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Abstract

Background Osteogenic differentiation of human mesenchymal stem cells (hMSCs) holds significant clinical implications
for patients with bone diseases. LncRNAs are an emerging group of epigenetic modulators involved in the osteogenesis of
hMSC:s. In this study, we explored IncRNA profiles that are upstream to the hsa-miR-214-3p/BMP?2 axis in osteogenic dif-
ferentiation of hMSCs.

Method HMSCs were induced toward osteogenesis for 14 days. Between day 1 and day 14, qRT-PCR was conducted to
compare the expressions of BMP2, Runx2, hsa-miR-214-3p, and biochemical assays to compare alkaline phosphatase and
Alizarin Red S activities. 145 IncRNAs, which were experimentally confirmed upstream to hsa-miR-214-3p were examined.
Five significantly upregulated IncRNAs, MEG3, SNHG16, FAM83H-AS1, MALAT1 and LINC00657 were downregulated
in differentiated hMSCs and their impact on osteogenic differentiation were examined. Hsa-miR-214-3p was silenced in
IncRNAs-downregulated hMSCs to further examine the association between IncRNAs and hsa-miR-214-3p/BMP2 axis.
Results From day 1 to day 14, hMSCs underwent significant osteogenic differentiation, and KCNQ10T1, MEG3, SNHGI16,
FAMS83H-AS1, MALAT1 and LINC00657 were significantly upregulated. Downregulations of MEG3, SNHG16, FAM&3H-
AS1, MALATI and LINC00657 all suppressed osteogenic differentiation. However, QqRT-PCR and RIP assay demonstrated
that only MALAT1 and LINC00657 acted through hsa-miR-214-3p/BMP2 to regulate osteogenic differentiation. Further-
more, silencing hsa-miR-214-3p only rescued osteogenic differentiation in MALAT1- or LINC00657- downregulated hMSCs.
Conclusions Our data strongly indicated that IncRNAs MALAT1 and LINC00657 acted through miR-214-3p/BMP2 axis
to regulate osteogenic differentiation of hMSCs.
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Abbreviations MALATI1 Metastasis Associated Lung Adenocarci-
hMSC Human mesenchymal stem cell noma Transcript 1
ALP Alkaline phosphatase LINC00657 Long intergenic non-protein coding RNA
IncRNAs Long noncoding RNAs 657
3'-UTR Three prime untranslated region
KCNQI1OT1 KCNQI Opposite Strand/Antisense Tran-
script 1 Introduction
BMP2 Bone morphogenetic protein 2

Human bone development starts in the early stages of
embryonic life and consists of two osteogenic pathways,
intramembranous ossification and endochondral ossifica-
tion [1, 2]. Human mesenchymal stem cells (hMSCs), with
tremendous self-renew capabilities and significant potential
Department of Orthopedics, Liaocheng Chinese Medical of differentiating into multiple cell lineages under various
Iggisrf’;tal’ 1 Wenhua Rd., Liaocheng 252033, Shandong, biological conditions [3, 4], can also act as osteoblastic pre-

cursors mainly through the activation of intramembranous
ossification pathway [35, 6]. In clinical medicine, hMSCs had
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been extensively utilized as a reliably tissue-engineering tool
for a variety of bone repair and regenerating applications [4,
7]. Thus, understanding the genetic mechanisms underlying
osteogenic differentiation of hMSCs bears significant ben-
efits toward curing bone-related deficits and diseases among
human patients.

Long noncoding RNAs (IncRNAs) are groups of long
(>200 nucleotides) and non-protein-coding RNA transcripts
that had been identified to play important roles in human
health and diseases [8, 9]. In a recent study investigating the
roles of IncRNAs in osteogenic differentiation of bone mar-
row-derived mesenchymal stem cells, Tang and colleagues
revealed that there were more than 1,000 IncRNAs which
were either upregulated or downregulated from day O to day
10 of osteogenic differentiation [10]. In addition, functional
regulations of IncRNAs during the process of mesenchy-
mal stem cells induced osteogenic differentiation have been
widely reported [10-15].

MicroRNAs (miRNAs) are another group of non-protein-
coding but with short-length (17-25 nucleotides) RNA tran-
scripts, that can transcriptionally suppress downstream mes-
senger RNA (mRNA) through the binding on target genes’
three prime untranslated regions (3'-UTRs) [16]. Strong evi-
dence has shown that miRNAs, through inhibitory effects
on downstream mRNA/protein modulations, can actively
regulate human cell development, such as proliferation, dif-
ferentiation or apoptosis [17]. In mesenchymal stem cells-
derived osteogenic differentiation, miRNAs have also been
widely implicated to play functional roles by either inducing
or suppressing key osteogenic genes and proteins [18-21].

A recent study by Wang and colleagues demonstrated
that, IncRNA of KCNQ1 Opposite Strand/Antisense Tran-
script 1 (KCNQ1OT1) modulated bone marrow mesenchy-
mal stem cell osteogenic differentiation through the interac-
tion of an epigenetic axis of human mature microRNA-214
(hsa-miR-214-3p) and human bone morphogenetic protein
2 (BMP2) gene [14]. As BMP2 functions as one of the key
components of osteogenic induction in mesenchymal stem
cells [22, 23], it is important to explore the full scope of the
upstream initiators of hsa-miR-214-3p / BMP2 axis, thus
to further understanding the epigenetic signaling pathway
responsible for osteogenic differentiation.

In this study, by inducing osteogenic differentia-
tion among hMSCs, we studied the IncRNAs potentially
upstream to hsa-miR-214-3p / BMP2 axis. Using qRT-PCR
analysis, we identified several IncRNAs which were signifi-
cantly upregulated through the course of hMSC osteogenic
differentiation and were experimentally confirmed to bind
hsa-miR-124-3p. Then, through quantitative biochemical
assays and gene knockdown approaches, we demonstrated
that Metastasis Associated Lung Adenocarcinoma Transcript
1 (MALAT1) and long intergenic non-protein coding RNA
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657 (LINC00657) were upstream to miR-214-3p / BMP2
axis and regulated osteogenic differentiation of hMSCs.

Materials and methods

Human mesenchymal stem cells and osteogenic
differentiation

Human mesenchymal stem cells (h(MSCs) were purchased
from Lonza (Lonza, Shanghai, China) and maintained in
mesenchymal stem cell growth medium (BulletKit, Lonza,
Shanghai, China) according to the manufacturer’s recom-
mendation in 6-well plates (VWR. Shanghai, China) in a
humidified environment of 5% CO, at 37 °C. Cells were
sub-cultured once reaching ~85% confluency. To induce
osteogenesis, hMSCs were lifted from 6-well plates and
re-cultured in 12-well plates (VWR, Shanghai, China) at a
density of 5,000 cells/cm?, also in a mesenchymal stem cell
growth medium for 24 h. Then, the culture medium was
changed to hMSC Osteogenic Differentiation Medium (Bul-
letKit, Lonza, Shanghai, China) and osteogenic differentia-
tion was induced for 14 days according to the manufacturer’s
recommendation.

RNA isolation and quantitative real-time reverse
transcription-PCR (qRT-PCR)

Total RNA was extracted from differentiated hMSCs using
an RNAqueous-4PCR Total RNA Isolation Kit (Thermo
Fisher Scientific, Shanghai, China) and converted to first-
strand cDNA using a SuperScript VILO cDNA Synthesis
Kit (Thermo Fisher Scientific, Shanghai, China), according
to the manufacturer’s recommendations. Quantitative real-
time reverse transcription-PCR (qQRT-PCR) was conducted
on a QuantStudio 5 Real-Time PCR Systems (Thermo Fisher
Scientific, Shanghai, China) using an SYBR Premix Ex Taq
Kit (TaKaRa, China) according to the manufacturer’s recom-
mendations and U6 snRNA was used for internal control.
For IncRNA detections, all forward and reverse primers
were designed and purchased from CapitalBio (CapitalBio,
Beijing, China). The primers for hsa-miR-214-3p were for-
ward, F 5" TGCCTGTCTACACTTGCTGTGC-3' & reverse,
5'-GCGAGCACAGAATTAATACGAC-3', for BMP2
were forward, 5'-ACTCGAAATTCCCCGTGACC-3' &
reverse, 5'-CCACTTCCACCACGAATCCA-3"; for Runx2
were forward, 5'-CGAATAACAGCACGCTATTAA-3" &
reverse, 5'-GTCGCCAAACAGATTCATCCA-3', and for U6
snRNA were forward 5'-CTCGCTTCGGCAGCACA-3' &
reverse 5'-AACGCTTCACGAATTTGCGT-3'. Finally, rela-
tive expression levels were characterized using the 2744t
method.
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Alkaline phosphatase (ALP) assay

Differentiated hMSCs were lysed using a Protein Extrac-
tion Kit (Abcam, Shanghai, China), and the total protein
contents were determined using a NanoOrange™ Protein
Quantitation Kit (Thermo Fisher Scientific, Shanghai,
China), according to the manufacturers’ recommendations.
Then, alkaline phosphatase (ALP) Assay was conducted
using an Alkaline Phosphatase Assay Kit (Fluorometric,
Abcam, Shanghai, China) according to the manufacturer’s
recommendation. Briefly, an equal amount of protein lysate
(10 uL) was collected from each sample and incubated with
20 pl non-fluorescent 4-Methylumbelliferyl phosphate diso-
dium salt (MUP) medium in a 96-well plate (VWR, Shang-
hai, China) for 30 min at room temperature (RT). Then, the
plate was mounted on a Varioskan Lux Microplate Reader
(Thermo Fisher Scientific, Shanghai, China) and fluores-
cence was measured at extension/emission of 360/440 nm.
The relative ALP activities were normalized to the activities
under control conditions.

Alizarin red S (ARS) quantification assay

The method of quantitatively measuring Alizarin Red S
(ARS) activity among differentiated hMSCs was described
previously [24], and conducted using an ARS staining
quantification assay (ScienCell Research Laboratories, San
Diego, CA, USA) according to the manufacturer’s recom-
mendation. Briefly, differentiated hMSCs were washed 3
times with 1X PBS (Thermo Fisher Scientific, Shanghai,
China), fixed with 4% formaldehyde (MilliporeSigma,
Shanghai, China) for 15 min at RT, and then stained with
ARS dye for 30 min at RT. After washing 5 times with
diH,O (MilliporeSigma, Shanghai, China), 400 pL of 10%
acetic acid (MilliporeSigma, Shanghai, China) was added
into wells for 30 min at RT. Then, cells were collected, cen-
trifuged and heated at 85 °C for 10 min. After centrifugation,
200 uL supernatant of each sample was loaded in a 96-well
plate and neutralized with 75 uL ammonium hydroxide (Mil-
liporeSigma, Shanghai, China). Then, the plate was mounted
on a Varioskan Lux Microplate Reader (Thermo Fisher Sci-
entific, Shanghai, China) and absorbance was measured at
405 nm. The relative ARS activities were normalized to the
activities under control conditions.

LncRNA knockdown assay

The small interfering RNA (shRNAs) specifically against
human MEG3 (sh_MEG3), SNHG16 (sh_SNHG16),
FAMS83H-AS1 (sh_FAM83HAS1), MALAT1 (sh_MALAT1)
and LINC00657 (sh_657) were designed and manufactured
by Genepharma (Genepharma, Shanghai, China). In addi-
tion, a non-specific control snRNA (sh_C) was also purchased

from Genepharma. The method of shRNA transfection was
described in previous publications [25-27]. Briefly, The dif-
ferentiated hMSCs were transfected twice with shRNAs, one
on day 1 and the other on day 7, using Lipofectamine 3000
reagents (Thermo Fisher Scientific, Shanghai, China). qRT-
PCR was used to verify the knockdown efficiency.

RNA immunoprecipitation (RIP) assay

RNA immunoprecipitation (RIP) assay was conducted using
a Magna RIP kit (MilliporeSigma, Shanghai, China) accord-
ing to the manufacturer's recommendation. Briefly, on day 14,
differentiated hMSCs were collected and lysed using the RIP
lysis buffer. Then, cell lysates were treated with a rabbit poly-
clonal anti-human BMP2 antibody (1:500, Abcam, Shanghai,
China) or a control IgG (1:2000, MilliporeSigma, Shanghai,
China) in RIP buffer for 4 h at 4 °C, followed by another treat-
ment of Proteinase K (MilliporeSigma, Shanghai, China)
for 30 min at 55 °C. Finally, total RNA was extracted from
immunoprecipitated precipitates using an RNAqueous-4PCR
Total RNA Isolation Kit (Thermo Fisher Scientific, Shang-
hai, China), followed by qRT-PCR assays to probe MEG3,
SNHG16, FAM83H-AS1, MALAT1 and LINCO00657.

Hsa-miR-214-3p knockdown assay

The synthetic human miRNA inhibitor specifically targeting
hsa-miR-214-3p (miR214_I) was designed and manufactured
by Genepharma (Genepharma, Shanghai, China). In addition,
a non-specific human miRNA inhibitor (miRNC_I) was also
purchased from Genepharma. The method of shRNA transfec-
tion was described in previous publications [28, 29]. The dif-
ferentiated hMSCs were transfected twice with miRNA inhibi-
tor, one at day 2 and the other at day 8, using Lipofectamine
3000 reagents (Thermo Fisher Scientific, Shanghai, China).
gRT-PCR was used to verify the knockdown efficiency.

Statistical analysis

Statistical analysis was conducted using a two-tailed Stu-
dent's t-test on SPSS software (Version 21.0, SPSS, Chi-
cago, IL, USA). All experiments were conducted in three
or more independent repeats. All data were demonstrated as
the mean + SEM p values < 0.05 were considered statistically
significant.
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Results

Characterizations of hsa-miR-214-3p/BMP2
epigenetic axis and osteogenic differentiation
in hMSCs

Human mesenchymal stem cells (hMSCs) were induced with
osteogenic differentiation for 14 days (Fig. 1A). On day 1
and day 14, cells were collected and compared by qRT-PCR.
It showed that, hsa-miR-214-3p was downregulated, whereas
BMP2 and Runx2 were upregulated in hMSCs from day 1
to day 14 (Fig. 1B-D, *p <0.05). It also showed that, ALP
and Alizarin Red S activities were significantly upregulated
in differentiated hMSCs from day 1 to day 14 (Fig. 1E-G,
*p <0.05).

Characterizations of upregulated IncRNAs upstream
to hsa-miR-214-3p during osteogenic differentiation
in hMSCs

In a previous study, IncRNA of KCNQ1OT1 was demon-
strated to be upstream to hsa-miR-214-3p / BMP2 epigenetic
axis [14]. In this study, we used the bioinformatic search tool
LncBase Experimental V.2 [30], to examine 145 IncRNAs
which were experimentally characterized to be upstream to
hsa-miR-214-3p (the list of 145 IncRNAs was included in the
supplement document of “supplement01”’). qRT-PCR analy-
sis was conducted and we focused on those IncRNAs which
were upregulated at least 2 times from day 1 to day 14 in
differentiated hMSCs. As the result, we found six candidate
IncRNAs, KCNQ1OT1, maternally expressed 3 (MEG3),
small Nucleolar RNA Host Gene 16 (SNHG16), FAM83H
antisense RNA 1 (FAM83H-AS1), Metastasis Associated
Lung Adenocarcinoma Transcript 1( MALAT1) and long
intergenic non-protein coding RNA 657 (LINC00657), who
could bind hsa-miR-214-3p (Fig. 2A) and were markedly
upregulated in differentiated hMSCs from day 1 to day 14
(Fig. 2B, *p <0.05).

Downregulations of IncRNAs upstream
to hsa-miR-214-3p suppressed osteogenic
differentiation in hMSCs

We used genetic engineering methods to downregulate
MEG3, SNHG16, FAM83H-AS1 and LINC00657 in dif-
ferentiated hMSCs. On day 14 of osteogenic differentia-
tion, for each IncRNA, qRT-PCR confirmed that its endog-
enous expression level was specifically and significantly
downregulated by transfection of corresponding shRNAs
(Fig. 3A, *p<0.05; Ap>0.05). Then, quantitative assess-
ments demonstrated that characteristic features of osteogenic
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differentiation, including BMP2 expression level (Fig. 3B),
Runx2 expression level (Fig. 3C), ALP activities (Fig. 3D)
and Alizarin Red S activities (Fig. 3E) were all substan-
tially suppressed by IncRNA downregulations (¥*p < 0.05;
Ap>0.05).

MALAT1 and LINC00657 were directly associated
with hsa-miR-214-3p / BMP2 axis in osteogenic
differentiation of hMSCs

We further investigated the direct association between IncR-
NAs and hsa-miR-214-3p / BMP2 axis in osteogenic dif-
ferentiation of hMSCs.

First, on day 14 of osteogenic differentiation, qRT-PCR
showed that, downregulations of MALAT1 and LINC00657
upregulated hsa-miR-214-3p whereas downregulation of
MEG3, SNHG16 or FAM83HAS1 had no effect on hsa-
miR-214-3p expression in hMSCs (Fig. 4A, *p <0.05;
Ap>0.05).

Second, the correlation between IncRNAs and BMP2
in osteogenic differentiation of hMSCs was investigated.
In a previous study, it was demonstrated that hsa-miR-
214-3p could directly bind BMP2 to form hsa-miR-214-3p
/ BMP2 axis [14] (Fig. 4B). Through an RNA immuno-
precipitation (RIP) assay, we demonstrated that MALAT1
and LINC00657 were significantly enriched in the samples
pulled down by BMP2 antibody, whereas MEG3, SNHG16
or FAM83HASI1 were not specifically associated with BMP2
(Fig. 4C, *p <0.05; Ap>0.05).

MALAT1 and LINC00657 regulated osteogenic
differentiation of hMSCs through hsa-miR-214-3p

Finally, we silenced hsa-miR-214-3p in differentiated
hMSCs which were pre-transfected with IncRNAs-specific
shRNAs. qRT-PCR confirmed that, at day 14 of differen-
tiation, hsa-miR-214-3p was significantly downregulated
in cells transfected with miR214_I, as compared to cells
transfected with miRNC_I (Fig. 5A, *p <0.05).

Then, double-transfected hMSCs were examined with
characteristic features of osteogenic differentiation at day
14. qRT-PCR showed that, hsa-miR-214-3p knockdown
only induced BMP2 and Runx2 upregulations in cells with
MALAT1 or LINC00657 downregulations (Fig. 5B, C,
*p <0.05; Ap>0.05). In addition, hsa-miR-214-3p knock-
down only induced ALP and Alizarin Red S activity upregu-
lations in cells with MALAT1 or LINC00657 downregula-
tions (Fig. 5B, C, *p <0.05; Ap>0.05).

Thus, our data indicated that MALAT1 and LINC00657,
not MEG3, SNHG16 or FAM83H-AS1, regulated osteo-
genic differentiation of hMSCs through hsa-miR-214-3p.
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Fig. 1 Osteogenic differentiation of hMSCs. A Human mesenchymal
stem cells (hMSCs) were self-renewed by incubating with the mes-
enchymal stem cell growth medium. hMSCs were also replated, and
induced with hMSC osteogenic differentiation medium for 14 days.
One day 1 and day 14, cells were collected. qRT-PCR was conducted
to examine expression levels of hsa-miR-214-3p, BMP2, Runx2 and
IncRNAs. Biochemical assays were also performed to measure alka-
line phosphatase (ALP) and Alizarin Red S activities. B, C, D qRT-
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PCR was conducted to compare the expression levels of miR-214-3p
(B), BMP2 (C) and Runx2 (D) between day 1 and day 14 differen-
tiated hMSCs (¥p<0.05). E alkaline phosphatase (ALP) activi-
ties were compared between day 1 and day 14 differentiated hMSCs
(*p<0.05). F Alizarin Red S activities were compared between day 1
and day 14 differentiated hMSCs (¥p <0.05). F Alizarin Red staining
was compared between day 1 and day 14 differentiated hMSCs

@ Springer



6852

Molecular Biology Reports (2022) 49:6847-6857

A

KCNQ10T1 3 UTR  5-aauCCUGCUGg-3'

hsa-miR-214-3p 3’ cGGACGACa-5'

SNHG16 3’ UTR  5'---cUCU-uuCCUGCUGU-3'

hsa-miR-214-3p 3'----cAGA---cGGACGACA-%'

MALAT1 3 UTR  5---GUUUUG-uaCUGCUGg-3'

LD LT

hsa-miR-214-3p 3'----CAGAAC---gGACGACa-5'

B KCNQ10T1
© 1000 .
(0]
O’/\
2 500
83
rd ol ==
Day 1 Day 14
SNHG16
2 600 *
g T
2E 40
T g 200
e o] 3
Day 1 Day 14
MALAT1
e 1000
[0 *
o T
£ 500
T3
o >
x Qo 0 —
Day 1 Day 14

Fig.2 LncRNAs upstream to hsa-miR-214-3p are significantly
upregulated in osteogenic differentiation of hMSCs. A Diagrams
were shown for the bindings of KCNQI1 Opposite Strand/Antisense
Transcript 1 (KCNQ1OT1), maternally expressed 3 (MEG3), small
Nucleolar RNA Host Gene 16 (SNHG16), FAM83H antisense RNA

Discussion
In this study, we investigated the IncRNA profiles upstream

to hsa-miR-214-3p / BMP2 axis during the osteogenic dif-
ferentiation of hMSCs.
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1 (FAM83H-AS1), long intergenic non-protein coding RNA 657
(LINC00657) on hsa-miR-214-3p. B Between day 1 and day 14 dif-
ferentiated hMSCs, qRT-PCR was conducted to compare expres-
sion levels of KCNQ1OT1, MEG3, SNHG16, FAM83H-AS1 and
LINCO00657 (*p<0.05)

First, we induced hMSCs toward osteogenic differen-
tiation for 14 days in vitro, and used multiple quantitative
assays to confirm this process. Notably, key genetic tran-
scripts of osteogenic differentiation, BMP2 and Runx2 [23,
31], were confirmed by qRT-PCR to be significantly upregu-
lated. In addition, we used biochemical methods to confirm
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Fig.3 The effects of LncRNAs downregulation on osteogenic dif-
ferentiation of hMSCs. A Differentiated hMSCs were transfected
with IncRNA-specific shRNAs, including sh_. MEG3, sh_SNHG16,
sh_MALATI, sh_FAM83HAS1 and sh_657, and a non-specific
shRNA, sh_C. At day 14 of differentiation, qRT-PCR was con-
ducted to compare the expression levels of MEG3, SNHGI16,
AMALT1, FAMS83H-AS1 and LINCO00657 among un-transfected
hMSCs, hMSCs transfected with sh_C and hMSCs transfected with
IncRNA-specific shRNAs (¥*p<0.05; Ap<0.05). B and C At day
14, qRT-PCR was conducted in differentiated hMSCs to compare

that ALP and Alizarin Red S activities, which were standard
cellular indicators of mineralization and osteogenesis [32,
33], were also markedly upregulated.

In a previous study, it was revealed that IncRNA of KCN-
QI1OT1 was upstream to hsa-miR-214-3p / BMP2 axis and
functionally regulated osteogenic induction of bone marrow
mesenchymal stem cells [14]. In addition, it was demon-
strated that increased osteoclastic miR-214-3p was associ-
ated with both elevated serum exosomal miR-214-3p and

the expression levels of BMP2 (B) and Runx2 (C) among un-trans-
fected hMSCs, hMSCs transfected with sh_C and hMSCs transfected
with IncRNA-specific shRNAs (*p <0.05; Ap<0.05). D At day 14,
ALP activities were compare among un-transfected hMSCs, hMSCs
transfected with sh_C and hMSCs transfected with IncRNA-specific
shRNAs (¥p<0.05; Ap<0.05). E At day 14, Alizarin Red S activi-
ties were compare among un-transfected hMSCs, hMSCs transfected
with sh_C and hMSCs transfected with IncRNA-specific shRNAs
(*p<0.05; Ap<0.05)

reduced bone formation in elderly women with fractures
and in ovariectomized (OVX) mice [34]. Also, a very recent
study showed that miR-214-3p was downregulated in peri-
odontal ligament stem cells after osteogenic induction [35].
Based on these information, the strategy of this study was to
further explore the IncRNA candidates upstream to hsa-miR-
214-3p / BMP2 axis, thus broadening our knowledge on epi-
genetic regulations in osteogenesis. Using qRT-PCR analy-
sis, we examined 145 IncRNAs, which were experimentally
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Fig.4 The association between LncRNAs and hsa-miR-214-3p /
BMP2 axis in osteogenic differentiation of hMSCs. A Differentiated
hMSCs were transfected with IncRNA-specific shRNAs, includ-
ing sh_MEG3, sh_SNHG16, sh_MALAT1, sh_FAM83HASI and
sh_657, and a non-specific sShRNA, sh_C. At day 14 of differentia-
tion, qRT-PCR was conducted to compare their expression levels of
hsa-miR-214-3p (¥*p<0.05; Ap<0.05). B Diagrams were shown
for the DNA bindings of hsa-miR-214-3p on BMP2. C At day 14
of differentiation, a RIP assay was conducted using BMP2 and IgG
antibodies, followed by qRT-PCR to examine the expression lev-
els of MEG3, SNHG16, AMALT1, FAM83H-AS1 and LINC00657
(*p<0.05; Ap<0.05)

confirmed to be able to bind hsa-miR-214-3p [30] (the list of
145 IncRNAs was included in the supplement document of
“supplement01”’). Among them, we identified six IncRNAs,
KCNQI10T1, MEG3, SNHG16, FAM83H-AS1, MALAT1
and LINCO00657 to be upregulated at least two folders in
hMSCs from day 1 to day 14 of osteogenic differentiation.
The result regarding KCNQ1OT1 was the confirmation to
the previous study [14], whereas the findings on the other
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five IncRNAs were novel and we decided to further inves-
tigate them.

Next, through qRT-PCR and quantitative biochemi-
cal assays, we found that, inhibiting MEG3, SNHG16,
FAMS83H-AS1, MALAT1 and LINC00657 could all func-
tionally suppress osteogenic differentiation in hMSCs, dem-
onstrated by downregulated BMP2 and Runx2 expressions,
as well as decreased ALP and Alizarin Red S activities.
Interestingly, while we further looked into hsa-miR-214-3p
expressions in IncRNAs-downregulated hMSCs, we discov-
ered that only MALAT1 and LINC00657 upregulated hsa-
miR-214-3p, whereas MEG3, SNHG16 and FAM83H-AS1
did not. In addition, qRT-PCR analysis following RIP assay
with BMP2-specific antibody showed that only MALAT1
and LINC00657 were enriched in pull-down precipitates,
whereas MEG3, SNHG16 and FAM83H-AS1 were not. In
previous studies, it was demonstrated MEG3 correlated with
miR-133a-3p and miR-140-5p [13, 36], SNHG16 correlated
with miR-485 [11], and FAM83H-AS1 correlated miR-
541-3p [15] in osteogenic development of mesenchymal
stem cells. Thus, these evidences strongly indicated that in
hMSCs, MALAT1 and LINC00657 regulated osteogenic dif-
ferentiation through hsa-miR-214-3p / BMP2 axis, whereas
MEG3, SNHG16 and FAM83H-AS1 may act through other
downstream miRNA-mRNA signaling pathways.

This notion was further supported in our loss-of-function
probe while we further silenced hsa-miR-214-3p in IncR-
NAs-downregulated hMSCs. Our data demonstrated that,
silencing hsa-miR-214-3p could augment BMP2 and Runx2
expressions, as well as ALP and Alizarin Red S activities
in MALATI- or LINC00657- downregulated hMSCs, but
not in MEG3-, SNHG16- or FAM83H-AS1- downregulated
hMSCs, thus confirming that MALAT1 and LINC00657
were upstream of hsa-miR-214-3p / BMP2, whereas MEG3,
SNHG16 or FAM83H-AS1 was not.

In summary, we demonstrated five IncRNAs (in addition
to KCNQIOTT1) to be significantly upregulated in osteo-
genic induction of hMSCs, and further identified MALAT1
and LINCO00657 to be upstream of hsa-miR-214-3p / BMP2
to functionally regulate osteogenic differentiation. Future
studies are needed to fully explore the functional roles of
epigenetic regulations, as well as their downstream effects
on gene transcriptions and protein translations in osteogenic
differentiation.
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Fig.5 The effects of silencing hsa-miR-214-3p on IncRNA-associ-
ated osteogenic differentiation of hMSCs. A Differentiated hMSCs,
which were transfected with IncRNA-specific shRNAs, were further
transfected with a hsa-miR-214-3p specific inhibitor (miR214_I), or
a non-specific control miRNA inhibitor (miRNC_I). gqRT-PCR anal-
ysis showed that hsa-miR-214-3p was significantly silenced in cells
transfected with miR214_I, than in cells transfected with miRNC_I
(*p<0.05). B and C At day 14 of differentiation, qRT-PCR was con-
ducted to compare gene expression levels of BMP2 (B) and Runx2
(C) between differentiated hMSCs which were transfected with
IncRNA-specific shRNAs only (shRNA_only), and those transfected
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with IncRNA-specific shRNAs and then double-transfected with
miRNC_I or miR214_I (*p<0.05; Ap<0.05). D At day 14 of dif-
ferentiation, ALP activities were compared between differentiated
hMSCs which were transfected with IncRNA-specific shRNAs only
(shRNA_only), and those transfected with IncRNA-specific ShRNAs
and then double-transfected with miRNC_I or miR214_I (*p <0.05;
Ap<0.05). E At day 14 of differentiation, Alizarin Red S activities
were compare between differentiated hMSCs which were transfected
with IncRNA-specific ShRNAs only (shRNA_only), and those trans-
fected with IncRNA-specific shRNAs and then double-transfected
with miRNC_I or miR214_I (*p <0.05; Ap <0.05)
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