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ABSTRACT

Long noncoding RNAs (IncRNAs) are emerging as important regulatory molecules at the tran-
scriptional and post-transcriptional levels and may play essential roles in the differentiation of
human bone marrow mesenchymal stem cell (hMSC). However, their roles and functions remain
unclear. Here, we showed that IncRNA H19 was significantly upregulated after the induction of
osteoblast differentiation. Overexpression of H19 promoted osteogenic differentiation of hMSCs
in vitro and enhanced heterotopic bone formation in vivo, whereas knockdown of H19 inhibited
these effects. Subsequently, we found that miR-675, encoded by exonl of H19, promoted osteo-
blast differentiation of hMSCs and was partially responsible for the pro-osteogenic effect of
H19. Investigating the underlying mechanism, we demonstrated that H19/miR-675 inhibited
mRNA and protein expression of transforming growth factor-p1 (TGF-f1). The downregulation of
TGF-p1 subsequently inhibited phosphorylation of Smad3. Meanwhile, H19/miR-675 downregu-
lated the mRNA and protein levels of histone deacetylase (HDAC) 4/5, and thus increased
osteoblast marker gene expression. Taken together, our results demonstrated that the novel
pathway H19/miR-675/TGF-f1/Smad3/HDAC regulates osteogenic differentiation of hMSCs and
may serve as a potential target for enhancing bone formation in vivo. STEM CELLS
2015;33:3481-3492

SIGNIFICANCE STATEMENT

Long noncoding RNAs (IncRNAs) are emerging as important regulatory molecules in biology
control and pathology. However, their roles and functions in osteogenic differentiation of mes-
enchymal stem cell (MSC) remain unclear. Our studies provide important insights into the pro-
differentiation effect of IncRNA H19 in osteogenesis both in vitro and in vivo. miR-675 is
partially responsible for this pro-osteogenic effect of H19 via the transforming growth factor-f1
(TGF-p1)/Smad3/histone deacetylase (HDAC) pathway. These findings provide important clues
for understanding the role of IncRNA-miRNA-mRNA functional network in osteogenic differen-
tiation, and would be helpful in developing stem cell-based therapy for bone defect.

Non-protein-coding RNAs (ncRNAs) encoded
in the human genome serve as important regu-
latory transcripts in biological control and
pathology [5]. A class of small ncRNAs, includ-
ing miR-29b [6], miR-34a [7], miR-140 [8], and

INTRODUCTION

MSCs have the capacity of self-renewal and
multilineage differentiation, and they are

therefore useful to regenerate or repair bone
tissue [1, 2]. Human bone marrow MSCs
(hMSCs) have the advantages of availability,
culture expansion, and low immunogenic
properties [3], and thus they are commonly
used in clinical applications [4]. Despite a
great deal of research on controlling hMSC
differentiation into specific lineages by modu-
lating cell signaling pathways, the precise
molecular mechanisms of differentiation
remain unclear.

STEM CELLS 2015;33:3481-3492 www.StemCells.com

miR-542 [9], have been identified as positive or
negative regulators in hMSC osteogenic differ-
entiation. By contrast, the roles and functions
of long noncoding RNAs (IncRNAs), tentatively
defined as ncRNAs >200 nt in length [10, 11],
are still largely unknown in hMSC osteogenic
differentiation. Recently, the differential IncRNA
expression profiles of undifferentiated and
differentiated cells during osteogenesis were
established using an IncRNA microarray, and
1,206 differentially expressed IncRNAs were
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identified. H19 is among the strongly upregulated groups, and
it is considered to play an important role in the osteogenic dif-
ferentiation process [12]. It has been shown that H19 is a
paternally imprinted gene that does not encode a protein, but
rather a 2.3-kb H19 ncRNA [13]. Moreover, H19 is highly con-
served in evolution with a very low mutation rate in exons,
indicative of an important biological function [14]. However,
the function and underlying mechanisms by which H19 contrib-
utes to osteogenic differentiation require further investigation.

One way that IncRNAs acquire functionality is by acting as
precursors of small RNAs capable of regulatory functions,
such as miRNAs [15-17]. Indeed, H19 is a primary miRNA pre-
cursor for microRNA-675 (miR-675) and generates two mature
miRNAs, namely miR-675-5p and miR-675-3p, in a classic Dro-
sha and Dicer splicing-dependent manner. It has been sug-
gested that these miRNAs confer functionality on H19
[18-20]. Therefore, we explored the roles and functions of
H19/miR-675 in the osteogenic differentiation of hMSCs and
investigated the underlying mechanism.

In this study, we found that the expression of H19 and
miR-675 were significantly increased during osteogenic differ-
entiation of hMSCs. We demonstrated that H19 promoted
osteogenesis, and its pro-osteogenic function was at least par-
tially mediated by miR-675. Moreover, our results showed
that miR-675 not only downregulated TGF-fi1 and subse-
quently inhibited Smad3 phosphorylation, but also downregu-
lated HDAC 4/5 to reduce the recruitment of HDAC(s) to the
Runt-related transcription factor 2 (Runx2)-binding DNA
sequence. These results increase our understanding on the
role of the IncRNA-miRNA-mRNA functional network in osteo-
genesis and bone development.

MATERIALS AND METHODS

Cell Culture

Primary hMSCs (ScienCell, San Diego, CA, http://sciencellon-
line.com) were cultured at subconfluent densities in growth
medium (GM) consisting of «-minimum essential medium sup-
plemented with 10% fetal bovine serum and 1% antibiotics.
Osteoblast (OB) differentiation of hMSCs was induced after
70%—-80% confluence using standard GM supplemented with
100nM dexamethasone, 200 uM L-ascorbic acid, and 10 mM
p-glycerophosphate. The osteogenic medium (OM) was
changed every 2 days, and cells were harvested at the indi-
cated times after OB differentiation. The 293T cells were
obtained from American Type Culture Collection (Manassas,
VA, http://www.atcc.org) and cultured in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum
and 1% antibiotics.

Lentivirus Infection and Establishment of Stably
Expressing Transfectants

The full-length IncRNA H19 (Gene Bank accession number,
NR_002196.1) cDNA cloned into the lentivector-transferred
plasmid pLVX-IRES-ZsGreen (Clontech Laboratories, Inc., Tokyo,
Japan, http://www.clontech.com) was obtained from Inte-
grated Biotech Solutions Company (lbsbio, Co., Ltd., Shanghai,
People’s Republic of China, http://www.ibsbio.com) and
named Lenti-H19. Site-directed mutagenesis of the H19
sequences was performed using the Site-Directed Mutagenesis

©AlphaMed Press 2015

Kit (SBS Genetech, Beijing, People’s Republic of China, http://
www.sbsbio.com) and named Lenti-H19-mut, which carried
mutations in the sequences of miR-675-5p and miR-675-3p,
as follows: TGG TGC GGA GAG GGC CCA CAG TG was changed
to TCC ACG CGA GAG GGC CCA CAG TG, and CUG UAU GCC
CUC ACC GCU CA was changed to GAC ATA GCC CUC ACC
GCU CA. The recombinant vector or the control vector was
triple-transfected with the packaging vectors psPAX2 and
pMD2.G into the 293T cells to produce the lentiviruses. Two
days later, the supernatants were collected, filtered, and con-
centrated as described previously [21, 22].

Recombinant lentiviruses targeting H19 (Lenti-shH19-1 and
Lenti-shH19-2) and the scramble control (Lenti-shNC) were
obtained from GenePharma, Co. (Shanghai, People’s Republic
of China, http://www.genepharma.com/En/). Recombinant
lentiviruses containing pre-miR-675 (Lenti-miR-675) and the
control (Lenti-miR-NC), miR-675 inhibitor (Lenti-anti-miR-675),
and the control (Lenti-anti-NC) were obtained from Integrated
Biotech Solutions, Co. (lIbsbio, Co.). All lentivirus vectors con-
tained the gene for green fluorescent protein (GFP).

The viruses were used to infect hMSCs and establish sta-
bly expressing transfectants, as described previously [22].
Transfection of the hMSCs was performed by exposing them
to dilutions of the viral supernatant in the presence of poly-
brene (5 ug/ml) for 24 hours. The infected cells were screened
and sorted by fluorescence-activated cell sorting (FACS) based
on the expression of ZsGreen or GFP. The sorted cells were
then used as the stably expressing model in subsequent
experiments.

Alkaline Phosphatase Staining and Activity

Alkaline phosphatase (ALP) staining and activity were per-
formed as described previously [23, 24]. ALP staining was per-
formed according to the protocol of the NBT/BCIP staining kit
(CoWin Biotech, Beijing, People’s Republic of China, http://
www.cwbiotech.com). Briefly, the cultured cells were rinsed
with PBS and fixed in 4% paraformaldehyde for 30 minutes.
The cell layer was then washed three times with phosphate
buffered saline (PBS) and incubated in alkaline solution for 20
minutes at 37°C.

ALP activity was analyzed using an ALP activity colorimet-
ric assay kit (Biovision, Milpitas, CA, http://www.biovision.
com). The cultured cells were rinsed three times with PBS, fol-
lowed by 1% Triton X-100, and then scraped into distilled
water. This was followed by three cycles of freezing and thaw-
ing. ALP activity was determined at 405nm using p-nitro-
phenyl phosphate as substrate. Total protein content was
determined in the same sample with the bicinchoninic acid
(BCA) method using the Pierce protein assay kit (Thermo
Fisher Scientific, Rockford, IL, http://www.thermofisher.com).
ALP activity relative to the control treatment was calculated
after normalization to the total protein content.

Alizarin Red S Staining and Quantification

Mineralization was determined by Alizarin red S staining, as
described previously [23, 24]. The cultured cells were fixed in
95% ethanol for 30 minutes and then stained with 0.1% Aliza-
rin red S pH4.2 (Sigma-Aldrich, Saint Louis, MO, http://www.
sigmaaldrich.com) for 20 minutes at room temperature. For
quantitative assessment of the degree of mineralization, the
stain was eluted by 100 mM cetylpyridinium chloride (Sigma-

STEM CELLS


http://sciencellonline.com
http://sciencellonline.com
http://www.atcc.org
http://www.clontech.com
http://www.ibsbio.com
http://www.sbsbio.com
http://www.sbsbio.com
http://www.genepharma.com/En/
http:// www.cwbiotech.com
http:// www.cwbiotech.com
http://www.biovision.com
http://www.biovision.com
http://www.thermofisher.com
http://www.sigmaaldrich.com
http://www.sigmaaldrich.com

Huang, Zheng, Jia et al.

3483

Aldrich) for 1 hour and quantified by spectrophotometric
absorbance at 570 nm. Alizarin red S intensity relative to the
control treatment was calculated after normalization to the
total protein content.

von Kossa Staining

Cells cultured for 14 days under differentiation conditions
were assayed for mineralization using the histochemical von
Kossa staining method [25]. Briefly, cells were washed in PBS
and fixed with 4% paraformaldehyde for 30 minutes. Cells
were then incubated with 5% silver nitrate solution for 30
minutes in the dark, followed by exposure to UV light. Unin-
corporated silver nitrate was removed using 5% sodium thio-
sulfate, followed by several washes with water.

Immunofluorescence Staining

Immunofluorescence staining was performed as described pre-
viously [26]. Cells grown on sterile glass coverslips were fixed
with 4% paraformaldehyde for 30 minutes, permeabilized with
0.1% Triton X-100 for 15 minutes, and then blocked with 3%
bovine serum albumin (BSA; Sigma-Aldrich) for 30 minutes.
Thereafter, cells were incubated with primary antibody at 4°C
overnight and incubated in the specified secondary antibodies
for 1 hour. Nuclei were counterstained with DAPI, and the
coverslips were mounted on a glass slide. Images were cap-
tured with a LSM 5 EXCITER confocal imaging system (Carl
Zeiss, Jena, Germany, http://www.zeiss.com).

RNA Oligoribonucleotide and Chemicals

A chemically modified double-stranded miR-675-5p mimic,
miR-675-3p mimic, and the corresponding miRNA mimic con-
trol were obtained from RiboBio, Co. (Guangzhou, People’s
Republic of China, http://www.ribobio.com). The sequences
are listed in Supporting Information Table S1. The recombi-
nant human TGF-f1 was purchased from R&D Systems (Min-
neapolis, MN, http://www.biotechniques.com) and dissolved
in citric acid (pH 4.3). Trichostatin A (TSA) from Sigma-Aldrich
was dissolved in dimethyl sulfoxide.

Transient Transfection

Cells at 70%—80% confluence were transfected with miR-675-
3p mimic, miR-675-5p mimic, or MmiRNA mimic control at
100nM using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
http://www.thermofisher.com/cn/en/home/brands/invitrogen.
html) according to the manufacturer’s procedure. The cells
were harvested 24 hours after transfection for mRNA analysis.

Reporter Vectors

Predicted miR-675 target genes and their target binding sites
were investigated using RNA22 software [27]. The reporter
vectors were constructed by Integrated Biotech Solutions, Co.
Briefly, the 5’UTR of the TGF-$1 mRNA containing the pre-
dicted miR-675-5p binding sites was synthesized (~200 bp)
and cloned into a psiCHECK-2 vector (Promega, Madison, WI,
http://www.promega.com) in the 5'-upstream of Renilla lucif-
erase similar as reported previously [28]. The miR-675-3p tar-
get sequences in the coding region (CD) of TGF-f1 mRNA
were synthesized (~200 bp) and cloned into a position down-
stream of a Renilla luciferase open reading frame, as
described previously [22]. Site-directed mutagenesis of
selected putative seeding sequence regions was performed
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using a Site-Directed Mutagenesis Kit (SBS Genetech). All con-
structs were confirmed by DNA sequencing.

Dual Luciferase Reporter Assay

Luciferase assays were performed as described previously
[28]. Briefly, the 293T cells grown in a 48-well plate were
transfected with 40ng of TGF-f1 luciferase reporter and
100 nM miR-675-5p/miR-675-3p mimic or control using Lipo-
fectamine 2000. The Renilla and Firefly luciferase activities
were measured 24 hours after transfection using the Dual
Luciferase Reporter Assay System (Promega). The light inten-
sity from Renilla luciferase was normalized by Firefly
luciferase.

RNA Isolation and Quantitative Reverse-Transcription
(qRT-PCR)

Total RNA was extracted using TRIzol reagent (Invitrogen)
according to the manufacturer’s procedure, and then reverse-
transcribed into cDNA using a cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, http://www.thermofisher.
com/cn/en/home/brands/applied-biosystems.html). Quantita-
tive PCR was conducted with the ABI Prism 7500 real-time
PCR System (Applied Biosystems). The following thermal set-
tings were used: 95°C for 10 minutes followed by 40 cycles of
95°C for 15 seconds and 60°C for 1 minute. The primers used
for H19, miR-675, TGF-ff1, ALP, osteocalcin (OCN), Runx2,
HDAC4/5, U6 (internal control for miRNAs), and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH, internal control for
mRNAs and IncRNAs) are listed in Supporting Information
Table S1. The data were analyzed using the 27AAC pelative
expression method as described previously [27].

Western Blot Analysis

Western blot analysis was performed as described previously
[27]. Primary antibodies against TGF-$1 (Cell Signaling Tech-
nology, Beverly, MA, http://www.cellsignal.com), p-Smad3
(Santa Cruz Biotechnology, Santa Cruz, CA, http://www.scbt.
com), Smad3 (Santa Cruz Biotechnology), HDAC4 (Cell Signal-
ing Technology), HDAC5 (Cell Signaling Technology), Runx2
(Cell Signaling Technology), GAPDH (Santa Cruz Biotechnol-
ogy), and f-actin (Santa Cruz Biotechnology) were diluted
1:1,000. The intensities of the bands obtained by Western
blot analysis were quantified using Imagel software (http://
rsb.info.nih.gov/ij/). The background was subtracted, and the
signal of each target band was normalized to that of the
GAPDH or f-actin band.

In Vivo Heterotopic Bone Formation Assay

The hMSCs were induced under OM for 1 week before the in
vivo study. The cells were resuspended and incubated with
7mm X 5mm X 2mm Bio-Oss Collagen (Geistlich, GEWO
GmbH, Baden-Baden, Germany, http://www.geistlich-na.com/
en-us/) scaffolds for 1 hour at 37°C followed by centrifugation
at 150g for 5 minutes, and then implanted subcutaneously on
the back of 5-week-old BALB/c homozygous nude (nu/nu)
mice (five mice per group), as described previously [23, 24,
29, 30]. Implants were harvested after 8 weeks and fixed in
4% paraformaldehyde. All animal experiments were approved
by the Peking University Animal Care and Use Committee.
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Figure 1.

Expression patterns of IncRNA H19 and its encoded miR-675 during osteoblast differentiation of human mesenchymal stem
cells (hMSCs). (A): Left: relative expression of H19 as determined by qRT-PCR analysis during osteoblast differentiation of hMSCs at days
0, 3, 7, 10, and 14. RNA expression at indicated time points was normalized to day 0. GAPDH was used as an internal control. Middle
and Right: relative miR-675-5p and miR-675-3p transcript levels at the indicated time points. U6 was used as an internal control. (B):
Relative mRNA expression normalized by GAPDH for osteoblastic markers of ALP, Runx2, and OCN on selected days, as in (A). Results
are presented as the mean =SD (*, p <.05; **, p <.01 compared with control hMSCs at the indicated days). Abbreviations: ALP, alka-

line phosphatase; OCN, osteocalcin; Runx2, Runt-related transcription factor 2.

Micro-CT analysis

Micro-CT analysis of specimens was performed using a high-
resolution Inveon Micro-CT (Siemens, Munich, Germany,
http://www.siemens.com). Briefly, the x-ray source was set at
80kV, with a node current of 500 ¢A and an exposure time of
500 ms for each of the 360 rotational steps. Image slices
were then reconstructed using micro-CT image analysis soft-
ware (Inveon Research Workplace). The three-dimensional
reconstruction and volume quantification of the ectopic bone
were performed using standardized thresholds as described
previously [29-32]. The region of interest was selected, and
the lower and upper threshold values for bone were set. Rel-
evant parameters, including bone mineral density (BMD, mg/
ml) and the ratio of new bone volume to existing tissue vol-
ume (BV/TV), were calculated.

H&E Staining and Immunohistochemical Analysis

The specimens were decalcified in 10% ethylene diamine tet-
raacetic acid (pH7.4) for 1 month, followed by dehydration
and embedding in paraffin. Sections (5um) were cut and
stained with hematoxylin and eosin (H&E). Meanwhile, sec-
tions were evaluated by immunohistochemical analysis, as
described previously [26]. The specimens were blocked with
3% BSA for 30 minutes and then incubated with primary anti-
body against OCN (Santa Cruz Biotechnology) at 4°C over-
night. Then, sections were processed using the ABC detection
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kit (Vector Laboratories, Burlingame, CA, http://www.vector-
labs.com) and visualized under an Olympus BX51 light micro-
scope equipped with an Olympus DP70 camera (Olympus,
Co., Tokyo, Japan, http://www.olympus-global.com/en/).

Statistical Analysis

Statistical analyses were performed using SPSS version 16.0
(SPSS, Chicago, IL, http://www.spss.com). All data are
expressed as the mean £ SD from at least three independent
experiments. Differences between groups were analyzed using
Student’s t test. In cases of multiple-group testing, one-way
analysis of variance was conducted. A two-tailed value of
p < .05 was considered statistically significant.

RESULTS

IncRNA H19 and Its Encoded miR-675 Are Upregulated
During OB Differentiation of hMSCs

To investigate the functionality of H19 and H19-derived miR-
675, we detected their dynamic expression profiles in hMSCs
after induction to the osteogenic lineage. H19 expression was
gradually upregulated during OB differentiation, reaching
>10-fold on day 14 (Fig. 1A). The expression pattern of miR-
675 showed a trend similar to H19 with more than fourfold
upregulation on day 14 in hMSCs during OB differentiation in
vitro (Fig. 1A). Quantitative RT-PCR results showed that the
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Figure 2. H19 promoted osteogenic differentiation of human mesenchymal stem cells. (A): Upper: images of ALP staining in the NC,
H19, shNC, shH19-1, and shH19-2 groups. Cells were cultured in GM or OM for 7 days. Lower: images of Alizarin red staining and von
Kossa staining for mineralized matrix in the NC, H19, shNC, shH19-1, and shH19-2 groups. Cells were cultured in GM or OM for 14 days.
Histograms show ALP activity and quantification of Alizarin red staining by spectrophotometry (normalized to the NC groups). (B): Confo-
cal microscopy of OCN with DAPI counterstaining in NC and H19 groups after induction to the osteogenic lineage at day 7. Scale
bars = 50 um. (C): Western blot analysis of protein expression of Runx2 and the internal control GAPDH at day 7 of osteoblast (OB)
induction. Histograms show the quantification of band intensities. (D): Relative mRNA expression of ALP, OCN, and Runx2 measured by
gRT-PCR at day 7 of OB induction. GAPDH was used for normalization. Results are presented as the mean = SD (*, p <.05; **, p <.01).
Abbreviations: ALP, alkaline phosphatase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GM, growth medium; NC, negative con-
trol; OCN, osteocalcin; OM, osteogenic medium; Runx2, Runt-related transcription factor 2.
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mMRNA expression of ALP, OCN, and Runx2 at day 7 of osteoblast (OB) induction (by gRT-PCR; normalized by GAPDH). (C): Western blot
analysis (left) and quantification (right) of protein expression of Runx2 and GAPDH at day 7 of OB induction. Data are presented as the
mean = SD (*, p<.05; **, p<.01). Abbreviations: ALP, alkaline phosphatase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GM,
growth medium; NC, negative control; OCN, osteocalcin; OM, osteogenic medium; Runx2, Runt-related transcription factor 2.

mRNA expression of early stage osteogenic markers Runx2 ~ INCRNA H19 Promotes OB Differentiation of hMSCs

and ALP and the mineralization stage marker OCN was signifi- Lentivirus was used to overexpress H19 (Lenti-H19) or knock-
cantly upregulated during osteogenesis (Fig. 1B). down H19 (Lenti-shH19-1 and Lenti-shH19-2) in hMSCs, and
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Figure 4. miR-675 was partially responsible for the pro-

osteogenic effect of H19. (A): Lenti-miR-675 was used to overex-
press miR-675 in human mesenchymal stem cells (hMSCs) stably
expressing shH19. Upper: images of ALP staining on day 7 of
osteoblast (OB) induction and Alizarin red staining on day 14 of
OB induction. Lower: ALP activity (left) and quantification of Aliz-
arin red staining (right) in each indicated group normalized to the
shNC group. (B): Lenti-H19-Mut carried mutations in sequences
of miR-675 and was transfected into hMSCs. Upper: images of
ALP staining (left) and ALP activity (right) after induction to the
osteogenic lineage at day 7. Lower: images (left) and quantifica-
tion (right) of Alizarin red staining after induction to the osteo-
genic lineage at day 14. The ALP activity and quantification of
Alizarin red staining were normalized to the NC group. Data are
presented as the mean =SD (*, p <.05; **, p<.01). Abbrevia-
tions: ALP, alkaline phosphatase; NC, negative control.

stably expressing cells were sorted into NC, H19, shNC,
shH19-1, and shH19-2 groups. The efficiency of lentiviral
transduction was >90% (Supporting Information Fig. S1A).
Real-time PCR analysis confirmed more than eightfold expres-
sion in the H19-overexpression group and a ~70% decrease
in the H19-knockdown groups compared to the control group
(Supporting Information Fig. S1B).

After OB induction for 7 days, the expression and activity
of ALP were increased by H19 overexpression and decreased

www.StemCells.com

by H19 knockdown (Fig. 2A). Following OB induction for 14
days, matrix mineralization as revealed by Alizarin red and
von Kossa staining was enhanced in H19-upregulated cells
and reduced in H19-downregulated cells (Fig. 2A). Even when
the cells were cultured in medium without osteogenic supple-
ments, the ALP activity and matrix mineralization were
enhanced in the H19 group (Fig. 2A). Immunofluorescence
staining and Western blot analysis indicated that the protein
levels of OCN and Runx2 were upregulated in Lenti-H19-
infected hMSCs (Fig. 2B, 2C). As shown by qRT-PCR, the
mRNA levels of ALP, OCN, and Runx2 were increased by H19
overexpression, whereas the opposite effects were observed
in H19-knockdown hMSCs (Fig. 2D).

miR-675 Promotes OB Differentiation of hMSCs

To determine whether H19-derived miR-675 promoted OB dif-
ferentiation of hMSCs, lentivirus vectors were used to overex-
press exogenous mIiR-675 or reduce endogenous miR-675.
Stably expressing cells were sorted by FACS into miR-NC, miR-
675, anti-NC, and anti-miR-675 groups. miR-675-5p and miR-
675-3p were increased by approximately 8- and 10-fold,
respectively, in the miR-675 group. Suppression of miR-675 by
transfection with anti-miR-675 decreased the miR-675-5p and
miR-675-3p expression by approximately 50% (Supporting
Information Fig. S1C). ALP expression and calcium deposition
were increased in miR-675-overexpressed hMSCs. Following
OB induction, a similar and stronger tendency was observed.
ALP activity and staining were enhanced in the miR-675 group
as well as Alizarin red and von Kossa staining. The opposite
effects were observed in the miR-675 deficient hMSCs (Fig.
3A). Overexpression of miR-675 increased the mRNA levels of
ALP, OCN, and Runx2, and the protein level of Runx2, whereas
downregulated miR-675 expression decreased OB marker
gene expression (Fig. 3B, 3C).

miR-675 Partially Mediates the Pro-Osteogenic
Function of H19

To determine whether the pro-osteogenic effect of H19 was
mediated by miR-675, we transfected Lenti-miR-675 into the
stably expressing shH19 hMSCs and changed to differentiation
medium. Exogenous miR-675 partially rescued the inhibition of
ALP activity as well as matrix mineralization in H19-knockdown
hMSCs (Fig. 4A). However, the promotion of ALP staining, ALP
activity, and matrix mineralization by H19 was lost through
mutation of the miR-675 sequence in H19 (Fig. 4B).

H19/miR-675 Downregulates the Expression of TGF-f1

TGF-f31 is a key regulator of cellular differentiation. According
to the target-prediction algorithm (RNA22 software), the TGF-
f1 transcript contains several putative miR-675-5p and miR-
675-3p binding sites (Supporting Information Fig. S2). Among
these, miR-675-5p possessed the maximum likelihood for
binding to the 5'UTR (588-609 bp) (AG = —21.9 kcal/mol),
whereas miR-675-3p possessed the maximum likelihood for
binding to the CDs (1,126-1,147 bp) (AG = —21.4 kcal/mol)
(Fig. 5A). Thus, we chose these target sites and separately
fused them into a luciferase reporter gene. The 5'UTR
reporter activity was reduced by ~50% in the presence of
miR-675-5p, and the CDs reporter activity was reduced by
~40% in the presence of miR-675-3p. Mutation of the target
sites relieved the repression of reporter activity (Fig. 5B).
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Consistently, we transiently transfected miR-675-5p and miR-
675-3p mimics into hMSCs and found that the mRNA level of
TGF-f1 was reduced by at least 40% in the presence of either
miR-675-5p or miR-675-3p (Fig. 5C). The protein expression of
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TGF-fi1 was also decreased in H19/miR-675 overexpressing
hMSCs and increased in hMSCs with H19/miR-675 downregu-
lation (Fig. 5D).

TGF-f1 Inhibits OB Differentiation of hMSCs and Its
Effect Depends on HDAC Activity

To evaluate the effects of TGF-fi1 on osteogenesis, we first
examined its expression pattern. TGF-f1 mRNA level was
decreased on the 3rd day and remained at a low level during
osteogenic differentiation (Supporting Information Fig. S3A).
The protein levels of TGF-f1 and p-Smad3 showed similar
changes, with a lag period of 2—3 days (Supporting Informa-
tion Fig. S3B). Furthermore, we treated hMSCs with exoge-
nous TGF-f1 (2ng/ml) under osteogenic conditions. TGF-f1
treatment inhibited OB differentiation of hMSCs as assessed
by ALP activity, ALP staining, and Alizarin red staining (Sup-
porting Information Fig. S3C). TGF-fi1 treatment resulted in
transcriptional repression of the ALP and OCN in both GM
and OM (Supporting Information Fig. S3D). Previous studies
have shown that the inhibition of osteogenesis by TGF-f
requires the activity of HDAC4/5 [33]. We then applied TSA
(400 nM), an inhibitor of HDAC, together with TGF-f1 to treat
hMSCs. TSA overcame the inhibition of OB differentiation by
TGF-fi1 (Supporting Information Fig. S3C) and rescued the
inhibition of ALP and OCN mRNA levels induced by TGF-f1
(Supporting Information Fig. S3D).

H19/miR-675 Downregulates Smad3 Phosphorylation
and HDAC4/5 Expression in hMSCs

The Smads act as effectors of TGF-f. HDAC4/5 are directly
recruited by Smad3 to the Runx2-binding DNA sequence [33].
To determine whether the downregulation of TGF-f1 induced
by H19/miR-675 affects downstream pathways, we assessed
the expression of Smad3 by Western blot analysis and
showed that Smad3 phosphorylation was reduced in cells
overexpressing H19/miR-675 and enhanced in cells with H19/
miR-675 downregulation without changing the total level of
Smad3 (Fig. 6A). Exogenously applied TGF-f1 (2ng/ml, 30
minutes) significantly activated the expression of Smad3 phos-
phorylation in hMSCs (Fig. 6B). Furthermore, qRT-PCR analysis
revealed that H19/miR-675 overexpression decreased the
mRNA levels of HDAC4/5 (Fig. 6C). Western blot analysis
showed that the protein levels of HDAC4/5 were downregu-
lated by H19/miR-675 overexpression and upregulated by
H19/miR-675 knockdown in hMSCs (Fig. 6D).

Figure 5. H19/miR-675 downregulated the expression of TGF-f1.
(A): The seed sequences of miR-675-5p match the 5'UTR of TGF-
f1 (upper) and the seed sequences of miR-675-3p match the CD
of TGF-fi1 (lower). (B): The 293T cells were cotransfected with
100 nM miR-675-5p or miR-675-3p or miRNA control (mimic NC)
and the luciferase constructs carrying TGF-f1 5'UTR or CDs. Lucifer-
ase assays were performed 24 hours after transfection. (C): Quanti-
fication of mRNA expression of TGF-fi1 measured by gRT-PCR in
miR-675-5p mimic or miR-675-3p mimic transfected human mesen-
chymal stem cells relative to the control groups. GAPDH mRNA lev-
els were used for normalization. (D): Western blot analysis of
protein expression of TGF-f1 and the internal control GAPDH in
H19/miR-675 upregulated and downregulated groups. Histograms
show the quantification of band intensities. Results are shown as
the mean =SD (*, p <.05; **, p <.01). Abbreviations: CD, coding
region; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC,
negative control; TGF-f1, transforming growth factor-f1.
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Figure 6. H19/miR-675 downregulated Smad3 phosphorylation and HDAC4/5 expression in human mesenchymal stem cells (hMSCs).
(A): Western blot analysis (left) and quantification (right) of protein expression of phosphorylated Smad3 (p-Smad3), total Smad3, and
GAPDH in H19/miR-675 upregulated or downregulated hMSCs. (B): Western blot analysis (left) and quantification (right) of p-Smad3,
Smad3, and f-actin expression from hMSCs incubated with or without TGF-f (2 ng/ml) for 30 minutes. (C): mRNA levels of HDAC4/5 in
the H19 and miR-675 overexpression groups (by gRT-PCR; normalized by GAPDH). (D): Western blot analysis (left) and quantification
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H19 Promotes Bone Formation In Vivo

hMSCs stably expressing H19, shH19-1, and control hMSCs
were loaded on Bio-Oss Collagen scaffolds, implanted in the
subcutaneous tissue of nude mice (five mice per group), and
allowed to grow for 8 weeks (Fig. 7A). Micro-CT showed the
BV/TV and BMD were significantly increased in the H19-
overexpressing group and decreased in the H19-knockdown
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group (Fig. 7B). Histological examination corroborated the
findings from micro-CT analysis. H&E staining showed that
normal lamellar bone with osteocyte lacunae or organized
extracellular matrix was formed. The amount of bone tissue
was significantly higher in implants containing H19-
overexpressing cells than in negative controls, whereas knock-
down of H19 decreased bone formation compared with con-
trols (Fig. 7C). Meanwhile, the OBs and bone trabeculae were
positive for OCN, as observed in immunohistochemical stain-
ing. The size and intensity of staining were increased in the
H19-overexpressing group and decreased in the H19-
knockdown group (Fig. 7C).

This study demonstrated that H19 promotes the osteogenic
differentiation of hMSCs. The pro-osteogenic effect of H19 is
consistent with the recent study monitoring the IncRNA pro-
file during OB differentiation [12]. Although numerous
IncRNAs are known to be involved in carcinogenesis at the
transcriptional and post-transcriptional levels [34, 35], only a
few have been reported to regulate the osteogenic differen-
tiation of stem cells, such as ANCR [36], HOTTIP [37], and
MEG3 [21]. H19 is one of the most abundant and conserved
noncoding transcripts in mammalian development [18], and
has been demonstrated to promote skeletal muscle differen-
tiation [38]. The importance of H19 in cellular biology and its
potential roles in the control of cell or tissue differentiation is
under investigation. miR-675 is partially responsible for the
pro-osteogenic activity of H19 and enhances bone develop-
ment in hMSCs. We observed the promotion of OB differen-
tiation as evidenced by ALP activity, ALP staining, and
mineralized matrix staining in the presence of miR-675, and
miR-675 partially rescued the inhibition of OB differentiation
in H19-knockdown cells. These findings indicate that miR-675
partially mediates the pro-osteogenic action of H19. However,
the efficiency of miR-675 was less than that of H19. This sug-
gests that other factors or pathways are involved in the regu-
latory effects of H19 on OB differentiation. Unlike miRNAs,
IncRNAs can fold into complex secondary and higher order
structures to provide greater potential for target recognition
[10, 11, 34]. A single IncRNA may have several modular com-
ponents. Recently, H19 has been reported to act as a

Figure 7. H19 promoted heterotopic bone formation in vivo. (A):
Scheme for the heterotopic bone formation procedure. (B): Upper:
reconstructed three-dimensional micro-CT images of the tissue-
engineered bone constructs from NC, H19, and shH19-1 groups.
Lower: percentages of new BV/TV and BMD of cultured bone con-
structs. Data are shown as the mean = SD (¥, p <.05). (C): H&E
staining and immunohistochemical staining of osteocalcin in H19,
shH19-1, and NC groups. Note bone formation (B) around the scaf-
fold (S). Osteoblasts are marked with black arrows. Scale
bar = 50 um. (D): Schematic of pathways involved in promoting
hMSC osteogenic differentiation by H19/miR-675. H19/miR-675
downregulates TGF-fi1 expression and subsequently inhibits the
phosphorylation of Smad3. H19/miR-675 also downregulates the
expression of HDAC4/5 and consequently inhibits the recruitment
of HDAC to the Runx2-binding DNA sequence, leading to a reduc-
tion in inhibition of the Runx2 target gene. Abbreviations: BMD,
bone mineral density; BV/TV, bone volume to tissue volume;
hMSC, human mesenchymal stem cell; NC, negative control.
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molecular sponge for the let-7 family [39], which is known to
regulate bone formation [11]. In addition, H19 is known to be
physically associated with EZH2 [40], which is a key regulator
of hMSC differentiation processes, including osteogenesis and
adipogenesis [41, 42]. Thus, besides generating miR-675, H19
may interact with different molecules involved in the complex
biology of OB differentiation and bone formation that require
the coordination of a large number of genes controlling cell
proliferation, cell differentiation, bone matrix production, and
matrix mineralization.

H19/miR-675 promotes osteogenic differentiation by nega-
tively regulating TGF-f1. Interestingly, a recent study showed that
miR-675 directly targets the 3'UTR of transforming growth factor
f-induced protein (TGFBI) in prostate cancer metastasis [43]. It
seems that H19/miR-675 regulates several targets in the TGF-f
signaling pathway. TGF-f} is known for its critical roles in cellular
differentiation [44]. Although the regulation of TGF-f in bone
development and remodeling has been addressed, the effect on
OB differentiation remains unclear. TGF-f§ seems to stimulate pro-
liferation and early differentiation of OB, but inhibits its terminal
differentiation [45, 46]. The precise response may depend on the
extracellular milieu, cell density, and the differentiation stage of
the cells [47]. In this study, we found that TGF-fi1 remained at a
low level after OB induction, and exogenous TGF-ff1 treatment
inhibited osteogenic differentiation, consistent with previous stud-
ies showing that TGF-f inhibits the expression of ALP and OCN
[33, 46, 48]. H19 and miR-675 promoted osteogenesis at least par-
tially through the downregulation of TGF-f1.

H19/miR-675 downregulates Smad3 phosphorylation and
HDAC4/5 expression. TGF-f§ phosphorylates Smad3 [49], which
then recruits HDAC4/5 to Runx2 and forms a stable complex
at the Runx2-binding DNA sequence, thereby downregulating
Runx2 and OCN gene expression [33]. H19/miR-675 not only
downregulated Smad3 phosphorylation to reduce the recruit-
ment of HDAC to the Runx2 target gene, but also inhibited
HDAC4/5 expression. This effect significantly inhibited the
activity of HDAC and thus inhibited the deacetylation of his-
tone H4 at the endogenous OCN promoter induced by TGF-f1
[33]. TSA inhibited the activity of HDAC and thus blocked the
inhibition of osteogenic differentiation induced by TGF-f1,
similar to the effect of H19/miR-675 in hMSCs. However,
whether miR-675 inhibits the expression of HDAC4/5 by
directly targeting these genes or through another mechanism
requires further investigation.

5 Mattick JS. RNA

There is increasing interest in developing a novel approach
for therapeutics based on IncRNAs by modifying their expres-
sion. One preclinical study of H19 knockdown in embryonic
stem cells demonstrates the possibility of cell-based therapy
for muscular atrophy [50]. Our study provides important
insights into the trans-regulatory function of H19 in OB differ-
entiation both in vitro and in a model of heterotopic bone
formation. miR-675 is partially responsible for this pro-
osteogenic effect of H19 via the TGF-f11/Smad3/HDAC path-
way. Thus, it is possible to upregulate the expression of H19/
miR-675 in hMSCs to enhance local bone formation.

SUMMARY

Our results demonstrated that IncRNA H19 promoted OB differ-
entiation and bone formation of hMSCs, and miR-675 partially
mediated H19-induced pro-osteogenic activity. H19/miR-675
not only downregulated TGF-f1 and subsequently inhibited
Smad3 phosphorylation, but also downregulated HDAC4/5
expression to enhance the expression of osteogenic markers.
Based on these results, altering the H19/miR-675 level may
provide a novel approach to enhance local bone formation.
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