-
ulated by miRNA is a vital way to regulate gene expres-
sion levels during chondrogenic differentiation of various
types of human cells (Hodges et al. 2017). Kang et al.
(2016a) demonstrated that miR-23a-3p could induce the
decrease of vascular endothelial growth factor level and
chondrocyte apoptosis by targeting the inhibition of
Smad3 in cartilage, thereby promoting the pathogenesis
of OA. Besides, our study demonstrated that miR-23a-3p
suppressed hADSC differentiation; this proved that miR-
23a-3p was a negative regulator of cartilage differentia-
tion in hADSCs.

Numerous studies have revealed that IncRNAs can func-
tion as a competing endogenous RNA (ceRNA) to bind
miRNA and inhibit miRNA binding to their targets, thus reg-
ulating gene expression (Li et al. 2019). In a previous study,
the IncRNA SNHGS acts as a ceRNA of miR-205-5p to pro-
mote Imatinib resistance in the K562 cell lines (Wu et al.
2018). In our study, we found that SNHGS promoted cell
chondrogenic differentiation and reverse the effect of miR-
23a-3p on cell chondrogenic differentiation of hADSCs, sug-
gesting that SNHGS was also confirmed to be a ceRNA of
miR-23a-3p. Besides, it is well-known that miRNA regulated
gene expression via targeting the 3'UTR. By using bioinfor-
matics analysis, SOX6/SOX5 was shown to be the targets of
miR-23a-3p. Chondrogenic transcription factors Sox5 and
Sox6 are needed for the establishment of multilayered growth
plates and thereby for the proper and timely development of
endochondral bones (Smits et al. 2004). We found that SOX6/
SOXS5 can reverse the effect of SNHGS on cell chondrogenic
differentiation of hADSCs. A recent study showed that Sox5
and Sox6 are necessary cells autonomously for articular and
meniscal chondrocyte differentiation and proper joint matura-
tion (Dy et al. 2010).

Furthermore, the association between SNHGS5 and JNK/
MAPK/ERK pathway was examined, and the results showed
that overexpression of SNHGS enhances chondrogenic differ-
entiation via activation of INK/MAPK/ERK pathway through
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Fig. 6 Overexpression of
SNHGS activates the JNK/
MAPK/ERK pathway by
abrogating the inhibitory effect of
miR-23a-3p on SOX6/SOXS5 ex-
pression. a The protein expres-
sion of INK, p38 MAPK, ERK,

p-INK. p-p38 MAPK, and p- 9 s — ——
ERK in hADSCs transfected with w

pcDNA-SNHGS, miR-23a-3p
mimic, pcDNA-SOX6/SOX5, or
their controls. b hADSCs were
treated with 1 uM of MEK in-
hibitor CI-1040 before transfec-
tion with pcDNA-SNHG or

p-JNK
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abrogating the inhibitory effect of miR-23a-3p on SOX6/
SOXS5 expression. MAPK signaling pathways play an essen-
tial regulatory role in normal chondrocyte physiology and
osteoarthritis pathology (Kang et al. 2016b). Previous evi-
dence has pointed out that IL-13 can reduce the expression
of miR-558 and induce the expression of COX-2 in

chondrocytes by activating the MAPK pathway (Park et al.
2013). Moreover, histone deacetylase-4 and histone
deacetylase-8 regulate interleukin-13-induced cartilage cata-
bolic degradation via MAPK/JNK/ERK pathways (Wang
et al. 2018). In this study, we identified that SNHGS5 could
activate INK/MAPK/ERK pathway by acting as a sponge for
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miR-23a-3p to relieve SOX6/SOXS5 expression.
Overexpression of SNHG5 promotes the expression of
Aggrecan, SOX9, and COL2AL1 through activation of the
INK/MAPK/ERK pathway by abrogating the inhibitory effect
of miR-23a-3p on SOX6/SOXS expression.

In conclusion, this study illustrated the molecular interac-
tion between miR-23a-3p, SNHGS5, and SOX6/SOXS5 in
hADSCs. The results from our study suggested that SNHGS
modulates SOX6/SOXS5 to activate the INK/MAPK/ERK
pathway, affecting hADSC differentiation by sponge miR-
23a-3p. Therefore, SNHGS may have potential utility in en-
hancing stem cell chondrogenesis for therapeutic applications
such as cartilage tissue engineering or the treatment of OA.
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