J Biosci (2020)45:56
DOI: 10.1007/s12038-020-0024-y

Ó Indian Academy of Sciences
(0123456789().,-volV)
(0123456789().,-volV)

Long non-coding RNA H19 promotes osteogenic differentiation
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The osteogenic differentiation of mesenchymal stem cells (MSCs) has potential clinical values in the treatment
of bone-related diseases. Long non-coding RNA H19 and microRNA-140-5p (miR-140-5p) have attracted
much attention of researchers by virtue of their biological importance in cell differentiation and bone formation. Moreover, bioinformatics analyses suggest that miR-140-5p have the potential to bind with H19 and
SATB homeobox 2 (SATB2). In this study, we further explored whether H19 could regulate osteogenic
differentiation of human bone marrow-derived MSCs (BM-MSCs) by miR-140-5p/SATB2 axis. RT-qPCR
assay was conducted to examine the expression of H19, miR-140-5p and SATB2. The osteogenic differentiation capacity of BM-MSCs was assessed through alkaline phosphatase (ALP) activity and osteogenic marker
expression. The relationships among H19, miR-140-5p and SATB2 were examined through bioinformatics
analyses, luciferase reporter assay, RIP assay and RNA pull-down assay. H19 expression was remarkably
increased and miR-140-5p expression was dramatically reduced during osteogenic differentiation of BMMSCs. Functional analyses revealed that H19 overexpression or miR-140-5p depletion accelerated osteogenic
differentiation of BM-MSCs. Conversely, H19 loss or miR-140-5p increase suppressed osteogenic differentiation of BM-MSCs. MiR-140-5p was conﬁrmed as a target of H19, and miR-140-5p could bind to SATB2 as
well. Moreover, H19 knockdown reduced SATB2 expression by upregulating miR-140-5p. Additionally, miR140-5p depletion antagonized the inhibitory effect of H19 knockdown on osteogenic differentiation of BMMSCs. And, miR-140-5p inhibited osteogenic differentiation of BM-MSCs by targeting SATB2. In conclusion,
H19 promoted osteogenic differentiation of BM-MSCs through regulating miR-140-5p/SATB2 axis, deepening
our understanding on the molecular mechanisms of H19 in coordinating osteogenesis.
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1. Introduction
Mesenchymal stem cells (MSCs), initially isolated
from the bone marrow, also have been found in other
sites such as adipose tissues, umbilical cord blood and

tooth pulp (Sarukhan et al. 2015). Over the past decades, due to their numerous advantages such as selfrenewable capacities, multidirectional differentiation,
low immunogenic properties, availability and ease of
genetic manipulation, MSCs have attracted much
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attention of researchers in the tissue engineering,
regenerative medicine application and anticancer
treatment (Fitzsimmons and Mazurek 2018; Hagenhoff
et al. 2016). Moreover, MSCs are a heterogeneous
population of pluripotent cells that can differentiate
into multiple cell types, including osteoblasts, chondrocytes and adipocytes (Ciuffreda et al. 2016).
Among these MSCs, bone marrow-derived MSCs
(BM-MSCs) has been well characterized in vitro and
in vivo (Baker et al. 2015; Polymeri et al. 2016).
Osteoblasts, one of the major bone-forming cells, have
been identiﬁed as a pivotal regulator in skeletal
development, maintenance, and repair as well as bone
microenvironment homeostasis (Komori 2016; Long
2011). Moreover, a wealth of documents reveal that
osteoblast dysregulation is closely linked with the
pathogenesis of multiple bone-related diseases such as
osteoarthritis (Maruotti et al. 2017), osteoporosis (Lee
et al. 2017), and rheumatoid arthritis (Baum and Gravallese 2016). Hence, an in-depth understanding on the
molecular basis of osteogenic differentiation is essential in the management of bone-related diseases.
Non-coding RNAs (ncRNAs) including long noncoding RNAs (lncRNAs) and microRNAs (miRNAs)
are a category of RNAs with no or little protein-coding
potential (Beermann et al. 2016). Over the past decades, numerous lncRNAs and miRNAs have been
found to be differentially expressed during osteogenic
differentiation of mesenchymal stem cells, and some of
them have been demonstrated to be crucial regulators
in the process of osteogenic differentiation (Huang
et al. 2017; Huo et al. 2018). For instance, the overexpression of long intergenic non-protein coding RNA,
regulator of reprogramming (linc-ROR) promoted
osteogenic differentiation of human BM-MSCs
through sequestering miR-138 and miR-145 from their
shared target zinc ﬁnger E-box binding homeobox 2
(Feng et al. 2018). LncRNA maternally expressed 3
suppressed osteogenic differentiation of BM-MSCs
derived from mouse pathologic models and patients
with postmenopausal osteoporosis through upregulating miR-133a-3p (Wang et al. 2017).
H19, a classic lncRNA located on the imprinted
H19-insulin growth factor 2 (IGF2) locus, has been
identiﬁed as a crucial player in a wide range of cancers
(Raveh et al. 2015). Zhao et al. reported that H19
facilitated the growth of glioma via targeting miR-140
(Zhao et al. 2016). The target relationship between
miR-140 and H19 was also found to regulate the progression of pulmonary ﬁbrosis and hyperglycemia
(Wang et al. 2019; Luo et al. 2019). Moreover, recent
studies highlighted the vital roles of H19 in cellular

differentiation, especially in the multi-differentiation of
mesenchymal stem cells (Liu et al. 2017). Additionally,
some studies characterized that H19 could facilitate the
cellular differentiation from BM-MSCs towards mature
osteoblasts (Huang et al. 2015; Liang et al. 2016;
Wang et al. 2015; Wu et al. 2018). Furthermore, H19
has been found to be preferentially enriched in Ago2containing miRNA ribonucleoprotein complex, suggesting the possibility of H19 as a potential miRNA
sponge (Kallen et al. 2013; Liang et al. 2016). Also,
bioinformatics analyses unveil that there exist some
complementary sites between miR-140-5p and H19 or
SATB homeobox 2 (SATB2). And, miR-140-5p has
been found to be a potential negative regulator for
osteogenic differentiation of human adipose-derived
mesenchymal stem cells (Li et al. 2017) and SATB2
was well documented as a positive regulator in the
process of osteogenic differentiation (Gong et al. 2014;
Zhang et al. 2011). In the present study, we aimed to
further explore whether H19 could regulate osteogenic
differentiation of human BM-MSCs by miR-140-5p/
SATB2 axis.

2. Materials and methods
2.1 Cell culture and osteogenic differentiation
of BM-MSCs
Human BM-MSCs were obtained from ScienCell
Research Laboratories (Sciencell, Carlsbad, CA, USA)
and cultured in Mesenchymal Stem Cell Medium (GM,
ScienCell) at 37°C incubator containing 95% air and
5% CO2. Osteogenic differentiation of BM-MSCs was
induced using Mesenchymal Stem Cell Osteogenic
Differentiation Medium (OM, ScienCell). Medium was
refreshed every 2 days. Undifferentiated cultured in GM
and differentiated cells cultured in OM were collected at
the indicated time points for following experiments.
Experiments were repeated at least three times.
2.2 Cell transfection and establishment
of stable cell lines
Cell transfection was conducted using Lipofectamine
Stem Transfection Reagent (Thermo Fisher Scientiﬁc,
Rockford, IL, USA) following the manufacturer’s
instructions. Lentiviruses expressing H19 sequence
(H19) or SATB2 (SATB2) and their negative control
(Lenti-NC), lentiviruses carrying H19 silence fragments (shH19-1 and shH19-2) and their scramble
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control (Scramble), lentiviruses with miR-140-5p
overexpression (miR-140-5p) and its negative control
(NC), lentiviruses that can silence miR-140-5p (AntimiR-140-5p) and its negative control (Anti-NC) were
ordered from Hanbio Biotechnology Co., Ltd.
(Shanghai, China). Then, BM-MSCs were infected
with these lentiviruses, alone or in combination. At 72
h after infection, cells infected with lentiviruses were
screened using puromycin (0.5 lg/ml) for about 1 week
to establish the stable cell lines.
2.3 Alkaline phosphatase (ALP) activity detection
The ability of BM-MSC osteogenic differentiation was
assessed through Alkaline Phosphatase Assay Kit
(Colorimetric) (Abcam, Cambridge, UK) according to
the protocols of manufacturer. Brieﬂy, ALP activity in
the supernatants of cell lysates was determined using
p-nitrophenyl phosphate (pNPP) as the substrate. After
1 h of incubation at the room temperature in the dark,
cell absorbance was detected at 405 nm on a microplate
reader. Experiments were repeated at least three times.
2.4 RNA extraction and reverse transcriptionquantitative PCR (RT-qPCR) assay
Total RNA was extracted from differentiated or undifferentiated cells using miRVana miRNA isolation kit
(Thermo Fisher Scientiﬁc) and puriﬁed using RNasefree DNase I (Thermo Fisher Scientiﬁc). Then, miR140-5p level was measured through TaqMan MicroRNA Reverse Transcription kit and TaqMan MicroRNA Assay kit (Thermo Fisher Scientiﬁc) and
normalized to small nuclear RNA (snRNA) RNU6B.
For the expression detection of H19, SATB2 and
GAPDH, RNA was reversely transcribed into cDNA
using M-MLV Reverse Transcriptase (Thermo Fisher
Scientiﬁc) and then real time quantitative PCR analysis
was conducted using SYBRTM Green PCR Master Mix
(Thermo Fisher Scientiﬁc). GAPDH served as the
housekeeping gene to normalize the expression of H19
and SATB2. The primers of H19 and GAPDH were 50 GGGCTTCCTGCCACACTT-30 (forward) and 50 GTGCAGCATATTCATTTCCAA-30 (reverse) for H19,
50 -GCAGTTGGACGGCTCTCTT-30 (forward) and 50 CACCTTCCCAGCTTGATTATTCC-30 (reverse) for
SATB2, and 50 -TGTGGGCATCAATGGATTTGG-30
(forward) and 50 -ACACCATGTATTCCGGGTCAAT30 (reverse) for GAPDH. Each reaction was conducted
in triplicate and repeated at least three times.
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2.5 Luciferase reporter assay
The partial fragments of H19 and SATB2 30 UTR
containing predicted miR-140-5p target sequences
were constructed into psiCHECK-2 vector by Hanbio
Biotechnology Co., Ltd, named as H19-wt reporter and
SATB2-wt reporter, respectively. Also, H19-mut
reporter and SATB2-mut reporter containing mutant
miR-140-5p binding sites were cloned by Hanbio
Biotechnology Co., Ltd. Then, these constructs were
respectively transfected into BM-MSCs with the
stable expression of miR-140-5p and control cells
(NC). At 48 h after transfection, cells were collected
and assayed for luciferase activity using a dual luciferase reporter assay kit (Promega, Madison, WI,
USA). Experiments were repeated at least three times.
2.6 RNA immunoprecipitation (RIP) assay
RIP assay was conducted using EZ-Magna RIP kit
(Millipore, Billerica, MA, USA) referring to the
instructions of manufacturer. Brieﬂy, BM-MSCs with
the stable expression of miR-140-5p and control cells
(NC) were lysed in RIP lysis buffer containing Protease
Inhibitor Cocktail (Thermo Fisher Scientiﬁc) and
RNase Inhibitor (Thermo Fisher Scientiﬁc). Next,
supernatants from cell lysates were collected through
centrifugation and then co-incubated overnight with
beads coated with Ago2 or IgG antibody. Following
this, RNA in antibody-conjugated beads was isolated
and puriﬁed. Finally, H19 and SATB2 levels were
determined by RT-qPCR assay. Experiments were
repeated at least three times.
2.7 Western blot assay
Cells were lysed in RIPA buffer (Beyotime, Shanghai,
China) with Halt Protease and Phosphatase Inhibitor
Cocktail (Thermo Fisher Scientiﬁc). After centrifugation, protein concentration in the supernatants from cell
lysates was measured using a Pierce BCA Protein Assay
Kit (Thermo Fisher Scientiﬁc). Next, an equal amount of
proteins (35 lg/lane) was separated via SDS-PAGE and
transferred to polyvinylidene diﬂuoride membranes
(Millipore, Bedford, MA, USA). After the blockade of
non-speciﬁc sites using 5% skimmed milk, the membranes were probed overnight at 4°C with primary
antibodies against collagen type I alpha 1 chain
(COL1A1), runt-related transcription factor 2
(RUNX2), osteocalcin (OCN), osteopontin (OPN),
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SATB2 and GAPDH. Next, the membranes were incubated for 1 h at room temperature with secondary antibody conjugated with horseradish peroxidase (HRP).
Finally, protein bands were developed using Immobilon
ECL reagent (Millipore) and the intensity of protein
signals was quantiﬁed using Quantity One Software
(Bio-Rad Laboratories, Hercules, CA, USA). Primary
and secondary antibodies were purchased from Abcam
lnc. (Cambridge, UK). GAPDH served as the loading
control to normalize the expression of each target band.
Experiments were repeated at least three times.
2.8 RNA pull-down assay
RNA pull-down assay was conducted referring to the
protocols as previously described (Phatak and Donahue
2017). Biotin-labeled miR-140-5p (Bio-miR-140-5p)
and its negative control Bio-NC were purchased from
Dharmacon Research Inc. (Lafayette, CO, USA). For
RNA pull-down assay, BM-MSCs were transfected
with Bio-NC or Bio-miR-140-5p. Forty-eight hours
later, cells were collected and lysed using lysis buffer
supplemented with Protease Inhibitor Cocktail
(Thermo Fisher Scientiﬁc) and RNase Inhibitor
(Thermo Fisher Scientiﬁc). Then, cell supernatants
were incubated overnight at 4°C with StreptavidinDyna beads (Thermo Fisher Scientiﬁc). After the isolation and extraction of RNA from pull-down complex,
H19 enrichment degree was detected using RT-qPCR
assay. Experiments were repeated at least three times.
2.9 Statistical analyses
Data were analyzed using GraphPad Prism software
(San Diego, CA, USA) and presented as mean ±
standard deviation (SD). Difference analysis between
groups was conducted using Student’s t-test. In cases of
multiple-group comparisons, data were analyzed using
one-way ANOVA. Difference was regarded as statistically signiﬁcant at P value below 0.05.

3. Results
3.1 Expression of H19 and miR-140-5p
during osteogenic differentiation of human BMMSCs
Osteoblasts are characterized by the expression of
extracellular matrix proteins such as COL1A1,

RUNX2, ALP, OCN, and OPN (Dacic et al. 2001;
Franceschi and Xiao 2003; Marom et al. 2005). In the
present study, the activity or expression patterns of
these proteins were measured to examine whether the
osteogenic lineage was successfully established. As
presented in ﬁgure 1A–F, ALP activity and COL1A1,
Runx2, OCN and OPN protein levels were strikingly
increased on day 7 and day 14 after osteogenic differentiation induction via osteogenic medium (OM)
than that in BM-MSCs cultured in normal growth
medium (GM). Also, a notable upregulation of ALP
activity and COL1A1, Runx2, OCN and OPN
expression was observed on day 14 after osteogenic
differentiation induction relative to day 7 (ﬁgure 1A–
F). Moreover, we further demonstrated that H19
expression was remarkably increased and miR-140-5p
expression was signiﬁcantly reduced in differentiated
cells compared with undifferentiated cells (ﬁgure 1G
and H). Furthermore, human BM-MSCs on day 14
after osteogenic differentiation induction presented
higher H19 level and lower miR-140a-5p level compared with cells on day 7 (ﬁgure 1G and H). These
results suggested that H19 and miR-140a-5p might
play vital roles during osteogenic differentiation of
human BM-MSCs.
3.2 The effect of H19 overexpression
or knockdown on osteogenic differentiation
of human BM-MSCs
To further investigate the roles of H19 in osteogenic
differentiation, human BM-MSCs were infected with
lentiviruses expressing H19 full length sequences
(H19) or H19 knockdown fragments (shH19-1 or
shH19-2) to establish the stable cell lines with H19
overexpression or knockdown. RT-qPCR validated that
H19 level was remarkably upregulated in human BMMSCs infected with H19 lentiviruses, but was strikingly downregulated in cells infected with shH19-1 or
shH19-2 lentiviruses (ﬁgure 2A). H19 accumulation or
knockdown had no inﬂuence on the viability of
undifferentiated human BM-MSCs cultured in OM for
1, 2 or 3 days (supplementary ﬁgure 3). Following
experiments further showed that the ectopic expression
of H19 resulted in the notable upregulation of ALP
activity and COL1A1, Runx2, OCN and OPN protein
expression in OM-initiated differentiated cells (ﬁgure 2B and C). Conversely, an obvious reduction of
ALP activity and COL1A1, Runx2, OCN and OPN
protein expression was observed in OM-initiated differentiated cells following the depletion of H19
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Figure 1. Expression of H19 and miR-140-5p during osteogenic differentiation of human BM-MSC cells. (A–H) human
BM-MSCs were cultured in normal growth medium (GM) or osteogenic medium (OM) for 7 days or 14 days. (A) ALP
activity was measured using a commercial kit. (B–F) Protein levels of COL1A1, Runx2, OCN and OPN were detected
through western blot assay. (G and H) H19 and miR-140-5p levels were determined by RT-qPCR assay. *P \ 0.05.

Figure 2. The effect of H19 overexpression or knockdown on osteogenic differentiation of human BM-MSCs. (A–C)
Human BM-MSC cell lines with the stable overexpression (H19) or knockdown (shH19-1 or shH19-2) of H19 and their
counterparts along with untreated cells were cultured in OM for 7 days. Then, H19 expression, ALP activity, and COL1A1,
Runx2, OCN and OPN protein expression were measured by RT-qPCR assay, ALP kit and western blot assay, respectively.
*P \ 0.05.

(ﬁgure 2B and C). However, H19 accumulation or
depletion had no inﬂuence on the osteogenic differentiation of human BM-MSCs cultured in GM

(supplementary ﬁgure 1A–C). These data suggested
that H19 contributed to osteogenic differentiation of
human BM-MSCs.
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3.3 The effect of miR-140-5p upregulation
or downregulation on osteogenic differentiation
of human BM-MSCs
Also, RT-qPCR assay veriﬁed that human BM-MSC
cell lines with the stable overexpression (miR-140-5p)
or knockdown (Anti-miR-140-5p) of miR-140-5p
were successfully established (ﬁgure 3A). Moreover,
functional analyses revealed that enforced expression
of miR-140-5p inhibited osteogenic differentiation of
human BM-MSCs, as evidenced by the downregulation of ALP activity and protein expression of
COL1A1, Runx2, OCN and OPN in OM-initiated
differentiated cells after the transduction of miR-1405p lentiviruses (ﬁgure 3B and C). Also, as expected,
miR-140-5p loss facilitated the osteogenic differentiation of human BM-MSCs (ﬁgure 3B and C). Besides,
the osteogenic differentiation of human BM-MSCs
cultured in GM did not be affected by the overexpression or silencing of miR-140-5p (supplementary
ﬁgure 2A–C).

3.4 H19 inhibited miR-140-5p expression
by direct interaction
Next, a bioinformatics tool (starBase v2.0) was used to
screen out miRNAs that had a possibility to bind with
H19. Among candidate miRNAs, miR-140-5p was
selected due to its key roles in osteogenic differentiation (ﬁgure 4A) (Li et al. 2017). To further verify the
interaction of H19 and miR-140-5p, H19-wt reporter
containing predicted miR-140-5p binding sites and
H19-mut reporter carrying mutant miR-140-5p binding
sites were generated. Following luciferase assay
showed that miR-140-5p overexpression resulted in the
conspicuous downregulation of luciferase activity of
H19-wt reporter, but had no much inﬂuence on luciferase activity of H19-mut reporter in BM-MSCs (ﬁgure 4B). Moreover, it is well documented that miRNAs
can exert their regulatory roles through RNA-induced
silencing complex containing Ago2. Therefore, RIP
assay was conducted using Ago2 antibody to examine
whether H19 could bind with miR-140-5p. Results

Figure 3. The effect of miR-140-5p upregulation or downregulation on osteogenic differentiation of human BM-MSCs.
(A–C) Untreated human BM-MSCs (Control) and human BM-MSC cell lines with stable overexpression (miR-140-5p) or
silence (Anti-miR-140-5p) of miR-140-5p, together with their negative controls were maintained in OM for 7 days, followed
by the measurement of miR-140-5p level, ALP activity and COL1A1, Runx2, OCN and OPN protein levels. *P \ 0.05.
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Figure 4. H19 acted as a molecular sponge for miR-140-5p. (A) The schematic diagram of predicted binding sites of H19
with miR-140-5p and mutant sites in H19-mut reporter. (B) Human BM-MSCs infected with miR-140-5p lentiviruses or
control lentiviruses were also tranfected with H19-wt or H19-mut reporter, followed by the detection of luciferase activity at
48 h post-transfection. (C) RIP assay was carried out using Ago2 or IgG antibody in human BM-MSCs infected with miR140-5p lentiviruses or control cells. Then, H19 level in Ago2- or IgG-coated beads was measured by RT-qPCR assay.
(D) Human BM-MSCs were transfected with Bio-NC or Bio-miR-140-5p. Forty-eight hours later, biotin-based RNA pulldown assay was conducted and H19 level pulled down by Bio-NC or Bio-miR-140-5p was detected through RT-qPCR assay.
(E) miR-140-5p level was determined by RT-qPCR assay in untreated human BM-MSCs (Control) and human BM-MSCs
with the stable overexpression or knockdown of H19 together with matching control cells. *P \ 0.05.

showed that miR-140-5p overexpression resulted in the
considerable enrichment of H19 in Ago2 immunoprecipitation complex in BM-MSCs (ﬁgure 4C). Moreover, based on the results of RNA pull-down assay,
H19 was preferentially enriched by biotinylated miR140-5p compared with bio-NC control group in BMMSCs (ﬁgure 4D). Furthermore, miR-140-5p expression was signiﬁcantly reduced in H19-overexpressed
human BM-MSCs, but was drastically increased in
H19-depleted cells (ﬁgure 4E). These data manifested
that H19 inhibited miR-140-5p expression through
direct interaction.

3.5 H19 knockdown suppressed osteogenic
differentiation of human BM-MSCs by upregulating
miR-140-5p
Next, we further demonstrated that miR-140-5p deﬁciency abrogated the inhibitory effect of H19 knockdown on ALP activity and expression of osteogenic
markers (COL1A1, Runx2, OCN and OPN) in OMinitiated differentiated BM-MSCs (ﬁgure 5A and B),
suggesting that H19 knockdown suppressed osteogenic
differentiation of human BM-MSCs by upregulating
miR-140-5p.
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Figure 5. H19 knockdown suppressed osteogenic differentiation of human BM-MSCs by upregulating miR-140-5p. (A and
B) Human BM-MSCs infected with Scramble, shH19-1, shH19-1 ? Anti-NC, shH19-1 ? Anti-miR-140-5p lentiviruses were
cultured in OM medium for 7 days, followed by the detection of ALP activity and protein levels of COL1A1, Runx2, OCN
and OPN. *P \ 0.05.

3.6 SATB2 was a target of miR-140-5p
Next, bioinformatics prediction analysis by TargetScan
online website shows that SATB2 is a potential target
of miR-140-5p (ﬁgure 6A). Among multitudinous
possible targets, SATB2 was selected by virtue of its
critical roles in osteogenic differentiation (Gong et al.
2014, Zhang et al. 2011). Subsequent luciferase
reporter assay further demonstrated that miR-140-5p
overexpression triggered the notable reduction of
luciferase activity of SATB2-wt reporter in BM-MSCs
(ﬁgure 6B). And, no obvious change of luciferase
activity of SATB2-mut reporter was observed in miR140-5p-overexpressed BM-MSCs compared with control group (ﬁgure 6B). Moreover, RIP assay disclosed
that ectopic expression of miR-140-5p could induce the
substantial enrichment of SATB2 in Ago2 immunoprecipitation complex in BM-MSCs (ﬁgure 6C). In
addition, SATB2 protein level was remarkably reduced
in miR-140-5p-overexpressed BM-MSCs, but was
notably increased in miR-140-5p-depleted cells (ﬁgure 6D). These data revealed that SATB2 was a target
of miR-140-5p.
3.7 MiR-140-5p impaired osteogenic
differentiation of human BM-MSCs by targeting
SATB2
Next, restoration experiments were performed to further explore whether miR-140-5p could exert its
functions by regulating SATB2. Western blot assay
validated that SATB2 expression was restored in miR140-5p-overexpressed BM-MSCs following the transduction of SATB2 lentiviruses (ﬁgure 7A). And,

SATB2 overexpression alleviated the detrimental
effects of miR-140-5p on osteogenic differentiation of
human BM-MSCs, as evidenced by the increase of
ALP activity (ﬁgure 7B) and expression of osteogenic
markers (COL1A1, Runx2, OCN and OPN) (ﬁgure 7C) in miR-140-5p-overexpressed BM-MSCs following the transduction of SATB2 lentiviruses.
3.8 H19 served as a competing endogenous RNA
(ceRNA) of miR-140-5p to regulate SATB2
expression
Next, we further demonstrated that H19 knockdown
resulted in the signiﬁcant reduction of SATB2 protein
expression in BM-MSCs, while this effect was abolished by miR-140-5p deﬁciency (ﬁgure 8), suggesting
that H19 functioned as a ceRNA of miR-140-5p to
sequester miR-140-5p from its target SATB2.
4. Discussion
LncRNAs are a class of ncRNAs longer than 200
nucleotides (nt), while miRNAs are a group of ncRNAs
with the length of about 20 nt (Beermann et al. 2016).
Recent ceRNA hypothesis proposes that lncRNAs can
act as molecular sponges of miRNAs to sequester
miRNAs from their targeted coding transcripts (e.g.
transcription factors) through shared miRNA binding
sites, which eventually affects a broad spectrum of
biological processes including bone formation and
remodeling (Bak and Mikkelsen 2014; Thomson and
Dinger 2016). Despite the great advance of lncRNAs
and miRNAs in the regulation of MSC development
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Figure 6. SATB2 was a target of miR-140-5p. (A) Putative complementary sites between SATB2 30 UTR and miR-140-5p
seed region, and mutant sites in SATB2-mut reporter. (B) Human BM-MSCs transduced with miR-140-5p lentiviruses or
control lentiviruses were also transfected with SATB2-wt or SATB2-mut reporter. Forty-eight hours later, luciferase activities
were measured by dual luciferase reporter assay. (C) RIP assay was conducted using Ago2 or IgG antibody in human BMMSCs transduced with miR-140-5p lentiviruses or control lentiviruses. SATB2 level in Ago2 or IgG immunoprecipitation
complex was measured by RT-qPCR assay. (D) SATB2 protein level was determined by RT-qPCR assay in untreated human
BM-MSCs (Control) and human BM-MSCs with the stable overexpression or knockdown of miR-140-5p together with their
counterparts. *P \ 0.05.

(Clark et al. 2014; Tye et al. 2015), the roles and
molecular basis of many lncRNAs and miRNAs during
osteogenic differentiation of MSCs remain undeﬁned.
And, an in-depth understanding on the regulatory
mechanisms of osteogenic differentiation of MSCs
might contribute to reduce bone loss, maintain bone
mass and treat bone-related diseases.
As mentioned above, H19 has been reported as a
positive regulator during osteogenic differentiation of
BM-MSCs (Huang et al. 2015; Liang et al. 2016;
Wang et al. 2015; Wu et al. 2018). For instance,
ectopic expression of H19 potentiated human BMMSC osteogenic differentiation initiated by OM by
sequestering miR-141 and miR-22 from their target

b-catenin (Liang et al. 2016). Also, Huang et al. showed
that H19 facilitated osteogenic differentiation of human
BM-MSCs by upregulating miR-675 and inactivating
transforming growth factor-b1 (TGF-b1, a downstream
target of miR-675)/Smad3/histone deacetylase 4/5
(HDAC 4/5) pathway (Huang et al. 2015).
In the present study, we demonstrated that H19
expression was markedly upregulated during osteogenic differentiation of human BM-MSCs, which was
in line with previous reports (Huang et al. 2015; Liang
et al. 2016; Wang et al. 2015; Wu et al. 2018).
Moreover, consistent with prior studies (Huang et al.
2015; Liang et al. 2016; Wang et al. 2015; Wu et al.
2018), our data revealed that H19 overexpression
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Figure 7. MiR-140-5p impaired osteogenic differentiation of human BM-MSCs by targeting SATB2. (A–D) Human BMMSCs infected with NC, miR-140-5p, miR-140-5p ? lenti-NC, miR-140-5p ? SATB2 lentiviruses were cultured in OM
medium for 7 days, followed by the detection of SATB2 protein expression (A), ALP activity (B) and protein levels of
COL1A1, Runx2, OCN and OPN (C). *P \ 0.05.

Figure 8. H19 served as a ceRNA of miR-140-5p to
regulate SATB2 expression. Human BM-MSCs infected
with Scramble, shH19-1, shH19-1 ? Anti-NC, shH19-1 ?
Anti-miR-140-5p lentiviruses were cultured in OM medium
for 7 days. Then, SATB2 protein level was measured by
western blot assay. *P \ 0.05.

contributed to the osteogenic differentiation of human
BM-MSCs, as evidenced by the increase of ALP
activity and osteogenic marker expression.
Bioinformatics analysis suggests that H19 has the
possibility to interact with miR-140-5p, which was
further validated by luciferase reporter assay, RIP assay
and RNA pull-down assay. MiR-140 has been reported
to be a crucial player in multiple bone-related physiopathologic processes such as embryonic bone
development, chondrogenesis, and adult cartilage
homoeostasis (Green et al. 2015). Moreover, Li et al.
demonstrated that miR-140-5p expression was notably
reduced during osteogenesis of human adipose-derived
mesenchymal stem cells (hA-MSCs) and miR-140-5p
overexpression impeded osteogenic differentiation of
hA-MSCs (Li et al. 2017). And, miR-140 (including
miR-140-5p and miR-140-3p) expression was relatively higher in undifferentiated human mesenchymal
stem cells derived from adipose, bone marrow, and
umbilical cord than that in ﬁbroblasts (a differentiated
mesenchymal cell type) (Hwang et al. 2014). The
blockade of miR-140-5p promoted the expression of
osteogenic transcription factors and markers such as

LncRNA-H19 promotes osteogenic differentiation

RUNX2, ALP, OCN, and OPN in undifferentiated
hMSCs, and miR-140-5p overexpression reduced ALP
activity through targeting bone morphogenic protein 2
(BMP2) in hMSCs after osteogenic induction (Hwang
et al. 2014). These data suggested that miR-140-5p
functioned as a negative regulator in osteogenesis.
Our study showed that miR-140-5p level was
markedly downregulated during osteogenic differentiation of human BM-MSCs. Moreover, the ectopic
expression of miR-140-5p suppressed osteogenic differentiation of human BM-MSCs initiated by OM.
Additionally, H19 inhibited miR-140-5p expression by
direct interaction in human BM-MSCs. Furthermore,
the depletion of miR-140-5p abolished the inhibitory
effects of H19 knockdown on osteogenic differentiation of human BM-MSCs. These ﬁndings demonstrated
that miR-140-5p played an inhibitory effect on the
osteogenic differentiation of BM-MSCs, which was
consistent with the previous studies (Li et al. 2017;
Hwang et al. 2014).
Following bioinformatics analyses, luciferase reporter assay, and RIP assay revealed that SATB2 was a
target of miR-140-5p. SATB2, a member of the special
AT-rich binding proteins family, has been found to be a
crucial player in the development and regeneration of
tissues (Zhao et al. 2014). And, previous studies
showed that SATB2 functioned as a positive regulator
in the processes of osteogenic differentiation and bone
regeneration (Zhang et al. 2011, Zhen et al. 2017). For
instance, the enforced expression of SATB2 facilitated
osteogenic differentiation of mouse bone marrow
stromal cells in vitro and induced mouse new bone
formation in vivo (Gong et al. 2014). In this text, we
further demonstrated that SATB2 overexpression
attenuated the detrimental effects of miR-140-5p on
osteogenic differentiation of human BM-MSCs.
Moreover, H19 could function as a ceRNA of miR140-5p to sequester miR-140-5p from SATB2, resulting in the reduction of miR-140-5p level and the
increase of SATB2 level in human BM-MSCs.
Taken together, our data revealed that H19 expression was markedly elevated and miR-140-5p expression was notably reduced in human BM-MSCs after
the induction of osteogenic differentiation, and H19
facilitated OM-initiated osteogenic differentiation of
human BM-MSCs through regulating miR-140-5p/
SATB2 axis, providing some potential biomarkers or
targets for osteogenic differentiation and bone regeneration. The combination between H19 and miR-140
was also found in glioma, pulmonary ﬁbrosis and
hyperglycemia (Zhao et al. 2016; Wang et al. 2019;
Luo et al. 2019). Meanwhile, our study characterized
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the vital roles of miR-140-5p and H19/miR-140-5p/
SATB2 regulatory axis during osteogenic differentiation of human BM-MSCs. However, in vivo experiments are indispensable to further conﬁrm the crucial
roles of H19/miR-140-5p/SATB2 regulatory axis in
osteogenic differentiation and bone formation. Besides,
whether H19/miR-140-5p/SATB2 axis regulated
osteogenic differentiation through other signaling
pathways also need further study. H19 has been
reported to activate Wnt signaling to promote the
osteogenic differentiation (Liang et al. 2016). Xie et al.
claimed that angelica polysaccharide accelerated the
proliferation and osteogenic differentiation of mesenchymal stem cells along with the activation of Wnt/
b-catenin and PI3K/AKT signaling pathways through
up-regulating H19 (Xie et al. 2019). H19 was also
reported to regulate AKT pathway (Wang et al. 2018;
Xu et al. 2018). On the other hand, SATB2 could be
modulated by Wnt and AKT signal pothways (Kucuksayan and Akca 2017). And, other downstream
targets of H19/miR-140-5p axis in regulating osteogenic differentiation of MSCs also need to be further
investigated in vitro and in vivo. Moreover, it is
required to gain deeper insights into the regulatory
effects of H19/miR-140-5p axis along with their
downstream targets on the differentiation from MSCs
towards other lineages such as adipocytes and
chondrocytes.
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