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Abstract

The Matrix Metalloproteinases are important regulators of bone metabolism and
can influence bone mass and bone remodeling. We investigate the role of Matrix
Metalloproteinase 3 (MMP3) on bone in mice, by using Mmp3 knockout (Mmp3
KO) in the context of estrogen deficiency, and in human, by analyzing the asso-
ciation of promoter polymorphism with bone mineral density in postmenopausal
women and with MMP3 expression. We presented evidence in this paper that
Mmp3 KO significantly increases trabecular bone mass and trabecular number
and does not affect cortical bone thickness. We also found that Mmp3 KO protects
from the deleterious effects of ovariectomy on bone mineral density in mice by
preventing deterioration of bone microarchitecture. The effect of Mmp3 KO does
not involve bone formation parameters but instead acts by inhibition of bone re-
sorption, leading to a reduced bone loss associated to ovariectomy. By studying
a human cohort, we found that a polymorphism located in the promoter of the
human MMP3 gene is associated with bone mineral density in postmenopausal
women and found that MMP3 rs632478 promoter variants are associated with
change in promoter activity in transfection experiments. In conclusion MMP3,
although weakly expressed in bone cells, could be one of the important regulators
of sex hormone action in bone and whose activity could be targeted for therapeu-
tic applications such as in Osteoporosis.
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1 | INTRODUCTION

The Matrix Metalloproteinase (MMP) family consists of
numerous homologous proteins that require protease-
mediated activation of the proenzyme. They are capable
of degrading collagens and most, if not all, other extracel-
lular matrix (ECM) components (for review' ). MMPs are
important regulators of bone metabolism and can influ-
ence bone mass and bone remodeling (for review*?). The
role of MMPs has been investigated by generating various
Mmp knockout (KO) mice and among them several have
evidenced a bone phenotype (for review,*'°). For exam-
ple, lower bone mineral density and bone mass have been
found in Mmp2 KO in long bones'"'? and vertebrae,'! and
in Mmp14 KO mice'*'* respectively. However, a higher
bone mineral density has been found in the Mmp2 KO
at the calvaria leading to sclerosis at older age."" The tra-
becular bone network has been also affected, with the
Mmp13"® and Mmp2'® KOs showing increased trabecular
bone while Mmp9 KO has negative effects on trabecular
architecture.'® Invalidation of Mmp9 and Mmp14 genes
have evidently reduced size of the skeleton that is due
to aberrant growth plate formation accompanied with
concomitant troubles in vascularization of the forming
bone.”*3!"!® A worse growth phenotype, leading to
dwarfism has been found in the double Mmp13/Mmp9*
and in the Mmp14 KO model.* In a study of Mmp2 KO
at the cell level, it has been evidenced a decrease in os-
teoblast and osteoclast number in vivo, and a decrease in
their proliferation in vitro.'?

The phenotypes found in mouse KO models of these
MMPs often resemble those found with corresponding
human mutations. This is the case with homozygous
human mutation of MMP2" with abnormal craniofacial
development, bone and joint growth and low BMD. In a
human mutation of MMP14% there is a crippling osteol-
ysis although not as severe as the mouse KO phenotype.
In human metaphyseal anadysplasia mutations has been
found in either MMP9 or MMP13, resembling the mouse
KO phenotypes that cause severe distortion of the me-
taphyseal growth plate.*!

Among inhibitors of the catalytic activity of MMPs,
the tissue inhibitors of MMPs (TIMPs) are the most
widely expressed. The TIMP family comprises four mem-
bers, TIMP1 to TIMP4, having similarities of action but
showing large differences in their primary sequence (for
review"*?). TIMPs are the major natural inhibitors of the
MMPs and of several other disintegrin proteases of the
“A Disintegrin And Metalloproteinase” (ADAM) and “A
Disintegrin And Metalloproteinase with Thrombospondin
Motifs” (ADAMTS) families (for review,?). By their inter-
play with matrix proteases, TIMPs play majors roles in ex-
tracellular matrix (ECM) and tissue remodeling.** In fact,
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it is the MMP/TIMP ratio that is a major determinant of
the extent of ECM protein degradation and tissue remod-
eling. Therefore, a change in either TIMP or MMP lev-
els could alter the MMP/TIMP ratio and cause a specific
change in MMP activity (for review,’).

The role of TIMPs has been investigated in bone. They
have been shown in vitro to control activity of osteo-
blasts** and osteoclasts.?> The role of TIMPs has also been
studied through the use of genetically engineered mouse
models, although individual TIMPs deletion has induced
no evident bone phenotype (for review,*). Overexpression
of Timpl1 in cells of the osteoblastic lineage has induced
an increase in trabecular bone volume and a decrease in
bone turnover.?® Furthermore, this model of Timp1 over-
expression has been used to demonstrate that increase in
Timp1 expression can be used to control bone resorption
and potentiate the anabolic PTH treatment,”’ and to re-
duce the loss of bone mass induced by ovariectomy® or
by overexpression of Runx2 in osteoblast.?’ To date, the
MMPs which are inhibited by TIMP1 in this model and
which could be responsible for these effects remain to be
identified. Mmp3 is one of the candidates.

Although being documented for its expression in bone,
little is known about MMP3 in bone physiology. MMP3
(also known as Stromelysin-1) is a matrix metallopro-
teinase able to cut numerous collagens and other matrix
proteins and having the ability to activate several MMPs,
including itself (for review,”). In skeleton, MMP3 has been
studied mostly in cartilage biology, because of its involve-
ment in the etiology of arthritis® (for review,*"). MMP3
has been located first in vitro, in mouse®? and human>
osteoblasts. It is almost a decade later that it has been de-
scribed in vivo, in developing human bone.**

Our focus was to investigate the role of MMP3 on
bone. For this purpose, we studied the function of MMP3
in adult mice and the impact of its invalidation on bone
using Mmp3 KO mice in the context of estrogen defi-
ciency. We also investigated the role of MMP3 in human
by analyzing the association of promoter polymorphism
with bone mineral density in postmenopausal women and
with MMP3 expression.

2 | MATERIALS AND METHODS

2.1 | Animals

Mmp3 KO mice were kindly provided by Dr Zena Werb
(University of California, San Francisco [UCSF]) and
were made as previously described.*® Mice were housed
under controlled conditions at 24°C on a 12-h light/12-h
dark cycle. Heterozygous animals (inbred FVB/N strain)
were bred to generate Mmp3 KO mice and their wild-type
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littermates. Ovariectomy experiments were done in
3-month-old Mmp3 KO female mice and their wild-type
littermates. Animals of each genotype were subdivided
in two groups, and were either sham-operated (Sham) or
ovariectomized (OVX), housed for 30days and sacrificed.
Prior to sacrifice, and to evaluate the dynamic bone for-
mation parameters (see section 2.4), two fluorochromes
were injected to mice (intraperitoneally), first oxytetra-
cycline 5days before necropsy (20mg/kg; Pfizer), then
calcein 1day before necropsy (20 mg/kg; Sigma-Aldrich).
Urinary samples were collected for deoxypyridinoline
(DPD) assay before surgery and before animals were
sacrificed. Accurate DPD measurement requires over-
night fasting before collecting urine. DPD was measured
with the IMMULITE Pyrilinks-D in vitro diagnostic kit
(Siemens Healthcare SAS). To correct for flow variations,
DPD results were normalized to the urinary creatinine
concentration (ADVIA System, Siemens Healthcare SAS).
After sacrifice, femurs were collected from all animals
(OVX and Sham) and were cleaned from soft tissues and
processed. Right femur was used for micro-computed to-
mography (microCT) analysis while left femur was em-
bedded without demineralization in methyl methacrylate
and sliced.

All animal procedures have been approved by the
Ethical Committee Lariboisiere-Villemin (approval
CRRALV/ 2011-03-03).

2.2 | Dual-Energy x-ray Absorptiometry
Dual-energy x-ray absorptiometry (DEXA) analysis of all
animals was performed to determine the bone mineral
density in a selected region of interest (ROI). The meas-
urement was performed on the animals under anesthe-
sia with a PIXImus instrument (software version 1.44;
PIXImus, Lunar, France) using ultrahigh resolution mode
(resolution of 0.18 X 0.18 mm). The coefficient of variation
was less than 2% for all primary measured parameters
(Bone mineral content [BMC] and ROI bone area [BA])
and a phantom was scanned daily to monitor measure-
ment stability. BMC and BA were measured at the femur
and the L4-L6 vertebrae just before and 1month after
ovariectomy in order to express the results as fold change
(% of baseline). The femoral and vertebral bone mineral
density (BMD) were calculated from these two measured
parameters.

2.3 | Micro-computed tomography

Mice were killed 1 month after surgery and right femurs
were harvested for bone morphometric analysis. Femurs

were analyzed with high-resolution micro-computed
tomography (micro-CT) using a Skyscan 1172 scanner
(Skyscan). These qualitative and quantitative imaging
analyses were mainly focused on the distal metaphysis of
the femurs. The radiographic projections (n = 210) were
acquired at 80kV and 100mA with an exposure time of
100ms and a 0.5-mm aluminum filter. Ten frames were
averaged for each rotation increment of 0.5° to increase
the signal-to-noise ratio. Three-dimensional (3D) images
were reconstructed with a mean voxel size of 6 pm, using
the manufacturer's reconstruction software NRecon ver-
sion 1.6.2.0 (Skyscan, Bruker microCT). Cortical bone
thickness (Crt.Th,p) was analyzed in the midshaft of the
femur over 300 pm at 4mm from the growth plate carti-
lage. Trabecular bone was analyzed at the distal femoral
metaphysis. Trabecular bone volume (BV/TV,y,), trabecu-
lar number (Tb.N;p), trabecular separation (Tb.Sp,p), and
trabecular thickness (Tb.Th;p) were quantified using the
resident software CTAn version 1.10.1.0 (Skyscan, Bruker
microCT).

2.4 | Histology and histomorphometry
The left femur from each animal was excised at sacri-
fice and was stored in 70% ethanol at 4°C before being
trimmed. The distal halves of the bones were post-fixed
in 70% ethanol, dehydrated in xylene at 4°C, and then
embedded without demineralization in methyl meth-
acrylate. Five micrometer-thick coronal sections were
cut parallel to the long axis of the femur, using an
SM2500S microtome (Leica, Germany). Two noncon-
secutive sections were stained for tartrate-resistant acid
phosphatase (TRACP) activity detection using naphthol
ASTR phosphate (Sigma, St Louis, France) as substrate,
and then counterstained with toluidine blue pH 4.3.
Other sections were stained with aniline blue to evalu-
ate the morphometric parameters. The bone volume
over trabecular volume (BV/TV,p), trabecular number
(Tb.N,p), trabecular separation (Tb.Sp,p), trabecular
thickness (Tb.Th,p), and dialysis cortical thickness (Crt.
Th,,) were measured using a Bonolab/histolab software
package version 1.0 developed for bone histomorphom-
etry (Microvision, Evry, France).

Two 12-pm thick unstained sections were taken for
measurement of the dynamic parameters under UV light.

The matrix apposition rate (MAR) was measured
using the Microvision image analyzer by a semiautomatic
method using tetracycline and calcein double-labeled
bone surfaces. The mineralizing surfaces (MS/BS) were
measured in the same areas using the objective eyepiece
Leitzintegrateplatte II and the bone formation rate was
calculated using the two measured parameters. All the
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histomorphometric parameters were recorded in compli-
ance with the recommendation of the American Society
for Bone and Mineral Research Histomorphometry
Nomenclature Committee.*

2.5 | Culture and differentiation of
primary osteoblasts

Primary osteoblasts were isolated from calvariae of 2-
to 4-day-old WT and Mmp3 KO mouse pups. Briefly,
calvariae were digested for 15 min with 0.2% type IV
collagenase (Sigma-Aldrich) in phosphate-buffered sa-
line (PBS) with EDTA in order to remove fibroblasts,
and then for 45 minutes with 0.2% type IV collagenase
in PBS for osteoblastic cells release. The osteoblas-
tic cells were expanded for 5-6days in minimum es-
sential medium-alpha containing 10% fetal calf serum
and plated at a density of 2.5x10%* cells/cm”. For the
determination of alkaline phosphatase activity, cells
were plated at 4x10%* cells per well in 24-well plates.
For RNA extraction and the evaluation of mineraliza-
tion, cells were plated at 2 x 10*° cells per well in 6-well
plates. The culture medium was supplemented with
50 uM ascorbic acid and 10 mM beta-glycerophosphate,
which was replaced every 2-3days. Nodules of miner-
alized extracellular matrix were labeled by Alizarin red
staining (Sigma-Aldrich) following fixation of the cells
with paraformaldehyde 4% 15min at 4°C. The miner-
alized nodules were then quantified by a colorimetric
assay adapted from Wu et al.*’ The stained cells were in-
cubated with a 10% acetic acid solution for 30 min with
agitation to elute all calcium-bound stain. Optical den-
sity of the resulting solution was measured at 450 nm.

2.6 | Patients

For the BMD association study, 501 Caucasian women
were recruited, investigated at a single clinical center
(Hopital Lariboisiére) and monitored to evaluate determi-
nant factors for bone loss (Cohorte ViggOs). We included
women between 50 and 80years of age who agreed with
blood DNA sampling. Individuals who had been treated
with corticosteroids for more than 3 months, or with bi-
sphosphonates, fluoride or any other bone-acting drugs
were excluded.

All 501 women were interviewed to evaluate risk fac-
tors for osteoporosis (personal and familial history of
fractures, physical exercise, and nutritional habits). This
population is described in Table 1. BMD was measured in
a Lunar DPX device and expressed as Z-score as there was
a large range in age in the studied population.
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TABLE 1 Description of the cohort (n = 501)

Mean SD
Age (years) 63 9.9
Height (cm) 159 6.3
Body mass (kg) 59.8 9.3
Body mass index (kg/m?) 23.8 3.3
Hormone replacement therapy duration 8.4 5.9

(years)

2.7 | Single nucleotide polymorphism
(SNP) genotyping

For determination of the major haplotypes in the MMP3
promoter and gene we have extracted the genotype of
all population from European ancestry in the 1000 ge-
nome project database (CEU, TSI, IBS, FIN, and GBR;
www.ncbi.nlm.nih.gov/variation/tools/1000genomes/;
genomic DNA from 374 individuals representing 748 al-
leles) and found seven polymorphisms with a minor allele
frequency (MAF) over 1%. SNP genotyping were per-
formed on a LC480 apparatus (Roche Diagnostics) using
the Roche probe master mix. The rs632478 SNP located
in the MMP3 promoter region was assessed using a dual
fluorescent probe hybridization system followed by melt-
ing curve analysis. PCR primers and probes are summa-
rized in Table 2. For rs632478 analysis, probes and specific
primers were designed by TibMolBiol®. The PCR condi-
tions were as follows: an initial denaturing step at 95°C
for 10 min; then 40 denaturing cycles at 95°C for 10 s, an-
nealing for 15s at 58°C, and extension at 72°C for 20s. The
melting curves were performed after denaturing at 95°C
(for 1 min), followed by rapid cooling to 37°C and then a
continuous increase in temperature up to 70°C (five fluo-
rescence acquisitions per degree Celsius). All curves were
analyzed using LC480 Genotyping software 3.5.

2.8 | Luciferase activity assay

MC3T3-E1 preosteoblastic cells (CRL-2593, Subclone 4)
were cultured in a-MEM medium supplemented with
glutamine, penicillin/streptomycin, 10% fetal calf serum
and incubated at 37°C, 5% CO, atmosphere. Cells (seeded
at 8.10™ cells/well in 12-well plates) were transfected
48 h after plating using the lipofectamine kit. Renilla con-
trol plasmid of 40ng and 1 pg of pGL4.10 reporter vec-
tor containing 2.0 kb or 1.5 kb of human MMP3 promoter
containing different sets of SNPs (haplotypes) were trans-
fected per well. Luciferase and Renilla light emitting activ-
ities were measured 48 h following transfection by using
the Dual Luciferase Reporter Assay System (Promega).
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TABLE 2 Primer sequences used for jPCR Amplification of
human and mouse genes

Gene Human primers Mouse primers
MMP3/ 5’-caaaggatacaacagggacc-3’ 5'-ttgttctttgatgcagtcage-3’
Mmp3
5'-gtgagtgatagagtgggtac-3’  5’-gatttgcgccaaaagtge-3’
B-Actin/B-  5'-gagaagagctacgagctgectg-3’  5'- getctggcetectageaccat-3”
Actin
5'-ggtagtttcgtggatgeecaca-3’  5'-gccaccgatccacacagagta-3’
PPIA/Ppia 5'-gtcaaccccaccgtgttett-3'  5'-cagetgtttgcagacaaagttc-3’
5'-ctgetgtetttgggaccttgt-3’  5’-ccetggeacatgaateetgg-3’
GAPDH/  5'-cttccaggagcgagatcce-3’ 5’-acacattgggggtaggaaca-3’
Gapdh
5’-gaagacgccagtggactcca-3’  5’-aactttggcattgtggaagg-3’
2.9 | RNA extraction from

mouse samples

Total RNA was extracted from mouse long bones that
were crushed directly in TRIzol™ using a Polytron® and
total RNA was prepared according to the manufacturer's
instructions.

2.10 | Total RNA and genomic DNA
extraction from human bone samples

Tibial plateaus were obtained in collaboration with
the Department of Orthopedic Surgery (Hospital
Lariboisiere) from patients undergoing knee replace-
ment surgery due to osteoarthritis. This procedure has
been approved by the local Ethics Committee (#06NICB
of CCP Ile de France IV). For polymorphism studies,
the patients were only females (n = 31) between 52
and 86years old and were processed as described previ-
ously.*® Briefly, trabecular bone “carrot” samples were
obtained from the inner part of the tibial plateau using
a 2-mm diameter biopsy trocar, and frozen in liquid ni-
trogen. Only tibial plateaus containing trabecular bone
of apparent good quality and remote from the areas af-
fected by osteoarthritis were selected. After crushing
the trabecular samples in liquid nitrogen using a mortar

TABLE 3 PCR primers and probes
used for the detection of rs632478 MMP3
promoter polymorphism

SNP
rs632478

Primers for PCR

F 5’-caacccaaagggaatatactt-3’
S 5’-tttcacagaccctetttgtte-3’

and a pestle, total RNA was extracted using the TRIzol™
procedure (Invitrogen). Genomic DNA was extracted
following the same crushing procedure, but using a
QIAamp DNA Mini extraction kit from Qiagen.

2.11 | Reverse transcription and Real-
Time quantitative PCR

For each sample, 1 pg of total RNA was reverse tran-
scribed using the Verso cDNA kit (Abge) with a mix of
random primers and oligo dT in accordance with the
manufacturer instructions. The final reaction (20 pl) was
diluted in water to a final volume of 400 pul and 5 pl of it
was used for each quantitative PCR reaction. Target genes
and reference genes were subjected to real-time quan-
titative PCR using the ABsolute™ Blue QPCR SYBR®
Green master mix (Abgene) in triplicate. Oligonucleotides
(Eurogentec) were designed for specifically amplifying
mRNA sequences by targeting different exons, or strad-
dling 2 exons. PCR products were between 80 and 120 bp
in size, and the oligonucleotides had a melting tempera-
ture of around 60°C (primers for human genes in Table 3).
After each real-time PCR using SYBR® Green, a fusion
curve was plotted to confirm the absence of unwanted
PCR products. For the human bone samples, the choice of
three reference genes and the quality assessment of RNA
samples were described previously.*®

2.12 | Statistical analysis
The results are expressed as means = Standard deviation
(SD).

First the potential outliers were identified and remove
from the data sets before statistical analysis. The data
were subjected to the Shapiro-Wilk normality test. For pa-
rameters that showed homogeneity, analysis of variance
was performed using two-way ANOVA. Where significant
overall differences were detected by analysis of variance,
a post hoc Tukey's comparisons test was used to compare
differences between the different genotypes or treatments.
When data did not pass the control of normality, the

Probes

agtggctatcacctgtgtgg-FL*
LC640b-catcttcagtcatagggatcttattgccac-Pc

A 5'-aagcagttttattttaagaaacaca-3’
R 5’-aaaatcagaattgtgcagaact-3’

*FL: Fluorescein

PLC640: LightCycler Red 640

°P: Phosphate
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nonparametric Kruskal-Wallis test and the Dunn posttest
were applied.

Statistical analysis of the transfection data and of the
MMP3 expression in WT mice (two groups comparisons)
was performed using unpaired t-test.

The statistical analysis program used was Prism ver-
sion 9.3.0 (GraphPad Software). For each test, p <0.05 was
considered significant.

Variation of Z-score according to MMP3 polymor-
phisms was analyzed using ANOVA to compare multiple
groups, followed by a post hoc test in case of a significant
effect. The post hoc test consisted of a pairwise compar-
ison by using the Tukey's test. The statistical program
used was R version 3.1.0 (R Core Team, R Foundation for
Statistical Computing, 2014 (https://www.R-project.org).
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3 | RESULTS

We have used Mmp3 KO mice in order to study the
role of MMP3 in adult bone and to investigate the
effect of Mmp3 deletion in the bone loss induced by
ovariectomy.

3.1 | Mmp3 KO prevents the deleterious
effects of ovariectomy on bone mineral
density in mice

First, we have shown that ovariectomy increases
Mmp3 mRNA expression in wild-type mice long bone
cells (Figure S1). We then evaluated the effect of
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Mmp3 KO on bone mass in mice and the role played by
ovariectomy. We noticed that Mmp3 KO has no effect
on the baseline femoral and vertebral BMD. Indeed,
femoral and vertebral BMD were not significantly dif-
ferent in wild-type and Mmp3 KO mice before and
1 month after sham operation (respectively Figure 1A,
B, Sham mice) indicating that the lack of MMP3 has
no effect on femoral and vertebral BMD. We also ob-
served that BMD was significantly decreased in wild-
type OVX mice compared to their sham-operated
counterpart. However, there was no significant effect
of ovariectomy in femurs and vertebrae of Mmp3 KO
mice (Figure 1B). Then, by analyzing change of BMD
from baseline on live animals, a significant decrease
in bone mass was seen in wild-type mice between ova-
riectomized versus sham-operated (Sham) animals but
was not observed in ovariectomized Mmp3 KO females
compared to their Sham counterpart (Figure 1C). In fe-
murs, but not vertebrae, the change in BMD after ova-
riectomy was significantly greater in wild-type than in
Mmp3 KO mice. These data also showed that gain in
BMD was higher in vertebrae than in femurs mice dur-
ing the 1-month period, regardless of the phenotype
(wild-type and Mmp3 KO).

3.2 | Mmp3 KO prevents deterioration of
bone microarchitecture in OVX mice

Compared to wild-type, Mmp3 KO mice did not exhibit
any apparent modification of the macroscopic bone
structure of the femur either by microCT or histologi-
cal analyses (Figure 2A, B respectively). The 2D and
3D analyses confirmed in wild-type mice a significant
decrease of bone volume over tissue volume (BV/TV)
and of trabecular number (Tb.N) and a significant in-
crease in trabecular spacing (Tb.Sp) in those femurs
after ovariectomy (Figure 2C). Only trabecular thick-
ness (Tb.Th) was unaffected by ovariectomy in wild-
type mice. A closest look at a fine microCT 3D analysis
of the trabecular structure has shown that BV/TV and
Tb.N were significantly higher in Mmp3 KO mice than
in wild-type mice (Figure 2C). An apparent lack of ef-
fect induced in Mmp3 KO mice by ovariectomy was ob-
served by 2D and 3D analyses showing no significant
change in any trabecular parameters (Figure 2C). This
was corroborated by 3D microCT analysis showing sig-
nificant differences in trabecular parameters (BV/TV,
Tb.N, and Tb.Sp) between wild-type and Mmp3 KO
mice that have been ovariectomized (Figure 2C).
Otherwise, no significant change in the cortical thick-
ness (Crt.Th) of the femur diaphysis has been found

between wild-type and Mmp3 KO mice or in both after
ovariectomy (Figure S2).

3.3 | Mmp3 KO in mice does not affect
bone formation parameters

Evaluation of static and dynamic bone parameters
by histology revealed that neither ovariectomy nor
genotype seems to affect bone formation since Tb.Th,
MS/BS, MAR, and BFR/BS parameters were not sig-
nificantly different in sham-operated versus ovariec-
tomized wild-type or Mmp3 KO mice (Figure 2C and
Figure S3A-C).

Moreover, primary osteoblasts isolated from calvariae
of wild-type or Mmp3 KO exhibited similar kinetics of
ALP activity (Figure S3D) and thus similar ability to form
mineralized modules up to 20days in culture as confirmed
by a colorimetric assay of alizarin staining (Figure S3E, F,
respectively).

3.4 | Mmp3 KO inhibits bone
resorption and reduces the bone loss
associated to ovariectomy

DPD/creatinine determination was used to illustrate
bone resorption activity in our mice. DPD/creatinine
was determined in wild-type and Mmp3 KO at 3 months
of age before ovariectomy and sham operation and at
4 months of age in operated animals (Figure 3A). These
results indicate that Mmp3 KO mice have significantly
less DPD excretion compared to wild-type mice a both
ages and that this difference seems to increase over
time. In our wild-type mice, the bone loss associated to
ovariectomy (Figure 1A, B) is primarily due to an in-
crease in bone resorption, as evidenced by an increase
in urinary DPD excretion (Figure 3B). However, this
increase in DPD excretion is not observed in Mmp3
KO mice after ovariectomy (Figure 3B) suggesting in
part a reduced bone resorption activity in these OVX
mice. Interestingly when analyzing the osteoclast pa-
rameters on bone sections by histomorphometry, we
showed that osteoclast surface over bone surface (Oc.S/
BS) and number of osteoclast over trabecular volume
(N.Oc/TV) were not modified in wild-type OVX mice
compared to the Sham controls but were significantly
increased in Mmp3 KO OVX mice compared to their
Sham controls (Figure 3C, D). These results suggest
an increase in osteoclast differentiation to compensate
the inhibition of bone resorption observed in the ab-
sence of MMP3 expression.
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FIGURE 2 MicroCT and histology analyses of mouse femur in 4-month-old wild-type and Mmp3 KO mice after ovariectomy or sham-
surgery. Two-dimensional (2D) microCT (A) and histological (Toluidine blue staining) (B) pictures are representative images of the distal
femur (coronal sections). (C) Microarchitecture parameters were measured by histomorphometry on 2D histological sections (left panel)
and by 3D microCT (right panel). Bone volume per tissue volume (BV/TV, %), trabecular thickness (Tb.Th, pm), trabecular number (Tb.N,
1/pm), and trabecular spacing (Tb.Sp, pm) are presented as mean = SD. Significance was determined using ANOVA and post hoc Tukey's
tests. (*p <0.05; **p <0.005; ***p <0.0005; ****p <0.0001), n = 5-7 animals per experimental group for histological analysis and n = 8-10 for

microCT analysis

3.5 | A polymorphism located in the
promoter of the human MMP3 gene is
associated with bone mineral density in
postmenopausal women

Since lack of MMP3 is able to prevent ovariectomy-
induced bone loss in mice, we have investigated the
possible role played by MMP3 polymorphisms in hu-
mans and especially in postmenopausal woman. Thus,

we have looked for single nucleotide polymorphisms
(SNPs) located in the promoter of MMP3 gene and se-
lected one of them, rs632478 (G/T variant [C or A in
this orientation]), because it is in complete linkage dis-
equilibrium with rs3025058 (equivalent to rs35068180)
in the cohorts with European ancestry studied in the
1000genome project, a SNP known as 5A/6A polymor-
phism and known to affect MMP3 gene expression.
This latter SNP has been intensively investigated for
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its associations with various human diseases (for re-
view®), with MMP3 mRNA expression (e.g.,*’) and
MMP3 promoter activity.“o‘41

We have determined rs632478 variants with Z-scores
at lumbar spine and at femoral neck in a cohort of 501
postmenopausal women (Figure 4A, B). The Z-score as-
sociated to the G/G appeared to be significantly different
from those of the T/T genotype in both lumbar spine and
femoral neck, G/G being associated to lower Z-score val-
ues. In addition, MMP3 mRNA expression is the lowest
for G/G genotypes, slightly higher for T/T genotypes and
intermediate for G/T, in pieces of human bone obtained
from tibial plateaus after knee replacement surgery, that
are looking undamaged (Figure 4C).

3.6 | MMP3rs632478 promoter
variants are associated with change
in promoter activity in transfection
experiments

We have looked for SNP in the promoter region of MMP3
within 2 kb 5’ of the transcriptional start site and contain-
ing 1s3025058 (5A/6A). We have determined seven SNPs
with a MAF over 1% in populations of European ancestry
and six major haplotypes (Figure 5A) are fully representa-
tive of all 748 analyzed alleles (see Materials and Methods).
We therefore assumed that rs3022058, rs632478, and
rs617819 are at least very close to full linkage disequi-
librium. Interestingly the rs679620 SNP, located early in
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the coding region (Lys45Glu) and abundantly studied for
MMP3 genotype variation related to several diseases, is in
full linkage disequilibrium and belongs to the same hap-
loblock that these latter promoter SNPs.

In order to study a possible role of SNP rs3022058
(5A/6A) or rs632478 on MMP3 promoter activity, we
have made two luciferase reporter constructs containing
2 kb of the MMP3 promoter with variations correspond-
ing to SNPs rs3022058, rs632478, and rs617819. We have

ASEBsioAdvances — WILEYJE

FIGURE 4 Effect of human MMP3 promoter polymorphism
rs632478 on BMD and MMP3 expression. Women BMD was
expressed as Z-score at femoral neck (A) and at L2-L4 lumbar
spine (B), and compared between the different rs632478 genotypes.
Z-scores at femoral neck (n = 487; G/G n = 124, G/T n = 261, T/T
n = 102) and at lumbar spine (n = 485; G/G n = 123, G/T n = 260,
T/T n = 102) were measured in a cohort of French women with
osteoporosis. Values are expressed as mean = SD. (C) Relative
expression of MMP3 mRNA was measured in cortical bone of
human tibial plateau and was presented by class of genotype (G/G
n=238,G/Tn=16;T/T n=7;n=31)(C). Values are expressed as
mean + SD (*P <0.05). Significance was determined using ANOVA
and post hoc Tukey's tests. Variance p values are indicated on each
panel

chosen to perform transfection experiments with these
constructs in osteoblasts, cells that are mostly expressing
MMP3 in bone. After transfection into MC3T3-E1 cells,
luciferase activity was significantly higher (Figure 5B)
with the 5A(—)-G-A-A-C-G-T than with the 6A(T)-G-C-
A-C-C-T haplotype. By transfecting a shorter promoter
fragment (—1.5 kb) having lost two distal SNPs includ-
ing rs3025058 (5A/6A), we obtained a milder effect
(22.6% vs. 50.6%) but still significant, suggesting that
both 5A/6A and the remaining rs632478 and rs617819
polymorphisms play a role in the variation of MMP3
promoter activity. Variation of the rs617819 polymor-
phism alone has no effects on the MMP3 promoter ac-
tivity (data not shown).

4 | DISCUSSION

The cellular and tissue functions of MMPs are mainly
mediated by their own proteinase activity. Moreover,
MMPs and TIMPs expression are also interconnected to
regulate locally tissue/matrices degradation and remod-
eling, and subsequently cell behavior. In bone tissue,
these enzymes are required for the degradation of ma-
trix and unmineralized osteoid that line the bone sur-
face to facilitate cells attachment and migration. MMPs
expression is non-cell specific and one MMP can be ex-
pressed by different cell types within the same tissue.
These multiple patterns of expression render Mmp KO
phenotype quite complex to analyze. In bone MMP3 has
been described to be expressed mostly in osteoblasts,
fibroblasts, and osteocytes, the most abundant cells in
bone tissue.**** The function of cell-specific MMP3 is
difficult to evaluate as no cell-specific Mmp3 conditional
KO model has been developed to date. The understand-
ing of MMPs function in vivo is also closely related to
their substrate nature. MMPs can cleave indeed a wide
range of non-collagenous proteins and activate many la-
tent growth factors that affect the fate of surrounding
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ant were cloned in front of the luciferase reporter cDNA sequence in

a pGL4.10 reporter plasmid. The plasmids were co-transfected into MC3T3-E1 cells along with a construct expressing constitutively the

Renilla reporter gene as internal control. Promoter activity is expressed as the ratio of luciferase activity over Renilla activity. All values are

expressed as mean + SD and reported to the expression of the rs632478 C promoter variant. Significance was determined using unpaired

t- test. (**p <0.005; ***p < 0.0005) (n = 4 independent transfection experiments performed in triplicate)

cells. It is known that individual MMPs share substrates
possibly leading to functional redundancies. Thus, we
cannot exclude that the mild bone phenotype observed
in Mmp3 KO mice may be the consequence of this over-
lapping MMPs substrate register, and that some aspects
of MMP3 function in bone are not apparent in Mmp3
KO mice. We presented evidence in this paper that
Mmp3 KO significantly increases trabecular bone mass
and trabecular number. Further evaluations indicated
that these increases were due to decreased bone resorp-
tion rather than increase in bone formation, although
cells of the osteoblast lineage are the main cells express-
ing MMP3 in bone. These data also showed that Mmp3
depletion, similarly to the inhibition of MMPs elicited
by TIMP1 overexpression in osteoblasts,”® abolish os-
teoclast resorption induced by ovariectomy and reduced
the response of osteoblast to estrogen deficiency.

The involvement of MMP3 in different steps leading
to bone formation was suggested in previous publications
and may depend on the stage of development in humans
and rodents. In the nineties, the presence of MMP3 in os-
teoblasts and osteocytes in the human neonatal rib was
demonstrated and located especially in the osteogenic
fronts suggesting that MMP3 may be required for con-
nective tissue degradation to allow cellular migration and
bone growth.* The presence of MMP3 in human bone
was confirmed in calvaria samples of fetuses by Zeitler in
2004.% In addition, Zhao et al.** showed in vitro an in-
crease in osteoblast differentiation of mouse bone mar-
row stem cells upon depletion of Mmp3 by transfection
with Lentivirus vectors encoding shRNA targeting Mmp3
or by treatment with MMP3-specific inhibitor’ but no in
vivo evidence has confirmed these in vitro data. In our
study in adult mouse females, no global effect on bone
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formation parameters in vivo and on osteoblast differ-
entiation in vitro has been observed in Mmp3 KO adult
mice compared to WT mice. This does not exclude that
MMP3 could affect earlier stages of bone growth. It is not
surprising since Mmp null mutants exhibited mostly mild
phenotypes resulting from protease redundancy and com-
pensation, and controlled balance between MMPs and
TIMPs expressions.*> As an example, Stickens et al. pre-
sented evidence that the endochondral bone phenotype
observed in Mmp13-deficient mice progressed with age."
Mmp2 deficiency also results in transient and long-lasting
bone remodeling defects.'?

Osteoclasts as well as macrophages, also produce
MMPs, MMP9 being the most abundantly expressed.
Several MMPs have been shown to affect bone resorption
mainly through the regulation of osteoclast migration
and progenitor cells fusion. However, MMP3 expression
in osteoclast has been found lacking to date.** Thus,
the impact of MMP3 depletion we observed on bone
resorption in Mmp3 KO mice may be independent of
its expression in osteoclasts. This effect of Mmp3 defi-
ciency on bone resorption was mainly illustrated by a
strong decrease in DPD/creatinine ratio in Mmp3 KO
compared to WT mice illustrating a strong decrease in
global osteoclasts activity. This decrease is probably
due to the reduction of individual osteoclast activity, as
the surface of resorbing osteoclast (Oc.S/BS) and their
number (N.Oc/TV) are not affected by Mmp3 deletion.
MMP3 like the other MMPs secreted by neighborhood
cells (osteoblasts and others) can indirectly affect osteo-
clasts and bone resorption in Mmp3 KO mice. MMP3
induced by mechanical stimulation of osteoblasts is
one of the candidate key enzymes in the processing of
collagen on bone surface, which is necessary for osteo-
clast recruitment and bone resorption.* MMP3 is able
to activate MMP1 to generate a mature enzyme that has
10-fold more collagenase activity than the proenzyme.
In addition, exogenous MMP3 has been demonstrated to
stimulate macrophage secretion of PGE, and to increase
MMP9 expression in vitro, both required for macro-
phage activity.*” RAW264.7 monocyte/macrophage cell
line knockdown for Mmp3 also exhibited impaired os-
teoclast differentiation. Moreover, decreased osteoclast
differentiation was observed in RAW264.7 cells treated
with the MMP3-specific inhibitor.**

MMPs have been shown to be important regulators
of bone remodeling especially in situations in which
bone remodeling is accelerated such as osteoporosis in-
duced by ovariectomy. In general, higher expression of
MMPs was observed in osteoporotic bone tissues com-
pared to normal bones. This was described for many
of them including MMP1, MMP2, and MMP9, in oste-
oporotic patients.® Changes in the activity of MMP2,

ASEBsioAdvances — WILEYJL?’S

MMP9, and MMP13 have been also shown to participate
in the deleterious effects of ovariectomy on bone tissue
in rodents.’">? Furthermore, deletion of both Mmp9 and
Mmpl4 in mice has been suggested to protect against
ovariectomy-induced bone loss.*” In ovariectomized
Mmp3 KO mice, although the resorption activity was de-
creased, an increase in osteoclast number and surfaces
relative to wild type ovariectomized mice has been no-
ticed. This was also observed in mice KO for Mmp9 and
Mmpl4 in which osteoclast numbers were increased
whereas bone erosion surfaces were decreased com-
pared to wild type mice, resulting in an osteopetrotic-
like phenotype.*” Several reports also referred to the
involvement of upregulation of Mmp13 in the osteopo-
rosis induced by ovariectomy. Li et al.” stated that the
increased level of Mmp13 after ovariectomy is positively
correlated with increased bone turnover parameters and
negatively correlated with bone volume.

Although mostly associated to increased bone resorp-
tion, upregulation of Mmp3 has also been shown to par-
tially mediate the bone-protective effects of E2 through
induction of osteoclast apoptosis.** Conversely, we pre-
sented evidence here that absence of Mmp3 in mice pro-
tects against bone loss induced by ovariectomy. Indeed, the
hallmarks of estrogen deficiency such as increased bone
resorption and decreased femoral bone mineral density
and trabecular bone volume are absent in ovariectomized
Mmp3 KO mice. Moreover, we have shown in this work
that ovariectomy increases significantly MMP3 expression
in bone that confirms increased Mmp3 expression, both in
bone lining osteoblasts® and in primary osteoblasts dif-
ferentiated from bone marrow precursor cells?® observed
in ovariectomized mice. Increased MMP3 expression
could enhance MMP9, secreted as a zymogen, activation
through the proteolytic removal of its pro-domain® and
could affect matrix composition through its proteinase ac-
tivity that cleaves proteoglycans, laminins, gelatin, casein,
and multiple non-matrix substrates. We cannot exclude
that modifications of the extracellular matrix composition
may thereby modulate cell behavior including osteoclasts
or be more prone to resorption by activated osteoclasts.
Furthermore, in other skeletal tissues, Mmp3 mRNA
levels decreased under 17b-E2 treatments such as in in-
tervertebral disc®® and nucleus pulposus.”” Interestingly,
MMP3 levels have been shown to vary in women endome-
trium, with its expression increasing when estrogen levels
drop.”® This could be linked with an increase in human
bone resorption markers at the same cycling period>
where levels of deoxypyridinoline are inversely correlated
with estrogen levels. The possible role of MMP3 change
of expression upon estrogen levels led us to test in a co-
hort of postmenopausal women the possible association
of MMP3 SNPs with bone loss.
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The great influence of the mouse genetic background on
bone phenotype and metabolism is well known, some being
more prone to lose bone after ovariectomy. There are only
few papers comparing FVB mice to mice of other strains.
Adebayo et al.”’ consider that FVB mice exhibit a higher
bone mass compared to C57BL/6. On the other end, Zanotti
et al.®" showed interestingly that sex and genetic back-
ground affect osteoblastic differentiation potential. They
showed in particular that the sex effect on osteoblastic gene
expression and on ALP activity, is milder in FVB mice than
in C57BL/6 mice. This observation may in part explain the
absence of effect induced by ovariectomy on bone forma-
tion parameters in both WT and Mmp3 KO mice.

In the field of MMPs, association studies with diseases
have been mainly tested with promoter SNPs due to their po-
tential role in the change of gene expression. Consequently,
a 5A/6A promoter SNP of the MMP3 gene has been inten-
sively studied for its association with human diseases in
which matrix metalloproteases might be involved.** Meta-
analysis has shown this SNP robustness mainly in several
heart and blood circulation diseases such as atherosclero-
sis,”* myocardial infarction,” coronary artery,** aortic aneu-
rism,% and abdominal aortic aneurism®® with the 5A allele
always showing an increased risk of the disease. Interestingly
the rs632478 SNP is in very strong linkage disequilibrium
with the 5A/6A SNP in cohort of European descent (but not
in cohorts of Asian or African origin as evidenced with data
from the 1000genome project). The rs632478 T-allele (corre-
sponding to the 5A allele) is associated with the higher BMD
(lumbar spine and femoral neck) in our cohort of postmeno-
pausal women, and therefore is possibly protecting against
estrogen deficiency-associated bone loss. Interestingly, the
5A SNP has been associated with a lower MMP3 expres-
sion in human serum in several studies studying cohorts
of European ancestry.®*"® It is possible that none of the
cell types used in those studies represent major sources of
MMP3 found in blood.

In apparent contradiction with these results, we have
found in transfection experiments in MC3T3 osteoblastic
cells that a promoter with the 5A allele has a higher activ-
ity than its counterpart with the 6A allele. Interestingly,
5A/6A promoter constructs have been used in transfec-
tion experiments in the past and have shown a similar
effect.**’®"! Therefore, it is very possible that the use of
relatively short constructs in transfection does not reflect
the MMP3 promoter activity in the genomic context. In
addition, Medley et al. have shown in 40 skin pieces that
the 5A/5A genotype is associated with higher MMP3
mRNA and protein expression.

In conclusion, we have shown in this paper that Mmp3
deletion has a protective effect on bone loss induced by
ovariectomy in mice. We have found that this effect was es-
sentially mediated by inhibition of bone resorption. Most

importantly we have presented evidence that polymor-
phisms that affect MMP3 expression are also linked to modi-
fication of Z-score in osteoporotic women. MMP3, although
weakly expressed in bone cells, could be one of the import-
ant regulators of sex hormone action in bone and whose ac-
tivity could be targeted for therapeutic applications.
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