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Abstract

Background/Aims: Muscle fibrosis and fatty infiltration (FI) are common complications seen in
various muscle disease states. Recent studies indicate that muscle residential fibro/adipogenic
progenitors (FAPs) are the major cellular source for muscle fibrosis and Fl. We previously showed
that MMP13 knockout (KO) mice have significantly increased Fl, suggesting an important role
of MMP13 in muscle Fl. However, how MMP13 affects the differentiation of FAPs remains
unknown. Methods: In order to assess the role of MMP-13 on FAP differentiation, we isolated
FAPs from wildtype C57BL/6 and MMP13 knock out mice with FACS using CD31-, CD45-,
Integrin a7- and Sca-1+ markers. FAPs were cultured in 24 well plate after FACS.in standard
media till 80% confluent and then switched to adipogenic medium. In order to study the role
of TGFB and BMP in their differentiation, FAPs from both wildtype and MMP13 KO mice were
treated with TGFB1 (5 ng/ml). For MMP13 inhibitor treatment, FAPs from wildtype mice were
incubated in adipogenic medium containing 10 uM MMP13 inhibitor (or vehicle) for 2 weeks.
Immunofluorescence and gene expression analysis were used to assess FAP adipogenic and
fibrogenic differentiation. FAPs were stained with Perilipin A (FITC, adipogenesis marker) and
oSMA (Red, fibroblast marker), and DAPI. Real time PCR was performed for gene expression
evaluation. A two-tailed Anova was used for statistical comparisons between groups, with
p < 0.05. Data are presented as mean + standard deviation. Results: In this study, we isolated
FAPs from wildtype C57BL/6 and MMP13 KO mice and evaluated their adipogenic and
fibrogenic differentiation in vitro. MMP13 KO FAPs demonstrated enhanced adipogenesis but
reduced fibrogenesis compared to wildtype FAPs. Treating wildtype FAPs with an MMP13
inhibitor simulated phenotypes seen in MMP13 KO FAPs. In order to assess the role of MMP13
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on TGFB/BMP signaling in regulating FAP differentiation, we treated wildtype and MMP13
KO FAPs with TGFB1, BMP7, TGFp inhibitor, and BMP inhibitor. TGFB1 treatment significantly
enhanced fibrogenesis, but inhibited adipogenesis of wildtype FAPs. However, treatment with
BMP7 showed the opposite effect. Interestingly, the effect of TGFB1/BMP7 was voided in
MMP13 KO FAPs. Treating wildtype FAPs with MMP13 inhibitor also abolished the effect of
TGFB1/BMP7 in FAP differentiation. Conclusion: Results from this study showed that TGFp1
inhibits FAP adipogenesis but stimulates FAP fibrogenesis. BMP7 was shown to promote
FAP adipogenesis but reduce its fibrogenesis. The role of the TGFB/BMP signaling pathway
regulating FAP differentiation was found to be MMP13 dependent. This study suggests that
MMP13 is a critical downstream effector in TGFB/BMP pathway which may serve as a new
therapeutic target for muscle fibrosis and Fl.

© 2022 The Author(s). Published by
Cell Physiol Biochem Press GmbH&Co. KG

Introduction

Muscle fibrosis and fatty infiltration (FI) are common sequalae of various muscle
diseases and disorders. Recent studies indicate that muscle residential fibro/adipogenic
progenitors (FAPs), a group of intramuscular interstitial non-myogenic progenitors, are the
major cellular source for fibrotic and fat tissue seen in muscle fibrosis and FI [1-3]. In our
previous study, we demonstrated that FAPs are the origin of adipocytes and fibroblasts in
rotator cuff muscles after rotator cuff tears [4]. However, the signaling pathway regulating
FAP adipogenesis during muscle FI has not been clearly identified.

Extracellular matrix (ECM) forms a complex architecture that supports blood vessels
and nerves as well as connects myofibers in muscle [5-7]. ECM also participates in fiber
force transduction, maintains normal muscle function, stimulates muscle progenitor cell
differentiation, and affects a muscle’s ability to adapt to disease and injury [8]. Matrix
metalloproteinases (MMPs) are the major enzymes responsible for ECM remodeling in
muscle [9]. MMPs are other ECM proteases known to affect a variety of cellular functions
including cell proliferation, migration, and differentiation [10].

MMP13 (collagenase 3) is an important member of the MMP family that possesses the
ability todigest collagen [11]. MMP13 has been shown to affect cellular migration, thus serving
as a marker for metastatic cancers [12]. Upregulation of MMP13 activity enhances myoblast
migration [13]. Satellite cells secrete MMP13 to facilitate their migration during muscle
regeneration after acute injury [14]. In our previous work, we have observed significantly
increased expression of MMP13 in rotator cuff muscle after tendon injury in a sheep model
[15]. Follow-up work showed that MMP13 knockout (KO) mice have significantly increased
muscle fatty infiltration after massive rotator cuff tears [16]. Though its overall expression
level is relatively low, MMP13 expression is highly cell specific in muscle. Among all the cells
in muscle, FAPs expressed the highest level of MMP13 in contrast to myoblast and muscle
satellite cells during muscle regeneration [17].

The transforming Growth Factor Beta (TGF[) pathway is involved in various cellular
processes including cell growth, differentiation, and apoptosis. Particularly in skeletal muscle,
the TGF[ pathway regulates fibroblast differentiation and fibrosis in regeneration [18].
Bone morphogenetic protein 7 (BMP7) is a member of the TGFf superfamily, which regulates
adipogenesis in skeletal muscle [19, 20]. However, the functional role of MMP13 in muscle
TGFB/BMP pathways in remains unknown. In this study, we sought to define the role of
MMP13 in TGFB/BMP signaling and in regulating FAP fibrogenesis and adipogenesis. We
hypothesize that MMP13 regulates FAP differentiation that MMP13 is a downstream effector
of the TGF3/BMP pathway.
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Materials and Methods

FAP isolation

Quadriceps muscles were harvested from 3-month-old male and female MMP13- knockout mice (a
kind gift from Dr. Stephen M. Krane, Harvard Medical School) and age matched colony-control wildtype
C57BL/6] mice (3 males and 3 females). Muscles were minced into 1 mm pieces with sterile scissors.
The mixture was incubated with 0.2% Collagenase II (Sigma-Aldrich, MO, USA) for 90 minutes at 37°C.
Forty milliliters of washing buffer (Ham'’s F-10 Nutrient Mix with HEPES, containing 10 % Horse Serum,
ThermoFisher, MA, USA) was added into the mixture followed by centrifugation at 1500 rpm for 5 min at
room temperature. The supernatant was then transferred to a new 50 mL centrifuge tube. The cell pellet
was rinsed again with washing buffer and spun down at 1500 rpm for 5 min. The supernatant was collected
and combined with that from the last round. Nine milliliters of D2 solution (0.06% Collagenase II, 0.15%
Dispase (1U/ml) with washing buffer) was added in and the sample was incubated for 30 minutes at 37°C.
The solutions were then passed through a 70 um cell strainer (VWR International) followed by a 40 um cell
strainer (VWR International). The filtered samples were washed with 40 mL FACS buffer (2.5%FBS, 20 mM
EDTA, 1xPBS) and cells were spun down at 1500 rpm for 5 minutes. The supernatant was discarded and
the cell pellets were resuspended with 500 pL of FACS buffer and incubated with anti-CD31-FITC (BD
bioscience, CA, USA), anti-CD45-FITIC (BD bioscience, CA, USA), anti-integrin a7-APC (R&D systems, MO,
USA), APC-Cy7-PDGFRa (BD bioscience, CA, USA), and PE-Cy7-Scal(BD bioscience, CA, USA) for 30 minutes
before sorted with FACSAria™ II (BD bioscience, CA, USA). FAPs were collected from the CD31-/CD45-/
ITGA7-/Scal+/PDGFRa+ population (2).

Cell culture

After sorting, 5,000 cells per well were directly seeded into pre-coated Mstrigel 24 well plates. Cells
were cultured for 1 week with standard cell culture medium (SM) (Ham’s F-10 medium with 10% fetal
bovine serum and 10 ng/ml bFGF, Thermo Fisher Scientific) and 1% antibiotic-antimycotic solution to
allow for spontaneous fibro/adipo differentiation. To facilitate FAP adipogenic differentiation, additional
cells were cultured with adipogenic differentiation (500 puM IBMX, 0.25 pM Dexamethasone, 100 pM
Indomethacin, 10 pg/ml Insulin).

MMP13 treatment

Recombinant Human MMP13 (R&D systems, 511-MM-010, Minneapolis, MN, USA) were first activated
with 1 uM APMA p-Aminophenylmercuric acetate (APMA), (Sigma, Catalog # A-9563, MO, USA) at 37°C
for 2 hours. The activated MMP13 was then diluted with 0.1% DMSO and administered to the FAP culture
medium at a final concentration of 100 ng/ml. Medium was then changed with freshly activated MMP13
every other day.

MMP13 inhibition

In order to inhibit intrinsic MMP13 activity from FAPs, MMP13 inhibitor (Cayman Chemical, Item
#19540, CAS #544678-85-5, Michigan, USA) [21] was added to the FAP culture medium with a final
concentration of 10 uM. Medium was then changed with fresh MMP13 inhibitor every other day.

TGFB-1/BMP7 treatment

In order to test the role of TGFf and BMP signaling in FAP adipogenesis, 5 ng/mL of TGFB-1 (R&D
systems, USA) or 100 ng/mL of BMP-7 (R&D systems, MO, USA) was added into FAPs’ standard cell culture
medium (SM) (Ham’s F-10, 10% fetal bovine serum, 10 ng/ml bFGF and 1% antibiotic-antimycotic). The
Culture media was changed every other day with fresh TGF(3-1 or BMP-7. In order to inhibit TGF3 and BMP
signaling, 1 uM TGF inhibitor (SB431542, Cat# 1614/10, R&D systems, MO, USA) or 10 uM BMP inhibitor
(LDN193189, Cat#72147, Stem Cell technology, BC, Canada) was added to the standard culture medium.
Ten micromole of MMP13 inhibitor was also added in combination with TGFf31, BMP-7, SB431542 (TGFf
inhibitor) and LDN193189 (BMP inhibitor) in separated groups. Two weeks after treatment, cells were
either fixed followed by staining for perilipin A (adipogenic marker) and aSMA (fibrogenic marker) (N=6)
or dissolved in Trizol reagent for RNA extraction (N=6).
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Table 1. RT-PCR primer sequences
Gene Forward Reverse
GAPDH 5'-TGCACCACCAACTGCTTAG-3’ 5'-GGATGCAGGGATGATGTTC-3’
PPARy 5'-GCATGGTGCCTTCGCTGA-3' 5’-TGGCATCTCTGTGTCAACCATG-3'
C/EBPA 5-AACCTCATCCGCCACCTG-3’ 5’-GTAGACAACAGCCGCATCC-3’
Adiponectin 5'-CCCAAGGGAACTTGTGCAGGTTGGATG-3' 5'-GTTGGTATCATGGTAGAGAAGAAAGCC-3’
ACTA2 5'-CCGACCGAATGCAGAAG GA-3’ 5’-ACAGAGTATTTGCGCTCCGAA-3'
Col-1a 5'-CAGCCGCTTCACCTACAGC-3’ 5'-TTTTGTATTCAATCACTGTCTTGCC-3'
TGFR1 5'-GCAACAATTCCTGGCGATACC-3’ 5'-AAAGCCCTCAATTTCCCCTCC-3'
TGFB3 5'-CTAAGCGGAATGAGCAGAGGATC-3' 5'-TCTCAACAGCCACTCACGCACA-3’
MMP13 5'-TCCCAGGAATTGGTGATAAAGTAGA-3’ 5'-CTGGCATGACGCGAACAATA-3'

Immunofluorescent staining

The FAPs were stained with goat-anti-mouse perilipin A (1:1000, ab3526, Abcam, CA, USA) or pre-
conjugated mouse-anti-mouse Cy 3 alpha smooth muscle actin (aSMA, 1:500, c6198. Sigma-Aldrich, MO,
USA) and then stained with Donkey-anti-Goat FITC (1:2000, ab6717, Abcam, CA, USA). DAPI was added to
the mounting medium to stain the nuclei. The adipogenesis index was determined by the percentage of cells
expressing perilipin over the total number of nuclei in each image. The fibrogenesis index was determined
by the percentage of cells expressing aSMA over the total number of nuclei in each image.

Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total cell RNA was isolated using Trizol reagent (Invitrogen Inc., CA, USA) from cells according to
manufacturer’s instructions. cDNA was synthesized using the Maxima First Strand cDNA Synthesis Kit
(ThermoFisher, MA, USA) Real-time PCR was performed to quantify the expression of adipogenesis markers
of Adiponectin (ACRP30), PPARy, C/EBPA and fibrogenesis markers of ACTA2 and Colla using SYBR with
an Applied Biosystems Prism 7900HT Real-Time PCR system (Applied Biosystems Inc., Foster City, CA).
Adiponectin is an adipose tissue- specific adipocytokine [22]. Peroxisome proliferator-activated receptor
gamma (PPARYy) is a lipid-activated nuclear hormone receptor with roles in adipocyte differentiation [23].
CCAAT /enhancer-binding protein alpha (C/EBPA) induces adipogenesis through PPARy [24]. Actin alpha 2
smooth muscle (ACTA2) provides instructions for making the protein - smooth muscle alpha a-2 actin,
which is a marker of fibroblasts [25]. Collagen 1a (COL1A) is responsible for producing collagen, and shown
to be a marker for fibrosis [26]. Sequences of primers are listed in Table 1. The gene expression level was
normalized to the internal control of GAPDH. Fold changes were calculated using AAC,.

Statistical Analysis

T-test was used for data analysis between comparison of wild type and MMP13 KO FAP, as well as
between MMP13 (or MMP13 inhibitor) and DMSO-treated wildtype FAPs. One-way ANOVA analysis
with Tukey post-hoc multiple comparison was used for TGF3/BMP treatment experiments. A Significant
difference was considered when p<0.05.

Results

MMP13 KO FAPs have increased adipogenesis and reduced fibrogenesis potency compared

to wildtype FAPs

After culturing for 14 days in standard medium, 48.3%+8.5% of MMP13 KO FAPs was
stained positive for perilipin A. However, 17.9%+6.4% of wildtype FAPs stained positive for
perilipin A. In MMP13 KO FAPs, 36.1%+4.5% stained positive for «SMA while 65.4%+14.21%
of wildtype FAPs stained positive for aSMA. The MMP13 KO FAPs had significantly increased
perilipin (+) and decreased aSMA (+) stained cells compared to wildtype FAPs (p<0.01
for both) (Fig. 1A-C). The RT-PCR results showed significantly increased expression of
adiponectin and decreased expression of collagen Type 1a in MMP13 KO FAPs compared
to wildtype FAPs (Fig. 1D). The same trend was observed in wildtype and MMP13 KO FAPs
cultured in adipogenic medium (Supplementary Fig. 1 - for all supplementary material see
www.cellphysiolbiochem.com).
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Fig. 1. FAPs from MMP13 KO mice
have increased spontaneous adi-
pogenesis and decreased sponta-
neous fibrogenesis compared to
FAPs from wildtype mice cultured
in a standard medium. A) A typical
image of immunostaining for peril-
ipin A and aSMA for FAPs from WT
and MMP13 KO mice after 2 weeks
of culture in standard medium
Bottom: negative control of perili-
pin A immunofluorescence stain-
ing (without primary antibody),
negative control of aSMA immu-
nofluorescence staining (with-
out primary aSMA antibody). B)
FAPs from MMP13 KO mice had
a significantly higher percentage
of perilipin A positive cells when
compared to FAPs from WT mice.
C) FAPs from MMP13 KO mice had
significantly lower aSMA positive
cells when compared to FAPs from
WT mice. D) Real time PCR showed
that FAPs from MMP13 KO mice
had significantly higher expression
of Adiponectin, but a lower expres-
sion of Collagen I compared to FAPs
from wildtype mice (* p<0.05).

MMP13 inhibition promotes adipogenesis and decreases fibrogenesis in wildtype FAPs

Two weeks of treatment with the MMP13 inhibitor on wildtype FAPs in standard
medium resulted in a significantly increased percentage of perilipin (+) adipocytes
compared to the control group treated with DMSO (56.4%%4.3% in the MMP13 inhibitor
treatment group vs. 24.2%+*10.1% in the DMSO control group). The MMP13 inhibitor also
significantly reduced aSMA (+) fibroblast percentage when compared to the DMSO-treated
control group (38.2%=+7.3% in the MMP13 inhibitor treatment group vs 61.6%+6.5% in the
DMSO control group, p<0.01 for both). In support of the immunofluorescence data, RT-PCR
results demonstrated significantly increased expression of adipogenesis-related genes and
decreased fibrogenesis-related genes in FAPs treated with MMP13 inhibitor when compared
to DMSO (Fig. 2). The same trend was observed in MMP13 inhibitor treatment of FAPs
cultured in the adipogenic medium (Supplementary Fig. 2).

MMP13 inhibits adipogenesis but promotes fibrogenesis in wildtype FAPs

Active MMP13 molecules were added to a standard medium of wildtype FAPs for 14 days
(Fig. 3A). MMP13 treatment significantly decreased perilipin A (+) cell percentage in FAPs
(4.1%%2.9% in MMP13 treated group vs. 30.9%+8.4% in DMSO treated control group, N=6,
p<0.05). MMP13 treatment also resulted in an increased percentage of aSMA (+) in FAPs
when compared to the DMSO-treated control group (95.3%+3.9% in the MMP13 treatment
group vs. 61.3%+5.7% in DMSO treatment control group, N=6, p<0.05). MMP13 significantly
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Fig. 2. Wildtype FAPs treated
with MMP13 inhibitor had sig-
nificantly increased adipogen-
esis. A) A Typical image of immu-
nostaining for FAPs treated with
10uM MMP13 inhibitor and 0.1%
DMSO in standard medium for 2
weeks. B) Wildtype FAPs treated
with MMP13 inhibitor had a sig-
nificantly higher percentage of
perilipin A(+) cells compared to
those treated with DMSO. C) FAPs
treated with MMP13 inhibitor had
a significantly reduced number of
aSMA(+) cells compared to those
treated with DMSO. D) Real time
PCR showed that FAPs treated with
the MMP13 inhibitor had a sig-
nificantly increased expression of
Adiponectin, PPARy, C/EBPA and
deceased expression of aSMA and
Collagen 1a (* p<0.05).

decreased expression level of adipogenesis-related genes of Adiponectin and PPARy and
increased expression level of fibrogenesis-related genes of aSMA and Collagen 1a in FAPs
(Fig. 3). The same trend was also observed in the adipogenic medium (Supplementary Fig.
3).

TGFp promotes fibrogenesis and inhibits adipogenesis in wildtype FAPs but not in MMP13

KO FAPs

To study the role of the TGFf pathway in regulating FAP adipogenesis with the MMP13
deficient condition, FAPs from the MMP13 KO and wildtype mice were both treated with
TGFB-1 and TGFp inhibitor (SB431542). After 14 days of treatment, TGF(3-1 significantly
reduced perilipin (+) cell percentage but increased aSMA (+) cell percentage in wildtype
FAPs (perilipin (+) 2.52%%1.36% in TGFf vs. 23.1%+2.14% in DMSO). However, there was
no significant difference between the TGFB-1 treatment group and the DMSO control group
on MMP13 KO FAPs (perilipin (+) 40.14%+4.36% in TGF[3 vs. 43.21%%6.96% in DMSO N=6,
p<0.05). SB431542 significantly increased the perilipin (+) cell percentage and decreased
the aSMA (+) cell percentage in wildtype FAPs but had no effect on MMP13 KO FAPs (Fig.
4A-C). TGFB-1 and SB431542 significantly changed the gene expression level of fibrogenesis
and adipogenesis related genes, results inconsistent with our immunofluorescence findings.
However, neither TGFf-1 nor SB431542 had an effect on the expression of those genes in
MMP13 KO FAPs (Fig. 4D-E).
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Fig. 3. MMP13 treatment inhibits
FAP adipogenesis and promotes
FAP fibrogenesis. A) A typical im-
age of immunostaining for FAPs
treated with 100 ng/ml MMP13
and 0.1% DMSO in standard me-
dium for 2 weeks. B) FAPs treated
with MMP13 have a significantly
reduced the number of perili-
pin (+) cells compared to DMSO.
C) FAPs treated with MMP13 have
a significantly increased the num-
ber of aSMA (+) cells compared to
DMSO. D) Real time PCR results of
FAPs treated with MMP13 have a
significantly higher expression of
aSMA and collagen I and decreased
expression of Adiponectin and
PPARy (* p<0.05).

TGF3 showed the same effects as in Wildtype FAPs after addition of exogenous MMP13

molecule into MMP13 KO FAPs

Next, exogenous active MMP13 was added to the MMP13 KO FAPs. With exogenous
MMP13, TGF inhibitor significantly increased the percentage of perilipin A (+) cells within
MMP13 KO FAPs compared to the DMSO control group (42.2%+10.21% in the MMP13 treated
group, vs 19.2%+1.19% in DMSO control group). This data suggested that the exogenous
MMP13 could compensate for the intrinsic loss of MMP13 in FAPs and resume the role of
TGFf signaling in regulating MMP13 KO FAPs adipogenesis (Fig. 4F-G).

BMP7 promotes adipogenesis and inhibits fibrosis in wildtype FAPs but not MMP13 KO

FAPs

Contrary to TGFB-1, BMP7 significantly increased perilipin (+) cell percentage but
decreased aSMA (+) cell percentage in wildtype FAPs. However, BMP-7 had no effect on
MMP13 KO FAPs differentiation. LDN193189 (BMP-7 inhibitor) significantly decreased
perilipin (+) cell percentage and increased aSMA (+) cell percentage in wildtype FAPs.
LDN193189 showed no effect on the expression of those genes in MMP13 KO FAPs. (Fig. 5A-
C). RT-PCR results supported the immunofluorescence findings in wildtype and MMP13 KO
FAPs (Fig. 5D-E).

736



Cellular Physiology Cell Physiol Biochem 2022,56:730-743

DOI: 10.33594/000000596 © 2022 The Author(s). Published by

and BiOChemiStry Published online: 20 December 2022 |Cell Physiol Biochem Press GmbH&Co. KG

Liu et al.. MMP13 in TGFB/BMP Pathways and Fibroadiopogenic Progenitors in Skeletal

Muscles

Fig. 4. A) The typical images of FAPs from wildtype and MMP13 KO mice treated with TGFB-1, TGFf in-
hibitor, or 0.1% DMSO in a standard medium for 2 weeks. B) TGFf3-1 significantly decreased the number of
perilipin (+) cells and the TGFf inhibitor significantly increased the number of perilipin (+) cells in FAP WT
mice, but not in FAPs from MMP13 KO mice. C) TGF-1 significantly increased the number of aSMA (+) cells
and the TGF inhibitor significantly decreased the number of aSMA (+) cells in FAPs from WT mice, but not
in FAPs from MMP13 KO mice. D) & E) Real time PCR results showed that TGF-1 significantly decreased
the expression of adipogenesis-related genes and increased fibrogenesis-related gene expression of FAPs
in WT mice, while the TGFf inhibitor had an opposite effect. However, the effect of the TGFB-1 and TGFf
inhibitors had no effect on their expression in FAPs from MMP13 KO mice ( * p<0.05). F) Exogenous MMP13
added to the TGFf inhibitor treatment group in both WT mice and MMP13 KO mice. Exogenous MMP13
added to the MMP-13 KO mice as a control. G) Quantification of the percentage of the number of Perilipin
A(+) cells and aSMA (+) cells out of total number of cells.

BMP7 showed same effects as in Wildtype FAPs after addition of exogenous MMP13

molecule into the MMP13 KO FAPs

In addition, exogenous active MMP13 was added to the MMP13 KO FAPs. That allowed
BMP inhibitor LDN193189 to significantly reduce the percentage of perilipin A (+) cells in
MMP13 KO FAPs when compared to the DMSO treated control group (10.8%=*3.33% in the
BMP inhibitor group, vs 40.7%=4.81% in DMSO control group). This data suggested that the
exogenous MMP13 could compensate for the intrinsic loss of MMP13 in FAPs and resume the
role of BMP signaling in regulating MMP13 KO FAPs adipogenesis (Fig. 5F-G).

MMP13 inhibition blocked the effect of TGFB-1 and SB431542 on wildtype FAP

differentiation

In order to confirm that the phenotype seen in MMP13 KO FAPs was due to the loss
of MMP13 enzymatic activity, we treated wildtype FAPs with TGF(-1 or SB431542 in
combination with an MMP13 inhibitor. TGF(-1 significantly reduced the perilipin (+) cell
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Fig. 5. A) Typical images of FAPs from WT and MMP13 KO mice treated with BMP-7, BMP inhibitor, or 0.1%
DMSO in standard medium for 2 weeks. B) BMP-7 significantly increased the number of perilipin (+) cells
and the BMP inhibitor significantly decreased the number of perilipin (+) cells in FAPs in WT mice, but not
in FAPs from MMP13 KO mice. C) BMP-7 significantly decreased aSMA (+) cells and the BMP inhibitor sig-
nificantly increased the number of aSMA (+) cells in FAPs in WT mice, but not in FAPs from MMP13 KO mice.
D) & E) Real time PCR results showed that BMP-7 significantly increased the expression of adipogenesis-
related genes and decreased fibrogenesis-related gene expression of FAPs in WT mice, while BMP inhibitor
had an opposite effect. Neither BMP-7 nor BMP inhibitor showed an effect on adipogenesis-related and
fibrogenesis-related gene expression in FAPs from MMP13 KO mice ( * p<0.05). F) Exogenous MMP13
added to the BMP inhibitor treatment group in both WT mice and MMP13 KO mice. Exogenous MMP13 was
added to the MMP13 KO mice as a control. G) Quantification of Perilipin A and aSMA.

percentage and increased aSMA (+) cell percentage in wildtype FAPs, but had no effect
on MMP13 inhibitor-treated FAPs. SB431542 significantly increased the perilipin (+) cell
percentage and decreased thhw perilipin (+) cell percentage in wildtype FAPs but had no
effect on MMP13 inhibitor treated FAPs (Fig. 6A-C).

MMP13 inhibitor blocked the effect of BMP-7 and LDN193189 on wildtype FAP

differentiation

MMP13 inhibition in combination with BMP-7 or LDN193189 simulated the phenotype
of MMP13 KO FAPs on wildtype FAPs. The effect of BMP-7 and LDN193189 on FAP
fibrogenesis and adipogenesis was completely abolished with the use of MMP13 inhibitor.
Both immunofluorescence and RT-PCR showed that BMP-7 and LDN193189 had no effect on
FAP differentiation in combination with the MMP13 inhibitor (Fig. 7).
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Fig. 6. A) Typical images of FAPs from WT mice treated with the MMP13 inhibitor (or DMSO) in combina-
tion of TGFB-1 and TGFp inhibitor in standard medium for 2 weeks. B) TGF3-1 significantly decreased the
number of perilipin A(+) cells and TGFf inhibitor significantly increased the number of perilipin A (+) cells
in FAPs without the MMP13 inhibitor. However, MMP13 inhibitor blocked the effect of TGF(-1 and TGFf
inhibitors. C) TGFB-1 significantly increased the numbers of aSMA (+) cells and the TGFf inhibitor signifi-
cantly decreased the number of aSMA (+) cells in FAPs without the MMP13 inhibitor. However, the MMP13
inhibitor blocked the effects of the TGFB-1 and TGFf inhibitor. D) & E) Real time PCR results showed that
TGFpB-1 significantly decreased adipogenesis-related gene expression and increased fibrogenesis-related
gene expression of FAPs without the MMP13 inhibitor, but not in combination with the MMP13 inhibitor
(* p<0.05).

Discussion

The TGFB family is a common signal transduction pathway that regulates stem cell
differentiation [27]. TGFf is considered the master regulator of tissue fibrosis [28, 29]. TGF-[3
has also been shown to have a role in stem/progenitor cell adipogenesis. It has been reported
that TGF-1 inhibits preadipocyte 3T3-L1 differentiation into mature adipocytes [30]. BMP,
another subgroup of the TGF3 superfamily, also has a role in stem cell adipogenesis. Both
TGFB and BMP engage serine/threonine kinase receptors that phosphorylate Smads, which
are subsequently transported to the nuclei and governs gene expression in a cell through
a context dependent manner. Previous studies have demonstrated the key role of BMP
signaling, especially BMP-7, in playing an important role in promoting stem cell adipogenesis
[19, 31]. The results from this study demonstrated that TGFf31 and BMP7 play important but
opposing roles in the regulation of FAP differentiation: BMP7 promotes FAP adipogenesis,
while TGFB1 inhibits FAP adipogenesis. While TGFB1 promotes FAP fibrogenesis, BMP-7
inhibits this process.

MMP13 (collagenase 3) is an important member of MMP family, that possesses the
ability to digest collagen. The MMP13 gene is comprised of 10 exons and 9 introns spanning
a length of 12.5kb on chromosome 11 [32]. There is a TIE (TGFp inhibitory element) site in
the MMP13 promoter. There are also two other sites that resemble consensus sequences
for the activin-response element and Smad binding element [32]. Previous studies have
reported that TGFp regulates MMP13 expression in various tissues. A recent study showed
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Fig. 7. A) Typical images of FAPs from WT mice treated with an MMP13 inhibitor (or DMSO) in combination
with BMP-7 and the BMP inhibitor in standard medium for 2 weeks. B) BMP-7 significantly increased the
number of perilipin (+) cells and BMP inhibitor significantly decreased the number of perilipin (+) cells in
FAPs without the MMP13 inhibitor, but not in combination with the MMP13 inhibitor. C) BMP-7 significantly
decreased the number of aSMA (+) cells and the BMP inhibitor significantly increased the number of aSMA
(+) cells in FAPs from WT mice, but not in FAPs from MMP13 KO mice. D) & E) Real time PCR results showed
that BMP significantly increased the expression of adipogenesis-related genes and decreased the expression
of fibrogenesis-related in FAPs from WT mice, while the BMP inhibitor had an opposite effect. However, the
effect of BMP-7 and BMP inhibitor was abolished in FAPs from MMP13 KO mice (* p<0.05).

that BMP-14 inhibits MMP13 expression in chondrocytes [33]. However, the role of BMP-7 in
regulating MMP13 expression has not reported. Knocking-out of the MMP13 gene abolished
the role of TGF3/BMP in FAP fibro/adipogenesis. These data suggest that TGF3/BMP is
upstream of signals that regulate MMP13 gene expression during FAP differentiation. Lei et
al. [13] reported that MMP13 had an influence on the migration of muscle progenitor cells.
However, the role of MMP13 on FAP proliferation, migration and differentiation, especially
how MMP13 involved in the TGFf/BMP signaling pathway in FAP adipogenesis, remains
unknown. In this study, we found that MMP13 also has a role in affecting the TGF3/BMP gene
expression in FAPs. This data suggests TGFf3/BMP-MMP13 maintains a positive feedback
loop in FAP differentiation.

The detailed mechanism of how MMP13 is involved in TGFB/BMP signaling pathway
in FAP adipogenesis remains unknown at this time. The ECM forms a complex architecture
that not only integrates mechanical signals, but also stores various growth factors including
TGFB [34]. It has been reported that TGFp is secreted and stored as a latent form in the
ECM [31] and the first stage of TGF[ activation - release from the extracellular matrix - is
mediated by MMPs [35]. Evidence indicates that BMP signaling is also regulated by the ECM.
It has been reported that cartilage oligomeric matrix protein (COMP), an ECM glycoprotein,
sustains BMP signaling by acting as a co-receptor that bridges BMPs with other ECM
components like collagen [36]. A recent study showed that BMP-7 activity is regulated by
an ECM component, named fibrillin-1. Upon pro-domain binding to fibrillin-1, the BMP-7
complex undergoes a conformational change, which denies access of BMP receptors to
the growth factor, thus inactivating BMP-7 [37]. Thus, it is possible that MMP13 mediated
ECM digestion is required for TGFB/BMP-7 activation in regulating FAP adipogenesis after
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FAPs secretion of the TGF3 and BMP-7 proteins into the extracellular matrix. Future work is
needed to demonstrate the detailed mechanisms.

There are some limitations in this study that ought to be addressed. First of all, this
was an in vitro study with primary cultured murine FAPs. Conclusions from study will be
validated in human FAPs in vitro and in vivo studies in the near future. Secondly, TGFf3
and BMP inhibitors that were used in this study are not extremely selective to TGF31 and
BMP-7.SB431542 inhibits the activin receptor-like kinase (ALK) receptors 4, 5 and 7, which
consequently can be inhibit the activin signaling pathway. LDN193189 inhibits ALK 2 and 3,
thus inhibiting all BMP pathways. Thirdly, though the MMP13 inhibitor we used in this study
is relatively selective, it also inhibits MMP-1 at higher concentrations. However, results from
the MMP13 inhibitor experiments are consistent with those from MMP13 KO FAPs. Thus, we
believe our results are reliable. Lastly, only a single dose of TGF1, BMP-7, MMP13 and their
inhibitors were used in this study. The working dose for each reagent was decided based on
previous experiments or literature. Future work may include a dose range to define the most
effective dose for each reagent.

Conclusion

In conclusion, our study clearly demonstrates that MMP13 plays a role in regulating
FAP adipogenic differentiation. Data from this study further suggests that MMP13 is the
downstream effector of TGFf3/BMP signaling in regulating FAP adipogenesis.

Abbreviations
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