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ABSTRACT

Extracellular matrix (ECM) remodeling is necessary for the development and self-healing of tissue, and
the process is tissue specific. Matrix metalloproteinases (MMPs) play a role in ECM remodeling by un-
winding and cleaving ECM. We hypothesized that ECM remodeling by MMPs is involved in the differen-
tiation of stem cells into specific lineages during self-healing. To prove the hypothesis, we investigated
which MMPs are involved in the osteogenic differentiation of human mesenchymal stem cells (hMSCs)
grown on a type I collagen (Col I) matrix, and we found that specifically high expression of MMP13 in
hMSCs grown on a Col I matirx during osteogenic differentiation. Moreover, knocking down of MMP13
decreased the osteogenic differentiation of hMSCs grown on a Col I matrix. In addition, pre-treatment of
recombinant human MMP13 lead to remodeling of Col I matrix and increased the osteogenic differenti-
ation of hMSCs and in vivo bone formation following the upregulation of the expression of runt-related
transcription factor 2 (RUNX2), integrin o3 (ITGA3), and focal adhesion kinase. Furthermore, the tran-
scription factor RUNX2 bound to the MMP13 promoter. These results suggest that growth on a remodeled
Col I matrix by MMP13 stimulates osteogenic differentiation of hMSCs and self-healing of bone tissue via
an MMP13/ITGA3/RUNX2 positive feedback loop.

Statement of significance

Self-healing of tissue could be the key to treating diseases that cannot be overcome by present tech-
nology. We investigated the mechanism underlying the self-healing of tissue and we found that the os-
teogenic differentiation was increased in hMSCs grown on a remodeled Col I matrix by the optimized
concentration of MMP13 not in hMSCs grown on a Col I fragments cleaved by a high concentration of
MMP13. In addition, we found the remodeled Col I matrix by MMP13 increased the osteogenic capac-
ity through a MMP13/integrin @3/RUNX2 positive feedback loop. This result would be able to not only
provide a strategy for bone tissue-specific functional materials following strong evidence about the self-
healing mechanism of bone through the interaction between stem cells and the ECM matrix. As such, we
strongly believe our finding will be of interest to researchers studying biomaterials, stem cell biology and
matrix interaction for regenerative medicine and therapy.

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

directly induce cytokine release and modulation of the microenvi-
ronment, including the surrounding extracellular matrix (ECM). For

Stem cells home to sites of injury and stimulate self-healing instance, stem cells are involved in the early stages of bone frac-
[1-5]; they can also differentiate into specific cell types and in- ture repair through the generation of bone cells and ECM remod-
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eling. Differentiated cells can reinforce the fracture callus, and the
remodeled ECM provides structural support for cells. A large pro-
portion of bone tissue is composed of inorganic ECM (hydroxyap-
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atite) and organic ECM components, such as collagen, fibronectin,
laminin, vitronectin, and osteopontin [6,7]. The interactions of cells
with organic ECM molecules regulate their differentiation, prolif-
eration, and survival [8,9]; therefore, ECM has been studied ex-
tensively in the fields of bone regeneration and engineering [10-
12]. One of the ECM proteins, type I collagen (Col I), has a unique
triple-helical structure and is known to promote osteogenic differ-
entiation [10,13,14]. In this study, we used a Col I matrix to inves-
tigate the mechanisms underlying the self-healing of bone tissue.

Matrix metalloproteinases (MMPs), a family of zinc-dependent
proteolytic enzymes, are secreted by osteoblasts and osteoclasts
and mediate ECM remodeling [15]. Specifically, MMP2, MMP9,
MMP13, and MMP14 play important roles in bone formation and
remodeling [15,16]. MMP13, in particular, can bind to the collagen
matrix and regulate collagen remodeling [17], and its expression is
increased in osteoblastic cells, as MMP13 is required for the ini-
tial modeling of long bones during development [18-21]. MMP13-
deficient mice show abnormal bone phenotypes, such as endo-
chondral bone malformation [22,23], and MMP13-knock-out mice
have an impaired ability to repair long bone fractures [24]. Fur-
thermore, the promoter of the MMP13 is a target of the osteogenic
markers runt-related transcription factor 2 (RUNX2) and osterix
(0SX), which are osteogenic markers [19,25,26]. Lastly, MMP13 has
been suggested to play an important role in the osteogenic differ-
entiation of mesenchymal stem cells (MSCs).

During bone ECM remodeling, MMPs change the extracellular
environment and regulate cell adhesion molecules such as inte-
grins [1,8]. As a ligand (agonist), the remodeled ECM by MMPs
bind to the cytoplasmic tail of a heterodimeric integrin composed
of ¢ and B subunits. This stimulates a downstream signaling cas-
cade, including the phosphorylation of focal adhesion kinase (FAK),
which regulates the fate of stem cells [27,28]. The integrins avf1,
avB3, @21, o381, a4pB1, «581, and «11B1 are activated dur-
ing the osteogenic differentiation of human MSCs (hMSCs) [29-
34], and activated integrins induce the expression of osteogenic
markers, including RUNX2 and OSX [29]. Several integrins, e.g.,
o181, @281, «1081, and «1181, bind to the triple-helical struc-
ture of Col I [35,36]. Therefore, remodeling of the ECM by cer-
tain MMPs may be associated with the expression of specific in-
tegrins; for example, Tang et al. reported that MT1-MMP increases
integrin 1 (ITGB1) activity in skeletal stem cells [37]. However,
it is unclear how remodeling of the Col I matrix by MMPs in-
fluences the osteogenic differentiation of hMSCs. Herein, we hy-
pothesized that Col I matrix remodeling by MMP13 is a pivotal
event during bone self-healing in humans. We focused on the
mechanisms linking the ECM and MMPs during the osteogenic dif-
ferentiation of hMSCs. Our results indicated that MMP13 plays a
crucial role in the osteogenic differentiation of hMSCs grown on
a Col I matrix via the upregulation of integrin o3 (ITGA3) and,
thereby, increases cell-ECM binding. In addition, a recombinant
human MMP13 (rhMMP13)-treated Col I sponge significantly en-
hanced bone tissue regeneration in vivo, suggesting it could be em-
ployed as a bone-tissue-specific matrix.

2. Materials and methods
2.1. Cell culture

hMSCs were isolated from an infrapatellar fat pad of the pa-
tients’ knee with approval of the Ethics Committee at CHA Uni-
versity (IRB No. BD2014-097). In brief, the infrapatellar fat pad
were washed with Dulbecco’s phosphate-buffered saline (DPBS)
containing 2% (v/v) penicillin/streptomycin (p/s; Hyclone) and di-
gested using Dulbecco’s minimal essential medium/low glucose
(DMEM/LOW; Hyclone, USA) containing 0.5 mg ml~! collagenase
type II (Sigma) at 37 °C for 40 min. hMSCs were cultured in
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growth medium [(DMEM/LOW) supplemented with 10% (v/v) fe-
tal bovine serum (FBS; Hyclone) and 1% (v/v) p/s], maintained at
37 °C in a 5% CO, incubator, and passaged at 80% cell conflu-
ency. The osteogenic differentiation of hMSCs was induced with
osteogenic medium [DMEM/high glucose (DMEM/HIGH) supple-
mented with 10% FBS, 10 mM f-glycerophosphate disodium salt
hydrate (Sigma), 50 pg ml~! L-ascorbic acid (Sigma), 100 nM
dexamethasone (Dex; Sigma), 1 x GlutaMAX (Gibco)]. All experi-
ments were performed in accordance with the IRB requirements.
Informed consent was obtained from the human participants of
this study.

2.2. Col I matrix coating of culture plates and treatment with
rhMMP13

Cell culture plates were coated with Col I matrix at
50 wg ml~! (Corning, cat#354,249) in DPBS and kept at
4 °C overnight. The Col I matrix was aspirated and washed
with DPBS three times. To remodel the Col I matrix, 50 ng
ml~1, 100 ng ml-!, or 200 ng ml~! of activated rhMMP13
(R&D systems) was added to the Col I-coated plates at
37 °C for 2 h. The rhMMP13 was activated by 1 mM
4-aminophenylmercuric acetate (APMA) at 37 °C for 1 h before
being added to the Col I-coated plates. The activated rhMMP13-
treated plates were washed with DPBS three times. The DPBS was
aspirated immediately before hMSC seeding for experimental anal-
ysis.

2.3. Alkaline phosphatase (ALP) activity, mineralization, and calcium
deposition in hMSCs

ALP activity, mineralization, and calcium deposition in hMSCs
cultured in osteogenic medium were detected by ALP staining and
extraction, Alizarin Red S (ARS; Sigma) staining, and calcium assay,
respectively. ALP in hMSCs was stained with BCIP-NBT substrate
solution (Sigma-Aldrich) and visualized under an inverted micro-
scope (Olympus, Japan). To quantify ALP activity, 4-nitrophenol so-
lutions (0.025, 0.05, 0.1, 0.25, 0.5, and 1 mM; Sigma) were used as
a standard. The standard samples and cells were incubated with
4-nitrophenyl phosphate disodium salt solution (pNPP; Sigma) at
37 °C for 15 min. The absorbance of pNPP, which was reacted with
ALP, was measured at 405 nm using a microplate reader (Molecu-
lar Devices). To investigate ARS staining, ARS extraction, and the
calcium assay, cells were fixed with 4% paraformaldehyde solu-
tion (Biosesang, Korea) at room temperature (RT) for 10 min and
washed with distilled water. Then, 2% (w/v) ARS solution (pH 4.1-
4.3) was added to the fixed cells, which were incubated at RT in
the dark for 30 min. ARS solution was removed, and the cells were
washed three times with distilled water. The ARS stain was ex-
tracted by 10% (v/v) cetylpyridinium chloride (dissolved in distilled
water), and the absorbance was measured at 562 nm. Calcium de-
position in hMSCs was detected using QuantiChrom calcium assay
kit (BioAssay Systems, USA).

2.4. Quantitative RT-PCR analysis

Total RNA was isolated from hMSCs grown on a Col I matrix
or uncoated plates using TRIzol reagent (Invitrogen). The extracted
mRNA was converted into cDNA using the Takara cDNA synthesis
kit (Takara, Japan). The gene-specific primers designed to amplify
the target genes are provided in Table S1. All amplifications were
performed in a final reaction mixture (50 wl) containing 25 ul of
Power SYBR Green PCR Master Mix (Applied Biosystems), 0.5 ul
of gene-specific primers (5 uM), 5 ul of template, and 19 ul of
deionized water using a StepOnePlus Real-Time PCR system (Ap-
plied Biosystems) with the following conditions: an initial denatu-
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ration at 95 °C for 1 min, followed by 45 cycles of 95 °C for 15 s,
56 °C for 15 s, and 72 °C for 15 s, and a final extension at 72 °C
for 5 min. Ribosomal protein S18 (RPS18) and hydroxymethylbilane
synthase (HMBS) were used for normalization of qPCR data.

2.5. Western blot analysis

hMSCs were washed three times with DPBS, and cells were
lysed with 200 wl RIPA buffer (Sigma-Aldrich). Cell extracts were
collected in 1.5-ml tubes and centrifuged at 13,000 rpm for 20 min.
The concentration of total protein was determined using Pierce
BCA protein assay kit (Thermo Scientific). The cell total protein
was loaded onto a sodium dodecyl sulfate-polyacrylamide gel and
separated during gel electrophoresis. The loaded proteins were
transferred to a polyvinylidene fluoride membrane (PVDF; Bio-Rad,
Hong Kong) with Tris-glycine-SDS-methanol transfer buffer. The
membrane was blocked with 5% (w/v) skimmed milk (BD) in Tris-
buffered saline containing 0.1% (v/v) Tween-20 (TBS-T; DYNE BIO,
Korea) and incubated with appropriate primary antibody in 5%
(w/v) bovine serum albumin (BSA) with TBS-T at 4 °C overnight to
allow the primary antibody to bind specifically to the target pro-
tein. The blot was washed three times with TBS-T and incubated
with a horseradish peroxidase-conjugated secondary antibody in
5% skimmed milk in TBS-T. The band for the target protein was de-
tected with enhanced chemiluminescence (GE Healthcare Life Sci-
ences) by ChemiDoc XRS+ system (Bio-Rad). Images of uncropped
western blots are shown in Fig. S14. Details of the antibodies used
are provided in Table S2.

2.6. Immunofluorescence staining

hMSCs were seeded at 100 cells per cm? on a 12-mm @ cov-
erslip (Marienfeld-Superior) either coated or not coated with Col I
matrix and incubated for 24 h. Cells were washed with DPBS and
fixed with 4% paraformaldehyde at RT for 10 min. Fixed cells were
washed with DPBS and permeabilized in 0.03% (v/v) Triton X-100
in DPBS (PBS-T) at RT for 10 min and then blocked with 1% (w/v)
BSA in DPBS at RT for 1 h. The primary antibody was diluted 1:200
in PBS-T with 1% BSA, incubated at RT for overnight, and washed
with DPBS three times. Then, the cells were blocked with 1% BSA
in DPBS at RT for 1 h. Fluorescein-conjugated secondary antibod-
ies and phalloidin (Texas Red Phalloidin; Invitrogen) were diluted
1:200 in PBS-T with 1% BSA and allowed to stain the cells at RT
for 1 h. The cells were washed three times with DPBS. Cellular
DNA was counterstained with 0.2 pug ml~! of 4/, 6-diamidino-2-
phenylindole (DAPI; Invitrogen) in DPBS. The details of the anti-
bodies are provided in Table S3.

2.7. Measurement of MMP13 using fluorescence resonance energy
transfer (FRET) peptide

To explore the MMP13 activity in hMSCs grown on a Col I ma-
trix during osteogenic differentiation, we used an MMP13-specific
FRET peptide (SensoLyte Plus 520 MMP13 assay kit, AnaSpec, Inc.,
USA). When the FRET peptide was cleaved by MMP13, fluores-
cence appeared and was detectable with a fluorescence reader.
Activated MMP13 was measured according to the manufacturer’s
protocol. Fresh medium was added 24 h before media collection.
The medium containing MMP13 was collected on days 1, 3, 7, and
14 and added to anti-MMP13-antibody-coated plates, which were
incubated at RT for 2 h. The plate was washed four times with
1 x wash buffer and incubated with 1 mM 4-aminophenylmercuric
acetate at 37 °C for 40 min, then MMP13 substrates were added
and incubated at 37 °C for 60 min. The fluorescence intensity was
measured at excitation/emission wavelengths of 490/520 nm by
Cytation 3 cell imaging multi-mode reader (BioTek).
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2.8. Coating cell culture plates with various matrices

To compare MMP13 expression in hMSCs grown on various ma-
trices [Col I, gelatin, type II collagen (Col II), fibronectin (FN),
and laminin(LN)], 100 wg ml~' of type I collagen (Corning,
cat#354,249), 1 mg ml~! of gelatin (Sigma, cat#G1890), 100 ug
ml~! of Col II (Sigma, cat#C9301), 50 ug ml~! of FN (Sigma,
cat#F2006), and 100 pg ml~! of LN (Sigma, cat#L2020) were dis-
solved in DPBS and used to coat cell culture plates by incubating
at 4 °C overnight.

2.9. RNA interference

For RNA interference, we wused siRNA of MMPI3
(siMMP13; Qiagen) and siRNA of ITGA3 (silTGA3; Bioneer,
Korea). The siRNA sequences targeted the sense strand of
MMP13  (5'-AACGAAATATCAAAGTCATTA-3’) and ITGA3 (5'-
GACAGUGAUGGGUGAGUCU-3’). A control siRNA (siControl;
Dharmacon) was used as a control. hMSCs were seeded on 6-
well plates at a density of 2 x 10% cells per cm?. Then, 24 h
after incubation, 20 nM of siRNA was transfected into hMSCs
by Lipofectamine RNAIMAX (Invitrogen) at 37 °C for 6 h. The
siRNA-treated cells were recovered for 48 h in fresh growth
medium.

2.10. FITC-labeling of integrin «381 (ITGA3B1)

To investigate binding of ITGA3B1 and rhMMP13-treated Col I,
fluorescein isothiocyanate isomer I (FITC; Sigma) was conjugated to
ITGA3B1 (R&D systems, cat#2840-A3-050). BSA was used as a con-
trol. ITGA3B1, BSA, and FITC were dissolved at 1 mg ml~! in bind-
ing buffer (0.1 M carbonate-bicarbonate buffer, pH 9.0). FITC solu-
tion (10 ul) was added to 990 ul of ITGA3B1 or BSA diluent solu-
tion, and the mixture was incubated at RT in the dark for 2 h. The
mixture was filtered to a 10 kDa molecular weight cut-off (Ami-
con Ultra centrifugal filter units; Sigma-Aldrich) and washed with
DPBS to remove excess FITC. The FITC conjugation of ITGA3B1 or
BSA was confirmed by the measurement of protein and the fluo-
rescence intensity based on the BSA and FITC standards, respec-
tively. The Col I matrix was treated with 50 ng ml~! of activated
rhMMP13 at 37 °C for 2 h, and 50 pl of FITC-conjugated ITGA3B1
(ITGA3B1-FITC) or BSA (BSA-FITC) was added to a non-treated Col
I matrix or activated rhMMP13-treated Col I matrix and incubated
at 37 °C for 1 h. The binding of ITGA3B1-FITC and the rhMMP13-
treated Col I was visualized using a Cytation 3 cell imaging multi-
mode reader (BioTek).

2.11. Detection of unwound Col I matrix using 5-FAM-conjugated
collagen hybridizing peptide

To unwind the triple-helical structure of the Col I matrix, 50 ng
ml~! of activated hMMP13 was added to Col I-coated plates with
50 wg ml~! Col I matrix and incubated at 37 °C for 2 h. The
rhMMP13-treated Col I matrix was incubated with 20 pyM of 5-
FAM-conjugated collagen hybridizing peptide (F-CHP) in PBS at
4 °C for 2 h and washed three times with PBS for 5 min. Then,
a stained rhMMP13-treated Col I matrix was visualized, and we
quantified the fluorescence intensity using the Cytation 3 cell
imaging multi-mode reader (BioTek).

2.12. In vivo experiment using bone defect model in rat or mouse

In this study, we investigated using three types of animal mod-
els (a rat diaphysis defect model, a rat epiphysis defect model, and
a mouse calvarial defect model) to confirm the bone regenerative
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effect of rhMMP13-treated Col I sponge. The Col I sponge (Colla-
Cote, Integra Life Sciences Co., USA) was adjusted to the appro-
priate dimension (5 x 5 mm, 1 mm in thickness), and 1 mg Col
I sponge was treated with 1 ng rhMMP13 (R&D systems) for 2 h
at 37 °C. DPBS-treated Col I sponge was used as a control. After
rhMMP13 treatment, the sponges were washed with DPBS three
times. A diaphysis or epiphysis defect model was fabricated using
8-week-old rats (Orientbio, Korea). Defects of 2 mm in diameter
were generated on the long bones using a twist drill bit (Jeung Do
Bio & Plant Co., Ltd., Korea) and the Col I sponge or rhMMP13-
treated Col I sponge was implanted into defective site using for-
ceps. Four weeks after implantation, the rat long bones were har-
vested and fixed with 4% paraformaldehyde solution. Bone forma-
tion in six rats with diaphysis or epiphysis defects was analyzed
by micro-computed tomography (micro-CT) and histological stain-
ing. A calvarial defect model was fabricated using 6-week old mice
(Orientbio, Korea) and Critical-sized calvarial defects 4 mm in di-
ameter were generated on the cranium by trephine bur 3.8 (Den-
tech Corporation, Japan) and the Col I sponge or rhMMP13-treated
Col 1 sponge was implanted into defective site. Eight weeks after
implantation, the mouse calvaria was harvested and fixed with 4%
paraformaldehyde solution. Bone formation in the calvaria defect
of five mice was analyzed by micro-CT and histological staining.
All animal experiments were approved by the Institutional Animal
Care and Use Committee of CHA University (IACUC180063), and
experiments were performed in accordance with all relevant eth-
ical regulations and used approved study protocols. For the histo-
logical staining, the fixed tissues were treated with decalcification
solution (RapidCal Immuno; BBC Biochemical, USA), dehydrated
with ethanol and xylene, and embedded in paraffin. The paraf-
finized specimens were sliced into 4-pum sections using a semi-
motorized rotary microtome (Leica, RM2245). The sections were
de-paraffinized with xylene and ethanol and washed with DPBS,
then stained using hematoxylin and eosin or Masson’s trichrome
staining solution. The stained sections were washed with DPBS
three times and visualized using an inverted microscope (Olympus,
Japan).

2.13. Statistical analysis

For the in vivo studies, we used a sample size of five per group
based on our published studies using a preclinical rat model. We
used male animals to exclude variability from the influence of fe-
male hormones in bone tissue regeneration. In addition, the de-
tails of experimental groups were blinded to the investigators for
the biochemical and histological evaluations. All statistics were
performed with Prism ver. 8 (GraphPad software). The one-way
ANOVA test using Tukey-Kramer post hoc test, two-way ANOVA
test using Bonferroni post hoc test, and unpaired t-test were per-
formed. Data were considered statistically significant for P < 0.05.
The exact P-values for each figure can be found in Table S4.

3. Results

3.1. Growth on a Col I matrix induces osteogenic differentiation of
hMSCs via activation of focal adhesion proteins and nuclear
translocation of RUNX2

Col I matrix, as a major component of the bone ECM, showed
high expression levels in bone defect regions and promoted the os-
teogenic differentiation of hMSCs (Fig. S1 and S2). The adhesion of
hMSCs grown on the Col I matrix was greater than that of hM-
SCs grown on uncoated plates (Fig. S2A). In addition, the prolifer-
ation of hMSCs grown on the Col I matrix was greater than that
of hMSCs grown on uncoated plates after 14 days of osteogenic
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differentiation (Fig. S2B). However, cell morphology did not dif-
fer between these two groups of hMSCs (Fig. S2C). The ALP con-
centration, intensity of ARS staining, and calcium content were
1.2-, 3-, and 1.8-fold higher (respectively) in hMSCs cultured on the
Col I matrix than those cultured on uncoated plates after 14 days
of osteogenic differentiation (Fig. S2D-F). The mRNA expression of
osteogenic marker genes [ALP, osteopontin (OPN), bone sialoprotein
(BSP), osteocalcin (OCN), RUNX2, and type I collagen (COL1)] was sig-
nificantly increased 1.5 to 38-fold in hMSCs grown on a Col I ma-
trix after 14 days of osteogenic differentiation (Fig. S2G). RUNX2
and BSP protein levels were consistently increased in hMSCs grown
on a Col I matrix, and the mRNA expression of ITGB1 and Vinculin
(Fig. S2H) and protein expression of vinculin (green; Fig. S2I, up-
per panel) and phospho-FAK (Y397) (green; Fig. S2I, lower panel),
an active form of FAK, were much higher in IF images of hMSCs
grown on a Col I matrix than in those on uncoated plates. The
western blot analysis of vinculin and phospho-FAK (Y397) was con-
sistent with the IF data (Fig. S2]). Expression of the active form
of AKT (phospho-AKT [S473]) also increased in cells grown on the
Col I matrix. RUNX2 was largely located inside the nucleus of hM-
SCs grown on the Col I matrix, demonstrating that it translocated
from the cytosol to the nucleus (Fig. S2K, L). In summary, hMSC
culture on the Col I matrix induced the activation of focal adhe-
sion molecules and nuclear translocation of RUNX2 without alter-
ing cell morphology. These results indicate that growth on a Col I
matrix promotes the osteogenic differentiation of hMSCs.

3.2. Growth on a Col I matrix and inflammatory conditions promote
MMP13 expression in hMSCs

To determine which MMP family members are involved in ECM
remodeling during the osteogenic differentiation of hMSCs grown
on a Col I matrix, we investigated the expression of MMP genes
(MMP1, MMP2, MMP3, MMP8, MMP9, MMP10, MMP11, MMP12,
MMP13, MMP14, and MMP19) in hMSCs after 3 days of osteogenic
differentiation (Fig. 1A). Col I matrix culture conditions decreased
MMP2 (gelatinase A) expression but significantly increased the ex-
pression of MMP1 (collagenase-1) and MMP13 (collagenase-3). The
mRNA expression of MMP13 increased 24 h after seeding hMSCs
onto a Col I matrix but not when they were grown on uncoated
plates (Fig. 1B). In addition, MMP13 expression was increased in
human bone marrow-derived MSCs (BMMSCs), which are MSCs de-
rived from a different origin, when grown on a Col [ matrix (Fig.
S3). Western blot analysis demonstrated that the protein level of
MMP13 in hMSCs grown on a Col I matrix was increased after 3
and 14 days of osteogenic differentiation (Fig. 1C). Secreted MMP13
was measured using an MMP13-specific cleavable FRET peptide
(Fig. 1D). The level of secreted MMP13 was approximately 20 ng
ml~! higher for hMSCs grown on a Col I matrix than for those
grown on uncoated plates after 7 and 14 days of osteogenic dif-
ferentiation. However, MMP13 expression was not increased in the
cells grown on other types of substrates, such as gelatin, type II
collagen, fibronectin, or laminin (Fig. 1E). These data demonstrate
that growth on a Col I matrix stimulates MMP13 expression during
the osteogenic differentiation of stem cells.

To determine the expression of MMP13 by hMSCs during
inflammation, the inflammatory inducers interleukin-18 (IL-18),
lipopolysaccharide (LPS), interferon-y (IFN-y ), interleukin-6 (IL-6),
or tumor necrosis factor-o (TNF-or) were introduced to the hMSC
culture. Before treatment with the inflammatory inducers, the hM-
SCs were cultured in serum-free medium for 18 h with starva-
tion. hMSCs grown on uncoated plates or Col I matrix were treated
with IL-18 or LPS at 100 ng ml~! for 24 h (Fig. S4A). The culture
medium with IL-18- or LPS-pre-treated hMSCs was then collected
24 h after treatment. The results demonstrated that MMP13 se-
cretion significantly increased in IL-18- or LPS-pre-treated hMSCs
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Fig. 1. Col I increases MMP13 expression during osteogenic differentiation of hMSCs. (A) mRNA expression of MMPs (MMP1, MMP2, MMP3, MMP8, MMP9, MMP10, MMP11,
MMP12, MMP13, MMP14, and MMP19) in hMSCs after 3 days of osteogenic differentiation. The data represent the mean + s.e.m. (n = 3) and were analyzed using two-way
ANOVA and Bonferroni post hoc test (*P < 0.05, ****P < 0.0001). (B) mRNA expression of MMP13 in hMSCs grown on uncoated plates or a Col I matrix for up to 3 days.
The data represent the mean + s.em. (n = 3) and were analyzed using two-way ANOVA and Bonferroni post hoc test (**P < 0.01, ****P < 0.0001). (C) Protein expression
of intracellular MMP13 in hMSCs grown on uncoated plates or a Col I matrix for 7 and 14 days. (D) Secretion of MMP13 by hMSCs grown on uncoated plates or a Col I
matrix for up to 14 days. Secreted MMP13 was evaluated using an MMP13-specific cleavable FRET peptide. The data represent the mean =+ s.e.m. (n = 4) and were analyzed
using unpaired t-test (**P < 0.01). (E) mRNA expression of MMP13 in hMSCs grown on uncoated plates and on Col I, gelatin, type II collagen (Col II), fibronectin (FN), and
laminin (LN) matrices for 3 days. The data represent the mean & s.e.m. (n = 6) and were analyzed using one-way ANOVA and Tukey-Kramer post hoc test (****P < 0.0001,
compared with None group; ####P < 0.0001, compared with Col I group). (F) ALP- and ARS-staining of siControl- and siMMP13-treated hMSCs grown on a Col I matrix for
5 and 14 days, respectively. Scale bars, 200 pm. (G) ALP activity in siControl- and siMMP13-treated hMSCs grown on a Col I matrix for 5 days. The data represent the mean
+ s.em. (n = 4) and were analyzed using unpaired t-test (***P < 0.001). (H) The absorbance of extracted ARS in siControl- and siMMP13-treated hMSCs grown on a Col I
matrix for 5 days. The data represent the mean + s.e.m. (n = 3) and were analyzed using unpaired t-test (***P<0.001). (I) mRNA expression of ALP and RUNX2 in siControl-
and siMMP13-treated hMSCs grown on a Col I matrix for 5 and 14 days. The data represent the mean + s.e.m. (n = 3) and were analyzed using unpaired t-test (****P <
0.0001). (J) mRNA expression of MMP13, ITGB1, and Vinculin in siControl- and siMMP13-treated hMSCs grown on a Col I matrix for 3 days. The data represent the mean +
s.e.m. (n = 3) and were analyzed using unpaired t-test (*P < 0.05, **P < 0.001). (K) Protein expression of phosphorylated FAK (Y397), total FAK, phosphorylated AKT (S473),
and total AKT in siControl- and siMMP13-treated hMSCs grown on a Col I matrix for 3 days. (L) IF analysis of RUNX2 in siControl- and siMMP13-treated hMSCs grown on a
Col I matrix for 3 days. Scale bars, 50 pm. (M) Protein expression of RUNX2 in siControl- and siMMP13-treated hMSCs grown on a Col I matrix for 3 days.
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compared with control hMSCs. In addition, hMSCs were treated
with 20 ng ml~! IFN-y, IL-6, or TNF-a and grown on a Col I matrix
for 24 h, and mRNA was collected 24 h after treatment to inves-
tigate the mRNA expression of MMP13 using qPCR (Fig. S4B). The
resulting expression of MMP13 mRNA in IFN-y-, IL-6-, or TNF-«-
pre-treated hMSCs showed a 2.4-, 2.5-, or 4.8-fold increase, respec-
tively.

3.3. The effect of MMP13 on osteogenic differentiation of hMSCs
grown on a Col I matrix

To explore the effect of MMP13 in hMSCs grown on a Col I
matrix, we knocked down MMP13 expression using siVIMP13. The
knockdown of MMP13 was confirmed by measuring MMP13 ac-
tivity using an MMP13-specific cleavable peptide (Fig. S5A). First,
we investigated the effect of MMP13 knockdown on the adhesion,
morphology, proliferation, and migration of hMSCs (Fig. S5B). Cell
adhesion did not differ between the MMP13-knockdown and con-
trol hMSCs; however, proliferation increased for hMSC grown on
the Col I matrix and decreased in MMP13-knockdown hMSCs (Fig.
S5B and Fig. S2B, C). The knockdown of MMPI13 also elongated
hMSCs and reduced their migration in a time-dependent manner
(Fig. S5D-F). Second, we investigated the effect of knocking down
MMP13 on osteogenic differentiation. Knocking down MMP13 de-
creased ALP activity, ARS staining (see Fig. 1F-H), and the mRNA
expression of osteogenic markers, such as ALP and RUNX2 (see
Fig. 11) in hMSCs after osteogenic differentiation. In addition, we
investigated the effect of knocking down MMPI1, as a collagenase
gene, on osteogenic differentiation, which was significantly in-
creased in the hMSCs grown on a Col I matrix (Fig. S6). The ef-
ficiency of osteogenic differentiation was determined by ALP and
ARS staining (Fig. S6A). The absorbance of stained ALP (see Fig.
S6B) and extracted ARS (see Fig. S6C) decreased 1.2- and 1.4-fold in
the MMP1-knockdown hMSCs compared with the control hMSCs.
These results indicate that osteogenic differentiation decreased in
MMP1-knockdown hMSCs, which is consistent with the decrease in
osteogenic differentiation seen in MMP13-knockdown hMSCs. Ad-
ditionally, we evaluated the focal adhesion of hMSCs after bind-
ing to Col I matrix (Fig. 1J). Knocking down MMP13 significantly
decreased the expression of ITGB1, which is related to focal ad-
hesion. The knockdown of MMP13 also decreased the phosphoryla-
tion of FAK at Y397 and AKT at C473, which is related to osteogenic
differentiation, but did not alter the total levels of these proteins
(Fig. 1K). Knocking down MMP13 drastically suppressed the nu-
clear translocation of RUNX2 in hMSCs grown on a Col I matrix
(Fig. 1L, M).

3.4. rhMMP13 treatment changes the structure of Col I matrix

To investigate the structural characteristics of the MMP13-
treated Col I matrix, we used rhMMP13, which was activated with
1 mM 4-aminophenylmercuric acetate and added to the Col I
matrix. Subsequent SDS-PAGE revealed a single band correspond-
ing to monomeric Col I (two «1[I] and one «2[I] chains), in-
dicating that treatment with 50 ng ml~! of activated rhMMP13
was insufficient to cleave 10 pg ml~! Col I matrix (Fig. 2A).
CD spectroscopy demonstrated that treatment with a relatively
low concentration of activated rhMMP13 (100 ng ml~!) un-
wound the triple-helical structure of 50 pg ml~! of Col I in
a time-dependent manner (Fig. 2B, C). In addition, the triple-
helical structure of Col I was stained with a monoclonal anti-
body (green), and total Col I was stained with a polyclonal an-
tibody (red) (Fig. 2D). After activated rhMMP13 (50 ng mil~!)
treatment on 50 pg ml~! of Col I, the intensity of green
fluorescence significantly decreased, indicating a disruption of
the triple helical structure. These data were confirmed using
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F-CHP, which specifically binds to unwound Col I matrix (Fig. 2E).
We found that F-CHP has a high binding affinity for the Col I ma-
trix when treated with 50 ng ml~! of activated rhMMP13. MMP13
is known to cleave the Col I matrix; however, the concentration
of thMMP13 (50 ng ml~!; see Fig. 1D) typically secreted from
hMSCs grown on a Col I matrix was too low to cleave the Col I
matrix.

3.5. Growth on an rhMMP13-treated Col I matrix enhances
osteogenic differentiation of hMSCs

Treatment of the Col I matrix with 10, 50, and 100 ng ml~! of
activated rhMMP13 (Fig. 3A) significantly increased the osteogenic
capacity of hMSCs, as validated by ARS staining (Fig. 3B). The
mRNA expression of the osteogenic marker genes [RUNX2, BSP, ALP,
OPN, osteonectin (ONN), COL1, and OSX)] in hMSCs increased 4.0
to 18.6-fold after 14 days of osteogenic differentiation on a Col I
matrix treated with 50 ng ml-! of activated thMMP13 (Fig. 3C).
In addition, cell growth on an rhMMP13-treated Col I matrix in-
creased the osteogenic differentiation of human BMMSCs (Fig. S7).
We established the osteo-, adipo-, and chondrogenic differentia-
tion of hMSCs using ALP, Oil Red O, and Alcian Blue staining 7
days after differentiation (Fig. S8), and only osteogenic differen-
tiation was increased in hMSCs grown on an rhMMP13-treated
Col I matrix. To examine the effects of other MMPs on the os-
teogenic differentiation of hMSCs, the cells were seeded onto a
Col I matrix treated with the collagenases rhMMP1 and rhMMP8
(Fig. S9). Growth on a Col I matrix unwound by rhMMP13 as well
as other collagenases (rhMMP1 and rhMMP8) facilitated the os-
teogenic differentiation of hMSCs; however, when high concentra-
tions of collagenases (100 pg ml~! of rhMMPS8, 200 pg ml-! of
rhMMPS, or 200 pg ml~! of rhMMP13) were added to the Col I
matrix, the osteogenic differentiation of hMSCs did not increase
(Fig. S9 and S10A). Indeed, RUNX2 expression in hMSCs treated
with Col I fragments did not significantly increase compared with
the control (Fig. S10B). The osteogenic effect of the rhMMP13-
treated Col I matrix was due to the activation of focal adhesion
and the nuclear translocation of RUNX2 in hMSCs (Fig. 3D-G).
In contrast, treatment with 50 ng ml~! of activated rhMMP13
increased the expression of ITGB1 and Vinculin (Fig. 3D). The
IF images for phospho-FAK (Y397) demonstrated that treatment
with activated thMMP13 activated FAK in the siControl-treated
and MMP13-knockdown hMSCs (Fig. 3E). As expected, ThMMP13-
treated Col I matrix increased nuclear RUNX2 expression in hM-
SCs (see Fig. 3F, G), which directly activated the MMP13 promoter
(Fig. S10C). Together, these results indicate that a certain concen-
tration of rhMMP13 increases the osteogenic differentiation of hM-
SCs by unwinding, rather than cleaving, the triple-helical struc-
ture of the Col I matrix (Fig. 3). It seems that unwinding the Col
I matrix is necessary to enhance the osteogenic differentiation of
MSCs.

3.6. Knocking down MMP13 decreases ITGA3 expression in hMSCs

To determine which integrin is involved in osteogenic differen-
tiation and MMP13 expression in hMSCs grown on a Col I ma-
trix, the mRNA expression of integrins (ITGA1, ITGA2, ITGA3, ITGA4,
ITGA5, ITGA6, ITGA10, ITGA11, ITGAV, and ITGB1) was evaluated by
gPCR after 3 days of osteogenic differentiation (Fig. 4A). Knocking
down MMP13 increased the expression of ITGA4, ITGA5, and ITGA6
but decreased the expression of ITGA1, ITGA3, ITGA11, and ITGB1
in hMSCs grown on a Col I matrix. In particular, the mRNA ex-
pression of ITGA3 was drastically decreased (Fig. 4B). To confirm
the effect of ITGA3 on the osteogenic capacity of hMSCs, we si-
lenced the gene using siRNA (Fig. 4B). Knocking down ITGA3 ex-
pression suppressed ALP activity compared with siControl-treated
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Fig. 2. MMP13 unwinds Col 1. (A) SDS-PAGE analysis of the «1, «2, and B chains of Col I; 10 pg of Col I treated with or without rhMMP13 was loaded per lane. Chains
of Col I were visualized by 0.2% Coomassie brilliant blue R-250 solution (Bio-Rad). (B, C) CD spectroscopy analysis of the secondary structure of Col I. Col I (50 ng) was
incubated with 100 ng of rhMMP13 for 30-180 min. (D) Control and 50 ng ml~' rhMMP13-treated Col I-coated plates were stained with monoclonal (mAB; green) and
polyclonal (pAB; red) anti-Col I antibodies. Images and quantification of the fluorescence intensity (analyzed by Gen5 software, BioTek) are shown. Scale bars, 50 um. The
data represent the mean =+ s.e.m. (n = 8) and were analyzed using unpaired t-test (****P < 0.0001). (E) Col I sponges with or without rhMMP13 were incubated with F-CHP,
which binds to unwound Col I matrix. Images and quantification of the fluorescence intensity are shown. Scale bars, 200 um. The data represent the mean + s.e.m. (n = 4)

and were analyzed using unpaired t-test (***P < 0.001).

hMSCs, and there was no difference in ALP activity between ITGA3-
knockdown and MMP13-knockdown hMSCs. This indicates that
ITGA3 and MMP13 are both required for the osteogenesis of hMSCs
grown on a Col I matrix. Moreover, MMP13 expression did not sig-
nificantly differ between ITGA3-knockdown hMSCs and control hM-
SCs (Fig. 4C), whereas ITGA3 expression was decreased in MMP13-
knockdown hMSCs (Fig. 4A), which suggests that MMP13 is up-
stream of ITGA3 and affects its expression. In the present study, the
expression of ITGA3B1 increased during the osteogenic differentia-
tion of hMSCs grown on a Col I matrix, implying that the binding
of ITGA3 to the Col I matrix is regulated by MMP13 and associated
with the osteogenic differentiation of hMSCs.

3.7. Integrin binding of hMSCs grown on an rhMMP13-treated Col I
matrix

In this study, we investigated the binding of ITGA3 to un-
wound Col I matrix. ITGA3 expression increased in hMSCs grown
on an rhMMP13-treated Col I matrix for 24 h, and the increase
depended on the duration of rhMMP13 treatment (Fig. 4D). After
blocking ITGA3 with a specific antibody, cell attachment was mea-
sured by imaging and quantification of the DNA content (Fig. 4E,
F). Antibody-bound ITGA3 greatly decreased (0.7-fold) cell adhe-
sion to the rhMMP13-treated Col I matrix. In addition, a direct in-
teraction between the rhMMP13-treated Col I matrix and ITGA3
was observed using ITGA3B1-FITC (Fig. 4G). The binding affinity
of ITGA3B1-FITC to the rhMMP13-treated Col I matrix was much
higher than that of BSA-FITC. These findings indicate that ITGA3
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plays a critical role in the adhesion of hMSCs to rhMMP13-treated
Col I matrix.

3.8. rhMMP13-treated Col I sponges enhance bone tissue formation
in vivo

The effect of an rhMMP13-treated Col I matrix on bone for-
mation in vivo was determined using three types of bone defect
models: a rat diaphysis defect model, a rat epiphysis defect model,
and a mouse calvarial defect model. First, the Col I sponges were
treated with activated rhMMP13 (1 pg of rhMMP13 per 1 mg of Col
I sponge, see Fig. 5A) then implanted into the defect site (n = 5).
In the case of the rat diaphysis defect model, de novo bone forma-
tion was analyzed by micro-CT and histological staining 4 weeks
after implantation (Fig. 5B-D), and we found that implantation of
the rhMMP13-treated Col I sponge improved bone formation with
an enhanced bone volume-to-total volume (BV/TV) ratio compared
to the defect group and the PBS-treated Col I sponge groups. It
also reduced the total porosity (Po[tot]%) and increased relative
bone mineral density (BMD) compared with the defect group and
the PBS-treated Col I sponge groups (Fig. 5D). Histological analy-
sis demonstrated that the rhMMP13-treated Col I sponges induced
bone tissue generation in diaphysis defect regions compared with
the control and non-treated Col I sponge groups (Fig. 5E). Con-
sistent with the results of the in vivo experiment on the diaph-
ysis defect model, bone formation in the epiphysis (see Fig. S11)
and calvarial (see Fig. S12) defect regions was elevated in the
rhMMP13-treated Col I sponge implant group. We theorized that
the rhMMP13-treated Col I sponges induce the osteogenic differ-
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Fig. 3. Osteogenic differentiation, focal adhesion, and nuclear translocation of RUNX2 in hMSCs grown on rhMMP13-treated Col I matrix. (A) Representative illustration of
osteogenic differentiation in hMSCs grown on an rhMMP13-treated Col I matrix. (B) Staining and absorbance of ARS in hMSCs grown on a Col I matrix treated with rhMMP13

for 14 days. Scale bars, 200 um. The data represent the mean + s.e.m. (n

= 4) and were analyzed using one-way ANOVA and Tukey-Kramer post hoc test (***P < 0.001, ****P

< 0.0001, compared with 0 ng ml~' rhMMP13-treated group; ##P < 0.01, ####P < 0.0001, compared with 10 ng ml-! rhMMP13-treated group; 1P < 0.001, compared with
50 ng ml-! rhMMP13-treated group). (C) mRNA expression of osteogenic marker genes (RUNX2, BSP, ALP, OPN, ONN, COL1, and OSX) in rhMMP13-treated hMSCs. The data
represent the mean =+ s.e.m. (n = 3) and were analyzed using unpaired t-test (*P < 0.05, ***P < 0.001, ****P < 0.0001). (D) mRNA expression of focal adhesion-related genes
(ITGB1 and Vinculin) in thMMP13-treated hMSCs. The data represent the mean + s.e.m. (n = 3) and were analyzed using unpaired t-test (***P < 0.001). (E) Fluorescence
staining of phosphorylated FAK (Y397) in rhMMP13-treated hMSCs grown on a Col I matrix for 3 days. Arrowheads indicate phosphorylated FAK. Scale bars, 20 pm. (F)
Fluorescence staining of RUNX2 in rhMMP13-treated hMSCs grown on a Col | matrix for 3 days. Scale bars, 50 um. (G) Comparison of the cytosolic and nuclear levels of

RUNX2 in siControl- and siMMP13-treated hMSCs grown on a Col I matrix for 3 days.
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Fig. 4. Inactivating integrin o381 in hMSCs reduces cell binding to rhMMP13-treated Col I matrix. (A) mRNA expression of integrin subunits (ITGA1, ITGA2, ITGA3, ITGA4,
ITGA5, ITGA6, ITGA10, ITGA11, ITGAV, and ITGB1) in siControl- and siMMP13-treated hMSCs grown on a Col I matrix for 3 days. The data represent the mean & s.e.m. (n = 3)
and were analyzed using two-way ANOVA and Bonferroni post hoc test (**P < 0.01, ****P<0.0001). (B) ALP activity in siControl-, siMMP13-, and silTGA3-treated hMSCs
after 5 days of osteogenic differentiation. The data represent the mean + s.e.m. (n = 5) and were analyzed using one-way ANOVA and Tukey-Kramer post hoc test (*P <
0.05, **P < 0.01, compared with siControl group). (C) mRNA expression of MMP13 in siControl- and siMMP13-treated hMSCs grown on a Col I matrix for 3 days. The data
represent the mean + s.e.m. (n = 3) and were analyzed using unpaired t-test. (D) mRNA expression of ITGA3 in hMSCs seeded on an rhMMP13-treated Col I matrix and left
to adhere for 24 h. The matrix was treated with 50 ng ml-! of activated rhMMP13 for 0.5, 2, or 18 h. The data represent the mean =+ s.e.m. (n = 3) and were analyzed using
one-way ANOVA and Tukey-Kramer post hoc test (***P < 0.001, compared with 0 h treatment group; ##P < 0.001, compared with 0.5 h treatment group). (E) Bright-field
microscopy images of hMSCs treated with IgG or an anti-integrin o3 antibody after being left to adhere to a non-treated or rhMMP13-treated Col I matrix for 30 min.
hMSCs (10° cells) were pre-treated at 37 °C for 30 min with 1 ug of normal rabbit IgG (Calbiochem, cat#NI0O1) or anti-integrin @3 antibody (Abcam, cat#ab131055). The
treatment concentration of activated rhMMP13 was 50 ng ml~'. Scale bars, 100 pm. (F) Adhesion of IgG- or anti-integrin @3 antibody-treated hMSCs to a non-treated or
rhMMP13-treated Col I matrix after being left to adhere for 30 min was quantified by measuring the DNA content (Quant-iT PicoGreen dsDNA Assay Kit; Invitrogen). The
treatment concentration of activated rhMMP13 was 50 ng ml~'. The data represent the mean + s.e.m. (n = 6) and were analyzed using two-way ANOVA and Bonferroni
post hoc test (**P < 0.01, IgG-treated MSCs grown on a Col I matrix vs. anti-integrin o3 antibody-treated MSCs grown on an rhMMP13-treated Col I matrix; ##P < 0.01,
anti-integrin o3 antibody-treated MSCs grown on a Col I matrix vs. anti-integrin o3 antibody-treated MSCs grown on an rhMMP13-treated Col I matrix). (G) Fluorescence
images of BSA-FITC and ITGA3B1-FITC on a Col I matrix treated with 50 ng ml~' of rhMMP13. Scale bars, 50 pm.

entiation of hMSCs recruited to the long bone (diaphysis and epi- teogenic differentiation of hMSCs by unwinding the triple-helical
physis) and calvarial defects (Fig. 5F). structure of the Col I matrix (Fig. 3). Apparently, the unwinding of
the Col I matrix is necessary to enhance the osteogenic differen-
tiation of MSCs. MMP1 and MMP8 as a collagenase are also able
to promote osteogenic differentiation of MSCs through the same
mechanism as that of MMP13 presumably because the Col I ma-
trix can be unwound by collagenases (Fig. S9). However, the ex-
pression of MMP13 was significantly increased compared to other
types of MMPs in MSCs grown on a Coll matrix (Fig. 1A). Based on
this result, we tried to focus on MMP13 rather than others and hy-
pothesized that MSCs, which contribute to a self-healing of bone,
promote bone regeneration following the unwinding of Col I ma-
trix by up-regulation of MMP13. Besides, several previous studies
have supported that MMP13 plays an important role in bone re-
generation or development [18-21].

Recently, heat-denatured collagen was reported to enhance
the osteogenic differentiation of MSCs and the differentiation of
pre-osteoblasts via interaction with an exposed cryptic arginine-
glycine-aspartic acid (RGD) sequence [39,40]. Consistent with this,
another study reported that proteolytic enzymes can expose a
cryptic RGD sequence in the ECM [41]. However, neither study

4. Discussion

In this study, we screened various members of the MMP fam-
ily. Reportedly, MMPs are important for bone development during
embryogenesis, and the expression of MMP13, but not MMP2 or
MMP9, was significantly increased during the osteogenic differen-
tiation of hMSCs grown on a Col I matrix (Fig. 1A). These MMP
family members have catalytic properties that lead to the cleav-
age of the Col I peptide, and the binding and unwinding of the
triple helical structure of Col I matrix is caused by collagenases,
including MMP13 [38]. When the bones were fractured, we found
that COL1 and MMP13 were expressed at the defect lesions (Fig.
S1), and we suggested that Col I matrix would be remodeled by
MMP13 during bone regeneration in vivo. Indeed, treatment with
activated thMMP13 at a range of concentrations (up to 50 ng of
rhMMP13 per 10 pg of Col I matrix) unwound, but did not cleave,
the triple-helical structure of the Col I matrix (Fig. 2). At the op-
timum concentration of 50 ng ml~!, rhMMP13 increased the os-
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0.0001, compared with PBS group). (E) Histological images of hematoxylin, eosin, and Masson’s trichrome staining. Arrows indicate the defect margins. Scale bars, 500 pm.
(F) Graphic illustration of bone healing after implantation of rhMMP13-treated Col I sponge.

mentioned MMPs or clearly explained how ECM remodeling is in-
volved in integrin binding. A few research groups have reported
that ITGA3B1 binds to the RGD sequence [42,43]. We found that
expression of ITGA3 increased in hMSCs grown on an rhMMP13-
treated Col I matrix but decreased in MMP13-knockdown hMSCs,
even in cells grown on a Col I matrix (Fig. 4A, D). However, MMP13
expression did not decrease in the ITGA3-knockdown hMSCs, sug-
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gesting that MMP13 is upstream of ITGA3 and affects its expres-
sion, which implies that the binding of ITGA3 to the Col I matrix
is regulated by MMP13 and associated with the osteogenic differ-
entiation of hMSCs.

Inflammation is the first response in the repair of bone frac-
tures and is associated with pro-inflammatory cytokines such as
IL-18 and TNF-o. MMPs are included in the inflammatory pro-
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cesses, and IL-18 and TNF-« are known to induce MMP3 and
MMP13 expression in chondrocytes [44]. When hMSCs were grown
on uncoated plates, we found that the secretion of MMP13 in-
creased in inflammatory conditions (Fig. S4). Based on this re-
sult, we suggest that the secretion of MMP13 may be induced by
pro-inflammatory cytokines secreted at the bone defect lesion and
MMP13 is involved in bone healing through remodeling of the Col
I matrix.

Integrin is known to initiate the intracellular signal cascades
related to osteogenic differentiation by inducing the phosphoryla-
tion of FAK and subsequently activating AKT to regulate the sta-
bility and transcriptional efficiency of RUNX2, the main transcrip-
tion factor for osteogenic differentiation [45]. When integrin is ac-
tivated through the binding of a specific ligand, it causes the re-
cruitment of the focal adhesion complex, including FAK and vin-
culin, according to stimulation by sub-signaling transduction. Con-
sequently, phosphorylated RUNX2 stimulates the activation of the
MMP13 promoter [46,47]. In this study, knocking down MMP13 de-
creased the expression of RUNX2 and the phosphorylation of FAK
and AKT (Fig. 1K-M). Although MMP13 knockdown did not induce
a decrease in vinculin expression by hMSCs, it seems that the fo-
cal adhesion signaling cascade decreased because of the downreg-
ulation of phosphorylated FAK and ITGB1, which can be dimerized
with integrin «3. To stimulate the signaling cascade, the activation
of signaling molecules, such as by phosphorylation, is more im-
portant than their expression at the mRNA or protein level. How-
ever, RUNX2 can directly activate the MMP13 promoter (Fig. S10C),
indicating that the signaling cascade initiated by phosphorylation
of FAK and AKT is responsible for activating MMP13 expression by
RUNX2.

Although our findings cannot fully demonstrate the mecha-
nisms underlying the self-healing of bone tissue in the body, they
will be a valuable knowledge base for researchers elucidating the
fundamental mechanisms of self-healing and developing efficient
therapeutics for bone tissue regeneration. In addition, we hope the
results of this study will contribute to improving patient quality
of life and the advancement of scientific technology through fur-
ther research into the development and application of biomaterials
with enhanced bone tissue regeneration efficiency.

5. Conclusion

In conclusion, we found that exposing the cryptic ligand on
Col I matrix to MMP13 activates integrins, especially integrin
31, which stimulates a signaling cascade through focal adhesion
molecules (Fig. S13). This signaling pathway triggers the translo-
cation of RUNX2 into the nucleus, where it binds to the MMP13
promoter and upregulates expression of the gene. We propose that
an MMP13/ITGA3/RUNX2 positive feedback loop operates in stem
cells grown on a Col I matrix; this could explain how bone frac-
tures undergo self-healing. Furthermore, an MMP13-treated Col I
matrix can be used to specifically promote the osteogenic differen-
tiation of hMSCs and bone tissue self-healing.
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