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Abstract BMP9 mediated osteogenic differentiation mechanisms of MSCs were widely
explored, however, mechanisms of BMP9-induced angiogenesis still need to be clarified. We
previously characterized that Notch1 promoted BMP9-induced osteogenesiseangiogenesis
coupling process in mesenchymal stem cells (MSCs). Here, we explored the underlying mech-
anisms of lncRNA H19 (H19) mediated regulation of BMP9-induced angiogenesis through acti-
vating Notch1 signaling. We demonstrated that basal expression level of H19 was high in
MSCs, and silencing H19 attenuates BMP9-induced osteogenesis and angiogenesis of MSCs both
in vitro and in vivo. Meanwhile, we identified that BMP9-induced production of CD31þ cells was
indispensable for BMP9-induced bone formation, and silencing H19 dramatically blocked BMP9-
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induced production of CD31þ cells. In addition, we found that down-regulation of H19 inhibited
BMP9 mediated blood vessel formation and followed subsequent bone formation in vivo. Mech-
anistically, we clarified that H19 promoted p53 phosphorylation by direct interacting and phos-
phorylating binding, and phosphorylated p53 potentiated Notch1 expression and activation of
Notch1 targeting genes by binding on the promoter area of Notch1 gene. These findings sug-
gested that H19 regulated BMP9-induced angiogenesis of MSCs by promoting the p53-Notch1
angiogenic signaling axis.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Bone defects and nonunion of fractures are complicated
clinical problems which cause great burdens for both pa-
tients and health care system. Treatment of these problems
requires desirable osteoinductive, osteoconductive, osteo-
genic and angiogenic properties for formation of robust and
mature bone.1e3 Bone morphogenetic protein 9 (BMP9),
also known as growth differentiation factor 2 (GDF2), is
characterized as one of most potential BMPs for mesen-
chymal stem cells (MSCs) mediated bone regeneration.4e9

Besides osteoinductive, osteoconductive and osteogenic
properties, BMP9 mediated angiogenic potential is one of
the most essential features distinguish from other BMPs.5,10

BMP9 mediated osteogenic differentiation mechanisms of
MSCs were widely explored, however, mechanisms of BMP9
induced angiogenesis are still not clear. To clarify the
mechanisms of BMP9-induced angiogenesis of MSCs, we
found that Notch1 promoted BMP9-induced osteogene-
siseangiogenesis coupling by both in vitro and in vivo ex-
periments.5 However, BMP9 mediated Notch1 signaling
activation in MSCs is far from clarified.

Recently, with the completion of the Human Genome
Project, the emerging regulatory roles of non-coding RNAs
(ncRNAs), especially lncRNAs are proved to be involved in
many physiological and/or pathological processes.11e13

Long non-coding RNA H19 (LncRNA H19, H19) was identified
as one of the first imprinted genes and lncRNAs as early as
1980s,14e16 which was characterized regulating tumori-
genesis, embryo growth, stem cell differentiation etc.17e19

Correspondingly, several studies have identified the regu-
latory function of H19 in osteogenic differentiation of MSCs
and the mechanisms still need to be further addressed.20e23

We previously reported that H19 participated in BMP9-
induced osteogenic differentiation through activating
Notch1 signaling and functioned as competing endogenous
RNAs (ceRNAs).6 Furthermore, we identified that H19 reg-
ulates BMP2-induced hypertrophic differentiation of MSCs
by promoting Runx2 phosphorylation.24 Therefore, we
speculated the regulatory properties of H19 in BM9-induced
angiogenesis of MSCs.

P53 also known as TP53, which is a classic tumor sup-
pressor gene functioned in apoptosis, cell cycle arrest, and
senescence etc. in response to distinct stimuli. Although
the regulatory function of p53 in cell growth after exposure
to stress has been well established, the function of p53 in
metabolism and other biological processes including MSCs
differentiation is not totally clarified.25e28 Of note, as
regulators of both tumorigenesis and MSCs differentiation,
the crosstalk between p53 and H19 is worth to be clari-
fied.29,30 Recently, it was reported that p53 mutant
impaired H19 mediated osteogenic differentiation of oste-
oblast30 and H19 hold the potential of regulating the sta-
bilization of p53.31 Furthermore, several researches
identified the directly or indirectly interaction between
H19 and p53.32e34 These results indicated the regulatory
function of H19 in the activation of p53 signaling.

In the present study, we identified the regulatory func-
tion of H19 in BMP9-induced angiogenesis of MSCs. We
found that BMP9-induced angiogenesis of MSCs was char-
acterized by increasing the production of CD31þ cells,
silencing H19 blocked BMP9-induced angiogenesis and
further attenuated BMP9-induced bone formation. Mecha-
nistically, we clarified that H19 regulated BMP9-induced
angiogenesis by directly interacting with p53 and promoting
p53 phosphorylation, phosphorylated p53 further activated
Notch1 transcription and triggered angiogenesis of MSCs.
These findings provide insight into the mechanisms of H19
regulated BMP9-induced angiogenesis of MSCs, which is
beneficial for the construction of BMP9-mediated bone
tissue engineering.

Materials and methods

Ethics statement

The Ethics Committee of the First Affiliated Hospital of
Chongqing Medical University approved all animal pro-
tocols. All surgeries were performed under appropriate
anesthesia; each animal was housed in individual cage
under standard conditions until they were confirmed to be
recovering from anesthesia without pain. Mice were
euthanized at the indicated time points by an intraperito-
neal overdose of sodium pentobarbital (Sigma-Aldrich,
USA). Every effort was made to minimize animal distress,
after confirming that mice were not breathing, not beating
heartbeat, and mydriasis, the ectopic masses were
removed from the injection site of the nude mice.

Cell culture and chemicals

Human embryonic kidney (HEK) 293 and mouse MSC
C3H10T1/2 cell lines were obtained from the American
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Type Culture Collection (ATCC, Manassas, VA, USA). Human
umbilical vein endothelial cells (HUVECs) were purchased
from Procell Life Technology (Wuhan, China). All cell lines
were housed in cell incubators and cultured in complete
medium with 10% fetal bovine serum (FBS, Gibco,
Australia), containing 100 U/mL penicillin and 100 mg/mL
streptomycin. Unless indicated otherwise, all chemicals
were purchased from Sigma-Aldrich.

Construction and generation of recombinant
adenoviral vectors

Recombinant adenovirus vectors were generated using
AdEasy technology as described in our previous stud-
ies.6,20,35e37 AdBMP9 was characterized previously,36,38

and AdGFP expressing green fluorescent protein (GFP) was
used as empty control adenoviruses. For making silence
H19 vectors, Gibson Assembly system was utilized to
simultaneously assemble three small interfering RNAs
(siRNAs) targeting mouse H19 and generation AdSimH19
expression red fluorescent protein (RFP).24,39 Recombi-
nant adenovirus vectors were amplified in human embry-
onic kidney 293 (HEK-293) cells. Briefly, adenovirus stocks
were obtained by harvesting cells when both cell density
and fluorescence brightness were at appropriate levels,
followed with high-speed centrifugation and repeated
freezeethaw cycles.

RNA isolation and quantitative PCR (qPCR)

Cell samples were washed with phosphate buffer saline
(PBS) three times and the residual liquid was aspirated.
Total RNA was extracted using an RNA extraction kit
(AG21017, Accurate Biology, China) according to manufac-
turer’s protocol. Then total RNA was subjected to reverse
transcription using a reverse transcription kit (RT Master
Mix for qPCR, HY-K0511, MCE, USA). CDNA was diluted with
SYBR Green qPCR Master Mix (HY-K0523, MCE, USA) and
subjected to following qPCR analysis with the using of
CFX96 real-time PCR detection system (Bio-Rad, USA). The
real-time qPCR program was as follows: 95 �C for 30 s, 95 �C
for 5 s, and 60 �C for 30 s, repeating 40 cycles. GAPDH was
used as a reference gene. All sample values were normal-
ized to GAPDH expression using the 2�DDCt method. qPCR
primer sequences are listed in Table S1.

Protein harvest and Western blot analysis

Protein extraction was performed using 2% sodium dodecyl
sulfate (SDS) lysis buffer, which including 100 mM TriseHCl,
100 mM b-mercaptoethanol, protease and phosphatase in-
hibitors (Roche, USA). Protein concentration was measured
using BCA protein analysis kit (Beyotime, Beijing, China),
then denatured by boiling for 10 min. Protein samples were
separated by electrophoresis with Triseglycine buffer and
transferred carefully onto polyvinylidene difluoride (PVDF,
Millipore, USA) membranes under dark conditions. Then
PVDF membranes were blocked with 5% evaporated milk for
1 h and incubated overnight with primary antibodies against
osteocalcin (OC, ab93876, Abcam, USA), Runx2 (#20700-1-
AP, Proteintech, China), Collagen Type I (Col1a1, #14695-1-
AP, Proteintech, China), Notch1 (ab52627, Abcam, USA),
p53 (ab1101, Abcam, USA), p-p53 (phospho S15) (ab223868,
Abcam, USA) or GAPDH (#10494-1-AP, Proteintech, China).
PVDF membranes were washed with Tris buffered saline
Tween-20 (TBST) 3 times on a shaker for 10 min each time.
Following this, membranes were incubated with corre-
sponding horseradish peroxidase-conjugated (HRP) sec-
ondary antibody (goat anti-rabbit secondary antibody,
1:1000, Cell Signaling Technology, USA). Blotting is shown
using Immobilon Western chemiluminescent HRP substrate
(Millipore, USA). Relative protein expression was analyzed
by Image Lab software using GAPDH protein as a control.

Alkaline phosphatase (ALP) analysis

MSCs were seeded in a 24-well plate with a density of 30%e
40%, and stimulated with adenovirus respectively. For ALP
staining, cells were fixed with 4% paraformaldehyde for
30 min, then, washed twice with PBS and stained with ALP
Color Development Kit (Beyotime, China). Thirty minutes
later, cells were observed under a bright field microscopy.
As for quantitative analysis of ALP activity, cells in each
treatment group were lysed by lysis buffer, then 5 mL lysis
buffer, 5 mL substrate (BD Clontech), and 15 mL Lupo Buffer
were mixed and incubated in light-proof condition for
20 min followed with measuring chemiluminescence sig-
nals. ALP activity was normalized by total protein concen-
trations in each treatment group. Each assay condition was
performed in triplicate, and the results were repeated in at
least 3 independent experiments.

Alizarin red S staining

MSCs were seeded in 24-well cell culture plates and infec-
ted with indicated adenoviruses 24 h later. After conflu-
ence, cell medium was changed with osteogenic medium
containing ascorbic acid (50 mg/mL) and b-glycer-
ophosphate (10 mM) for 14 and 21 days. The mineralization
nodules were assessed by Alizarin red S staining as previ-
ously described.5,6,10,20,38

Flow cytometry analysis

The cell markers of C3H10T1/2 cells were detected using
flow cytometry. C3H10T1/2 cells were seeded at a density
of 2 � 106/mL in a 6-well plate and stimulated with indi-
cated adenovirus vectors. At indicated time points, cells
were digested and collected in a 100-mL cell suspension,
followed with transferred to a flow cytometric tube. Then,
cell suspensions were incubated with conjugated CD31
(BioLegend, USA) antibodies for 30 min at 4 �C in the dark
condition. After being washed three times with PBS, the
labeled cells were resuspended in 0.2 mL PBS and analyzed
with the CytoFLEX system (Beckman Coulter, USA). The
acquired data were analyzed by using CytExpert software
(Beckman Coulter, USA).

Cell migration assays

MSCs were inoculated in the lower chamber of Transwell
(24-well plate, 8.0 mm, Jet Bio-Filtration) at a density of
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30%e40%, and were transfected with different adenovi-
ruses. The medium was changed on the second day of
infection. When the MSC cell density reached 100%, the old
medium was removed and washed 3 times with PBS, replace
with fresh complete medium containing 5% FBS; replace the
negative control group with serum-free complete medium,
and replace the positive control group with complete me-
dium containing 15% FBS. At the same time 2.5 � 104

HUVECs were seeded in the upper chamber of the Trans-
well. After culturing for 12 h, the upper chamber was taken
out, the cells on the upper membrane were gently removed
with a cotton swab, and then the upper chamber was fixed
with 4% paraformaldehyde for 20 min. The cells on the
bottom membrane were stained with 0.1% crystal violet
staining solution (G1063, Solarbio, China) as previously
reported.40

Wound healing assays

Human umbilical vein endothelial cells (HUVEC) were
seeded in the lower chamber of the Transwell (6-well plate,
0.4 mm, Jet Bio-Filtration, China) and cultured to a density
of 100%. Meanwhile, MSCs infected with indicated adeno-
virus vectors were transferred into the upper chamber of
the Transwell at a seeding density of 30%e40% individually,
when the cell density reaches 100%, remove the old me-
dium and wash three times with PBS, then replaced with
fresh complete medium. HUVEC cells were drawn vertically
along the diameter of the 6-well plate using a 200-ml
pipette tip, and the MSCs prepared as described above were
placed on the upper chamber of the Transwell co-culture.
After 12 h, the scratch area of each group was recorded,
and the change of the scratch area was calculated by Image
J software.

Enzyme linked immunosorbent assay (ELISA)

The concentration of VEGFa in the supernatant of MSC cells
transfected with adenovirus was detected using the ELISA
kit (AF-02411M1, Ai Fang biological, China) following man-
ufacturer’s protocol. In brief, after confluence, superna-
tants in each treatment group were collected and subjected
to optical density (OD) value determination at wavelength
of 450 nm. All assays were performed in triplicate.

Magnetic beads sorting cells

The culture medium was changed 24 h after adenovirus
infection. When close to confluence, cells were digested,
resuspended and washed twice with PBS. Then, cells were
resuspended in 100 mL PBS, mixed with 5 ml flow cytometry
antibody (PE anti-mouse CD31 Antibody, BioLegend, USA)
and incubated on ice for 30 min. After this, cells were
washed twice with PBS and mixed with 100 mL of the pre-
pared 1� buffer (MojoSort� Buffer (5�), BioLegend, USA)
and 10 ml magnetic beads (MojoSort�) Mouse anti-PE
Nanobeads (BioLegend, USA), then incubated on ice for
30 min. After washing twice, cell suspension was subjected
to the sorting magnetic column (MojoSort� Magnet, Bio-
Legend, USA) for 15 min. In order to obtain higher purity
sorted cells, procedures were repeated twice. Use
complete medium to wash the wall of the flow cytometer to
obtain the sorted positive cell suspension. Finally, positive
and negative parts of the cell suspensions were identified
by flow cytometric analysis.

Subcutaneous stem cell implantation

The use and care of animals in this study was approved by
the Institutional Animal Care and Use Committee. All
experimental procedures were performed in accordance
with approved guidelines. The subcutaneous stem cell im-
plantation procedure was performed as described previ-
ously. Briefly, C3H10T1/2 cells were infected with AdGFP,
AdBMP9 and/or AdsimH19. When close to confluence, cells
were resuspended with PBS at a density of 5 � 106 cells per
100 mL (100 mL per injection). Then cells were injected
subcutaneously into both sides of nude mice flanks (n Z 3/
group, female, 5e6 weeks old). At the indicated time
points, the animals were euthanized and the ectopic
masses were removed from the injection site. After micro-
CT scan, ectopic masses were fixed in 4% paraformaldehyde
(Beyotime, China) at room temperature for 24 h, then
immersed in ethylene diamine tetraacetic acid (EDTA) for
decalcification. Replace the decalcification solution every 3
days until the tissue mass is completely softened, and then
embedded in paraffin. Continuous 5 mm thick sections were
obtained and subjected to histological staining.

Micro-CT analysis

Small animal Micro-CT (VivaCT80, CANCO Medical AG,
Switzerland) was used to detect bone calcification inside
the masses. Samples were fixedly placed in a custom-made
foam holder. The scanning parameters were as follows:
scanning time 30 min/sample, layer thickness spacing
10 mm, scanning working voltage 70 KV, current 114 mA.
Scanco image analysis software was used to reconstruct and
analyze the content of the masses.

Hematoxylin and eosin (H&E), Masson’s trichrome
staining and Safranin O-fast green staining

Paraffin-embedded sections were deparaffinized in xylene
and then rehydrated in a graduated ethyl alcohol. Then,
deparaffinized samples were subjected to hematoxylin and
eosin (H&E), Masson’s trichrome and Safranin O-fast green
according to manufacturer’s protocol as previously
described.5,6,24,41 Histological evaluation was performed
using a bright light microscope. Relative trabecular bone
areas were analyzed by Image J software. Blood vessels
were counted in high power (HP) field by three histologists
following the double-blind principle.

Immunohistochemistry (IHC) assay

Cells were seeded on 24-well slides and processed accord-
ing to the experimental protocol in cell immunohisto-
chemistry experiments. At the indicated time points, cells
were washed three times with PBS, then fixed with 4%
paraformaldehyde. After blocking the cells with goat serum
for 30 min, the cells were incubated with the corresponding
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primary antibodies (VEGFa, #19003-1-AP and CD31, #28083-
1-AP, Proteintech, China) at 4 �C overnight. Then, cells
were incubated with secondary antibody for 1 h at room
temperature and stained with 40,6-diamidino-2-phenyl-
indole (DAPI).

For section immunohistochemistry experiments, sec-
tions were deparaffinized using xylene, rehydrated with
graded ethanol, then treated with 3% hydrogen peroxide for
10 min, and boiled in antigen retrieval solution at
95e100 �C for 20 min, and blocked with normal goat serum
for 30 min. Tissue sections were incubated with corre-
sponding primary antibodies (VEGFR2, #26415-1-AP and
CD31, #28083-1-AP, proteintech, China) overnight at 4 �C.
After three washed with PBS, sections were incubated with
biotin-labeled secondary antibody (SP0041, Solarbio, China)
for 30 min, followed by streptavidinehorseradish peroxi-
dase (HRP) conjugate for 20 min at room temperature.
Staining without primary antibody was used as a negative
control. Immunohistochemistry results were quantified
using Image J software.

RNA immunoprecipitation (RIP) analysis

RIP analysis was done as previously characterized.24,42 In
brief, C3H10T1/2 cells were lysed and subjected to RIP
analysis with the use of Magna RIPTM RNA-Binding Protein
Immunoprecipitation Kit (Millipore, Bedford, USA) following
the manufacturer’s protocols. Firstly, magnetic beads were
pretreated with RIP wash buffer and incubated with p53
antibody (10442-1-AP, Proteintech, USA) for 30 min. Then,
the magnetic bead p53 composites were incubated with
cell lysis supernatant and RIP immunoprecipitation buffer
overnight at 4 �C. Following this, RIP wash buffer was
applied to wash sufficiently. Proteinase K buffer was uti-
lized to detach RNA followed with RNA extraction. Finally,
RNA fraction was isolated and subjected to perform qPCR
analysis as described above.

Chromatin immunoprecipitation (ChIP) analysis

ChIP analysis was performed to determine the interacting
of p-p53 and the Notch1 promoter and was carried out as
previously described.43,44 Shortly, about 1 � 107 C3H10T1/
2 cells were crosslinked with 1% formaldehyde for 10 min at
room temperature and quenched with 0.125 M glycine
(National Medicine Group, China) for 5 min. Then the cells
were washed with PBS repeatedly. Immunoprecipitation
cell pellets were lysed in lysis buffer containing 150 mM
NaCl, 50 mM 2-hydroxyethyl (HEPES) (National Medicine
Group, China), 1 mM EDTA, 0.1% SDS, 0.1% sodium deoxy-
cholate, 1% Triton X-100, protease inhibitor cocktail
(CWbiotech, China) for 10 min. Then, the pellet was sub-
jected to sonication on the ice. After been confirmed the
fragmentation in agarose gel, fragmented chromatin was
incubated with primary p-p53 antibody (#9284, CST, USA)
bound to the PierceTM Protein A/G Agarose Beads (Thermo
Fisher Scientific, Inc., USA) overnight at 4 �C. After immu-
noprecipitation, samples were eluted and reverse cross-
linked overnight with DNA elution buffer containing TE
buffer (10 mM TriseHCl, 1 mM EDTA) at 65 �C, followed by
RNase treatment (0.5 mg/mL) at 37 �C for 30 min and
proteinase K treatment (0.3 mg/mL) at 51 �C for 1 h.
Finally, DNA was isolated and purified for qPCR analysis as
described above.

Statistical analysis

All quantitative experiments were performed in triplicate
and/or repeated three times. Data were expressed as
mean � standard deviation (m � SD) and analyzed with
GraphPad Prism (GraphPad Software, La Jolla, USA) version
8.0. Unpaired Student’s t test (for two groups), one-way or
two-way ANOVA (for multiple groups) were used followed
by the TukeyeKramer test. Values of P < 0.05 were
considered statistically significant.

Results

H19 was highly expressed and essential in BMP9-
induced MSCs differentiation

H19 was highly expressed in MSCs as we previously char-
acterized.6,24 We firstly constructed silencing H19 adeno-
virus containing three different silence targets (Fig. S1A).
Adenovirus mediated transduction of BMP9 and/or silencing
H19 could efficiently infect MSCs (Fig. S1B). With the
stimulation of BMP9, the expression levels of H19 were
close to the expression levels of housekeeping gene b-
Actin, which indicated the high expression level of H19 in
MSCs (Fig. S1C). Subsequently, we confirmed the silencing
efficiency of AdsimH19; the results showed that AdSimH19
could efficiently decrease the expression level of H19
(Fig. S1D) and not influence the expression of BMP9 in
protein level (Fig. S1Ea,b).

Then, we characterized the effects of down-regulation
of H19 on BMP9-induced osteogenic differentiation of MSCs.
ALP staining (Fig. S2Aa) and ALP reading (Fig. S2Ab) showed
that down-regulation of H19 inhibited BMP9-induced early-
stage osteogenic differentiation of MSCs. As for late-stage
osteogenic differentiation of MSCs, Alizarin staining
(Fig. S2B) showed that down-regulation of H19 inhibited
BMP9-induced matrix mineralization both in 2 weeks and 3
weeks. Meanwhile, Western blot analysis found that down-
regulation of H19 dramatically reduced BMP9-induced key
osteogenic differentiation transcription factor Runx2
expression at protein level (Fig. 2Ca), and quantitative
analysis showed the same trend. As for osteogenic differ-
entiation marker, Western blot (Fig. S2Da) and quantitative
analysis (Fig. S2Db) results found that down-regulation of
H19 dramatically inhibited BMP9-induced OC and Col1a1
expressions. These results indicated the essential role of
H19 in BMP9-induced osteogenic differentiation of MSCs.

Down-regulation of H19 attenuated BMP9-induced
angiogenesis of MSCs

We firstly determined the effects of down-regulation H19
on BMP9-induced angiogenesis of MSCs. To address the ef-
fect of BMP9-induced MSCs angiogenesis on HUVECs migra-
tion, Transwells with 8-mm diameter mesh membranes were
used for co-culture. The simulated diagram was shown in
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Figure 1Aa, and the results showed that with the stimula-
tion of BMP9, MSCs secreted growth factors induced HUVECs
migration, and down-regulation of H19 attenuated these
effects (Fig. 1Ab), quantitative analysis showed the same
trend (Fig. 1Ac). Wound healing assay was also carried out
(Fig. 1B). As shown in Figure 1Ba, MSCs stimulated with
BMP9 and/or simH19 were cultured in the upper chamber
with 3-mm diameter mesh membrane, and HUVECs were
cultured in the lower chamber, where would healing assay
was taken out. The results showed that, with the stimula-
tion of BMP9, HUVECs would close the wound more quickly
Figure 1 Silencing H19 attenuated BMP9-induced osteogenic diff
HUVECs migration. A diagram summarized co-culture system of MSC
staining (b), MSCs in the upper chamber were used as negative co
control, scale bar, 50 mm. Quantitative analysis of viable cells (c)
silencing H19. (B) Silencing H19 inhibited BMP9-induced HUVECs m
system of MSCs and HUVECs (a). Cell closure at 12 and 24 h were p
that BMP9-induced HUVECs migration to close the wound was inhib
inhibited BMP9-induced VEGFa and the production of CD31þ cells.
day 5 after adenovirus infection (a), BMP9-induced VEGFa secretio
CD31 expressions were identified by IHC (b) on day 5 after BMP9 stim
CD31 expressions were inhibited by AdSimH19 mediated down-r
**P < 0.01, compared with control (AdGFP) group,

##

P < 0.01, com
compared with the control group. However, down-regula-
tion of H19 could inhibit this effect at both 12 and 24 h.
Quantitative analysis showed the same trend (Fig. 1Bc).
Furthermore, we determined VEGFa concentration in su-
pernatant in each group, and found that BMP9-induced
VEGFa secretion could be inhibited by down-regulation of
H19 (Fig. 1Ca). IHC staining showed that BMP9-induced
expression of VEGFa and CD31 positive cells could be
inhibited by down-regulation of H19 (Fig. 1Cb). These re-
sults suggested that down-regulation of H19 could atten-
uate BMP9-induced angiogenesis of MSCs.
erentiation of MSCs. (A) Silencing H19 inhibited BMP9-induced
s and HUVECs (a). Viable cells were detected by crystal violet
ntrol and HUVECs in the lower chamber were used as positive
showed that BMP9-induced HUVECs migration was inhibited by
igration by wound closure. A diagram summarized co-culture
resented (b) and quantitative analysis of closure areas showed
ited by silencing H19 (c). Scale bar, 100 mm. (C) Silencing H19
BMP9-induced secretion of VEGFa was determined by ELISA on
n was inhibited by silencing H19. The cytoplasmic VEGFa and
ulation and the results showed that BMP9 mediated VEGFa and
egulation of H19, scale bar, 100 mm. The one-way ANOVA,
pared with indicated group.
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BMP9-induced production of CD31D cells was
indispensable for BMP9-induced bone formation

As an endothelial cell marker, CD31 is specific for endo-
thelial differentiation. To confirm the angiogenesis poten-
tial of BMP9, flow cytometry was utilized to identify CD31þ

cells on day 0, 1, 3, 5, and 7, respectively. We found that,
with the stimulation of BMP9, CD31þ cells proportion
increased gradually from day 0 to day 5, and decreased
slightly on day 7 (Fig. 2Aa,b). To further identify the
function of CD31þ cells in BMP9-induced bone formation,
we screened CD31þ cells with flow cytometry. The mor-
phologies of CD31þ cells and CD31� cells were exhibited in
Figure 2Ba, and flow cytometry identifying the efficiency of
screening was shown in Figure 2Bb. CD31� MSCs stimulated
with BMP9 were subcutaneously implanted and the ectopic
masses were obtained 4 weeks after implantation. Micro-CT
reconstruction morphologies were shown in Figure 2Ca.
Volume analysis found that compared with the normal
group, CD31� cells formed smaller ectopic bone masses
(Fig. 2Cb) with lower BV/TV ration (Fig. 2Cc). Histologi-
cally, less trabecular bone, blood vessels and more undif-
ferentiated cells were found in CD31� cells group compared
with normal group. These results indicated that BMP9-
induced CD31þ cells are indispensable for BMP9-induced
bone formation.

Down-regulation of H19 attenuates BMP9-induced
angiogenesis and followed ectopic bone formation

To further clarify the influence of down-regulation of H19 on
BMP9-induced angiogenesis of MSCs, CD31þ cells were iden-
tified by flow cytometry with the stimulation of BMP9 with or
without AdSimH19. We found that down-regulation of H19
dramatically attenuated BMP9-induced production of CD31þ

cells (Fig. 3Aa). The quantitative analysis found that BMP9-
induced up-regulation of CD31þ cells production could be
down-regulated by silencing H19 (Fig. 3Ab). These results
indicated that H19 regulated BMP9-induced angiogenesis by
decreasing the production of CD31þ cells. Then, subcutane-
ously implantation of MSCs was carried out in vivo. Three
dimensional (3D) reconstruction images of different time
points’ ectopic masses were presented in Figure 3Ba. Bone
volumes analysis showed that BMP9-induced bone volume
increasing started intwoweeksand reachedapeak in4weeks,
however, down-regulation of H19 delayed this phenomenon
significantly (Fig. 3Bb). As for bone mineral density (BMD)
analysis, we found that down-regulation of H19 decreased
BMP9-induced BMD significantly in 2, 4 and 6 weeks respec-
tively (Fig. 3Bc). Histologically (Fig. 3C), we found that both
AdBMP9 group and AdBMP9þ AdsimH19 group had trabecular
bone formation and undifferentiated MSCs, however,
AdBMP9 þ AdsimH19 group almost had no blood vessels for-
mation compared with AdBMP9 group. When it moved to
4 weeks, trabecular bone increased in both groups and
AdBMP9 group with higher proportion compared with
AdBMP9 þ AdsimH19 group. Meanwhile, more blood vessels
formation in both trabecular bone and undifferentiated area
inAdBMP9groupcomparedwithAdBMP9þAdsimH19group. In
6 weeks, abundant vascularized bone formation in AdBMP9
group, however, fewer vascularized trabecular bone mixed
with a mass of undifferentiated MSCs were found in
AdBMP9 þ AdsimH19 group. Trichrome and Safranin O-fast
green staining in 4 weeks and 6 weeks confirmed the phe-
nomenon (Fig. 4A). What was more, IHC staining confirmed
blood vessels formation with staining with VEGFR2þ cells in
both groups. As shown in Figure 4B, compared with AdBMP9
groups, angiogenesis potential of MSCs decreased dramati-
cally in AdBMP9 þ AdsimH19 groups in 2, 4 and 6 weeks,
respectively. Quantitative analysis of proportion of trabecular
bone proportions and numbers of blood vessels were signifi-
cantly higher in AdBMP9 groups when compared with
AdBMP9þ AdsimH19 groups in 2, 4 and 6 weeks, respectively
(Fig. 4C). These results implied that down-regulation of H19
inhibited BMP9-induced osteogenesiseangiogenesis coupling.
H19 regulates BMP9-induced angiogenesis by
potentiating p53 mediated Notch1 activation

As p53 is one of the key downstream targets of H19, we
firstly detected the expressions of p53 when down-regula-
tion H19 in BMP9-indudced MSCs differentiation. We found
that down-regulation of H19 did not influence total p53
expression, however, p-p53 expression was dramatically
down-regulated by AdSimH19 in BMP9-induced MSCs dif-
ferentiation (Fig. 5Aaec). Then RIP analysis was carried out
to confirm the interaction of H19 and p53, the confirmation
of p53 and GAPDH was confirmed by protein precipitation
(Fig. 5Ba), input and post-precipitation of H19 and p53
protein were pull-down by p53 antibody, IgG was used as
control (Fig. 5Bb). Immunoprecipitation products were
subjected to RNA extraction and purification, and the ex-
pressions of H19 were detected by RT-qPCR. We found that
the expression of H19 in IP group was dramatically higher
than IgG group (Fig. 5Bc), which indicated the binding
interaction of H19 and p53 protein.

As we previously characterized that Notch1 mediated
BMP9-induced angiogenesis,5 we detected Notch1 activa-
tion when down-regulation of H19 in BMP9-induced MSCs
differentiation. We found that downregulation of H19
inhibited BMP9-induced Notch1 mRNA expression (Fig. 6Aa)
and dramatically inhibited NICD1 expression at protein
level (Fig. 6Ab,c). Then, we confirmed down-regulation of
Notch1 signaling with DAPT dramatically decreased BMP9-
induced production of CD31þ cells (Fig. 6Ba,b). Therefore,
we speculated that p-p53 may regulate Notch1 signaling
activation and ChIP analysis was carried out. Genomic DNA
was extracted and confirmed on gel (Fig. 6Ca). The
expression of p-p53 after precipitation was confirmed by
Western blot analysis, GAPDH was used as control. Three
pairs of primers were designed according to the promoter
area sequence and distributed at the top, middle and lower
area, respectively (Fig. 6Bc). After the precipitation, DNA
was extracted and subjected to PCR analysis. We found that
compared with IgG group, all three fragments DNA se-
quences were upregulated dramatically and the top frag-
ment with the highest level (Fig. 6Bd). These results
indicated the combination interaction of p-p53 and Notch1
promoter.

Taken together, our results suggested that H19 regulates
BMP9-induced angiogenesis of MSCs by regulating the
phosphorylation of p53 and p-p53 binds on the Notch1



Figure 2 BMP9-induced production of CD31þ cells was indispensable for BMP9-induced bone formation. (A) Proportions of
CD31þ cells increased gradually with the stimulation of BMP9. MSCs were infected with AdBMP9 and subjected to flow cytometry
screening for CD31þ cells, proportions of CD31þ cells were recorded at day 0, 1, 3, 5, and 7, respectively (a), day 0 means
without BMP9 treatment. Quantitative analysis (b) of three independent tests showed that with the stimulation of BMP9, CD31þ

cells proportions increased form day 3 to day 7, and reach the peak on day 5. The one-way ANOVA, **P < 0.01, *P < 0.05,
compared with control (AdGFP) group,

##

P < 0.01, compared with indicated group. (B) Morphologies (a) and identification of
CD31þ and CD31� cells (b). CD31þ cells were cells identified as positive with flow cytometry, and CD31� cells were all other
types of cells except CD31þ cells, scale bar 50 mm. (C) Decreased osteogenic differentiation potential of MSCs lack of CD31þ

cells. MSCs lack of CD31þ cells and normal MSCs were infected with AdBMP9, 48 h later, cells were re-suspended and subcu-
taneously injected in the nude mice, 4 weeks later, ectopic masses were harvested and subjected to following analysis. Micro-
CT reconstructed ectopic masses (a), bone volume (b) and BV/TV (c) analysis showed that, although MSCs lack of CD31þ cells
obtained larger volume with the stimulation of BMP9, trabecular bone volume was statically less than normal MSCs. Histolog-
ically (d), H&E staining showed that normal MSCs formed trabecular bone with abundant blood vessels with the treatment of
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Figure 3 Down-regulation of H19 attenuated BMP9-induced angiogenesis and followed ectopic bone formation. (A) Silencing H19
attenuated BMP9-induced production of CD31þ cells. MSCs were treated with AdBMP9 and/or AdSimH19; AdGFP was used as
control. Five days after infections, each treatment group was subjected to flow cytometry for screening CD31þ cells (a), quan-
titative analysis (b) showed that BMP9 up-regulated CD31þ cells proportion significantly compared with control group, and silencing
H19 blocked CD31þ cells generation significantly compared with AdBMP9 group. The one-way ANOVA, **P < 0.01, compared with
control (AdGFP) group,

##

P < 0.01, compared with indicated group. (B, C) Silencing H19 attenuated BMP9-induced bone and blood
vessels formation in vivo. MSCs were treated with AdBMP9 and/or AdSimH19; AdGFP was used as control. At indicated time points,
ectopic masses (no obvious mass formation in AdGFP and AdSimH19 groups) were subjected to micro-CT and histological analysis.
Reconstructed ectopic masses at 2, 4 and 6 weeks were shown (a). Bone volume analysis (b) showed that silencing H19 delayed
BMP9-induced bone volume increasing, and bone mineral density analysis (c) showed that silencing H19 statistically decreased
BMP9-induced bone mature in 4 and 6 weeks. The one-way ANOVA, **P < 0.01, *P < 0.05, compared with 2 weeks,

##

P < 0.05,
compared with indicated group. Histologically, in AdBMP9 group, obvious blood vessels were found in 2 weeks, and vascularized
trabecular bone formation gradually from 4 to 6 weeks. When silencing H19, no obvious blood vessels formation in 2 weeks, and less
trabecular bone and more undifferentiated cells were found in both 4 weeks and 6 weeks compared with AdBMP9 group. Scale bar
100 mm.

BMP9 for 4 weeks, MSCs lack of CD31þ cells formed less trabecular bone with a mass of undifferentiated cells without obvious
blood vessels formation. IHC staining showed the undifferentiated cells were CD31� cells. TB, trabecular bone, UC, undiffer-
entiated cells, arrows indicated blood vessels. Unpaired Student’s t test, *P < 0.05, compared with normal group.
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Figure 4 Trichrome, Safranin O-fast green staining and IHC assay for detecting trabecular bone and angiogenic activities. (A)
Trichrome and Safranin O-fast green staining were used to identify the collagen formation, when down-regulation H19, less and
more immature trabecular bone were found compared with AdBMP9 group. (B) IHC assay for detecting blood vessels. VEGFR2 were
used for detecting angiogenic activities in 2, 4 and 6 weeks. VEGFR2þ cells mainly expressed around blood vessels, and more blood
vessels were identified in AdBMP9 group compared with AdBMP9 þ AdSimH19 group. Dotted box indicated the area in high power
field. (C) Quantitative analysis of trabecular bone area (a) and number of blood vessels per high power field (HP) (b) showed
decreased angiogenic activities and vascularized bone formation abilities when silencing H19. The two-way ANOVA, **P < 0.01,
*P < 0.05, compared with 2 weeks,

##

P < 0.05, compared with indicated group.
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promoter area then promoting the activation of Notch1
(Fig. 6D).

Discussion

Bone tissue engineering is potential for the treatment of
clinical critical-size bone defects or nonunion of fractures,
however, it is still a challenge to obtain vascularized tissue-
engineered bone.45,46 As one of the most osteogenic BMPs,
BMP9 hold the potential to induce MSCs both osteogenesis
and angiogenesis, but the mechanisms in detail are not
clarified.4,35 In the present study, we clarified that H19
regulated BMP9-induced angiogenesis by promoting phos-
phorylation of p53, and phosphorylated p53 interacted with



Figure 5 H19 promoted BMP9-induced phosphorylation of p53 by directly interaction. (A) Down-regulation of H19 attenuated
BMP9-induced phosphorylation of p53. Total p53 and p-p53 were detected by Western blot (a), no statistical difference was found
among each treatment group for the expressions of total p53 (b). As for p-p53, BMP9-induced up-regulation of p-p53 was
dramatically inhibited by silencing H19. The one-way ANOVA, **P < 0.01, compared with control (AdGFP) group,

##

P < 0.01,
compared with indicated group. (B) Interaction of p53 and H19 by RIP analysis. The expression of p53 was confirmed before
immunoprecipitation, and GAPDH was used as reference protein (a). Post immunoprecipitation (IP), Western blot analysis with p53
antibody was used to detecting p53, 10% input, and IgG group were used as controls (c). H19 expression levels in IP and IgG groups
were determined by RT-qPCR(c), the levels of H19 were presented as fold enrichment in anti-RUNX2 relative to IgG immunopre-
cipitations. Unpaired Student’s t test, **P < 0.01, compared with normal group.
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the promoter area of Notch1 to regulate the activation of
Notch1. These results applied new evidence for clarifying
the mechanisms of BMP9 mediated angiogenesis and
osteogenesis coupling, which could promote the construc-
tion of BMP9-induced vascularized tissue-engineered bone.

MSCs can be isolated from many tissues and undergo
self-renew, which hold the potential to differentiate into
multiple lineages, including osteogenic, chondrogenic,
angiogenic and adipogenic lineages, etc.3,47 Recently, the
heterogeneity of stem cells has aroused scientists’ atten-
tion and such heterogeneity decreases the reproducibility
of research or treatment.48 Therefore, the updating and
characterization of unambiguous molecular markers for
specific situation were identified as an effective way to
promote the efficiency of stem cell based therapy.48e50

CD31 is one of the cell surface markers, which is negative in
MSCs and positive in endothelial cells.49,51 In the present
study, we found that the production of CD31þ cells
increased with the stimulation of BMP9 and insufficient
CD31þ cells dramatically decreased BMP9-induced osteo-
genesis and angiogenesis. What was more, we character-
ized that CD31þ cells mainly gathered around the blood
vessels in BMP9-induced bone formation. These results
indicated the essential role of CD31þ cells during MSCs
based vascularized bone formation.

The H19 gene encodes a 2.3-kb non-coding mRNA which
is strongly expressed during embryogenesis. As an imprin-
ted cluster, H19 conserved on mouse chromosome 7 and
human chromosome 11p15 and belongs to an imprinted
cluster.52,53 Although the H19-IGF2 imprinting mechanisms
have been clarified, recent studies indicated new regula-
tory functions of H19 in both physiology and pathology
processes.14,15,30,54e56 Specifically, except competing
endogenous RNA (ceRNA) mechanism, H19 mediated
epigenetic mechanisms, including DNA methylation, his-
tone modification and chromatin remodeling were reported
more recently.21,57e59 Our previous studies clarified the
regulatory function of H19 in BMP2 induced phosphorylation
of Runx2 and inhibited hypertrophic differentiation.24 Here
we identified that H19 could interact with p53 and promote
p53 phosphorylation, which further regulated BMP9 medi-
ated angiogenesis of MSCs. To the best of our knowledge,
this is the first time to report the regulation function of H19
in angiogenesis of MSCs. Taken previously identified regu-
latory function of H19 in osteogenic differentiation of MSCs
and this study together,6,20,22,23,60 we have reason to



Figure 6 Phosphorylated p53 promoted Notch1 expression by interacting with Notch1 promoter. (A) Down-regulation of H19
attenuated Notch1 expressions at both mRNA and protein level. MSCs in each treatment group were subjected to RT-qPCR on day 3,
BMP9 dramatically up-regulated Notch1mRNA expression compared with control group, and silencing H19 statistically inhibited the
up-regulation of Notch1 (b). Western blot analysis (b) was carried out three days after adenovirus infection, quantitative analysis
showed that BMP9-induced up-regulation of Notch1 was inhibited by silencing H19 (c). The one-way ANOVA, **P < 0.01, compared
with control (AdGFP) group,

##

P < 0.01, compared with indicated group. (B) g-secretase inhibitor DAPT attenuated BMP9-induced
production of CD31þ cells. MSCs were induced with AdBMP9; AdGFP was used as control. 24 h after infection, g-secretase inhibitor
DAPT or DMSO was added into the medium and flow cytometry was carried out on day 5 (a), quantitative analysis (b) showed that
DAPT significantly inhibited BMP9-induced production of CD31þ cells. The one-way ANOVA, **P < 0.01, compared with control
(AdGFP) group,

##

P < 0.01, compared with indicated group. (C) Phosphorylated p53 promote Notch1 expression by interacting with
Notch1promoter. About 1 � 107 C3H10T1/2 cells were lysed and subjected to sonication, fragmented DNA was detected on 1%
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believe the important role of H19 in osteogenesis and
angiogenesis coupling process, which could be an essential
target for promoting BMP9 mediated tissue engineering
bone.

The tumor suppressor p53 is induced in cells in
response to genotoxic and oncogenic stress and functions
as a guardian of the genome by repairing damaged DNA or
promoting pro-apoptotic process. Germline mutations in
the TP53 gene encoding p53 are responsible for Li-Frau-
meni syndrome (LFS), which was characterized as a vari-
ety of tumor types, including osteosarcoma (OS), soft
tissue sarcoma, breast cancer, brain tumor, leukemia, and
adrenocortical carcinoma.61 Lee et al30 identified that p53
mutant impairs osteoblast differentiation by down-regu-
lation of H19, which resulted in osteosarcoma. However,
the function of p53 in MSCs and osteogenic differentiation
process are rarely reported. Recently, the essential roles
of basal p53 expression in MSCs integrity, osteogenic dif-
ferentiation fate, etc., were clarified, which indicated
the regulatory function of p53 in MSCs differentia-
tion.26,27,62,63 Velletri et al26 reported that p53 status
negatively regulated osteoprotegerin (OPG) amount and
further regulate bone remodeling. Meanwhile, Boregowda
et al27 reported that p53 regulated MSCs cell fate and
survival decisions under physiologic oxygen levels, which
indicated the physiological function of p53 in MSCs. In
addition, Lengner et al25 found that Mdm2-p53 axis regu-
lated osteoblast osteogenic differentiation and skeletal
development by regulating Runx2 activation. In our study,
we found total p53 was highly expressed in MSCs, and
phosphorylation activation of p53 was identified with the
stimulation of BMP9. In addition, we clarified that the
phosphorylation activation of p53 was mediated by H19,
which applied new evidence for the regulatory function of
H19-p53 axis.34,63

Osteogenesis and angiogenesis are highly coupled dur-
ing the process of bone formation. We previously charac-
terized that insufficient angiogenic signal would inhibit
trabecular bone formation and promote adipogenesis
in BMP9-induced bone formation.64 Next, we found that
Notch1 signaling activation mediated BMP9-induced
angiogenesis and confirmed the essential role of Notch1 in
BMP9-induced vascularization.5 Here, we firstly identified
Notch1 signaling inhibition could attenuate BMP9-induced
production of CD31þ cells. Then, we further clarified the
upstream signaling of Notch1 and found that phosphory-
lated p53 could be translocated to the nuclear and inter-
acting with the promoter of Notch1 then promoting Notch1
expression. Be similar with our results, Lefort et al65 also
reported that Notch1 was one of the p53 target genes. In
addition, the crosstalk between Notch signaling and p53
agarose gel (a). After immunoprecipitation, p-p53 was detected b
agram indicated the distribution of three pairs of primers for detect
(c). RT-qPCR for detecting the enrichment of Notch1 promoter are
**P < 0.01, compared with control (IgG) group, ##P < 0.01, comp
summarizing the main findings of the research. H19 regulates BMP9-
of p53, p-p53 interacts with Notch1 promoter and promotes the ac
could inhibit tumor angiogenesis,66 however, our results
indicated that p53-Notch1 axis could promote angiogen-
esis of MSCs. This difference may suggest the function of
p53 is different between tumorigenesis and MSCs osteo-
genic differentiation.

As an effective regulator, H19 was reported to regulate
Notch1 signaling activation in various ways. We previously
characterized that H19 acted as ceRNA to sponge micro-
RNAs (miRs) which targeted Notch1, however, it is difficult
to confirm a certain functional miR. Hadji et al67 reported
that H19 regulated Notch1 activation by regulating p53
expression in calcific aortic valve mineralization, and
confirmed the interaction of p53 and Notch1 promoter by
ChIP assay. Be similar with Hadji’s findings, we found that
H19 promoted the phosphorylation of p53 and phosphory-
lated p53 upregulated Notch1 expression. Though we
identified that phosphorylated p53 could bind on the pro-
moter area of Notch1, we did not find the interaction site of
phosphorylated p53 and Notch1 promoter, we speculate
that other transcription factors may participate in this
process.68,69 Taken these researches together, H19 may
regulate the activation of Notch1 signaling through multiple
mechanisms, and the predominant mechanism differs in
different physiology and/or pathological process.

In summary, clarifying the mechanism of BMP9-induced
angiogenesis of MSCs is essential for the construction of
BMP9 based vascularized tissue engineering bone. As a
functional lncRNA, the regulatory mechanisms of H19 in
BMP9-induced angiogenesis are far from clarified. Here, we
characterized the regulatory axis of H19-p-p53-Notch1 in
BMP9-induced angiogenesis of MSCs, which offer an alter-
native role of p53 mediated Notch1 activation in BMP9
mediated tissue engineering bone.
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