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MOTS-c accelerates bone fracture healing by
stimulating osteogenesis of bone marrow
mesenchymal stem cells via positively regulating
FOXF1 to activate the TGF-p pathway
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Abstract. — OBJECTIVE: To elucidate the
function of MOTS-c in accelerating bone frac-
ture healing by inducing BMSCs differentiation
into osteoblasts, as well as its potential mech-
anism.

MATERIALS AND METHODS: Primary BM-
SCs were extracted from rats and induced for
osteogenesis. The highest dose of MOTS-g
did not affect BMSCs proliferation was
mined by CCK-8 assay. After 7-day osteod
sis, the relative levels of ALP, Bglap, and R
in MOTS-c-treated BMSCs mquenced by FO
were examined. ALP staining ag
staining in BMSCs were perig

alyzed by ChIP assay.
ments were perform

genesis.
RESULTS: 1

that did not

treatment

TGF-B was proved to interact
its level was positively mediat-

pression’ of TGF-p.
ONS: MOTS-c treatment mark-
edly induces osteogenesis in BMSCs. During
I0TS-c-induced osteogenic progression, the
egulated FOXF1 triggers the activation of
TCW¥-B pathway, thus accelerating bone frac-
ture healing.
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acture is the most comInon traumatic injury
e healing is an acquired re-
involving embryonic bone
factors for nonunion of the
malnutrition, infection, me-
ses, vascularization, or vascular
The role of cellular dysfunction in
ogenesis of fracture nonunion remains
unclear.

Bone mesenchymal stem cells (BMSCs) are the
stem cells present in the bone marrow stroma'~.
BMSCs have been extensively studied in clinical
trials, and they could be used in the treatment of
myocardial infarction, osteogenesis imperfecta,
osteoarthritis, and tissue repair’. Many reports*’
have shown a promising application of BMSCs
in the treatment of fracture nonunion. Although
the importance of BMSCs in osteogenesis is well
concerned, molecular mechanisms underlying
BMSCs in fracture healing are required for fur-
ther explorations.

MOTS-c is a 16-amino-acid peptide encoded
by the mitochondrial open reading frame of
the 12S rRNA-c®. Mitochondrial-derived pep-
tides (MOTS-c) are secreted into the blood
and exert their functions in cell-autonomous
and hormonal ways’. Previous investigations'
have demonstrated the capacities of MOTS-c
to stimulate proliferation, differentiation, and
mineralization and to inhibit apoptosis of oste-
oblasts, thus influencing the progression of
osteogenesis. This paper mainly clarified the
role of MOTS-C in BMSCs osteogenesis and its
specific mechanism.
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Materials and Methods

BMSCs Isolation and Cell Culture

28-35-day-old rats with 80-100 g were sacrificed
and immersed in 75% ethanol for 10 min. Bilateral
femora of rats were extracted and immersed in
PBS. Bone marrow cavity of the femur was repe-
atedly washed by culture medium. The mixture
containing bone marrow cavity contents was cen-
trifuged, and the precipitant was cultured in a 5%
CO, humidified incubator at 37°C. The culture me-
dium was completely replaced after 48 h. The cell
passage was performed until 80-90% confluence.
Growth condition, morphology, and differentiation
of BMSCs were observed under a microscope.

Ordinary medium: Dulbecco’s Modified Ea-
gle’s Medium (DMEM; Thermo Fisher Scientific,
Waltham, MA, USA) + 10% fetal bovine serum
(FBS; Gibco, Rockville, MD, USA), + 1% peni-
cillin-streptomycin.

Osteoinduce medium: Ordinary medium + 10
mmol/L B-glycerophosphate + 50 pg/ml ascorbic
acid.

Quantitative Real Time-Polymerase
Chain Reaction (gRT-PCR)

The total RNA of BMSCs was extract
TRIzol (Invitrogen, Carlsbad, CA, USA) met

Nucleic Acid (cDNA)
ding to the instructi

APDH was serve the internal con-
i quences werte listed as follows:
GGCTTCTTCTTGCTGGTG-3’,
TGATGTCC-3’; Bglap,
GCAGCCTTTGT-3’, R:
CTTCACT-3’; Runx2, F:
CTCCGTGCTG-3’, R: 5-TC-
TGGCTACTTGG-3’; TGF-B, F:
CTGATGAGTGCAATGAC-3, R:
 -CAGATATGGCAACTCCCAGTG-3.

APDH, F: 5-AGGTCGGTGTGAACGGATT-
’, R: S TGTAGACCATGTAGTTGAGGTCA-3’

Cell Transfection

Third-generation BMSCs were cultured at
60% confluence and subjected to cell transfection
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using Lipofectamine 2000. The medium was re-
placed at 6 h. The transfected cells for 48 h were
harvested for subsequent experiments.

Cell Counting Kit (CCK-8)

BMSCs were inoculated in a 96-well pla
cultured for 24 h. On the next day, the
medium was replaced. For assessing
ty, 10 pl of CCK-8 was added in e
1-h incubation, absorbance at

Staining (ARS)

steogenic differentiation of BMSCs for
e cells were washed with PBS for three
times, fixed in 60% isopropanol for 60 s, and
washed with PBS twice for 2 min. Subsequently,
BMSCs were subjected to 1% ARS staining for 5
min. Calcified nodules were observed and captu-
red using an inverted microscope.

ChiIP

Chromatin immunoprecipitation (ChIP) was
performed using the Magna ChIP A/G Kit (Mil-
lipore, Bedford, MA). Chromatin immunopre-
cipitated DNA was eluted, reversely X-linked,
purified, and subjected to qRT-PCR.

Western Blot

The total protein from BMSCs was extracted
using radioimmunoprecipitation assay (RIPA;
Beyotime, Shanghai, China). The BCA (bicincho-
ninic acid) method was performed to quantitate
the protein concentration. The protein samples
were electrophoresed on polyacrylamide gels
and then transferred to polyvinylidene difluoride
(PVDF) membranes (Merck Millipore, Billerica,
MA, USA). After blocking with 5% skimmed
milk, the membranes were incubated with pri-
mary antibody (Cell Signaling Technology, Dan-
vers, MA, USA) at 4°C overnight. The membrane
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was incubated with the secondary antibody after
rinsing with the buffer solution (TBST). The
bands were exposed by ECL, and the grey values
were analyzed by Image Software.

Statistical Analysis

The Statistical Product and Service Solution
16.0 (SPSS Inc., Chicago, IL, USA) was used for
all statistical analysis. The data were expressed
as mean = SD. The #-test was used to analyze
the differences between the two groups. p<0.05
indicated a significant difference.

Results

MOTS-c Stimulated BMSCs Osteogenesis

BMSCs were treated with different doses of
MOTS-c (0, 0.5, 1, 1.5, and 2 pM) for 24 h.
Viability in BMSCs was not altered ungg
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Figure 1. MOTS-c stimulated BMSCs osteogenesis. A, Viability in BMSCs treated with 0, 0.5, 1, 1.5, and 2 uM MOTS-c for 24 h.
B, ALP level in BMSC:s either treated with 1 uM MOTS-c or not. C, Bglap level in BMSCs either treated with 1 uM MOTS-c or not.
D, Runx2 level in BMSCs either treated with 1 uM MOTS-c or not. E, ALP staining in BMSCs either treated with 1 uM MOTS-c
or not (magnification: 100 x). F, Alizarin red S staining in BMSCs either treated with 1 pM MOTS-c or not (magnification: 100 x).
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treatment and osteogenic induction for 7 days, the
relative levels of ALP, Bglap, and Runx2 were
remarkably upregulated (Figure 1B-1D). ALP
staining also revealed the enhanced ALP activity
in MOTS-c-treated BMSCs (Figure 1E). After
MOTS-c treatment, the number and volume of
the mineralized nodules were elevated compared
with those of controls (Figure 1F). The above data
demonstrated the capacity of MOTS-c to induce
BMSCs osteogenesis.

MOTS-c Stimulated BMSCs
Osteogenesis via FOXF1

After osteogenic induction for 7 days, FOXF1
level was markedly upregulated in BMSCs (Figu-

re 2A). To uncover the biological role of FOXF1 in
BMSCs osteogenesis, si-FOXF1 was constructed.
The transfection of si-FOXF1 greatly downre-
gulated FOXF1 level in MOTS-c-treated BM-
SCs. Interestingly, the transfection of si-FOXF1
blocked the upregulation of ALP, Bglag
Runx2 in BMSCs treated with MOT
2B-2D). Hence, it is believed that }

mulated BMSCs osteogenesis by /@i
lating FOXF1.
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gulatory pathways dn
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Figure 2. MOTS-c stimulated BMSCs osteogenesis via FOXF1. BMSCs were treated with blank control, 1 pM MOTS-c, or
1 uM MOTS-c and si-FOXF1 transfection. The relative levels of FOXF1 (A), ALP (B), Bglap (C), and Runx2 (D) in BMSCs

were determined.
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were treated with
D,) levels of TG

nti-IgG, verifying that
the promoter region of
stimulate its transcription
-B level was upregulated du-
= -induced osteogenesis in BMSCs,
which was downregulated by the transfection of
6i-FOXF1 (Figure 3B-3D).

F1 Stimulated BMSCs Osteogenesis
Through the TGF-f Pathway

A previous study has confirmed that the silen-
ce of FOXF1 reversed the accelerated osteogene-
sis and TGF-f upregulation in MOTS-c-treated

BSMCs. It is noteworthy that the downregulated
TGF-B in MOTS-c-treated BMSCs transfected
with si-FOXF1 was partially reversed after the
co-transfection of pcDNA-TGF-f (Figure 4A). Si-
milarly, downregulated ALP, Bglap, and Runx2
levels in MOTS-c-treated BMSCs with FOXF1
knockdown were elevated after the overexpres-
sion of TGF-B (Figure 4B-4D). ALP staining
showed the same trend in ALP activity as that
of the ALP level (Figure 4E). Mineralization
ability was reversed by TGF-B overexpression
(Figure 4F). As a result, MOTS-c stimulated
BMSCs osteogenesis through FOXF1 to activate
the TGF-P pathway.
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Figure 4. FOXF1 stimulated BMSCs osteogenesis through the TGF-f pathway. BMSCs were treated with blank control,
MOTS-c treatment, MOTS-c treatment + si-FOXF1 transfection, or MOTS-c treatment + co-transfection of si-FOXF1 and
pcDNA-TGF-B. The relative levels of FOXF1 (A), ALP (B), Bglap (C), and Runx2 (D) in BMSCs were determined. ALP activity
(E) and mineralization ability (F) were assessed by ALP staining and Alizarin red S staining, respectively (magnification: 100 X).
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Discussion

Mammalian bones can be rejuvenated or re-
generated after bone injury. It is a complex pro-
cess involving immune responses and synergy
of osteoclasts and osteoblasts'?. Self-renewal,
multi-directional differentiation, and migration
of BMSCs are key factors affecting fracture
healing®.

It is reported that MOTS-c in mouse bone
tissues is able to prevent osteoporosis’. As key
genes involving in osteogenesis, ALP, Bglap, and
Runx2 levels influenced by MOTS-c were exami-
ned in this experiment'?. Our results showed that
MOTS-c treatment upregulated mRNA levels of
ALP, Bglap, and Runx2 in BMSCs. Moreover,
MOTS-c treatment greatly enhanced the minera-
lization ability, suggesting the osteogenic poten-
tial of MOTS-c.

Forkhead box F1 (FOXF1) belongs to the FOX
transcription factor family. It contains a highly
conserved DNA binding region (DBD)". FOXF1
is a key regulator of embryonic development. It
is reported”'” that FOXF1 deficiency leads to
various developmental abnormalities and legza
FOXF1 is also required for regeneratio
lung injury'®. Our results found that the siler}
FOXF1 in BMSCs could block MOTS-c-ind

osteogenesis.

As a crucial multifun
is able to regulate e
ostasis, and cellul
ction of TGF B 1

5 OXFI to dctivate the TGF-f pathway.

Conclusions

In this study, we first observed that MOTS-c
treatment markedly induces osteogenesis in BM-
SCs. During MOTS-c-induced osteogenic pro-

gression, FOXF1 is upregulated and triggers the
activation of TGF-B pathway, thus accelerating
bone fracture healing.
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