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MMP9 regulates osteogenesis and MMP2 expression
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lipopolysaccharide-induced osteoblasts
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Abstract

Matrix metalloproteinases (MMP) act as effectors and regulators in normal growth and development as well as in pathological
processes. The gelatinases MMP2 and MMP9 exhibit similar structures and biological reactions. The purpose of this study was
to clarify the relationship between MMP9 and MMP2 in lipopolysaccharide (LPS)-induced osteoblasts. MC3T3-E1 cells were
pretreated with or without TGF-B1 inhibitor (20 nM) and SMAD2/3 inhibitor (20 nM) for 1 h, and then with pcDNA3.1-mMMP9
(0.8 png/mL) for 48 h. Quantitative real-time PCR, western blot, and immunocytochemistry were performed to detect MMP2,
TGF-B1, and/or SMAD2/3 expression. Luciferase reporter assay and electrophoretic mobility shift assay (EMSA) were
performed to examine the regulatory effect of SMAD2/3 on MMP2 gene transcription. RUNX2, OSX, ALP, type | collagen, and
OCN expression was detected in LPS (20 pg/mL)-stimulated MC3T3-E1 cells after MMP9 treatment. MMP9 activated the
expression of TGF-B1 and phosphorylation of SMAD2/3. Phosphorylated SMADZ2/3 translocalized into nuclei to bind to SMAD-
binding elements in the promoter of the MMP2 gene, inhibiting MMP2 gene transcription. Additionally, MMP9 increased RUNX2,
OSX, ALP, COL I, and OCN expression in LPS-induced MC3T3 cells. MMP9 may regulate osteogenesis through TGF-p1-

SMAD2/3/-MMP2 signaling during the inflammation process.
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Introduction

Matrix metalloproteinases (MMPs) are described as
calcium-dependent zinc endopeptidases. It has been
demonstrated that they participate in the degradation
and remodeling of the extracellular matrix (ECM) in nor-
mal growth and development as well as in pathological
processes (1).

In addition to the role of degrading the ECM, MMPs
also recruit osteoclasts to the region where bone resorp-
tion occurs and determine the time and location of bone
resorption (2,3). Additionally, it has been reported that
MMPs are important for osteogenesis. Vu et al. (4)
performed MMP9 knockout and subsequently found that
MMPs affected bone formation when they observed an
abnormal pattern of skeletal growth plate ossification.
Mosig et al. (5) found that the loss of MMP2 resulted in
decreased bone mineralization, and they demonstrated
that MMP2 played a direct role in early skeletal develop-
ment and bone cell proliferation. MMPs also function as
effectors and regulators in the inflammatory response.
McQuibban et al. (6) found that, when MMP2 cleaved
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MCP-3, there was decreased inflammation due to the
general chemokine antagonist that resulted. Zhang et al.
(7) found that MMP9 inhibited pro-inflammatory cytokine
expression and increased osteopontin (OPG) and osteo-
calcin (OCN) expression in lipopolysaccharide (LPS)-
stimulated cells.

MMPs are stringently regulated at multiple levels.
Most MMPs are synthesized and secreted from cells as
proenzymes, and they are activated by proteinases or
in vitro by chemical agents (8). MMP zymogens are
activated and regulated by MMPs themselves. Sato et al.
(9) demonstrated that MMP2 was activated by MMP14,
which is a membrane-type (MT)-MMP. Knduper et al. (10)
found that MMP14 activated MMP13 at the cell surface.
Dreier et al. (11) found that pro-MMP9 was activated by
MMP3 or a MMP14/MMP13 cascade in osteoarthritic
chondrocytes. Steenport et al. (12) reported that MMP1
and MMP3 regulated the expression of MMP9 in mouse
macrophages. The structures and biological reactions of
MMP2 and MMP9 are similar to those of collagenase (13).
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Wan et al. (14) found that MMP2 expression increased
after MMP9 abrogation in mouse apical periodontitis,
suggesting that the expression of MMP2 was possibly
regulated by MMP9.

Based on the evidence presented, we hypothesized
that MMP9 modulates MMP2 expression under inflamma-
tory conditions to promote osteogenic differentiation.
Given the well-established role of the TGF-B/SMAD
signaling pathway in osteogenesis, which regulates both
osteoblast and osteoclast activities and plays a critical role
in bone remodeling (15,16), we aimed to investigate
whether MMP9 influences MMP2 via the TGF-B/SMAD
axis in LPS-stimulated pre-osteoblasts. To test this
hypothesis, we conducted a series of experiments,
including western blot (WB), fluorescence microscopy,
quantitative real-time PCR, electrophoretic mobility shift
assay (EMSA), and luciferase reporter assays. Our
findings may help elucidate the complex regulatory
network of MMPs during inflammation and provide new
insights into the molecular mechanisms underlying inflam-
mation-associated osteogenesis.

Material and Methods

Antibodies and reagents

Anti-phospho-SMAD2 and anti-phospho-SMAD3 anti-
bodies for immunofluorescence were purchased from
Abcam (UK). The anti-phospho-SMAD2, anti-phospho-
SMAD3, anti-SMAD2, anti-SMAD3, and anti-RUNX2
antibodies for WB were purchased from Cell Signaling
Technology (USA). The anti-SMAD2 and anti-SMAD3
antibodies for EMSA were purchased from Cell Signaling
Technology. The anti-TGF-B1 antibody was purchased
from Proteintech (USA). The anti-MMP2, anti-OCN, anti-
COL |, anti-RUNX2, and anti-GAPDH antibodies were
purchased from Abcam. The anti-OSX antibody was
purchased from Affbiotech (USA). The anti-ALP antibody
was purchased from Proteintech Group, Inc. (China).
MMP9 inhibitor (MMP-9-IN-1) and transforming growth
factor-B1 (TGF-B1) inhibitor (Disitertide TFA) were pur-
chased from MCE (USA). SMAD2/3 inhibitor (TP0427736
HCI) was purchased from Selleck (USA).

Plasmids

mMMP9, mSMAD2, and mSMAD3 expression plas-
mids were constructed by encoding full-length mMMP9,
mSMAD2, and mSMAD3 into the pcDNA3.1 vector. All
constructs were verified by DNA sequencing.

Cell culture

MC3T3-E1 osteoblastic cells were obtained from
HYcell Biotechnology (China) and cultured in a-minimum
essential medium (MEM, Hyclone, USA) containing 10%
fetal bovine serum (FBS, Hyclone), penicillin (100 U/mL),
and streptomycin (100 mg/mL) (Hyclone) at 37°C in a
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humidified atmosphere with 5% CO, and 5% air. The
medium was refreshed every two days.

Quantitative real-time PCR (qRT-PCR) analysis

TRIpure Total RNA Extraction Reagent (ELK Biotech-
nology, China) was used to extract total RNA. First-strand
cDNA was synthesized using the Reverse Transcription
System (ELK Biotechnology) as directed by the manu-
facturer. MMP9, MMP2, SMAD2, SMAD3, TGF-$1, and
RUNX2 genes were quantified using the StepOne™ Real-
Time PCR System (Life Technologies, USA). Internal
normalization control was carried out using glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH). The primers
used for qRT-PCR are listed in Table 1. The expression of
each gene was determined using the 2-AACt method
(17). The gene expression ratio from three independent
experiments is reported as means + SD.

Table 1. Oligonucleotide primer sequences
used in qRT-PCR.

Gene Sequence (5'-3)
MMP9

Forward AAGGGTACAGCCTGTTCCTGGT

Reverse CTGGATGCCGTCTATGTCGTCT
MMP2

Forward GAATGCCATCCCTGATAACCT

Reverse GCTTCCAAACTTCACGCTCTT
TGF-p1

Forward AGAGCCCTGGATACCAACTATTG

Reverse TGCGACCCACGTAGTAGACG
SMAD2

Forward TGGGGAAGTGTTTGCTGAGTG

Reverse TGTCTGCCTCCGATATTCTGC
SMAD3

Forward TCCCCAGCACACAATAACTTG

Reverse CCGATGTAGTAGAGCCGCAC
RUNX2

Forward ~ CGCCACCACTCACTACCACAC

Reverse TGGATTTAATAGCGTGCTGCC
OSX

Forward GACTACCCACCCTTCCCTCAC

Reverse = CCCACCAAGGAGTAGGTGTGT
ALP

Forward ~ TGACTACCACTCGGGTGAACC

Reverse TGATATGCGATGTCCTTGCAG
COL |

Forward CTGACTGGAAGAGCGGAGAG

Reverse CGGCTGAGTAGGGAACACAC
OCN

Forward GCAGGAGGGCAATAAGGTAGTG

Reverse CCATAGATGCGTTTGTAGGCG
GAPDH

Forward TGAAGGGTGGAGCCAAAAG

Reverse ~ AGTCTTCTGGGTGGCAGTGAT
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Western blot analysis

Cells were lysed with lysis buffer (ASPEN, China) and
centrifuged at 16,000 g for 10 min at 4°C. The total protein
in the supernatant was measured using a BCA Protein
Assay Kit (ASPEN). Thirty micrograms protein was
resolved by 10% sodium dodecyl! sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels (ASPEN). Proteins
were electrophoresed and transferred to nitrocellulose
membranes (Millipore, USA). The membranes were
blocked with 5% nonfat milk (ASPEN) for 1 h at room
temperature. The samples were probed with anti-GAPDH
(1:10000; Abcam), anti-MMP9 (1:500; Abcam), anti-
MMP2 (1:1000; Abcam), anti-phospho-SMAD2 (1:500;
CST, USA), anti-SMAD2 (1:1000; CST), anti-phospho-
SMAD3 (1:500; CST), anti-SMAD3 (1:1000; CST), anti-
TGFB1 (1:1000; Proteintech), anti-OSX (1:1000; Affbio-
tech, USA), anti-OCN (1:500; Abcam), anti-COL | (1:500;
Abcam), anti-ALP (1:3000; Proteintech Group, Inc), and
anti-RUNX2 (1:1000; CST) antibodies. A goat anti-rabbit
IgG conjugated with horseradish peroxidase (HRP)
(1:10000; ASPEN) was used for detection.

Immunocytochemistry

Cells were cultured on glass coverslips in 6-well plates
and fixed in 4% paraformaldehyde for 10 min. Fixed cells
were rinsed twice in phosphate-buffered saline (PBS) and
permeabilized with 0.1% Triton X-100 for 5 min. Cells
were then incubated in 2.5% bovine serum albumin (BSA)/
PBS for 1 h, followed by overnight incubation with a
primary antibody (phospho-SMAD2, 1:200, Abcam; phos-
pho-SMAD3, 1:75, Abcam) at 4°C. Cells were then
washed three times in wash buffer and incubated for 1 h
with a goat anti-rabbit Dylight 488-conjugated secondary
antibody. The coverslips were inverted and mounted on
glass microscope slides using 4’,6-diamidino-2-phenylin-
dole (DAPI) mounting medium, and the cells were
visualized with a Nikon Eclipse Ti-S inverted fluorescence
microscope (Nikon, Japan).

Electrophoretic mobility shift assay (EMSA)
According to Chen et al. (18), nuclear extracts (5—10
ug) were preincubated for 5 min at room temperature in a
total volume of 20 pL of binding buffer (10 mM Tris-HCI,
pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol
(DTT), 5% glycerol) containing 2 ng of poly(dldC). After-
ward, 32P-end-labeled DNA fragments (1 ng) were added,
and the solution was incubated for an additional 20 min. In
competition binding reactions, unlabeled DNA fragments
in 100-fold molar excess of the labeled DNA probes were
added to the reaction. The products of the DNA-protein
reaction were separated by electrophoresis on a non-
denaturing 5% polyacrylamide gel in 1x TBE buffer.
DNA-protein complexes as well as the unbound DNA
probe were visualized on X-ray film. For gel mobility
super-shift analysis, an anti-SMAD3 antibody (CST) was
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preincubated with nuclear extracts 10 min prior to adding
the radiolabeled probe.

Luciferase reporter assay

In 24-well plates, cells were transfected with pGL3-
Basic empty vector or pGL3-Luc-mMMP2-promoter-wt or
pGL3-Luc-mMMP2-promoter-muts (mut1, mut2, mut1,2)
and the pRL-TK Renilla luciferase expression vector as an
internal control as well as pcDNA3.1-SMAD2, pcDNA3.1-
SMADS3, or pcDNAS3.1 using Lipofectamine 2000. After
48 h, cells were collected and lysed in passive lysis buffer.
The Dual Luciferase Reporter Assay System (Beyotime,
USA) was used to perform the luciferase assay as
directed by the manufacturer. Firefly and Renilla luciferase
activities were determined using a Glomax Luminometer
(Promega, USA). Luciferase expression was normalized
against Renilla luciferase expression to determine the
relative luciferase activity.

Alkaline phosphatase (ALP) staining

MC3T3-E1 cells were treated with pcDNA3.1 (control
group) or pcDNA3.1-mMMP9 (MMP9 overexpression group)
at a final concentration of 0.8 pg/mL using Lipofectamine
2000 transfection reagent (Thermo, USA). After 48 h, cells
were stimulated with or without 20 pg/mL LPS (eBioscience,
USA) and cultured in calcifying medium («-MEM supple-
mented with 10% FBS and 100 IU/mL penicillin), strepto-
mycin (100 pg/mL), 50 pg/mL ascorbic acid, and 10 mM
sodium B-glycerophosphate) at 37°C for 7 days. After
washing with PBS, cells were fixed in 4% paraformaldehyde
for 20 min and then stained with ALP (Aspen Biological,
China) according to the manufacturer’s instructions.

Alizarin red S (ARS) staining

MC3T3-E1 cells were treated with pcDNA3.1 (control
group) or pcDNA3.1-mMMP9 (MMP9 overexpression
group) at a final concentration of 0.8 pg/mL using
Lipofectamine 2000 transfection reagent (Thermo). After
48 h, cells were stimulated with 20 pg/mL LPS
(eBioscience) and cultured in calcifying medium at 37°C
for 21 days. Cells were fixed in 95% methanol for 45 min
at 4°C followed by washing with H,O. The cultures were
then stained with 0.5% ARS (Sigma, USA) for 30 min at
37°C, washed with H,O, and observed under microscope.

Statistical analysis

Statistical analysis was conducted using SPSS 23.0
statistics software (IBM, USA) with a two-tailed t-test or
ANOVA based on results from three independent experi-
ments. P <0.05 was considered statistically significant.

Results

To systematically investigate the role of MMP9 in
osteogenic differentiation, we first aimed to establish its
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Figure 1. MMP9 regulated MMP2, TGF-B1, SMAD2, and SMAD3 expression in MC3T3-E1 cells. MC3T3-E1 cells were pretreated with
or without MMP9 inhibitor for 1 h. After that, cells were transfected with pcDNA3.1 or pcDNA3.1-mMMP9 and cultured for 48 h. mRNA
expression of (A and B) MMP9, (C) MMP2, (D) TGF-p1, (E) SMAD2, and (F) SMAD3 was measured by qRT-PCR. (G) Protein
expression of MMP9, MMP2, TGF-$1, SMAD2, SMAD3, phospho-SMAD2, and phospho-SMAD3 was measured by western blot.
Immunofluorescence analysis of (H) phospho-SMAD2 and (l) phospho-SMAD3 in MC3T3 cells; scale bar 50 um. Data are
representative of three independent experiments and are reported as means + SD. *P <0.05, **P <0.01; t-test or ANOVA.

fundamental function under normal physiological condi-
tions. Thus, the experiments presented in Figures 1-3
were performed without any inflammatory stimulus. After
elucidating this baseline mechanism, we proceeded to
examine whether and how this regulatory function is
modulated in an inflammatory context, modeled by LPS
treatment, as shown in Figure 4.

MMP9 expression was increased by MMP9 DNA
transfection and inhibited by MMP9 inhibitor

To assess the baseline expression of MMP9 during
osteogenesis, MC3T3 cells were cultured under standard
conditions in the absence of LPS. MC3T3-E1 cells were
pretreated with or without MMP9 inhibitor for 1 h. After
that, cells were transfected with pcDNA3.1 or pcDNA3.1-
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mMMP9 and cultured for 48 h. MMP9 production in the
MMP9 overexpression group was significantly higher than
in the control group at both mRNA and protein levels
(P<0.01) (Figure 1A and G). MMP9 expression was
inhibited by MMP9 inhibitor both at mRNA and protein
levels (P<0.01) (Figure 1B and G).

MMP?9 inhibited MMP2 expression in MC3T3 cells
MC3T3-E1 cells were pretreated with or without MMP9
inhibitor for 1 h. After that, cells were transfected with
pcDNA3.1 or pcDNA3.1-mMMP9 and cultured for another
48 h. MMP2 expression was measured by gqRT-PCR
and WB. At the mRNA level, MMP9 suppressed MMP2
expression (P<0.05) (Figure 1C). However, when the
cells were pretreated with MMP9 inhibitor (20 uM) 1 h prior
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Figure 2. MMP9-regulated MMP2 expression was inhibited by TGF-f1 or SMAD2/3 in MC3T3-E1 cells. MC3T3-E1 cells were
pretreated in the presence or absence of TGF-$1 or SMADZ2/3 inhibitor for 1 h. After that, cells were transfected with pcDNA3.1 or
pcDNA3.1-mMMP9 and cultured for 48 h. mRNA expression of (A) MMP2, (B) TGF-B1, (C) SMAD2, and (D) SMAD3 was measured
by gqRT-PCR. E, Protein expression of MMP2, TGF-$1, SMAD2, SMAD3, phospho-SMAD2, and phospho-SMAD3 was measured
by western blot. Immunofluorescence analysis of (F) phospho-SMAD2 and (G) phospho-SMAD3 in MC3T3-E1 cells; scale bar 50 um.
H, mRNA and (I) protein expression of MMP2 was measured by gqRT-PCR and western blot. The data are representative of three
independent experiments and are reported as means = SD. *P <0.05, **P <0.01; ANOVA.

to MMP9 DNA transfection, MMP2 expression increased
in the MMP9 inhibition group compared to the MMP9 DNA
transfection group (P <0.05) (Figure 1C). At the protein
level, MMP2 expression in MC3T3-E1 cells was much
lower in the MMP9 overexpression group compared to the
control group. There was a greater quantity of MMP2
expressed in the MMP9 inhibition group compared to the
MMP9 overexpression group (Figure 1G).
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MMP9 promoted TGF-p1 expression as well as
SMAD2/3 phosphorylation and nuclear translocation
in MC3T3 cells

To determine whether MMP9 regulated TGF-81 and
SMAD2/3 expression, MC3T3-E1 cells were pretreated
with or without MMP9 inhibitor for 1 h and for 48 h. After
that, pcDNA3.1 or pcDNA3.1-mMMP9 was added to the
medium, and the cells were cultured for another 48 h.
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Figure 3. MMP9 downregulated MMP2 gene transcription through SMAD2/3. A, pGL-Luc-mMMP2-1387/+23 (p1387) was co-
transfected with 100 ng pcDNA3.1-SMAD3 or pcDNA3.1-SMAD3 or pCDNA3.1. Transcription results were computed as luciferase
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100 ng pcDNA-Smad3. The data are reported as means + SD from independent experiments in triplicate. D, SMAD3 bound to —1368/—
1348 in MMP2 promoter region. E, SMAD3 did not bind to —1271/-1251 in MMP2 promoter region. >2P-labeled double stranded MMP2
probes were incubated with 5 pg of SMAD3 overexpressed cell nuclear extracts. The sequences selected for MMP2 probes are as
follows: —1368 to —1348: (5°-CAAAGTCTTGTCTGAAGAGGA-3’), —1271 to —1251: (5°-AACCAGAATGTCTGATTTTTA-3’). Competition
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CAAAGTCTAATTCAAAGAGGA-3’) or SBE site 2 mut (5°- AACCAGAAAATTCAATTTTTA -3°). Data are reported as means £ SD.

*P <0.05; ANOVA.

gRT-PCR and WB were performed to measure TGF-$1
and SMAD2/3 expression. At the mRNA level, a sig-
nificant increase in TGF-B1 expression was observed in
the MMP9 overexpression group compared to the control
group (P<0.01). However, when the cells were pretreated
with MMP9 inhibitor (20 pM) for 1 h, TGF-B1 expression
decreased compared to the MMP9 overexpression group
(P<0.01) (Figure 1D). SMAD2 and SMAD3 expression in
MC3T3 cells was higher in the MMP9 overexpression
group compared to the control group (P<0.01), and
SMAD2 and SMAD3 expression was slightly lower in the
MMP9 inhibition group compared to the MMP9 over-
expression group at the mRNA level (P <0.05) (Figure 1E
and F).

At the protein level, TGF-B1 expression was much
higher in the MMP9 overexpression group compared to
the control group, and its expression decreased in the
MMP9 inhibition group compared to the MMP9 over-
expression group. No significant difference was observed
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in SMAD2 and SMAD3 expression among the negative
control, MMP9 overexpression, and MMP9 inhibition
groups. However, phospho-SMAD2 and phospho-SMAD3
expression in MC3T3 cells was higher in the MMP9
overexpression group compared to the control group.
Phospho-SMAD2 and phospho-SMAD3 expression was
lower in the MMP9 inhibition group compared to the
MMP9 overexpression group (Figure 1G).

The immunofluorescence data indicated that phospho-
SMAD2 and phospho-SMAD3 were significantly accumu-
lated in the nuclei of MC3T3 cells after MMP9 treatment,
whereas in the control group, phospho-SMAD2 and
phospho-SMAD3 were distributed in the nucleus and
cytoplasm. When the cells were pretreated with MMP9
inhibitor (20 uM) for 1 h, there was less phospho-SMAD2/
3 accumulated in the nuclei (Figure 1H and 1). These
results demonstrated that the MMP9 inhibitor significantly
inhibited the phosphorylation and nuclear translocation of
SMAD2 and SMAD3.
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Figure 4. MMP9 regulated RUNX2, OSX, ALP, COL I, and OCN expression in lipopolysaccharide (LPS)-induced MC3T3-E1 cells. After
pretreatment with pcDNA3.1 or pcDNA3.1-mMMP9 for 48 h, MC3T3-E1 cells were stimulated or not with 20 pg/mL LPS and cultured for
another 12 h. mRNA expression of (A) MMP2, (B) TGF-B1, (C) SMAD2, (D) SMAD3, (E) RUNX2, (F) OSX, (G) ALP, (H) COL I, and (l)
OCN was measured by gRT-PCR. J, Protein expression of MMP2, TGF-1, P-SMAD2, SMAD2, P-SMAD3, and SMAD3 was measured
by western blot. K, Protein expression of RUNX2, OSX, ALP, COL I, and OCN was measured by western blot. Immunofluorescence
analysis of (L) phospho-SMAD2 and (M) phospho-SMAD3 in MC3T3-E1 cells; scale bar 50 um. N, Alkaline phosphatase (ALP) staining
(a1-a3) and alizarin red S (ARS) staining (b1-b3). O, Quantification of ALP staining. P, Quantification of ARS staining. Data are
representative of three independent experiments and are reported as means + SD. *P <0.05, **P <0.01; ANOVA.

MMP9-regulated MMP2 expression and SMAD2/3
phosphorylation and nuclear translocation were
inhibited by TGF-$1 inhibitor in MC3T3 cells

We further determined whether MMP9 regulated
MMP2 and SMAD2/3 expression through TGF-p1.
MC3T3 cells were pretreated with TGF-B1 inhibitor (20
uM) 1 h prior to MMP9 transfection for 48 h. As expected,
at the mRNA level, MMP2 expression was higher in the
TGF-B1 inhibition group compared to the MMP9 over-
expression group (P <0.01) (Figure 2A). TGF-1, SMAD2,
and SMAD3 expression was lower in the TGF-p1
inhibition group compared to the MMP9 overexpression
group (P <0.05) (Figure 2B-D). At the protein level, MMP2
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expression was higher in the TGF-B1 inhibition group
compared to the MMP9 overexpression group. TGF-31
expression was lower in the TGF-B1 inhibition group
compared to the MMP9 overexpression group. There was
no significant difference in SMAD2 and SMAD3 expres-
sion among the negative, MMP9 overexpression, and
TGF-B1 inhibition groups. However, expression of phos-
pho-SMAD2 and phospho-SMAD3 was lower in the TGF-
B1 inhibition group compared to the MMP9 overexpres-
sion group (Figure 2E). Immunofluorescence data demon-
strated that the TGF-B1 inhibitor markedly reduced the
phosphorylation and nuclear translocation of SMAD2 and
SMAD3 (Figure 2F and G). These data demonstrated that
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the MMP9-mediated decreases in MMP2 expression and
increases in SMAD2/3 expression were associated with
TGF-B1 levels.

MMP2 expression was regulated by SMAD2/3

We further determined whether MMP9 regulated
MMP2 expression through SMAD2/3 by pretreating
MC3T3 cells with SMAD2/3 inhibitor (20 uM) 1 h prior to
MMP9 transfection for 48 h. As expected, at both the
mRNA and protein levels, MMP2 expression was higher in
the SMAD2/3 inhibition group compared to the MMP9
overexpression group (P <0.01) (Figure 2H and I).

The mouse MMP2 gene regulatory region was
analyzed by the Transcription Element Search System
(TESS) (http://www.cbil.upenn.edu/cgi-bin/tess/tess) to
search for potential SMAD binding elements (SBEs). In
the proximal promoter of the MMP2 gene, two SBEs were
found (SBE site1: —1360 to —1355, SBE site2: —1263 to
—1258). To clarify the biological functions of the two SBEs
in the mouse MMP2 promoter, the MMP2 promoter -1387/
+23 (p1387) was subcloned into the Luc-report vector
(pGL-Luc-mMMP2-1387/+ 23). To determine of transcrip-
tional activity, pGL-Luc-mMMP2-1387/+23 was trans-
fected into 293T cells in the presence of pcDNA3.1-
SMAD3 or pcDNA3.1-SMAD3 or pCDNA3.1 for 48 h. The
results showed that SMAD2 and SMADS3 inhibited
mMMP2-1387/+23 promoter activity (Figure 3A). To
determine the biological functions of these two SBE sites,
we generated three mutant DNA constructs: p1387 SBE
site1-mut, p1387 SBE site2-mut, and p1387 SBE site1,2-
mut. We found that the promoter activities of p1387
mutant constructs were higher than that of the p1387 Wt
construct when 100 ng of either SMAD2 or SMAD3
existed (Figure 3B and C).

EMSA showed that the labeled double-stranded DNA
sequence containing SBE site1 (—-1368 to —1348: 5'-CA
AAGTCTTGTCTGAAGAGGA-3') was bound by SMAD3
overexpression cell nuclear extract in vitro (Figure 3D).
However, the labeled double-stranded DNA sequence
containing SBE site2 (-1271 to -1251: 5-AACCA
GAATGTCTGATTTTTA-3') did not bind to SMAD3 in an
overexpressed cell nuclear extract in vitro (Figure 3E).
Competition assay showed the SMAD3 protein-DNA
complex from MMP2 promoter was competed away by
100-fold molar excess of the unlabeled homologous
element. However, the affinity of the SMAD3 protein-
DNA complex to bind to the MMP2 promoter was much
greater when there was a 100-fold molar excess of the
unlabeled mutant element. We performed a super-shift
assay using an anti-SMAD3 antibody. Incubation of the
nuclear extracts with anti-SMAD3 antibody and the
labeled double-stranded DNA containing SBE site1 led
to the formation of slower migrating protein-DNA com-
plexes (Figure 3D). These results verified that SMAD3
was able to bind to —1360 to —1355 in the MMP2 promoter
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in vitro. However, it did not bind to —1263 to —1258 in the
MMP2 promoter in vitro.

MMP9 regulated osteogenesis as well as MMP2 in
LPS-induced MC3T3 cells

We next questioned whether this pro-osteogenic
function is maintained in a pro-inflammatory microenvir-
onment. After pretreatment with pcDNA3.1 or pcDNAS3.1-
mMMP9 for 48 h, MC3T3-E1 cells were stimulated or not
with 20 pg/mL LPS for another 12 h. gRT-PCR and WB
results showed that MMP2 decreased in the LPS + MMP9
group compared to that in the LPS group (P<0.01)
(Figure 4A and J). However, TGF-f1 (P <0.05), phospho-
SMAD2 (P<0.01), and phospho-SMAD3 (P<0.05)
expression increased in the LPS + MMP9 group compared
to that in the LPS group (Figure 4B-D and J). The
immunofluorescence data demonstrated that MMP9
increased the phosphorylation of SMAD2 and SMAD3
(Figure 4L and M). These data demonstrated that MMP9
decreased MMP2 expression and increased TGF-1 and
SMADZ2/3 expression in LPS-induced MC3T3-E1 cells.

gRT-PCR and WB were performed to measure RUNX2,
OSX, ALP, COL I, and OCN expression. Treatment with
LPS (20 pg/mL) decreased RUNX2, OSX, ALP, COL |, and
OCN expression, and increased RUNX2, OSX, ALP, COL |,
and OCN expression in the LPS + MMP9 group compared
to that in the LPS group (P <0.01). The same results were
obtained for qRT-PCR and WB analysis (Figure 4E-I
and K).

The staining results showed that ALP expression
decreased with LPS (20 pg/mL) stimulation. However,
there was increased ALP expression in the LPS + MMP9
group compared to that in the LPS group (Figure 4N a1—
a3 and O) (P<0.01). We also detected mineralization
deposit MC3T3-E1 cells. The result showed that 20 ug/mL
LPS reduced mineralization deposit. However, there was
increased mineralization deposit in the LPS+MMP9
group compared to that in the LPS group (Figure 4N
b1-b3 and P) (P<0.01).

Discussion

MMP2 and MMP9 possess similar biological charac-
teristics (13). It has been reported that they are important
regulators for osteogenesis and osteolysis (19,20). In the
present research, we found that MMP9 inhibited MMP2
expression in MC3T3-E1 cells. To clarify the signaling
pathways in this process, we examined TGF-B1 and
SMADZ2/3 expression. The TGF-f family triggers signaling
in cells via binding to the TGF-f receptor complex and
activating or repressing gene expression via Smad-
dependent or Smad-independent signaling pathways
(21). Studies have demonstrated that TGF- activates
MMPs via different signaling pathways. Lamar et al. (22)
reported that TGF-$ activated the expression of MMP9
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binding with a381. Sinpitaksakul et al. (23) found that
TGF-B1 signaling induced MMP9 expression via Smad
and mLCK. Gweon and Kim (24) and Takahashi et al. (25)
reported that TGF-B1 induced MMP9 upregulation in
pericytes via p38 mitogen-activated protein (MAP) kinase
signaling. Kim et al. (26) found that TGF-B activated the
expression of MMP-2 via ATF-2. Additionally, Kobayashi
et al. (27) reported that MMP9 activated TGF-§ in
fibroblasts. In the present study, we clarified that MMP9
inhibited MMP2 expression through TGF-$1-SMAD2/3
signaling in MC3T3-E1 cells in vitro.

We identified two potential SMAD2/3 binding sites in
the MMP2 gene promoter region using TESS (University
of Pennsylvania, USA) and DNA-protein binding assays.
Dual luciferase assay demonstrated that SMAD2/3
decreased MMP2 gene promoter activity via the two
SBEs. Mutations of SBEs in the MMP2 gene promoter
increased MMP2 gene transcription. We next performed
EMSA and found that SMAD3 was able to bind to the
promoter region of MMP2 in vitro. We further confirmed
these results by Supershift and Competition assays.

The function of MMPs is much more complex and
subtle than straightforward demolition. MMPs are effectors
and regulators in normal growth and development as well
as in pathological processes. In addition to the ability to
degrade the ECM, MMPs also regulate the extracellular
environment by affecting cellular behavior. In the present
research, we analyzed the expression of osteogenic
markers RUNX2, OSX, ALP, COL |, and OCN. ALP is
an enzyme secreted by osteoblasts. It is usually used as
one of the indicators to evaluate the mineralization ability
of osteoblasts (28,29). ALP expression was found
increased by MMP9 in 20 pg/mL LPS-induced osteoblasts
(7). RUNX2, also known as core-binding factor a1, is an
important member of the Runt family. It plays a critical role
not only in osteoblast differentiation but also in osteoblast
function, by acting as a positive regulator that upregulates
the expression of bone matrix proteins, including OCN and
type | collagen (30-33). OSX is an osteoblast-specific
transcription factor that is critical for bone formation
(34,35). OCN is a non-collagenous protein secreted by
osteoblasts in the late stage of differentiation (36).
RUNX2, OSX, ALP, COL I, and OCN expressions were
found increased by MMP9 in LPS-induced osteoblasts.
These results suggest that MMP9 regulates osteogenesis
by promoting bone formation, consistent with the finding
that MMP9 increased OPG and OCN expression in LPS-
stimulated cells (7).

Conclusion

We found that MMP9 activated the expression of TGF-
B1 and phosphorylation of SMAD2/3. Phosphorylated
SMADZ2/3 translocalized into nuclei and was able to bind
to SBEs in the MMP2 gene promoter, inhibiting MMP2
gene transcription. Additionally, we confirmed that MMP9
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increased RUNX2, OSX, ALP, COL |, and OCN expres-
sion in LPS-induced MC3T3 cells. Therefore, MMP9 may
regulate osteogenesis through the TGF-B1-SMAD2/3/-
MMP2 signaling pathway during the inflammation pro-
cess. This study helps reveal the complex molecular
mechanisms among MMPs in the process of inflammation
and provides an experimental and theoretical basis for the
prevention and treatment of inflammation.
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