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ABSTRACT
The remodeling of the extracellular matrix is a central function in endochondral ossification and bone homeostasis. During secondary
fracture healing, vascular invasion and bone growth requires the removal of the cartilage intermediate and the coordinate action of
the collagenase matrix metalloproteinase (MMP)-13, produced by hypertrophic chondrocytes, and the gelatinase MMP-9, produced
by cells of hematopoietic lineage. Interfering with these MMP activities results in impaired fracture healing characterized by cartilage
accumulation and delayed vascularization. MMP-10, Stromelysin 2, a matrix metalloproteinase with high homology to MMP-3
(Stromelysin 1), presents a wide range of putative substrates identified in vitro, but its targets and functions in vivo and especially
during fracture healing and bone homeostasis are not well defined. Here, we investigated the role of MMP-10 through bone regen-
eration in C57BL/6mice. During secondary fracture healing, MMP-10 is expressed by hematopoietic cells and its maximumexpression
peak is associated with cartilage resorption at 14 days post fracture (dpf). In accordance with this expression pattern, whenMmp10 is
globally silenced, we observed an impaired fracture-healing phenotype at 14 dpf, characterized by delayed cartilage resorption and
TRAP-positive cell accumulation. This phenotype can be rescued by a non-competitive transplant of wild-type bone marrow, indicat-
ing that MMP-10 functions are required only in cells of hematopoietic linage. In addition, we found that this phenotype is a conse-
quence of reduced gelatinase activity and the lack of proMMP-9 processing in macrophages. Our data provide evidence of the
in vivo function of MMP-10 during endochondral ossification and defines the macrophages as the lead cell population in cartilage
removal and vascular invasion. © 2021 The Authors. Journal of Bone andMineral Research published byWiley Periodicals LLC on behalf
of American Society for Bone and Mineral Research (ASBMR).
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Introduction

Unlike most tissues, after a severe injury, bone tissue

develops a strong healing response. Through this healing
process, bone is able to recover its original structure and func-

tionality without forming a scar tissue. Bone healing recapitu-
lates certain aspects of the skeletal development and growth,

involving a complex interplay between cells, extracellular matrix,

and growth factors. Non-stabilized bone fractures that take place
in the appendicular skeleton heal by both intramembranous and
endochondral ossification. The endochondral ossification pro-
cess predominates in the mechanically unstable regions close
to the fracture site. On the other hand, the intramembranous
ossification process takes place at the proximal and distal edges
of the callus, where a greater mechanical stability exists.(1-3)

In all cases, bone fracture healing implies a total remodeling of
the extracellular matrix (ECM), which implies the proteolytic

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in
any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
Received in original form November 23, 2020; revised form June 15, 2021; accepted June 20, 2021.
Address correspondence to: Froil�an Granero-Molt�o, PhD, Clínica Universidad de Navarra, 36 Pío XII Avenue, 31008 Pamplona, Spain. E-mail: fgranero@unav.es
Additional Supporting Information may be found in the online version of this article.

Journal of Bone and Mineral Research, Vol. 00, No. 00, Month 2021, pp 1–11.
DOI: 10.1002/jbmr.4403
© 2021 The Authors. Journal of Bone and Mineral Research published by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research
(ASBMR).

1 n

https://orcid.org/0000-0003-4817-5232
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:fgranero@unav.es
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fjbmr.4403&domain=pdf&date_stamp=2021-07-06


degradation of structural matrix and the deposition of new
matrix proteins. Matrix metalloproteinases (MMPs) comprise a
family of zinc-dependent proteases withmore than 20members.
This group of enzymes is able to degrade all ECM components,
having a leading role in ECM remodeling.(3-7)

The role of various MMPs during the fracture healing process
has been previously studied. Mmp2 is expressed since day 3 of
the reparative process along fracture callus; Mmp2 knockout
mice show a delayed bone remodeling, as well as an altered
expression pattern of other Mmps.(8) Mmp9 is expressed in
inflammatory cells and mesenchymal stem cells during the
inflammatory phase, whereas it is expressed in osteoclasts dur-
ing fracture callus remodeling phase. MMP-9 participates in soft
callus remodeling and vascular invasion of the cartilage, and
Mmp9 knockout mice show cartilage accumulation at 14 days
post fracture.(9) Mmp13 is mainly expressed in hypertrophic
chondrocytes and osteoblasts. MMP-13 also participates in carti-
laginous callus remodeling and vascular invasion.(10,11) Despite
the roles these MMPs play in fracture repair, all phenotypes dis-
played by the deficiency of a matrix metalloproteinase are tran-
sient, and the transgenic mice achieve a total fracture repair.

MMP-10 (Stromelysin 2) presents high homology with MMP-3
(Stromelysin 1), having a broad substrate specificity. MMP-10 is
able to cleave in vitro collagens of types III, V, VII, X and XIV, lam-
inin, and fibronectin.(12) Different studies confirm the role of
MMP-10 in several biological and pathological processes. MMP-
10 profibrinolytic role after blood clot has been previously
reported; even more, exogenous MMP-10 supplementation has
been proven as a useful tool to reduce infarct size in a murine
stroke model.(13) Matrix metalloproteinase-mediated degrada-
tion of the ECM is a major factor for tumor development and
expansion. Reports suggest that MMP-10 is expressed and active
at high levels in human non-small-cell lung carcinoma when
compared with healthy lung tissues, being a potential target
for the development of new therapies in lung cancer.(14) The role
of MMP-10 has also been studied in liver wound healing and
regeneration, after mouse liver injury Mmp10 expression is
induced, participating in the hepatic wound healing response.
In this model, silencing Mmp10 resulted in impaired resolution
of necrotic areas, increased fibrogenesis, and defective turnover
of fibrin and fibronectin.(15)

MMP-10 expression in skeletal development has been pre-
viously reported. MMP-10 is expressed by osteoblast in bone
formation sites as well as in chondrocytes of growth plate in
human neonatal ribs.(16) The role of MMP-10 in fibrosis ossifi-
cans progressive (FOP) has been determined in vitro, and
myoblast cells expressing the constitutive activated mutant
ALK2 showed overexpression of Mmp10. Additionally, MMP-
10 could enhance the differentiation of these myoblast cells
into osteoblast, suggesting that MMP-10 may play a role in
the heterotopic bone formation observed in FOP patients.(17)

MMP-10 has also been proven to perform a leading role in
macrophage migration in 2D and 3D in vitro platforms as well
as macrophage activation.(18,19) This could be important
because during fracture repair, macrophage migration and
differentiation into osteoclast are key steps in vascularization
and healing progression.

Here, we found that during fracture healing, loss of Mmp10
results in a delayed repair phenotype, characterized by reduced
gelatinase activity and impaired cartilage resorption. Biochemi-
cal analysis demonstrated that the observed phenotype derives
from the incapacity of mononuclear cells from Mmp10 knockout
mice to process proMMP-9 and suggests a role for MMP-10 as a

key factor that triggers vascularization of the cartilaginous callus
through MMP-9 activation.

Materials and Methods

Animals

All animal procedures were approved by the University of
Navarra Institutional Committee on Care and Use of Laboratory
Animals (CEEA) and the Navarra Regional Government (CEEA #
E8-16(107-15E1), E58-16(107-15E2), and E32-17(107-15E3)).

Seven- to 14-week-old female Mmp10�/� mice (Mmp10KO,
B6.129P2-MMP10tm1Jkmg backcrossed into C57BL/6J back-
ground)(20) and C57BL/6J (wild type [WT]) (Harlan Ibérica, San
Feliu de Codines, Spain) were used throughout this study.

For non-competitive bone marrow transplant, WT bone mar-
row was extracted from males and females B6.SJL-Ptprca

Pepcb/BoyJ (CD45.1, JAX stock #002014, The Jackson Laboratory,
Bar Harbor, ME, USA).

For hematopoietic progenitors labeling, B6.Cg-Tg(Mx1-Cre)
1Cgr/J (Mx1-Cre, JAX stock #003556, The Jackson Laboratory)
were crossed with B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/J
(Ai6, JAX stock #007906, The Jackson Laboratory). Seven- to
14-week-old animals, males and females, of the resulting F1
(Mx1-CreAi6) were used.

In total, 140 mice were used in this study, C57BL/6J
(WT, n = 72), B6.129P2-MMP10tm1Jkmg (Mmp10KO, n = 62), B6.
SJL-Ptprca Pepcb/BoyJ (CD45.1, n = 2), and F1 B6.Cg-Tg
(Mx1-Cre) 1Cgr/J � B6.Cg-Gt(ROSA)26Sortm6(CAG-ZsGreen1)Hze/
J (Mx1-Cre Ai6, n = 4).

Animals were housed in a barrier facility with a 24-hour light/
dark cycle and feed with standard mice chow. Mice were given
ad libitum access to food and water.

Closed fractures and surgeries

For all procedures, animals were anesthetized employing isoflur-
ane (B. Braun Vet Care, Tuttlingen, Germany), and buprenorphine
(0.05 mg/kg body weight) was injected subcutaneously for post-
operative pain control.

Stabilized close fractures were produced in 7- to 14-week-old
females by intramedullary fixation as described previously.(21,22)

Radiographic imaging was performed to assess proper fixation
and fracture.

Hematopoietic progenitors were labeled by inducing Mx-1
promoter with intraperitoneal injection of poly I:C (pI:pC,
12.5 mg/kg/d), 4 doses in alternate days. After the last pI:pC
injection, animals were subjected to a non-stabilized fracture of
the tibia. Non-stabilized tibia fractures were carried out using a
three-point device without intramedullar fixation.

Animals were euthanized at 5, 7, 10, 14, or 21 days post frac-
ture (dpf) employing carbon dioxide (CO2).

For unicortical bone defects, a unicortical defect was created
using a 0.8 mm drill (see Supplemental Materials and Methods
for detailed procedure). Animals were euthanized at 14 and
21 dpf employing carbon dioxide (CO2).

Micro-computed tomography (μCT) analysis

For μCT analysis, mice were euthanized, the tibias or femurs were
extracted, and the pin removed. Tomographic images of the
mice tibias were acquired using X-raymicro-CT (Micro-CAT II, Sie-
mens PreClinical Solutions, Knoxville, TN, USA) with the following
parameters: 80 kVp X-ray source voltage, 250 μA current, and
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1250 ms exposure time per projection. Seven hundred projec-
tions were acquired with isotropic 10 μm voxel size and a resolu-
tion of 1216 � 1216 pixels. CT images were automatically
reconstructed using the Cobra software (Exxim Computing Cor-
poration, Pleasanton, CA, USA). 3D bone images were rendered
using the Amira 3D Software for preclinical analysis (Thermo
Fisher Scientific, Waltham, MA, USA).

Histology, immunofluorescence, and TRAP staining and
quantification

After mice were euthanized, tibias were dissected, washed with
PBS, and fixed for 48 hours with 4% PFA (PanReac, Barcelona,
Spain). Fixated tibias were decalcified, dehydrated in graded eth-
anol, and embedded in paraffin as previously described.(21,23)

Whole calluses of fractured tibias were serially sectioned in the
sagittal plane with a HM 340 E microtome (Microm, Boise, ID,
USA) at 4 μm thickness. For histological evaluation, selected sec-
tions (1 every 10 slides) were hydrated in decreasing graded eth-
anol and stained with Toluidine blue (TB).

For immunofluorescence analysis, sections were treated
sequentially for antigen unmasking with 4 mg/mL of hyaluroni-
dase (H-3884, Sigma-Aldrich, St. Louis, MO, USA) in PBS, pH 5.5
for 15 minutes at 37�C, and with 4 mg/mL of pepsin (P6887,
Sigma-Aldrich) in HCl 0.01 N for 30 minutes at 37�C. Primary anti-
bodies anti-type II collagen (631711, MP Biomedicals, Santa Ana,
CA, USA), anti-MMP-9 (ABT544, Millipore, Burlington, MA, USA),
anti-type X collagen (234196, Millipore), anti-MMP-10
(ABIN3185594, Antibodies Online, Aachen, Germany), and anti-
F4/80 (ab6640, Abcam, Cambridge, UK) were employed. For
F4/80 antibody, antigen unmasking was carried out with 1 mg/mL
trypsin (A4148, PanReac) in PBS containing 1 mg/mL of CaCl2 for
1 hour at 37�C. Secondary antibodies conjugated to fluorochrome
were used (Alexa Fluor, Invitrogen, Carlsbad, CA, USA).

For the TRAP analysis, the Leukocyte Acid Phosphatase (TRAP)
Kit (387A-1KT, Sigma-Aldrich) was employed. TRAP staining was
performed following manufacturer instructions.

Bright-field digital images were acquired with an Aperio scan
(Leica Biosystems, Nussloch, Germany). Immunofluorescent
images were acquired with a Zeiss AxioCam MRm1 (Plan-
Neofluar objective with 0.50 NA) with an AxioImager.M1 micro-
scope (Carl Zeiss, Oberkochen, Germany).

Histological preparations, TRAP staining, and immunofluores-
cence preparations (2 to 3 central sections, n = 3–5) were quan-
tified using ImageJ/Fiji software with custom macros. The signal
was quantified as total area (arbitrary units).

All digital images were imported into Adobe Photoshop and
formatted. Illustrations were created with Biorender.com

Bone marrow isolation and osteoclast differentiation

Osteoclastic cells were differentiated from the monocyte/macro-
phage lineage of the bone marrow. Bone marrow was extracted
and isolated from hindlimbs of WT and Mmp10KO mice (n = 6
each) as previously reported.(24) Briefly, femurs and tibias were
dissected, and bone marrow was flushed using PBS. Bone mar-
row cells were centrifuged at 600g for 8 minutes. Cell pellet
was resuspended in 10 mL of fresh PBS and mononuclear cells
were isolated employing 10 mL of Ficoll solution (Ficoll-Paque,
GE Healthcare Bio-Sciences AB, Uppsala, Sweden) to create a
density gradient. PBS/Ficoll mixture was centrifuged at 200g for
20 minutes to separate cells into three layers. The middle layer,

which contains mononuclear cells, was gently removed and
washed with PBS.

Mononuclear cells from WT and Mmp10KO mice were seeded
in P6 plates andwere cultured for 3 days with bonemarrowmac-
rophage inductionmedia (BM-MIM), MEM AlphaMedium (Gibco,
Thermo Fisher Scientific) supplemented with 10% fetal bovine
serum (F7524, Sigma), 1% penicillin/streptomycin (17602E,
Lonza, Basel, Switzerland), 0.1 μM PGE2 (Pfizer, New York, NY,
USA), and 10 ng/mL murine GM-CSF (315-03, PeproTech, Rocky
Hill, NJ, USA). After 3 days, mononuclear cells were cultured in
osteoclast induction media, and BM-MIM supplemented with
10 ng/mL of receptor activator of NF-κB ligand (RANKL; 310-01,
PeproTech) for another 7 days, changing the medium daily.
Experiments were performed at least three times from two bone
marrow extractions. Differentiations were done in duplicate or
triplicate and conditioned medium for zymographic assay
pooled from the replicas.

Gelatine zymography assay

The presence of MMPswith gelatinase activity inmouse cells was
visualized by gelatin zymography assay. Ten to 20 μg of total
protein from cell homogenates or equal volumes of culture con-
ditioned media were mixed with nonreducing sample buffer
(62.5 mM Tris-HCl, pH 6.8; 10% glycerol; 0.1% bromophenol
blue). Electrophoresis was realized directly on 9% SDS-
polyacrylamide gels (SDS-PAGE) containing 0.1% gelatin (w/v).
After electrophoresis, gels were washed four times for
20 minutes at room temperature in a 2.5% (v/v) Triton X-100
solution to remove excess of SDS. Gels were transferred to zymo-
gram development buffer solution (1610766, Bio-Rad Laborato-
ries, Hercules, CA, USA) and incubated for at least 18 hours
at 37�C.

Protein fixation was developed by incubating gels for
15 minutes with 50% methanol/7% acetic acid. Gels were then
washed 30 minutes (six times of 5 minutes each) with distilled
water. Lastly, gels were stained for 1 hour with GelCode Blue
Stain Reagent (24590, Thermo Fisher Scientific) counterstained
with distilled water and scanned.

Noncompetitive bone marrow transplantation

To create chimeras by noncompetitive bone marrow
(BM) transplantation, 15 million whole-BM cells from donor mice
(n = 2) were transplanted into lethally irradiated recipient
mice (8 Gy from a cesium source 4 to 24 hours before transplan-
tation). Chimeras were created by transplanting Mmp10KO mice
(C57BL6/J background, CD45.2) and WT mice (C57BL6/J,
CD45.2) with wild-type B6.SJL-derived BM (CD45.1). Cells were
infused via lateral tail vein injection. Engraftment was monitored
10 weeks after transplantation by flow cytometry as previously
described.(25) Data were analyzed using FlowJo Software
(Becton, Dickinson and Company, Ashland, OR, USA).

Biomechanical testing

Mechanical tests were performed using a universal
testing machine (Instron Mini44, Instron, Norwood, MA, USA)
with a � 500 N static load cell. For fixing testing samples to the
machine, aluminum prisms, measuring 10 � 10 � 40 mm, were
machined. The fixation method used for these experiments did
not introduce any mechanical stress before testing. The detailed
procedure for biomechanical testing is available in the Supple-
mental Materials and Methods.
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Statistical analysis

Results are expressed as median with interquartile range and
whiskers representing minimum and maximum values. Statisti-
cal analysis was performed using GraphPad Prism 9.0 software
(GraphPad Software Inc, La Jolla, CA, USA). Normal distribution
of the data was analyzed using Kolmogorov–Smirnov test. Single
comparisons were analyzed by unpaired Student’s t test when
data presented normal distribution or the nonparametric
Mann–Whitney U test when normal distribution was not present.
Significance was set at p < 0.05.

Results

Expression profile of MMP-10 during fracture healing

To determine the expression profile and tissue distribution of
MMP-10 during fracture healing, we performed closed diaphy-
seal tibial fractures in C57BL/6 (WT) mice and assessed the
levels of MMP-10 by immunofluorescence at different stages

of the reparative and resorptive phases of the fracture healing
process. At the start of the reparative phase, 5 dpf, when chon-
drogenesis was incipient, the levels of MMP-10 were low, being
at the limit of detection (data not shown). By 7 and 10 dpf,
when the formation of cartilage peaked, MMP-10 could be
detected in mononuclear and multinucleated cells in areas of
cartilage resorption and in the surface of trabecular bone
(Supplemental Fig. S1A). The maximum level of MMP-10 was
detected at 14 dpf when the resorption of cartilage was almost
completed. Finally, at 21 dpf, we detected low levels of MMP-10
in the trabecular bone of the hard callus (Supplemental
Fig. S1A, B).

Mmp10KO mice present delayed fracture healing

Based in the expression profile of MMP-10 during fracture heal-
ing, we speculated that its role would be centered at the resorp-
tion of cartilage. To assess this hypothesis, we performed tibial
fractures in Mmp10-deficient mice (Mmp10KO) and age- and
sex-matched WT mice. In Mmp10KO mice, fracture healing

Fig 1. Micro-CT analysis and biomechanical properties of fracture calluses. (A) Representative radiographic planes, 3D reconstruction, and callus segmen-
tation for WT and Mmp10KO groups at 14 dpf. AP = coronal plane. (B) Quantification of total callus, bone, and soft tissue volumes at 14 (WT, n = 11;
Mmp10KO, n = 9) and 21 dpf (WT, n = 10; Mmp10KO, n = 9). (C) Biomechanical test of fracture calluses at 14 dpf (WT, n = 12; Mmp10KO, n = 10). Results
are expressed as median with interquartile range, whiskers represent minimum and maximum values, and p values were determined by two-tailed Stu-
dent’s t test.
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develops normally and a callus was evident at 14 dpf (Fig. 1A).
However, at 14 dpf, the composition of the callus was altered
in Mmp10KO mice as detected by μCT, with a significant increase
in the volume of the fracture callus because of an increase in
nonmineralized tissue, with minor variations in the volume of
the bone component (Fig. 1B). Nevertheless, this phenotype
was transient, and at 21 dpf, the volumes of mineralized and
nonmineralized tissue were similar at the fracture callus of
Mmp10KO and WT animals (Fig. 1B and Supplemental Fig. S2).
The accumulation of soft tissue did not change the mechanical
properties of the callus at 14 dpf as detected by biomechanical
testing (ultimate force, p = 0.0561; stiffness, p = 0.1985; tough-
ness, p = 0.5310) (Fig. 1C).

Increased cartilage tissue in fractured calluses of Mmp10KO mice

To determine the nature of the accumulated soft tissue in
Mmp10KO mice, a histological analysis for the presence of car-
tilaginous tissue (GAG content) was performed during differ-
ent phases of the fracture repair by TB. We found that WT and
Mmp10KO animals presented similar levels of cartilaginous
tissue at 7 and 10 dpf. However, while by 14 dpf the TB stain-
ing was almost absent in WT animals, Mmp10KO animals pre-
sented significant differences in cartilage tissue content
(Fig. 2A, B).

Delayed cartilage remodeling in Mmp10KO mice

To determine if the accumulation of cartilage tissue was the con-
sequence from a delay in collagen production or from a reduc-
tion in cartilage resorption, we performed immunohistological
analysis of the major cartilage components, type II and type X
collagen. We found no differences in the levels of any of the col-
lagens before 14 dpf and an accumulation of both collagens at
this time point (Supplemental Fig. S3A, B), suggesting that the
accumulation of cartilage was due to the defective resorption
of the cartilaginous tissue. To confirm that the accumulation of
cartilage was derived from a reduced resorption, we performed
TRAP staining at different time points of the fracture healing pro-
cess and quantified the presence of osteoclasts and related cells,
TRAP+ cells, starting at 7 dpf. Mmp10KOmice showed an increase
in the number of TRAP+ in the fracture callus at 14 dpf (Fig. 3A).
As expected, the accumulation was localized in the cartilage
areas (Fig. 3B).

Normal intramembranous ossification mediated repair in
Mmp10KO mice

Because we detected increased number of TRAP+ cells in the car-
tilage of the fracture callus of Mmp10KO mice, we ask if bone
repair mediated by intramembranous ossification would be
affected by the absence of MMP-10 activity. Performing a unicor-
tical defect of the femur allowed us to induce bone damage that

Fig 2. Histological and histomorphometric analysis of the fractured healing process in Mmp10KOmice. (A) Toluidine blue staining of sagittal sections from
WT and Mmp10KO calluses. Scale bar = 1 mm. (B) Quantification of cartilage ratio in fracture calluses at 7 (WT, n = 6; Mmp10KO, n = 3), 10 (WT, n = 5;
Mmp10KO, n = 6), and 14 dpf (WT, n = 12; Mmp10KO, n = 8). Results are expressed as median with interquartile range, whiskers represent minimum
and maximum values, and p value was determined by Mann–Whitney test.
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presents mechanical stability initiating repair without formation
of a cartilage intermediate. Radiographic analysis showed no
gross differences in the repair of unicortical fractures between
WT andMmp10KOmice (Supplemental Fig. S4A). At 14 dpf, quan-
tification of bone content by μCT analysis showed an increase in
new bone in Mmp10KO mice; however, the increase does not
reach statistical significance (Supplemental Fig. S4B). Finally, at
21 dpf, there were no major differences in the content of bone
between Mmp10KO and WT mice (Supplemental Fig. S4B, C).

Hematopoietic progenitors transplant rescues the phenotype of
Mmp10KO mice

To confirm that the phenotype observed is dependent on the
activity of MMP-10 in TRAP+ cells, we designed a rescue experi-
ment where the hematopoietic system of Mmp10KO and WT
mice (both CD45.2) was ablated by lethal γ irradiation and
substituted by wild-type CD45.1 bone marrow-derived progeni-
tor cells. In both types of animals, WTWT and Mmp10WT, CD45.1
progenitors engrafted, giving rise to similar content on cells of
the myeloid lineage (Supplemental Fig. S5). Indeed, when sub-
jected to a stabilized tibia fracture, 14-dpf radiographic appear-
ance of the callus of Mmp10WT and WTWT animals was similar
(Fig. 4A), and the volume and soft tissue composition of the cal-
lus was similar between groups with a slight increase in bone

volume in Mmp10WT (Fig. 4B). Histological analysis by TB staining
confirmed similar levels of cartilage tissue between WTWT and
Mmp10WT animals (Supplemental Fig. S5B).

Impaired processing of proMMP-9 in Mmp10KO mice

To determine if the lack of MMP-10 activity has an effect over
other MMPs, we differentiated in vitro bone marrow mononu-
clear cells derived fromMmp10KO andWTmice into osteoclasts
and determined the presence of MMPs with gelatinase activity
by zymogram. Silencing Mmp10 did not affect the differentia-
tion process of mononuclear cells to osteoclasts, and similar
number of TRAP-positive cells were observed in differentiated
cultures of Mmp10KO and WT-derived cells (data not shown).
Zymogram of the cellular content of mononuclear cells and
in vitro differentiated osteoclasts showed a single band with
major gelatinase activity only in the in vitro differentiated oste-
oclasts, while no gelatinase activity was detected in cell lysates
of mononuclear cells derived of Mmp10KO or WT mice (Fig. 5A).
The gelatinase activity present in the lysates showed reduced
electrophoretic mobility, which was compatible with
proMMP-9 when compared with recombinant active human
MMP-9 or mouse eye tissue homogenate (Supplemental
Fig. S6A).(26) Nevertheless, zymographic analysis of conditioned
media showed that all cell populations derived from Mmp10KO

Fig 3. Analysis of the presence of osteoclasts in fractured calluses. (A) Representative TRAP staining in sagittal sections through the WT and Mmp10KO

calluses at 14 dpf. Scale bar = 1 mm (upper panels); 200 μm (bottom panels). (B) Quantification of TRAP-positive area in fracture calluses at 7 (WT,
n= 5; Mmp10KO, n= 5), 10 (WT, n= 8; Mmp10KO, n= 5), 14 (WT, n= 11; Mmp10KO, n= 8), and 21 dpf (WT, n= 10; Mmp10KO, n= 9). Results are expressed
as the median with interquartile range, whiskers represent minimum and maximum values, and p values were determined by two-tailed Student’s t test.
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and WT mice presented gelatinase activity, but only mononu-
clear cells derived from Mmp10KO mice could not process
proMMP-9 protein, and thus, lacking active lower molecular
weight MMP-9 bands (Fig. 5B). Indeed, adding recombinant
human MMP-10 to the conditioned media from Mmp10KO

results in processing of the proMMP-9 band and the appear-
ance of lower molecular weight bands (Fig. 5C). Interestingly,
in vitro differentiated osteoclasts from both Mmp10KO and
WT mice showed processed MMP-9 and an important increase
of the gelatinase activity, indicating that in differentiated oste-
oclasts, other proteases can process proMMP-9 and suggesting
that the lack of MMP-10 is important in mononuclear cells and
the cause of the resulting phenotype.

To validate this hypothesis, we genetically labeled hematopoi-
etic populations in vivo with ZsGreen fluorescence by pI:pC
induction in Mx1-CreAi6 mice(27,28) and performed nonstabilized
tibia fractures to enhance endochondral ossification. Ten days

post-fracture, when cartilaginous content peaks in the fracture
callus, we investigated the presence of MMP-9 and MMP-10
together with ZsGreen-labeled cells. ZsGreen+ cells were abun-
dant in the edges of cartilage tissue, in newly synthesized bone
as well as in fibrous tissue, and absent in cartilage. Some of these
cells were F4/80+ that identifies macrophages (Fig. 5D). MMP-9
and MMP-10 were expressed in similar locations, while in the
edges of cartilage tissue and in the areas of fibrous tissue, we
detected low expression of the metalloproteases and a strong
signal was detected in multinucleated cells, especially in newly
synthesized bone areas (Supplemental Fig. S6B).

Discussion

In this report, we demonstrate that deleting Mmp10 results in a
delayed fracture healing phenotype characterized by the

Fig 4. Mmp10KO phenotype rescue by noncompetitive bone marrow transplantation. (A) Summary of the radiographic planes, 3D reconstruction, and
callus segmentation for WT and Mmp10KO transplanted mice fracture callus. (B) Comparison of callus, bone, and soft tissue volume at 14 dpf (WTWT,
n = 10; Mmp10WT, n = 9). Results are expressed as the median with interquartile range, whiskers represent minimum and maximum values, and
p values were determined by Mann–Whitney test.
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accumulation of cartilaginous tissue. This phenotype is transient
and could be rescued by noncompetitive transplant of hemato-
poietic progenitors. The observed phenotype in Mmp10
knockout mice correlates well with the expression pattern of
MMP-10, being cells of hematopoietic origin, osteoclasts, and
monocyte/macrophages, the major cell populations expressing
MMP-10. In addition, we found that the silencing of Mmp10
results in impaired proMMP-9 processing that suggests MMP-10
as a major in vivo activator of proMMP-9 in murine monocytes/
macrophages. Taken together, our results suggest that mono-
cytes/macrophages participate in the early steps of cartilaginous
callus vascularization, priming ECM degradation, and that MMP-
10/MMP-9 have a leading role in this process (Fig. 6A, B).

During the formation of the skeleton and in the progression of
fracture healing by endochondral ossification, a critical step is
the vascularization and remodeling of the cartilaginous extracel-
lular matrix.(6,29,30) In these processes, MMPs have a central role,

due to the variety of substrates that they can recognize. Among
all MMPs, only a few have been evaluated in the fracture healing
process, having collagenases and gelatinases the leading role in
cartilage removal and callus vascularization.(8-10) In fracture heal-
ing, it is well stablished that silencing Mmp9 or Mmp13 results in
similar phenotypes, characterized by an accumulation of carti-
lage and impaired revascularization of the callus, although
Mmp9 is expressed primarily in macrophages/osteoclasts, while
Mmp13 is expressed in hypertrophic chondrocytes and osteo-
blasts.(9,10) It also has been suggested that because of the syn-
ergy between MMP-9 and MMP-13 to degrade cartilaginous
tissue, MMP-13 from hypertrophic chondrocytes would cleave
different collagen types (type II, type X, and type I between
others), while MMP-9 from macrophages and osteoclasts would
clear the denatured cartilage resulting from MMP-13 activity.
The phenotype observed in double mutant mice (Mmp13�/�/
Mmp9�/�), characterized by severely impaired endochondral

Fig 5. Reduced gelatinase activity in Mmp10KO mice. (A) Gelatinase activity in lysates of bone marrow mononuclear cells (MNC) and MNC differentiated
in vitro to osteoclasts (Oc), visualized by in gel zymographic assay. (B) The gelatinase activity detected in the cell lysates of differentiated osteoclasts was
compatible with proMMP-9 activity. CM= conditionatemedium. (C) Presence of gelatinase activity in CM fromMNC and in vitro differentiated osteoclasts.
(D) Detection of cells of hematopoietic lineage (Mx1+, green) at the edge of the cartilage (doted lines) at 10 dpf. Scale bar = 50 μm.
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bone, delayed vascular recruitment, and defective trabecular
bone formation, supports this hypothesis.(31) On the other hand,
silencing Mmp2 results in delayed bone phenotype that courses
without impaired cartilage remodeling.(8) Therefore, while the
observed phenotype, osteoclast accumulation and delayed carti-
lage resorption, recapitulates that of both Mmp9KO and
Mmp13KO phenotypes, the expression pattern is more related
to the phenotype observed for the lack of the gelatinase
MMP-9 than the phenotype reported for the lack of the collage-
nase MMP-13. In addition, Mmp10 and Mmp9 knockout pheno-
types can be rescued by a noncompetitive bone marrow
transplantation, while Mmp13 knockout associated phenotype
cannot.(9,10,32)

MMP-9 has been defined as a key element for the vasculariza-
tion of the growth plate and in the revascularization of ischemic
tissue. MMP-9 expressed by macrophages is needed for correct
branching.(33,34) MMP-9 is secreted as zymogen requiring for its
activation proteolytic processing of the regulatory pro-domain.
This processing has been evaluated in vitro with a number of
proteinases, plasmin, cathepsin G and K, andmetalloproteinases,
including MMP-2, MMP-7, MMP-13, as well as MMP-3 and MMP-
10, showing specificity for this processing.(35-42) MMP-3 has been
proposed as the protease that functions as the activator of
MMP-9 in vivo, however inferred from in vitro evidence.(39,43)

Recently, proMMP-9 has been identified as a substrate for
MMP-10 in the skin using in vivo degradomics and confirmed
by analysis of the secretome of keratinocytes.(44) Here, we pro-
vide compelling evidence of in vivo activation of MMP-9 by
MMP-10 and its implication in fracture healing.

Macrophages have been implicated in all phases of fracture
healing and depletion of macrophages in murine models of

fracture healing demonstrate their indispensable function in
the later phase of fracture healing.(45-47) We found that mono-
cytes/macrophages expressing MMP-10 participate in fracture
healing and that they localize at the edges of cartilage tissue,
priming cartilaginous callus remodeling and vascular invasion.
This specific location for macrophages has also been reported
elsewhere in endochondral ossification, both in fracture repair
as well as in the formation of the secondary ossification center.
Interestingly, in the latest, MT1-MMP is the protease leading
the process and its ablation results in deficient vascularization
and delayed secondary ossification center formation.(45,48,49)

In conclusion, during fracture healing, MMP-10 activity is
expressed in cells of hematopoietic origin. Its activity is needed
in monocytes/macrophages for the processing of proMMP-9
and further remodeling of the cartilaginous callus for the pro-
gression of the healing process.
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