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Statement of Significance

Osteoporosis is a common_chronic metabolic bone disease in humans. Bone tissue
engineering based on mesenchymal stem cells, biomaterials, and growth factors,
provides a promising way to treat osteoporosis and bone defects. ADSCs commonly
differentiate into adipose cells, they can also differentiate into osteogenic cell lineages.
Nucleic acids and protein have usually been considered as regulators of ADSCs
osteogenic differentiation. In the current study, we demonstrated the combination of
ADSCs with miR-150-5p inhibition and hydroxyapatite/tricalcium phosphate ceramic
powders enhanced bone regeneration. Furthermore, miR-150-5p/Notch3 axis
regulating osteogenesis via the FAK/ERK1/2 and RhoA pathway was assessed. The
current study showed the application of ADSCs in bone regeneration might be a

promising strategy for osteoporosis and bone damage repairing.
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Abstract

Adipose-derived mesenchymal stem cells (ADSCs) are multipotent stromal cells and
play huge role in forming and repairing bone tissues. Emerging evidence shows that
MicroRNAs (miRNAs) are involved in ADSCs differentiation. Here, we explored the
role of miR-150-5p and its related mechanisms in ADSCs osteogenesis. Real-time
PCR was used to determine miR-150-5p expression during ADSCs osteogenesis.
miR-150-5p inhibitors, miR-150-5p ADV or short hairpin RNA (shRNA) of Notch3
were transfected to ADSCs for analyzing the effects on osteogenesis. The mixture of
hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic powders and transfected
ADSCs was implanted into BALB/C nude mice. Micro-CT and histological methods
were performed to evaluate the new bone formation. Compared with negative control
(NC) and miR-150-5p overexpression, inhibition of miR-150-5p increased ADSCs
osteogenesis by regulating Notch3. MiR-150-5p overexpression decreased the
expression of pFAK, pERK1/2, and RhoA, while these were up-regulated when
miR-150-5p was inhibited, or notch3 was silenced. Furthermore, miR-150-5p
inhibition partially reversed the suppression effect of notch3 knockdown on
osteogenesis in vitro and in vivo. This study demonstrated the critical function of
miR-150 during osteogenesis. The combination of ADSCs with miR-150-5p inhibition

and HA/TCP might be a promising strategy for bone damage repair.

Keywords: ADSCs, miR-150, differentiation, osteogenesis, biomaterials
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1.Introduction

Bone defects like fractures and fragility of bones, caused by osteoporosis, are the
common injuries seen in hip, wrist, proximal humerus, or vertebrae in humans [1].
Osteoporosis is a kind of chronic metabolic bone disease. Bone tissue engineering
(BTE) based on mesenchymal stem cells (MSCs), engineering materials, and growth
factors (GFs), provides a promising alternative to treat osteoporosis and critical-sized
bone defects [2]. Adipose-derived mesenchymal stem cells (ADSCs) are multipotent
stromal cells, which can differentiate into multiple lineages, such as osteoblasts,
chondrocytes, and adipocytes [3]. For their plasticity and low immunogenic potential,
ADSCs have been extensively used in cell-based therapy for tissue repair and
regeneration [4-6]. As known, ADSCs commonly differentiate into adipose cells, they
can also differentiate into bone cells [5, 7, 8]. This differentiation mechanism has not
been completely elucidated.

MiRNAs are a class of endogenous single-stranded non-coding RNAs (ncRNAS),
which were discovered in nematodes and acted as key regulators of biological
processes [9]. They can play synergistic and antagonistic actions in regulating cell
differentiation, development, and homeostasis [10-12]. MiRNAs are also an emerging
class of therapeutic drugs in some diseases [13, 14]. Recent studies showed that
MiRNAs level was changed in bone regeneration [15-18], indicating the potential
effects of miRNAs in osteogenesis. MiR-150-5p was first detected to be related to
chronic lymphaocytic leukemia [19], and showed significantly differential expression in
the visceral adipose tissue [20]. A recent study has suggested that miR-150-5p can
modulate the osteoblast matrix mineralization in the mouse osteoblast cell line
MC3T3-E1 [21]. Likewise, the up-regulated miR-150-5p level encouraged by tumor
necrosis factor-alpha (TNF-a) represses osteogenesis in bone marrow-derived
mesenchymal stem cells (BMSCs) through modulating B-catenin [22]. Our recent
study showed that miR-150-5p inhibition could enhance ADSCs proliferation [23].
The Notch family contains four transmembrane Notch receptors (Notch1-Notch4) and

five canonical ligands (Jaggedl, Jagged2, Delta-likel, Delta-like3, and Delta-like4),
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which plays fundamental roles in balancing proliferation versus differentiation [24, 25].
In cell differentiation, Notch3 is the primary decider of cell lineage fate [26]. Our
previous experiment has demonstrated that miR-150-5p promotes adipogenesis in
ADSCs by targeting Notch3 [23].

The study indicates that Notch3 may be associated with the activation of ERK1/2
[27-29]. ERK is a regulator of early osteoblast and osteoclast differentiation, which is
related to osteoclast survival, motility, and cell polarity [30]. In further, ERK is a crucial
target of FAK [31]. Activation of FAK/ERK signaling pathways promoted osteogenic
differentiation in ADSCs [32]. Several cell surface receptors can activate FAK and
then subsequently play an essential character in the process of cell survival,
proliferation, migration, and invasion [33]. The Rho/Rho-associated protein kinase
(Rho/ROCK) pathway mediating differentiation is correlated with the morphological
change of MSCs [34]. RhoA has been proved to influence MSC lineage allocation and
regulate adipogenesis [35]. However, whether miR-150-5p/Notch3 axis can regulate
FAK and RhoA is not known.

In this study, we investigated the efiect of transplantation of miR-150 modified ADSCs
laden in (HA/TCP) ceramic powders on osteogenesis, and explored the potential
mechanisms. Specifically, miR-150-5p/Notch3 axis regulating osteogenesis via the
FAK/ERK1/2 and: RhoA pathway was assessed. Clarifying the fundamental
mechanisms that direct the osteogenesis of ADSCs will give deeper insights into the

regulatory patterns.

2. Materials and methods

2.1 ADSCs culture

ADSCs were kindly provided by Stem Cell Bank, the Chinese Academy of Sciences.
Under sterile conditions, the ADSCs were cultured in DMEM/F-12 (Gibco, USA) with
certified fetal bovine serum (10%, v/v, FBS qualified for Mesenchymal Stem Cells,

Biological Industries, ISR) and penicillin-streptomycin solution (1%, v/v, Procell, China)
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in a humidified incubator (Thermo, USA) at 37 °C with 5% CO,. The ADSCs were
passaged after 80% confluence, and the culture medium was changed every 3 days.
The five-passage cells were used in the further experiments. The phenotype of

ADSCs were assessed by using a serial of markers.

2.2 Characterization of ADSCs by flow cytometry

The ADSCs phenotype was identified by native markers (CD34 and CD45) and
positive markers (CD44 and CD105) using flow cytometry as our previous study [23].

The five-passage ADSCs were stained for CD34, CD45, CD44, or CD105 (BD
Pharmingen, USA) with fluorophore-conjugated antibodies at 4°C for 30 min. After

washing with PBS, the cells were assed using fluorescence-activated cell sorting
(FACS) analysis. Gating strategy was determined based on isotype control staining.
2.3 Osteogenic differentiation of ADSCs

When ADSCs reached the density of 70—80%, the original medium was changed into
the osteogenic induced medium with 50mg/L additional ascorbic acid (Sigma-Aldrich,
USA), 0.1gmol/L  dexamethasone (Solarbio, China), and 10mmol/L
B-glycerophosphate (Sigma-Aldrich, USA). Termination of cell cultures occurred on
day 0, 3, 7, 11, 14 for RNA isolation. Protein extraction, alkaline phosphatase (ALP)
activity, and ALP staining were performed on day 7. Alizarin Red S staining was
performed to detect positive calcium deposition on day 21.

2.4 Small Molecule Inhibitors.

The ADSCs were starved for 24 h in DMEM/F-12 without FBS before treatment. FAK

signaling were inhibited using PF-562271 (100nM , beyotime, China). Inhibition of
ERKZ1/2 activation was conducted with ISRIB (100nM , beyotime, China) , and RhoA

signaling were inhibited using CCG-1423 (10uM , Shanghai yuanye, China). The

ADSCs without the inhibitors were used as controls.
2.5 RNA preparation and quantitative real-time polymerase chain reaction

(RT-PCR) analysis
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Total RNAs were isolated from ADSCs using TRIzol Reagent (Takara, Japan). RNA
gquantities and qualities were measured using a BioDrop spectrophotometer (Biodrop,
UK). To calculate the expression level of miR-150-5p, a specific primer of miR-150-5p
for the stem-loop reverse transcription and a riboSCRIPT Reverse Transcription Kit
(RiboBio, China) were used. Quantitative real-time PCR analysis was performed
using primers, synthesized cDNAs, double-distilled water (ddH,0), and TB Green™
Premix Ex Tag™ Il (Takara, Japan). A Light Cycler 480 (Roche, USA) performed the
real-time quantitative PCR amplification with triplicate 20-uL volume per reaction. For
normalizing the relative expression of miR-150-5p, U6 was used as the internal

2722CT method.

control. The levels of miR-150-5p and U6 were assessed by the
Specific miR-150-5p primers for the stem-loop reverse transcription quantitative and

RT-PCR amplification were purchased from RiboBio, China.

2.6 Cell transfection

Hsa_miR_150-5p inhibitor and its respective negative control (NC) were provided by
Pharma, China. Transfection was performed in the presence of transfection reagent
Lipofectamine™ 3000 reagent (Invitrogen, USA). The ADSCs were transfected with
inhibitors or NC at a density of 70-80% in 6-well plates. The sequence of
hsa_miR_150-5p -inhibitor was: 5-CACUGGUACAAGGGUUGGGAGA-3'. The
sequence of hsa_miR_150-5p NC was: 5-CAGUACUUUUGUGUAGUACAA-3'. The
cells were applied for additional experiments after transfection for 48 h.
Hsa_miR.150-5p overexpression adenovirus (ADV) and its NC were provided by
Vigenebio, China. The sequence of hsa_miR_150-5p @ADV  was:
5-UCUCCCAACCCUUGUACCAGUG-3'. After being transfected for 48 h, the GFP
fluorescence intensity was observed by fluorescent inverted microscope (Olympus,
Japan) and the cells were obtained for additional experiments. Lentiviruses contain
shRNA were used to knock down Notch3, the sequences of shR-Notch3 were:
shR-GFP,
5-GCACCCAGTCCGCCCTGAGCAAATTCAAGAGATTTGCTCAGGGCGGACTGG
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GTGCTTTTT-3’; shR-Notch3-1,
5-GATCCGCGTGTGTAGACGGTGTCAATATTCAAGAGATATTGACACCGTCTACA
CACGTTTTTTA-3; shR-Notch3-2,
5-GATCCGCTAGCTTCTCGTGCTTGTTTCAAGAGAACAAGCACACGAGAAGCTA
GCTTTTTTA-3; shR-Notch3-3,
5-GATCCGGACAAGATGCACTGGGAATGTTCAAGAGACATTCCCAGTGCATCTT
GTCCTTTTTTA-3'. The transfected ADSCs were obtained for additional experiments
after transfection for 48 h. After transfection for 48 h, GFP fluorescence intensity was
observed by fluorescent inverted microscope (Olympus, Japan). To build
lentiviral-mediated stable knockdown of Notch3, we used 1.5ug/mL Puromycin
Dihydrochloride (beyotime, China) to filter transfected cells. ShR-Notch3 stable

knockdown ADSCs were applied for additional experiments.

2.7 Western blot analysis

After transfection or osteogenic induction, ADSCs were used to crack protein for
western blot analysis. Total cell lysates were prepared by RIPA lysis buffer (RIPA,
comprising NP40 and sodium deoxycholate, Beyotime, China) at 4°C for 10 min to
extract total proteins, with 1% phenylmethanesulfonyl fluoride (PMSF, Beyotime,
China) and 1% phosphatase inhibitor (Beyotime, China). Total cell lysates are
collected in a 1.5mL tube, crushed by 5s ultrasound at 10s interval and centrifuge at
4°C, 12000rpm 30min.Equal amounts of proteins were separated with sodium
dodecyl - sulphate—polyacrylamide gel electrophoresis (SDS-PAGE). 0.45um
poly-vinylidene fluoride (PVDF) membranes (GE Amersham, USA) were used to
transfer proteins from gel. The membranes were blocked by non-fat milk (5%, w/v) for
2 h at room temperature. The appropriate primary antibodies were used to incubate
the blots at 4°C overnight. After being washed by PBS three times, the blots were
incubated with HRP polymer secondary antibodies for 1 h. Chemiluminescence was
sensed with Tanon™ High-sig ECL Western Blotting Substrate (Tanon, China).

Images were acquired with an automatic chemiluminescence image analysis system
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(Tanon, China) and evaluated by Image J software (National Institutes of Health,
USA). Primary antibodies in this study were used against RUNX-2 (Bioss, China),
Osteocalcin (Abclonal, China), collagen type I alpha 1 (COL1A1, Bioss, China),
Notch3 (Santa Cruz, USA), pFAK (Bioss, China), FAK (Cell Signaling Technology,
USA), pERK1/2 (Bioss, China), ERK1/2 (Bioss, China), RhoA (Proteintech, USA), and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Proteintech, USA) as loading

control.

2.8 Bone formation in vivo

In this study, all animal procedures were approved by the Laboratory Animal Welfare
and Ethical Review of China Medical University (IACUC Issue No. CMU2020106).
Eight-week-old female BALB/C nude (nu/nu) mice (n=32) were procured from HFK
Biotechnology (Beijing, China). The ADSCs transfected with miR-150 overexpression
ADV, miR-150 inhibitor and/or shR-Notch3, or non-transfected ADSCs (NC) were
prepared. National Engineering Research Center for Biomaterials, China, provided
hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic powder for this experiment.
The HA/TCP ceramic powders are consisted of 60% hydroxyapatite and 40%
tricalcium phosphate. The grain size of HA/TCP powders is 50-80um. Before cell
seeding, the HA/TCP ceramic powders (40 mg) were wetted with 1 ml control growth
medium and incubated overnight. Then, the cultured ADSCs were trypsinized. A total

of 2x10% ADSCs (in 200 pL medium) were mixed with wetted HA/TCP granules (40mg)
and incubated at 37°C overnight in 5% CO,. The HA/TCP granules without any cells

were used as a control. The mixture was implanted into the dorsal surface of
BALB/C-nu/nu mice. Two mid-longitudinal skin incisions of about 1 cm in length on the
dorsal surface of each mouse were made, and subcutaneous pouches by blunt
dissection were created on each mouse. Two implants were placed in each mouse.
Then, the incisions were closed with surgical sewing. Eight parallel implants of each
group were placed randomly on 8 mice. The implants were distributed randomly over

the mice and over the two different implant positions. They were randomly divided into
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eight groups, i.e., HA/TCP group (HA/TCP without ADSCs), miR-150 overexpression
negative control (NC) group, miR-150 inhibitor NC group, shR NC group, miR-150
overexpression  group, mMiR-150 inhibitor group, shR-Notch3  group,
shR-Notch3+miR-150 inhibitor group. The mice were housed in SPF facility with
controlled room temperature and humidity under a 12h light/12h dark cycle. The

implants were harvested at 8 weeks postoperatively.

2.9 Micro-computed tomography (micro-CT) analysis

New bone formation in implants were scanned using Skyscan1276 Micro-CT (Bruker,
Germany) at 55 kV, 200 pA, 386 ms, and an adequate pixel size of 17.520 pm. All
scanned images were reconstructed into 3-dimensional images using CTvox software

(Bruker, Germany). The ratio of bone volumef/tissue volume (BV/TV) was determined.

2.10 Hematoxylin and eosin (H&E) staining

The implants were harvested at 8 weeks and then fixed in paraformaldehyde (4%, v/v).
Then the samples were decalcified in EDTA (10%, w/v, pH 8.0) for 14 days. The
implants were decalcified and embedded in paraffin. Sections were cut at 7 ym and
performed with H&E and Masson's trichrome staining. The images were attained by

an upright microscope (Olympus, Japan).

2.11 Immunohistochemistry staining

The antigen of specimens was retrieved by a high pH Tirs-EDTA buffer. After being
blocked with bovine serum albumin (3%, w/v BSA, Boster, China) for 30 min at 37°C,
the sections were incubated with primary RUNX-2 antibody (Bioss, China) and
collagen type I alpha 1 (COL1A1l, Bioss, China) overnight at 4 °C. The slices were
incubated with the HRP polymer secondary antibody for 1h at 37°C.
3,3'-diaminobenzidine (DAB) was used for traditional detection, which precipitates a
brown color on the tissue. Hematoxylin was used as a counterstain to stain nuclei.

Images were captured with the upright microscope (Olympus, Japan).
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2.12 ALP activity

ALP quantitative analysis was used to accurately determine the mineralization of
ADSCs. The proteins of differentiated cells in 6-well plates were isolated and
determined their concentration by BCA Protein Assay Kit (Beyotime, China).
Configured the reagent and incubated it at 37°C for 10 minutes based on the
manufacturer's protocol of Alkaline Phosphatase Assay Kit (Beyotime, China). A
microplate reader (Thermo, USA) was used to measure the absorbance at a
wavelength of 405 nm. Calculated the ALP activity according to concentration and

absorbance.

2.13 ALP staining and Alizarin red staining

The osteogenic induced cells in 12-well plates were fixed by paraformaldehyde (4%,
v/v) for 15min. Followed by three times washes with distilled water, osteogenic
induced ADSCs were stained with ALP staining kit (Beyotime, China) for 3 hina 37°C
incubator. Captured the pictures under an inverted microscope (Olympus, Japan),
ALP-positive cells were stained in purple color. Similarly, the fixed ADSCs were
stained with 1% Alizarin Red-S staining solution (Solarbio, China) for 30 min to detect

the formation of mineralized nodule.

2.14 Immunofluorescence

A total of 3 x 10* ADSCs were loaded on each cell climbing in a 6-wells plate and
transfected with hsa_miR_150-5p inhibitor and ADV. After washes with phosphate
buffered saline (PBS) three times (5 min each time), transfected ADSCs were fixed
with paraformaldehyde (4%, v/v) for 15 minutes. They were permeabilized with Triton

X-100 (0.1%, v/v) for 5 minutes, and blocked with 5% goat serum for 1 h at RT. The
cells were incubated with primary antibodies(dilution of 1:200) overnight at 4°C,

followed by fluorescent secondary antibody(dilution of 1:1000) for 1 h at 37°C.

Followed by three times washes with PBS, DAPI counterstained the cells for 5min at
11/30
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room temperature (RT). Images of stained cells were captured with a fluorescence
confocal microscope (Olympus, Japan). Primary antibodies in this study were used
against RUNX-2 (Bioss, China), pFAK (Bioss, China), pERK1/2 (Bioss, China), RhoA

(Proteintech, USA), and F-actin (Abcam, USA).

2.15 Statistical analysis

All experiments were conducted at least three times. Data were analyzed using the
Prism 8 software (GraphPad Software, USA). The results were expressed as mean *
SEM. One-Way Analysis of Variance (ANOVA) and student's unpaired t-test were
used to evaluate the significance of any differences. A value of *p < 0.05, **p < 0.01,

and ***p < 0.001 obtained from t-test was accounted statistically significant.

3. Results

3.1 MiR-150-5p was associated with the osteogenic differentiation of ADSCs

Firstly, the phenotype of ADSCs was identified. Flow cytometry showed that ADSCs
were positive for surface markers CD44 and CD105, and negative for CD34 and
CD45 (Fig 1S). ADSCs with certain conditions can differentiate into multiple cell types.
To identify miR-150-5p expression with relevant functions in osteogenesis, we
performed real-time PCR analysis on ADSCs after osteogenic induction at 1,3,7,11,
and 14 days. The miR-150-5p expression decreased from the first day until the 14th
day after osteogenic induction and reached the platform period on the 7th day (Fig. 1).
This result suggested that miR-150-5p is downregulated during osteogenic induction

and is involved in the ADSCs osteogenesis.

3.2 MiR-150-5p inhibited the osteogenic differentiation of ADSCs

To characterize the mechanism of miR-150-5p on regulating osteogenesis, the
gain-of-function and loss-of-function studies were conducted in ADSCs. First, the
ADSCs were infected with adenovirus (ADV)-miR-150-5p or its negative control (NC).
After 7 days of osteogenic induction with osteogenic induced medium (OM), we

measured osteogenic markers COL1A1, Runt-related transcription factor 2 (RUNX-2),
12/30
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and Osteocalcin, as the criterion for evaluating the osteogenic effect. It showed that
overexpression of miR-150-5p significantly inhibited the expression of COL1A1,
RUNX-2 and Osteocalcin (Fig. 2A). Alkaline phosphatase (ALP) activity and ALP
staining also demonstrated that miR-150 overexpression could decrease osteogenic
differentiation in ADSCs (Fig. 2B). Consistently, Alizarin Red-S staining showed that
the area of mineralized nodule formation was decreased in ADSCs with miR-150-5p
overexpression compared with control ADSCs (Fig. S2A). Meanwhile, miRNA inhibitor
was used to inhibit miR-150-5p function by explicitly binding mature miRNAs in the
cytoplasm. After osteogenic differentiation for 7 days, Western blot result showed that
the level of COL1A1l, RUNX-2 and Osteocalcin was obviously increased when the
miR-150 function was inhibited (Fig. 2C). Furthermore, ALP activity was also
significantly increased with inhibition of miR-150-5p (Fig. 2D). The area of mineralized
nodule formation was also increased in ADSCs with inhibition of miR-150-5p
compared with control ADSCs (Fig. S2B). The above results concluded that

miR-150-5p was a negative regulatorin ADSCs' osteogenic differentiation.

3.3 MiR-150-5p inhibition promoted osteogenesis in mice

To confirm the inhibitory effects of miR-150-5p on the osteogenic differentiation of
ADSCs in vivo, BALB/C-nu/nu mice were used to simulate the clinical application of
tissue-engineered bone implanted with ADSCs in humans. Different transfected
ADSCs mentioned above were cultured with hydroxyapatite/tricalcium phosphate
(HA/TCP) ceramic powders respectively. Immunofluorescence microscopy showed
that GFP labeled ADSCs grew around the HA/TCP powder (Fig. 3A). Then, the
mixture of ADSCs and HA/TCP ceramic powers was implanted into the dorsal surface
of BALB/C nude mice (Fig. 3B). Eight weeks after transplantation, the implants were
evaluated in vivo by microcomputed tomography (micro-CT) (Fig. 3C). The new bone
formed in the miR-150-5p inhibitor group exhibited a faster regeneration rate than the
NC group. The regeneration of new bone in miR-150-5p overexpression and the

shR-Notch3 group was much less compared with the NC group (Fig. 3D).
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Then, the implants were harvested and treated with decalcification for histological
staining. Hematoxylin-eosin (H&E) staining exhibited the overall structure of the
implants (Fig. 4A). HA-TCP of the implants was extensively absorbed in the
miR-150-5p inhibitor group, and many red-stained osteoid-like tissues were observed.
Masson trichrome staining of implants revealed a more collagen-positive area (blue)
in the miR-150-5p inhibition group (Fig. 4A, B). Additionally, immunohistochemistry
results showed that COL1A1 and RUNX-2 (brown) expression was increased with
miR-150-5p inhibition and was decreased by miR-150-5p overexpression (Fig. 4A,
4C). However, the level of COL1A1l and RUNX-2 in the shR-Notch3+miR-150-5p
inhibition group were higher than the shR-Notch3 group, but lower than that in the
miR-150-5p inhibition group. Taken together, the miR-150-5p inhibition in ADSCs
improved osteogenesis. It is concluded that inhibition of miR-150-5p could promote

osteogenic differentiation of ADSCs by regulating Notch3 in vivo.

3.4 MiR-150-5p regulated the expression of Notch3, FAK/ERK, and RhoA in
ADSCs

The potential signaling pathway was evaluated to elucidate the mechanism underlying
miR-150-5p role in mediating the impairment of ADSCs osteogenesis. Notch3, as the
target of miR-150, is downregulated with miR-150 overexpression and up-regulated
with miR-150 inhibition. FAK is a non-receptor protein tyrosine kinase that plays a
decisive role in cellular focal adhesions and cell contacts within the extracellular
matrix [36]. RhoA, a well-characterized regulator of cytoskeletal organization [37].
Relying on the transfected cells established above, the expression of FAK, ERK1/2,
and their phosphorylated form were detected by immunofluorescence and Western
blot (Fig. S3A, B and Fig. 5). pFAK was in the nucleus, while pERK1/2 was expressed
in the nucleus and cytoplasm. MiR-150-5p overexpression could downregulate the
protein level of pFAK and pERKZ1/2. In contrast, pFAK and pERK1/2 were
up-regulated and transferred to the cytoplasm by inhibiting the level of miR-150-5p.

While the basal level of total FAK and ERK1/2 was unchanged. It suggested that
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miR-150-5p could modulate cell adhesion by regulating the phosphorylation of FAK
and ERK1/2. Simultaneously, Western blot analysis showed that miR-150-5p
overexpression decreased expression RhoA and miR-150-5p inhibition affected
oppositely (Fig. 5). It revealed that miR-150-5p might regulate cell adhesion and

initiation of early osteogenic differentiation.

3.5 Notch3 knockdown could downregulate the phosphorylation of FAK and
ERK1/2 and inhibit the osteogenic differentiation of ADSCs

In our previous study, results of dual-luciferase reporter assay revealed that
miR-150-5p had a binding sequence with the mutated seed match site in the 3'UTR
region of Notch3 and repressed its expression [23]. However, whether Notch3 could
regulate osteogenesis of ADSCs was still unknown. To study the potential role of
Notch3 in ADSCs during osteogenic differentiation, three lentiviruses containing short
hairpin RNA (shRNA) were transfected into ADSCs to knockdown Notch3 (Fig. 6A).
The results showed that the Notch3 knockdown efficiency of shR-Notch3-2 and
shR-Notch3-3 were better than shR-Notch3-1. Then the shR-Notch3-2 were chosen
for further exploring the role of Notch3 on osteogenic differentiation. Western blot and
immunofluorescence showed that knockdown of Notch3 decreased expression of
pFAK and pERKZ1/2 without affecting the expression of total FAK and ERK. The
expression of RhoA was also decreased with Notch3 knockdown (Fig. 6B and Fig.
S3C). With osteogenic differentiation for 7 days, the expression of COL1AL, RUNX-2
and Osteocalcin was significantly downregulated by knockdown of Notch3 compared
with that in the negative control group (Fig. 6C). ALP activity and staining analysis
also revealed that knockdown of Notch3 could decrease osteogenic differentiation in
ADSCs (Fig. 6D). Alizarin Red-S staining further showed that the area of mineralized
nodule formation was decreased in ADSCs with Notch3 knockdown (Fig. S4). The
above results suggested that Notch3 knockdown could inhibit osteogenic
differentiation and repress phosphorylation of FAK and ERK1/2, and the expression of

RhoA.
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3.6 Inhibition of miR-150-5p could enhance FAK and RhoA signaling pathway
through regulating Notch3 expression in osteogenesis of ADSCs

To further clarify whether miR-150-5p/Notch3 was involved in regulating
pFAK/pERK1/2 and RhoA, the miR-150-5p inhibitor was transfected to ADSCs with
Notch3 knockdown. After osteogenic differentiation for 7 days, the expression level of
COL1A1, RUNX-2 and Osteocalcin was downregulated with Notch3 knockdown as
above and regulated back to approximative but insufficient normal levels after
miR-150-5p were inhibited (Fig. 7A). ALP activity and staining also revealed that
osteogenic differentiation of ADSCs was repressed by knockdown of Notch3 and
regulated back after miR-150-5p inhibition (Fig. 7B). Interestingly, the area of
mineralized nodule was reduced significantly in ADSCs with Notch3 knockdown,
which was largely rescued by miR-150-5p inhibition (Fig. S5). It revealed that the
inhibition of miR-150-5p up-regulated the osteogenic differentiation inhibited by
Notch3 knockdown. To further realize its potential mechanism, the expression of FAK
and RhoA was detected through Western blot analysis. The level of pFAK and
pERK1/2, which was down-regulated after Notch3 knockdown, was up-regulated with
miR-150-5p inhibition (Fig. 7C). This indicated that Notch3 mediated miR-150-5p
regulating pFAK and pERK1/2 signal, and participated in the early osteogenic
differentiation. RhoA was also downregulated due to the knockdown of Notch3 and
then up-regulated due to the inhibition of miR-150-5p (Fig. 7C). It showed that
miR-150-5p regulated the expression of RhoA and modulated cytoskeletal
organization via Notch3. To determine the cascade of FAK/ERK and RhoA, ADSCs
were treated with each inhibitor for ERK, FAK and RhoA. As shown in Fig. S6, FAK
inhibitor (PF562271) treatment significantly inhibited the expression of pFAK and
pPERK1/2, and RhoA expression was not changed. However, ERK inhibitor (ISRIB)
and RhoA inhibitor (CCG-1423) just inhibited the expression of pERK1/2 and RhoA in
ADSCs respectively. This result showed that FAK could regulate ERK expression.

Taken together, these results revealed that inhibition of miR-150-5p could activate the
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pFAK/pERK1/2 and RhoA signaling pathway by regulating Notch3 expression and

promote the osteogenic differentiation of ADSCs.

4. Discussion

Osteogenic differentiation is one of the critical parts of cell lineage commitment of
ADSCs, and it is the theoretical basis for the clinical application of tissue engineering
bone and bone injury repair. MiRNA is an epigenetic regulator in developmental timing,
cell death, proliferation, and differentiation. However, the mechanism of miRNA
regulating osteogenesis of ADSCs is largely unknown. Our study provided new
evidence that miR-150-5p modulated osteogenic differentiation of ADSCs by
regulating Notch3 expression. Notch3 could regulate the phosphorylation of the
FAK/ERK1/2 signaling pathway. In addition, miR-150-5p could regulate RhoA through
Notch3, thereby regulating cytoskeletal construction and osteogenesis in ADSCs.

MiRNAs are a group of endogenous non-coding RNA, which can induce specifically
targeted mRNA degradation or repression [38]. Some miRNAs have been shown to
play a significant role in osteogenic differentiation process [15-18]. As reported,
miR-150 was suggested to be correlated with osteogenesis process [39]. MiR-150
negatively affects osteoblasts and positively affects osteoclasts by modulating
osteoactivin/GPNMB expression [40]. In the current study, inhibition of miR-150-5p
considerably increased the expression of Notch3 and improved ADSCs osteogenesis.
In contrast, overexpression of miR-150-5p or Notch3 silence repressed the
commitment of osteocytes. Notch3 is a Notch family member, as receptors play a
significant role in both T-cell differentiation and leukemogenesis [41, 42]. Our previous
study found that miR-150-5p post transcriptionally regulated Notch3 mRNA with a 7 nt
match site complementary in the 3'UTR sequence [23]. Based on the above results,
we speculate that miR-150-5p / Notch3 axis is also involved in the osteogenesis of
ADSCs. In further, transfection of miR-150 also reduced the osteogenic differentiation
in bone marrow mesenchymal stem cells [22]. On the other hand, one in vitro study

showed that miR-150 could promote bone matrix mineralization in mouse osteoblastic
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cell line MC3T3-E1[21]. However, miR-150 knockout mice demonstrated increased
osteoblast differentiation and decreased osteoclastogenesis [43]. Taken together,
these are likely the different roles of miR-150 in modulating bone formation processes
due to the cell’s types or the stages of osteoblast development. The more detailed
mechanism on miR-150 regulating osteogenic differentiation of ADSCs needs to be
further investigated in later study.

Not only clarifying the fundamental mechanisms that direct the osteogenesis of
ADSCs, the experiment was also performed in vivo. HA/TCP is biphasic calcium
phosphates bioceramics (BCP), recently accepted as bone defect filler by the
European Community (EC label). It substitutes as a valuable graft in the field of tissue
engineering [44]. HA/TCP performs osteoinductive potential and can trigger ADSCs
toward osteogenic differentiation [45]. In curreni study, ADSCs with miR-150-5p
inhibition were loaded on HA/TCP for implantation in BALB/C-nu/nu mice. HA/TCP
scaffold supplied mechanical stability and actively supported ADSCs differentiating
into osteoblasts and new bone formation. ADSCs with miR-150-5p inhibition obviously
promoted bone mineralization, and the expression of osteogenic factors (COL1A1l
and RUNX-2) in mice.

Furthermore, miR-150-5p/Notch3 axis regulating FAK/ERK1/2 and RhoA pathway
was determined. Notch3 is associated with activation of
extracellular-signaling-regulated kinase 1/2 (ERK1/2) and mitogen-activated protein
kinase (MAPK) phosphatase 1 (MKP-1) [28, 29]. Activation of FAK is early events
following - integrin—extracellular matrix engagement [46]. ERK phosphorylation is
crucially dependent on FAK activation [31]. FAK and ERK1/2 play an essential role in
cell adhesion in early osteogenic differentiation. A previous study has demonstrated
that the activation of the FAK/ERK pathway promoted osteogenic differentiation in
ADSCs [32]. In addition, cell surface receptors can activate FAK signal [33].
Interestingly, we verified that knockdown of Notch3 could decrease the
phosphorylation of FAK and ERK1/2 while no change in their basal expression. As the

process of osteogenic differentiation, cytoskeleton construction is the most critical
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step in forming osteocyte morphology. RhoA/ROCK pathway mediates differentiation
with the ability for lineage switch in MSCs [47]. RhoA was mainly located in the
cytoplasm. Its expression was increased by inhibiting miR-150-5p, which indicated the
construction of the cytoskeleton. MiR-150-5p regulated cytoskeletal organization by
acting on nuclear-cytoplasmic redistribution of RhoA. FAK and RhoA are two
cooperative pathways, that respectively regulate osteogenic differentiation in
cytoskeleton formation and cell adhesion. By these signaling pathways, F-actin was
increased, which was essential for actin cytoskeleton structural integrity and drove
osteogenic differentiation. Inhibition of miR-150-5p directly led to the increase of
Notch3 and promoted FAK/ERK and RhoA signaling pathways. With the upregulation
of ALP and RUNX-2 in ADSCs with miR-150-5p inhibition, the ADSCs differentiated

into osteogenic fate.

5. Conclusions

This work reveals a previously unidentified effect of miR-150-5p inhibition in
promoting osteogenic differentiation in ADSCs. The promoting effect may be
mediated by regulating FAK/ERK1/2 and RhoA pathway via Notch3. In vivo
experiments presented that ADSCs with miR-150-5p inhibition enhanced bone
regeneration. Therefore, the combination of ADSCs with miR-150-5p inhibition and

HA/TCP might be a promising strategy for osteoporosis and bone damage repair.
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Figure Captions

Figure 1. The expression of miR-150-5p in adipose-derived mesenchymal stem cells
(ADSCs) during osteogenesis. Real-time PCR analysis of miR-150 expression in
ADSCs with osteogenic induction at different time points. U6 was used as the internal

control. n=3. *P<0.05, P <0.01 and *™P < 0.001 vs. day O.
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Figure 2. MiR-150-5p inhibited the osteogenic differentiation of ADSCs. (A). Western
blot analysis of COL1Al, Runt-related transcription factor 2 (RUNX-2) and
Osteocalcin in ADSCs with miR-150-5p overexpression after 7 days of osteogenic
differentiation. n=3. *P < 0.05, P < 0.01 and P < 0.0001 vs. Normal. P < 0.05, #P
< 0.01 and P < 0.0001vs. NC+OM. (B). Alkaline phosphatase (ALP) activity and
ALP staining in ADSCs with miR-150-5p overexpression after 7 days of osteogenic
differentiation. n=3. *P < 0.01 vs. Normal. “P < 0.05 vs. NC+OM. Scale bar, 100um.
(C). Western blot analysis of COL1Al1, RUNX-2 and Osteocalcin in ADSCs with
miR-150-5p inhibition after 7 days of osteogenic differentiation. n=3. *P < 0.05, P <
0.01 and ***P < 0.0001 vs. Normal. *P < 0.05 vs. NC+OM. (D). ALP activity and ALP
staining in ADSCs with miR-150-5p inhibition after 7 days of osteogenic differentiation.
n = 3. *P < 0.001 vs. Normal. P < 0.01 vs. NC+OM. Scale bar, 100um. NC,

Negative control; OM, osteogenic induced medium.

A

]
. e e ‘oM L 7 s x 4 - . -~
i W L is N
e A TS PR W Y
- e AN il 1. SR
E]! % i || [ | |
— b T $ia
_— ——— TR ATIT RS 2 rrys o 'Tp'mq
TN A A A |
¥ - & # & BER L4 IR -""Ji'
2 /7 s, 7’ WO @ e
e
&
c o

E”X’J

al ==

/:;/ /// 77 Sk

W
wa o Dudescrmm
r

ewrswe ewen o TUAS.2
Fanaine i WEOH

ot GARTH |

e e

25/30



Journal Pre-proof

Figure 3. MiR-150-5p inhibition promoted bone formation in vivo. Different transfected
ADSCs implanted with hydroxyapatite/tricalcium phosphate (HA/TCP) in
BALB/C-nu/nu mice. (A). GFP labeled ADSCs mixed with the HA/TCP powder. Scale
bar, 100 um. (B). Schematic diagram of implantation. (C). Representative
microcomputed tomography (micro-CT) image of the coronal section. Scale bar,
500um. The red circle indicates the implant in the dorsal surface of BALB/C-nu/nu
mice. (D). Bone volume/tissue volume (BV/TV) analysis of implants. n = 3. *P < 0.05

and *P < 0.01 vs. NC. P < 0.01 vs. shR-Notch3. Scale bar, 500um.
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Figure 4. Histological staining of the implants. (A). Representative images of HE,
Masson's trichrome, and immunostaining of COL1A1 and RUNX-2 in implants
sections. Scale bar, 100 um. COL1A1 and RUNX-2 were stained brown. The arrow
indicates the positive staining. (B). Collagen volume fraction (CVF) analysis of
Masson's trichrome. *P < 0.05, *P < 0.01, *P < 0.001 vs. HA/TCP. P <0.001 vs.
miR-150 overexpression NC. “P <0.01 vs. miR-150 inhibitor NC. P <0.05 vs.
shR-NC. *¥pP <0.001 vs. shR-Notch3. (C). Semiquantitative analysis was used to
determine COL1A1 and RUNX-2 levels of implants. **P < 0.001, **P < 0.0001 vs.
HA/TCP. P <0.01, P <0.001 vs. miR-150 overexpression NC. ‘P <0.05, P
<0.001 vs. miR-150 inhibitor NC. “*P <0.01 vs. shR-NC. ***P <0.001 vs. shR-Notch3.
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Figure 5. MiR-150-5p regulated the expression of Notch3, FAK/ERK, and RhoA in
ADSCs. (A). Western blot analysis of Notch3, pFAK, FAK, pERK1/2, ERK1/2, and
RhoA in ADSCs with miR-150-5p overexpression. n=3. *P < 0.05 and P < 0.01vs.
NC. B. Western blot analysis of Notch3, pFAK, FAK, pERK1/2, ERK1/2, and RhoA in
ADSCs with miR-150-5p inhibition. n=3. *P < 0.05 and P < 0.01 vs. NC. NC,

Negative control.
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Figure 6. Notch3 knockdown inhibited the osteogenic differentiation of ADSCs by
downregulating FAK/ERK and RhoA. (A). ADSCs were infected with short hairpin
RNA (shRNA) lentiviruses and selected with puromycin for 1 week. Scale bar, 100 um.
Western blot analysis of Notch3 in ADSCs with Notch3 knockdown. n=3. *P < 0.05 vs.
NC. (B). Western blot analysis of pFAK, FAK, pERK1/2, ERK1/2, and RhoA in ADSCs
with Notch3 knockdown. n=3. *P < 0.05, P < 0.01 vs. NC. (C). Western blot analysis
of COL1A1, RUNX-2 and Osteocalcin in ADSCs with Notch3 knockdown after 7 days
of osteogenic differentiation. n=3. *P < 0.05, ***P < 0.0001 vs. Normal. *P < 0.05, *P
< 0.01, #P < 0.0001 vs. NC+OM. (D). ALP activity and ALP staining in ADSCs with
miR-150-5p overexpression after 7 days of osteogenic differentiation. n=3. *P < 0.01
vs. Normal. *P < 0.05, #P < 0.01 vs NC+OM. Scale bar, 100 ym. NC, Negative control;

OM, osteogenic induced medium.
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Figure 7. MiR-150-5p/notch3 axis regulated osteogenesis via FAK/ERK and RhoA.
(A). Western blot analysis of COL1A1, RUNX-2 and Osteocalcin in ADSCs after 7
days of osteogenic differentiation. n=3. “P <0.01 and *“P <0.001 vs. Normal. P
<0.05, *P <0.01 and *P <0.001 vs. miR-150 inhibitor NC+shR-NC+OM. *P <0.05,
P <0.01 and "P <0.001 vs. miR-150 inhibitor NC+shR-Notch3+OM. (B). ALP
activity and ALP staining in ADSCs after 7 days of osteogenic differentiation. n=3.
Scale bar, 100 um. “*P <0.0001 vs. Normal. *P <0.01 and **P <0.001 vs. miR-150
inhibitor NC+shR-NC+OM. *"P <0.01 vs. miR-NC+shR-Notch3+OM. (C). Western blot
analysis of Notch3, pFAK, FAK, pERK1/2, ERK1/2 and RhoA in ADSCs. n=3. "P <
0.01 and **P < 0.001vs. miR-150 inhibitor NC+shR-NC. *P <0.05 and P <0.01 vs.
miR-150 inhibitor NC+shR-Notch3. NC, Negative control; OM, osteogenic induced

medium.
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