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Abstract

Osteoclasts actively remodel both the mineral and proteinaceous components of bone during
normal growth and development as well as pathologic states ranging from osteoporosis to bone
metastasis. The cysteine proteinase cathepsin K confers osteoclasts with potent type |
collagenolytic activity; however, cathepsin K—null mice, as well as cathepsin K-mutant humans,
continue to remodel bone and degrade collagen by as-yet-undefined effectors. Here, we identify a
cathepsin K—independent collagenolytic system in osteoclasts that is composed of a functionally
redundant network of the secreted matrix metalloproteinase MMP9 and the membrane-anchored
matrix metalloproteinase MMP14. Unexpectedly, whereas deleting either of the proteinases
individually leaves bone resorption intact, dual targeting of Mmp9and MmpI14 inhibited the
resorptive activity of mouse osteoclasts in vitro and in vivo and human osteoclasts in vitro. In vivo,
Mmp9 Mmp14 conditional double-knockout mice exhibited marked increases in bone density and
displayed a highly protected status against either parathyroid hormone- or ovariectomy-induced
pathologic bone loss. Together, these studies characterize a collagenolytic system operative in
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mouse and human osteoclasts and identify the MMP9/MMP14 axis as a potential target for
therapeutic interventions for bone-wasting disease states.

INTRODUCTION

Bone mass is maintained by coordinating the activity of bone-resorbing osteoclasts with
bone-forming osteoblasts (1-4). Accordingly, an imbalance of bone remodeling arising as a
consequence of increased osteoclast activity leads to bone-wasting states in diseases ranging
from osteoporosis and rheumatoid arthritis to periodontitis and bone metastasis (1-3).
Because patients with osteoclast-related diseases are at higher risk of bone fractures with its
attendant morbidity, the associated economic burden is a serious public health issue (5, 6).
Nevertheless, despite the development of several antiresorptive therapeutics, their efficiency
and long-term bone-sparing effects remain unclear, and their use can be undermined by
arrested bone remodeling and unanticipated side effects (5, 6). Hence, elucidating the
molecular mechanisms that underlie osteoclast activity will not only further enhance our
understanding of the pathogenesis of bone-wasting disorders but also provide new potential
targets for therapeutic intervention.

In response to the cytokines macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor xB ligand (RANKL), monocyte precursors differentiate into bone
marrow—derived macrophages (BMDMs) that ultimately fuse to form multinucleated
polykaryons, osteoclasts (2—-4). Upon attachment to bone, osteoclasts polarize and undergo
extensive morphologic changes to form an actin ring that circumscribes a bone resorptive
microenvironment, termed the sealing zone (2-4). In turn, the sealing zone surrounds the
ruffled border, a differentiated region of the plasma membrane where protons, chloride ions,
and various enzymes are delivered into the resorption lacuna (2-4). Coincident with this
process, osteoclasts mobilize proteinases whose functions are most commonly linked to the
degradation of triple-helical type I collagen, the dominant extracellular matrix (ECM)
component found in the bone (1). Cathepsin K (CTSK), a cysteine proteinase that is highly
expressed in osteoclasts, has long been assumed to play a dominant, if not exclusive, role in
bone ECM degradation, because it is one of the few enzymes in the mammalian genome
capable of degrading native type I collagen (7-10). However, studies of humans with
pycnodysostosis who are C7SK deficient, as well as Ctsk knockout mice, demonstrate that
considerable bone remodeling activity is maintained in the absence of this proteinase (11—
13). Consistent with these findings, large quantities of collagen fragments accumulate within
the lysosomal compartments of osteoclasts found in either Ctsk-null mice or humans with
CTSK mutations (14, 15).

In considering alternate collagenolytic systems, osteoclasts are known to express several
secreted and membrane-anchored members of the matrix metalloproteinase (MMP) family
(16, 17). Although several members of this MMP family express type | collagenolytic
activity in vitro (MMP8, MMP13, and MMP14), global knockout of each of these enzymes
does not result in a major defect in bone resorption, further reinforcing the current emphasis
placed on CTSK/Ctsk-mediated collagenolysis of the bone ECM (16, 17). However, when
we performed unbiased transcriptional profiling of gene expression changes occurring
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during the mouse macrophage-to-osteoclast transition, we noted that two MMPs—the
secreted proteinase, Mmp9, and the membrane-anchored metalloproteinase, Mmpl4—were
tandemly up-regulated to an extent far exceeding other MMPs. Although targeting either
MMP alone did not disturb osteoclast function in vitro or in vivo, we noted previously
undescribed compensatory changes in gene expression between the two proteinases and
unexpectedly found that simultaneous targeting of both proteinases retarded bone resorption
by either mouse or human osteoclasts. In vivo, Mmp9conditional Mmp14 double-knockout
(DKO) mice had reduced homeostatic bone turnover and were protected from pathologic
bone loss. Together, these studies characterize a two-partner, MMP-dependent bone
collagenolytic axis that serves as a critical checkpoint for osteoclast-mediated bone
resorption. Tandem targeting of osteoclast MMP9 and MMP14 may, therefore, serve as a
potential therapeutic strategy to control bone-wasting diseases.

Mouse osteoclasts selectively express Mmp9 and Mmp14 in vitro and in vivo

In the presence of M-CSF and RANKL, mouse BMDMs undergo transformation into
multinucleated, tartrate-resistant acid phosphatase—positive (TRAP*) osteoclasts within a 4-
to 5-day culture period (18, 19). To monitor the changes in MMP expression that
characterize the macrophage-to-osteoclast transition, we harvested RNA at days 1 to 5 for
transcriptional profiling. Changes in MMP expression were largely confined to two MMP
family members, the secreted proteinase Mmp9and the membrane-anchored metalloenzyme
Mmp14 (Fig. 1A). Real-time polymerase chain reaction (PCR) confirmed these findings,
with Mmp9and Mmp14 displaying up-regulated expression in a time-dependent fashion that
coincided with Ctsk expression (Fig. 1B). Similarly, at the protein level, both Mmp9 and
Mmp14 content increased as BMDMSs were induced to form osteoclasts (Fig. 1C). Using
Mmp9-specific antibodies and Mmp14-2¢Z* knock-in transgenic cells (20-22), dual
patterns of Mmp9 and Mmp14 expression were localized to mature osteoclasts (Fig. 1, D to
F). Extending these data in vivo using Mmp14-3°Z/* transgenic mice in which -
galactosidase (B-gal) was engineered to include a nuclear localization signal (20-22)
revealed that osteoclasts adherent to the bone surface displayed nuclear 3-gal activity along
with Mmp9 immunoreactivity, confirming the tandem expression of both proteinases (Fig.
1G).

Neither Mmp9 nor Mmp14 targeting affects osteoclast activity in vitro or in vivo

Recent studies have suggested that either Mmp9 or Mmp14 can potentially participate in
osteoclast fusion programs, at least in vitro (23, 24). We isolated BMDMs from Mmp9™~ or
myeloid-specific Mmp14 conditional knockout mice (Csfir-Crel Mmp14 7. hereafter
referred to as Mmp14AMAM) 1o generate osteoclasts for functional assessment. In contrast to
a recent report that used small interfering RNA (siRNA)-based knockdown of Mmpd, which
concluded that the proteinase regulates osteoclastogenesis by trafficking to the nuclear
compartment where it cleaves histone H3 (23), wild-type and Mmp9~~ osteoclasts displayed
indistinguishable osteoclastogenic activity in vitro (Fig. 2A and fig. S1A) and similar, if not
identical, quantities of the proteolyzed histone H3 (fig. S1B). Furthermore, when cultured
atop cortical bone slices, both the wild-type and null cells comparably resorbed bone as
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assessed by peroxidase-conjugated wheat germ agglutinin (WGA-DAB) staining (Fig. 2B
and fig. S1C) (25). Consistent with these in vitro findings, Mmp9~~ mice did not display
marked changes in bone volume, trabecular number, trabecular thickness, trabecular
separation, or osteoclast number (Fig. 2C and fig. S1, D and E). Serum C-terminal cross-
linked type I collagen (CTX-I), a collagen degradation product generated by bone-resorbing
osteoclasts (26), was also unaffected (fig. S1F). The overall bone length was, however,
shortened by ~10% due to unrelated defects in hypertrophic ossification as described
previously (fig. S1D) (27).

Given the morbidity and mortality displayed by Mmp14 global null mice (28, 29),
Mmp14MAM crosses were generated to target the proteinase in myeloid progenitors,
including the osteoclast-derived lineage (30). In contrast to earlier work describing an in
vitro defect in the fusogenesis of osteoclast precursors harvested from Mmpi4 global
knockout mice (24), osteoclasts prepared from Mmp14AMAM mice underwent normal
osteoclastogenesis and resorbed bone comparably to controls despite the near complete loss
of Mmp14 expression (Fig. 2, D and E, and fig. S1, G to I). Although other studies have
implicated Mmp14 in regulating the solubilization of RANKL with concomitant effects on
bone resorption (31), bone remodeling in vivo was not perturbed in Mmp1AMAM mice
(Fig. 2F and fig. S1, Jto L). In characterizing the effect of Mmp9or Mmp14 targeting on
osteoclast gene expression, we unexpectedly noted that the transcript and protein expression
of these metalloproteinases were co-regulated in a compensatory fashion. That is, when
osteoclast Mmp9was targeted, MmpI4Mmpld was increased; conversely, targeting
Mmp14resulted in the up-regulation of MmpIdMmp9 (Fig. 2, G and H). Together, these
studies confirm that neither Mmp9 nor Mmp14 plays a major solitary role in
osteoclastogenesis or bone resorption in vitro or in vivo.

Impaired bone-resorbing activity of Mmp9/Mmp14 DKO osteoclasts in vitro

Because compensatory regulation between these MMPs has not been described previously,
we considered that the function of these proteinases in osteoclasts might only be defined by
targeting both proteinases in tandem. Hence, we generated a conditional Mmp14-deleted
mouse model in either Mmp9wild-type or null backgrounds (Csf1r-Crel Mmp9*’*| Mmp14"f
and Csf1r-Crel Mmp9™~1 Mmp147f mice). Deletion of both Mmp9and Mmp14 (herein
termed DKO) did not affect the numbers of CD11b* osteoclast precursor cells recovered
from harvested bone marrow or their proliferative activity (fig. S2, A and B).
Osteoclastogenic induction of Mmpd Mmp14 DKO macrophages demonstrated comparable
osteoclastogenesis to controls as assessed by TRAP staining and TRAP* multinucleated cell
(MNC) number (Fig. 3A). When stained with phalloidin to visualize F-actin, the DKO
osteoclasts were similar in size and formed a morphologically normal podosome belt on
glass surfaces (Fig. 3B) (2). Likewise, gene expression of osteoclast markers—including
Ctsk, Acp5, Destamp, Oscar, 1tgh3, Src, and Afp6v0d2—was unaffected (fig. S3A), as was
protein expression of osteoclast differentiation markers, including nuclear factor of activated
T cells 1 (NFATc1), c-Fos, c-Src, and Ctsk (Fig. 3C) (2).

Given the normal pattern of differentiation in DKO osteoclasts, we next assessed their bone
resorptive activity in vitro. In contrast to control osteoclasts or the single knockout
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osteoclasts, DKO cells displayed marked defects in both bone resorption area and bone
resorption depth despite unimpaired intracellular acidification (Fig. 3, D to F, and fig. S3B).
Consistent with these results, type I collagenolysis as assessed by CTX-1 quantities, a
marker of both Ctsk and MMP activity (32, 33), was also reduced more than twofold in
DKO osteoclast cultures (Fig. 3G). To exclude the possibility that defects in MMP-targeted
osteoclast function arise at early stages of monocyte-to-macrophage differentiation (both
Mmp9and Mmpl4are deleted in bone marrow—derived myeloid cells), macrophages were
prepared from Mmp9~~1 Mmp14 7" mice and then transduced in vitro with a lentiviral Cre
expression vector just before osteoclastogenic induction. Under these conditions, osteoclast
bone resorption, but not osteoclastogenesis, was again inhibited (fig. S4, A to C). Last,
whereas neutralizing monoclonal antibodies (mAbs) directed against either Mmp9 or
Mmp14 alone did not affect bone resorption, the combination of both antibodies
significantly inhibited resorption pit area (**£< 0.01; fig. S4, D and E). Hence, Mmp9 and
Mmp14 play compensatory, but required, late-stage roles in supporting osteoclastic bone
resorption in vitro.

Mmp9 and Mmp14 catalytic activities define osteoclast-mediated bone resorption

Recent studies have assigned both proteolytic and nonproteolytic functions to MMPs (21,
34-36). Hence, we next sought to determine whether Mmp9 or Mmp14 modulates osteoclast
function in either a proteinase-dependent or -independent manner. First, using DKO
osteoclasts, we transduced the cells with lentiviral expression vectors encoding either a wild-
type MMP9, a catalytically inactive MMP9 point mutant [MMP9E/A (33)], or an empty
vector (Fig. 4A). Having confirmed equivalent expression of wild-type and mutant MMP9 in
the transduced cells and the ability to detect wild-type, but not catalytically inactive, MMP9
by zymography (Fig. 4B), we examined the bone-resorbing activity of the transduced cells.
Lentiviral transduction of wild-type MMP9, but not MMPOE/A, fully rescued the resorption
pit defects displayed by DKO osteoclasts (Fig. 4D). DKO macrophages transduced with
lentiviral constructs expressing wild-type MMP14 versus the catalytically inactive MMP14
mutant, MMP14E/A (Fig. 4, A and C) (34), demonstrated that only wild-type MMP14
rescued bone resorption (Fig. 4E). Together, these studies indicate that an Mmp9/Mmp14
compensatory network is operative during bone resorption and is maintained by the
proteolytic activities of either of the respective enzymes.

Osteoclast Mmp9 and Mmp14 exert codependent control of bone type | collagenolysis

Given that Mmp9 Mmp14 DKO osteoclasts exhibit defects in collagenolytic activity and that
type | collagen fragments are generated and internalized by Cisk-null osteoclasts in vivo (14,
15), we considered the possibility that Mmp9 and Mmp14 play compensatory roles in
proteolyzing type | bone collagen. To assess the magnitude of Ctsk-independent
collagenolytic activity, we cultured wild-type, Mmp9™~, Mmp14AMAM or DKO osteoclasts
atop decalcified bone slices to directly monitor bone collagen degradation independently of
acidification/demineralization (37) and monitored collagen degradation by the release of the
cross-linked C-terminal telopeptide of type I collagen (ICTP), a specific marker of MMP-
dependent collagenolytic activity (33). As shown, solubilized ICTP fragments remained
unaltered for either Mmp%-targeted or Mmp14-targeted osteoclasts relative to controls (Fig.
4F). By contrast, DKO osteoclasts were notably devoid of collagenolytic activity (Fig. 4F).
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Because Ctsk can proteolyze ICTP fragments to enzyme-linked immunosorbent assay
(ELISA) undetectable products (33), the collagenolytic activity of control and MMP-
targeted osteoclasts was reassessed atop decalcified bone in the presence of the pan-specific
cysteine proteinase inhibitor, E64d (33). However, even under these conditions, the DKO
osteoclasts were devoid of detectable activity (Fig. 4F).

In contrast to decalcified bone, Ctsk-dependent degradation of the ICTP fragment precludes
its detection when osteoclasts are cultured atop native bone (33). Nevertheless, ICTP was
increased in the presence of E64d when wild-type, Mmp9™~, or Mmpl4AMAM osteoclasts,
but not DKO osteoclasts, resorbed native bone (fig. S5A). To further assess the relative
contribution of Mmp9/Mmp14 to osteoclastic bone resorption versus that of Ctsk, we
determined the bone-degradative activity of Ctsk™~ osteoclasts when incubated with or
without function-blocking mAbs directed against mouse/human Mmp9/MMP9 and Mmp14/
MMP14 (38-40). Each of the respective function-blocking antibodies efficiently abrogated
active MMP9- or MMP14-mediated ICTP release from decalcified bone collagen,
respectively (fig. S5B). Under these conditions, CTX-I-positive products were reduced
threefold in Ctsk™~ osteoclasts, whereas the further addition of both function-blocking
antibodies almost completely abrogated collagen degradation (fig. S5C). Consistent with
these findings, when bone surface matrix proteins (dominated by type I collagen) were
biotin-labeled (41), E64d-treated wild-type osteoclasts accumulated large amounts of labeled
bone proteins in intracellular vesicles, as previously described (fig. S5D) (42). In contrast,
the internalization of bone matrix proteins was almost completely abrogated in E64d-treated
DKO osteoclasts (fig. S5D), a finding consistent with the conclusion that MMP-dependent
collagenolysis plays a critical role in catalyzing the extracellular degradation of bone matrix
proteins before their internalization and intracellular degradation (41, 43, 44).

Together, these results are consistent with the possibility that MMP9 and MMP14 play
redundant roles in solubilizing bone collagen. Hence, decalcified bone slices were next
incubated with either recombinant MMP9 or recombinant soluble MMP14. As predicted,
each proteinase exhibited potent bone collagenolytic activity as assessed by either ICTP
concentration or hydroxyproline release via a process that was inhibited completely by the
pan-MMP inhibitor, BB-94 (fig. S5, E and F) (34). Moreover, as evidenced by Western
blotting with an anti—type | collagen antibody, we observed the accumulation of bone type |
collagen degradation products in supernatants recovered from decalcified bone slices after
incubation with either active MMP9 or MMP14 (fig. S5G). Further confirming these results,
whereas scanning electron microscopy of control decalcified bone collagen showed compact
structures with parallel arrangement of collagen fiber bundles, exposure to MMP9 or
MMP14 resulted in marked morphological changes, including disrupted collagen fiber
alignment and patterns of surface erosion (fig. S5H).

A potential requirement for MMPs in bone type | collagen degradation is consistent with an
earlier report, describing the inability of parathyroid (PTH)-stimulated osteoclasts to erode
bone in type I collagen mutant mice (Co/1a”) in which a series of amino acid substitutions
surrounding the consensus collagen cleavage site renders the triple-helical molecule resistant
to MMP-dependent, but not Ctsk-dependent, collagenolysis (45, 46). Hence, we cultured
wild-type osteoclasts on normal versus Co/Za”" bone ex vivo. Whereas the ICTP fragment
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generated by wild-type osteoclasts cultured on normal bone accumulated in the presence of
E64d, ICTP was decreased when cells were cultured atop Co/Za”" bone (Fig. 4G), a result
confirmed by scanning electron microscopy analysis where only small, shallow pits were
formed atop the MMP-resistant bone (Fig. 4H). Consistent with these data, micro—computed
tomography (LCT) scans of ColZa”" mice femurs confirmed an increase in the radio density
of distal metaphyses and an increase in trabecular number and volume that was coupled with
a sharp decrease in trabecular separation (fig. S6, A to E).

MMP9 and MMP14 activity controls human osteoclast-dependent bone resorption

Mouse and human monocyte-derived populations share functional characteristics; however,
important distinctions also exist (47), raising the question of the relevance of the mouse
osteoclast Mmpd Mmp14 axis to human osteoclasts. Hence, human osteoclasts were
prepared from primary human CD14* monocytes (48). Human CD14* monocytes were
induced into macrophages in the presence of M-CSF for 6 days before undergoing osteoclast
differentiation in the presence of M-CSF and RANKL for an additional 9-day period (48).
At this point, TRAP* MNCs are observed (Fig. 5, A and B). In tandem fashion, CTSK
expression was induced along with MMP9 and MMP14 at both the mRNA and protein
levels (Fig. 5, C and D). To assess functional requirements for MMP9 and MMP14 in
supporting osteoclast activity, we cultured human osteoclasts atop bone slices in the
presence of function-blocking mAbs directed against either MMP9 or MMP14 (38-40). In
the presence of either the MMP9 or MMP14 mAbs alone, osteoclastogenesis proceeded in
normal fashion with the unaltered formation of podosome belts (Fig. 5E). Similarly, human
osteoclasts effectively degraded bone in the presence of either the anti-MMP9 or anti-
MMP14 function-blocking mAbs (Fig. 5, F and G). However, when the function-blocking
antibodies were used in combination, bone resorption was significantly inhibited (**P<
0.01; Fig. 5, F and G). Furthermore, in the presence of E64d, the combination of MMP9 and
MMP14 function-blocking antibodies markedly impaired collagenolytic activity of human
osteoclasts as reflected by the release of ICTP fragments (Fig. 5H). Hence, human
osteoclasts, like their mouse counterparts, mobilize MMP9/MMP14 activities as a critical
effector of the bone resorptive phenotype.

Mmp9/Mmp14 DKO mice exhibit an osteopetrotic phenotype with decreased osteoclast
activity in vivo

Having established that Mmp9 Mmp14 deficiency affects bone collagen degradation and
osteoclastic bone resorption in vitro, we sought to determine the effect of MMP targeting in
vivo. We assessed bone morphometry in 5-month-old wild-type, Mmp9™~, Mmp14AMAM
and DKO mice. In marked contrast to the normal bone seen in Mmp9~~ or Mmp14AMAM
mice, the dual targeting of Mmp9and Mmp14 elicited a marked osteopetrotic-like effect
with unusually dense trabeculation of the bone marrow spaces, resulting in a 200% increase
in bone mass (Fig. 6, A to C). uCT scans of the distal femurs of male mice demonstrated that
bone volume/tissue volume, number of trabeculae, and trabecular thickness were all
increased, whereas trabecular separation was decreased relative to controls (Fig. 6B).
Similar changes in cancellous bone were observed in the lumbar vertebrae of DKO mice
(fig. S7, A and B). Complementing these findings, serum CTX-I fell by ~50% in the DKO
mice (Fig. 6D). However, in contrast to its effects on cancellous bone, Mmp9/Mmp14
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double deficiency caused a modest, but statistically significant, increase in cortical bone
thickness (**P < 0.01; fig. S7C), a finding similar to the phenotype observed by myeloid-
specific deletion of proliferator-activated receptor coactivator 1 or miR-182 (49, 50).
Because osteoclast activity is dispensable for growth plate resorption and bone elongation
(51), we also note that the reduced bone length and enlarged growth plate observed in
Mmp9~~ mice were not further aggravated in the DKO mice (fig. S7, D to F).

Despite the loss in bone remodeling activity, TRAP staining revealed that osteoclast
numbers were slightly increased in DKO mice relative to wild type, whereas surface area of
bone erosions was decreased (Fig. 6, C and D). Higher-magnification images of Goldner’s
trichrome staining showed that DKO mice lacked the normal gaps observed between
osteoclasts and trabecular bone (Howship’s lacunae) (52) as a consequence of reduced
osteoclastic bone resorption (Fig. 6E). Defects in osteoclast function can affect osteoblast
activity (53); however, bone formation as assessed by serum osteocalcin (OCN), mineral
apposition rate (MAR), or bone formation rate (BFR) did not reveal any difference between
DKO mice and control mice (Fig. 6, D to F), confirming that reduced bone resorption, rather
than changes in bone formation, is responsible for the osteopetrotic-like phenotype.
Furthermore, consistent with the increase in bone mass, both stiffness and elastic modulus of
femurs displayed a significant increase between DKO and wild-type littermates (*/~ < 0.05),
whereas ultimate load and post-yield deflection did not (fig. S7G), highlighting that
improved bone quality is an inherent feature of the DKO state.

Mmp9/Mmp14 DKO mice are protected from PTH- or ovariectomy-induced bone loss

To determine whether DKO affords mice a protected status from pathologic bone loss, we
examined their response to acute stimulation. PTH, an indirect-acting bone catabolic
hormone (45, 54), was injected into the calvarial region of wild-type and DKO mice. PTH
induced significant bone erosion in the calvariae of wild-type mice (**£< 0.01) but little or
no bone resorption in DKO mice, although PTH increased osteoclast numbers to a
comparable degree between the two groups (Fig. 7, A to D). Given the protective effect of
the DKO on acute bone loss, we assessed the combined targeting strategy using a more
chronic bone loss model designed to mimic postmenopausal osteoporosis, a prevalent bone
pathology that develops as a result of increased osteoclast activity (5, 6, 19). Female DKO
and control mice underwent ovariectomy (OVX) surgery at 12 weeks of age. By 8 weeks
after OV X, whereas wild-type mice displayed significant bone loss (**~ < 0.01), DKO mice
displayed a bone-sparing phenotype, as indicated by the marked retention of bone volume/
tissue volume, number of trabeculae, trabecular thickness, and trabecular separation (Fig. 8,
A and B). The increase in bone mass observed in the DKO mice could have potentially
blunted our ability to detect morphometric changes; however, a similar protected status was
observed by monitoring bone collagen degradation. Whereas control mice responded to
OVX with an ~40% increase in serum CTX-I, the DKO mice showed no change after OVX
(Fig. 8C). Together, these data demonstrate that dual loss of Mmp9/Mmp14 activity confers
a protective effect from OV X-induced bone loss.
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DISCUSSION

More than 20 years ago, the importance of C7SKin regulating human osteoclast activity
was confirmed with its identification as the mutant gene responsible for pycnodysostosis, a
hereditary bone disorder characterized by major defects in bone resorption (11, 12, 55, 56).
However, despite postnatal growth retardation, humans with pycnodysostosis, as well as
Ctsk knockout mice, continue to grow and remodel bone (11-13, 55, 56). While remaining
undefined, compensatory proteolytic systems have been presumed to be up-regulated in
Ctsk-null states (12, 57, 58). Our findings, however, alternatively support the existence of a
complementary, rather than up-regulated, set of proteolytic enzymes that function in tandem
with CTSK/Ctsk during bone resorption. Using knockout mouse models that target both
Mmp9 and Mmp14, we have uncovered a previously unrecognized proteolytic axis that
functions as a critical effector of osteoclast activation and bone resorption in both
physiologic and pathologic states while leaving bone formation intact.

Recent studies have implicated Mmp9 and Mmp14 in osteoclastogenesis rather than bone
resorption per se, albeit by distinct mechanisms (23, 24). Regarding Mmp9, Kim et a/. (23)
proposed that the metalloproteinase traffics to the nuclear compartment where it cleaves
histone HSK18-Q19, thereby promoting osteoclastogenic gene activation. In turn, when
Mmp9was siRNA targeted in a mouse osteoclast precursor cell line, osteoclastogenesis was
almost completely inhibited (23). However, earlier studies of adult Mmp9~~ mice revealed
no major effects on adult bone mass or osteoclast number, despite exhibiting an expanded
zone of hypertrophic chondrocytes during infancy (27, 59, 60). Consistent with these
studies, our data indicate that Mmp9-null osteoclast fusion and function are likewise
unaffected in vitro or in vivo. Independent of these studies, Gonzalo et al. (24) recently
reported that Mmp214 regulates myeloid cell fusion during osteoclast formation by a
mechanism that operates independently of the enzyme’s catalytic activity. However, earlier
studies using Mmp14~~ mice do not support a major role for Mmp14 in osteoclast
formation, neither in vitro nor in vivo (28, 31). These issues notwithstanding, Mmp14~~
mice suffer from multiple, and ultimately fatal, organ defects affecting bone, vasculature,
skeletal muscle, and adipose tissue functions that complicate efforts to directly assess
osteoclast function (21, 22, 28, 29, 61-63). Mmp14 also exerts profound effects on the bone
marrow environment itself by controlling skeletal stem cell function, raising the possibility
that bone marrow—derived myeloid cells recovered from global knockout mice might be
affected in a noncell autonomous fashion (21, 62, 64). In this regard, using myeloid-specific
conditional knockout mice, we found that targeting Mmp14 alone did not affect osteoclast
differentiation or bone resorption in vitro or in vivo.

Because prior studies had not established overlapping roles for Mmp9 and Mmp14 in cell
function, we initially assumed that the lack of an observed effect after the targeting of either
proteinase alone indicated that the Ctsk-independent collagenolytic activity of osteoclasts
likely resides in a proteolytic system that operates outside of the MMP family. However,
having noted the compensatory changes between Mmp9 and Mmp14 after their respective
targeting, we considered the possibility that either proteinase might support osteoclast
function. As predicted, dual targeting of Mmp9and Mmp14 undermined osteoclast-
mediated bone resorption: DKO mice displayed notable increases in bone mass. Although
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Csf1r-Cre expression extends beyond osteoclasts to include a number of myeloid cell-
derived cell populations (30, 65, 66), each of the defects we observed in the targeted mice
was duplicated by targeting the proteinases in vitro, both at the transcriptional and protein
levels.

Several issues require consideration regarding the potential mechanisms by which
osteoclast-derived Mmp9 and Mmp14 jointly participate in bone resorption. First, although
our group and others have identified nonproteolytic functions for MMPs, including Mmp14
(34-36, 67), here, we found that only the proteolytically active forms of the enzymes
supported osteoclast-mediated bone resorption. Second, whereas Mmp14 functions as a
collagenase by hydrolyzing acid-soluble type I collagen within its triple-helical domain (21,
22, 68), Mmp9 has not been reported to exhibit similar activity (16, 69). However, although
largely overlooked, in a cell-free system, Mmp9 was previously reported to depolymerize
the type I collagen networks found in decalcified bone, presumably by cleaving the
nonhelical telopeptide domains that contain the covalent cross-links that maintain the type |
collagen fibrillar network (32, 70). In this regard, a requirement for Mmp9/Mmp14 in type |
collagen degradation is consistent with an earlier study describing the inability of osteoclasts
to degrade mutant type I collagen that is resistant to MMP-dependent, but not Ctsk-
mediated, collagenolysis (45, 46). MMPs are generally believed to operate solely at neutral
pH, whereas the osteoclast resorption pit is widely assumed to maintain a constant acidic pH
(17). However, MMPs retain considerable activity even under acidic conditions (17, 70),
raising the possibility that these enzymes work in tandem with Ctsk in the lacunar
environment. In addition, alkaline shifts have been predicted to occur within the osteoclast-
bone matrix interface during the demineralization process (3). Last, bone lining cells have
been reported to infiltrate demineralized pits left by dysfunctional osteoclasts to “rescue”
bone resorption defects by deploying uncharacterized MMPs to remove undigested, exposed
collagen networks (52, 71). However, because osteoclasts coexpress Mmp9 and Mmp14 and
both of these proteinases can directly solubilize bone collagen, the most parsimonious
explanation points to osteoclast-derived Mmp9/Mmp14 as the key players in bone
resorption. This conclusion is also consistent with the observation that human and mouse
Ctsk-null osteoclasts are laden with type | collagen fibrils in vivo, despite the fact that intact
cross-linked collagen cannot be internalized without undergoing extracellular proteolysis
(41, 43, 44, 72). 1t seems unlikely that these two MMP family members restrict their
activities to collagen degradation alone. Both proteinases target a multiplicity of substrates,
and further study is required to identify the full range of hydrolyzeable targets and their
effects on osteoclast function. Because dual targeting of these proteinases did not affect
osteoclastogenesis nor interfere with the expression of key osteoclast differentiation or
functional markers, the major defects observed in bone resorption, coupled with the ability
of either MMP to remodel bone collagen, support the bone collagenolytic activity of Mmp9/
MMP9 and Mmp14/MMP14 as key regulators of mouse/human osteoclast activity.

To define potential therapeutic implications of targeting Mmp9and Mmp14, we used to two
models of pathologic bone remodeling: PTH- and OV X-induced pathologic bone loss.
Chronically high PTH encountered in primary hyperparathyroidism or as a secondary
response to calcium deficiency can promote bone loss (45, 54). By contrast, OV X induces
bone loss secondary to the loss of estrogen that normally occurs in the postmenopausal state
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(5, 6, 19). MMP9 and MMP14 have been individually reported to correlate with human
osteoporosis status (73, 74). Despite the distinct initiating mechanisms that control these two
bone-resorptive states, dual targeting of Mmp9and Mmp14 exerted potent bone-sparing
effects in both models. Earlier work suggested that calvaria-associated osteoclasts
preferentially rely on uncharacterized MMPs, as opposed to osteoclasts found in long bones
where cysteine proteinase—linked mechanisms appeared to dominate (75). However, in our
studies, bone resorption occurring in both calvaria after PTH injection and in long bones
after OV X was inhibited after Mmp9 Mmp14 targeting.

We showed that the roles for Mmp9/Mmp14 identified in mouse osteoclasts extended to
their human counterparts and that function-blocking antibodies could attenuate bone
resorption. Thus, the possibility of using these findings to design therapeutic interventions
deserves consideration. Many classic antiresorptive therapies act by reducing osteoclast
abundance, which compromises bone formation by affecting the bone coupling process (5, 6,
76). By contrast, Ctsk-targeted osteoclasts have been reported to maintain normal bone
formation by multiple mechanisms, including elevated platelet-derived growth factor-BB
and sphingosine 1-phosphate expression and protecting pro-osteoblastogenic factors from
Ctsk-mediated proteolytic inactivation (77-80). Here, the double deficiency of Mmp9 and
Mmp14 decreased osteoclastic bone resorption without affecting osteoclast number, thereby
maintaining normal osteoblastic bone formation. Although the mechanisms maintaining
normal bone formation remain to be determined, processes similar to those operative in
CTSKI/Ctsk-targeted osteoclasts seem likely. Recombinant humanized mAbs have been
generated that effectively inhibit either human MMP9 or MMP14 (39, 40, 81). In the case of
anti-human MMP9 antibodies, phase 2 clinical trials indicate that the drug is well tolerated
(81). However, a limitation of the current study includes the potential deleterious effects of
Mmp14 targeting. In this regard, Mmp14 distinguishes itself from all other MMPs as the
only family member whose global deletion in mice results in early postnatal death (28, 29).
However, preclinical studies with function-blocking antibodies directed against Mmp14 in
postnatal mice did not result in toxicity (39). Second caution must be exercised in extending
mouse studies to the human population. For example, highly selective Ctsk inhibitors proved
effective in preclinical studies, but human trials were terminated when unanticipated side
effects emerged (9, 10). The effect of combining selective MMP9 and MMP14 inhibitors in
humans is currently unknown; efforts to inhibit their catalytic activity with function-
blocking antibodies or target the yet-to-be-defined upstream cascades that regulate their
expression could prove efficacious.

MATERIALS AND METHODS

Study design

This study was performed to evaluate the relative roles of Mmp9 and Mmp214 in regulating
osteoclast function and the physiological and pathological consequences of their targeting on
bone homeostasis. These objectives were addressed by (i) determining the MMP profile
selectively expressed in mouse osteoclasts in vitro and in vivo, (ii) characterizing the
cooperative role of Mmp9/Mmp14 in controlling bone resorption and type | collagenolysis
by mouse osteoclasts in vitro, (iii) demonstrating the utility of dual MMP9 and MMP14
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blockade in regulating human osteoclast-dependent bone resorption, and (iv) defining the
cooperative role of Mmp9/Mmp14 in controlling mouse osteoclast-dependent bone
resorption during physiologic versus pathologic bone resorption in vivo. All data presented
here have been replicated in independent cohorts of three or more mice or in three or more
biological replicates for in vitro experiments. Samples were assigned randomly to the
experimental groups. Data collection for each experiment is detailed in the respective
figures, figure legends, and methods. For genotyping primers and quantitative real-time PCR
primers, see tables S1 and S2, respectively. Individual subject-level data for experiments
where n< 20 are included in data file S1. Full images of Western blots are presented in data
file S2.

Statistical analysis

All values were expressed as means + SEM. Unpaired Student’s ftest was used to analyze
the differences between two groups, whereas one- or two-way analysis of variance
(ANOVA) with Bonferroni correction was used to evaluate differences among multiple
comparisons. P< 0.05 was considered statistically significant. All representative
experiments shown were repeated three or more times.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Osteoclasts selectively express Mmp9 and Mmp14 in vitro and in vivo.
(A) Transcriptional profile of MMPs and TIMPs [tissue inhibitors of metalloproteinases;

(16, 17)] during M-CSF/RANKL-induced differentiation of BMDMs to osteoclasts from
days 0 to 5 (d0 to d5) (color bar, raw expression value). (B) Relative mRNA expression of
Mmp9, Mmp14, and Ctsk during the differentiation from BMDMs to osteoclasts as a
function of time in culture (n= 3). (C) Western blot of Mmp9, Mmp14, and Ctsk expression
in BMDMs and mature osteoclasts. The Mmp9 doublet represents the glycosylated and
nonglycosylated proforms of the proteinase (16, 17). (D) Mmp9 (green) and F-actin (red)
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immunofluorescence of wild-type BMDM-derived osteoclasts. Scale bar, 20 um. DAPI,

4’ 6-diamidino-2-phenylindole. (E) B-gal activity (cyan) and TRAP (pink) staining of
osteoclasts differentiated from Mmp14-2Z* BMDM:s. Scale bar, 50 um. (F) Mmp9 (green),
B-gal (red), and F-actin (cyan) immunofluorescence of osteoclasts differentiated from
Mmp14-2Z/* BMDMs. Scale bar, 20 ym. (G) Mmp9 (green) and B-gal (red)
immunofluorescence of a femur section from a Mmp14-3°Z/* mouse. The MNCs associated
with the surface of the bone marrow cavity (BM cavity) that are shown in the red box are
further enlarged in the panels to the right. Scale bars, 10 um. All results are representative of
data generated in at least three independent experiments. **P< 0.01. Error bars are means +
SEM. Data were analyzed using one-way analysis of variance (ANOVA) with Bonferroni
correction.
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Fig. 2. Mmp9‘/' and myeloid-specific Mmp14 conditional knockout mice display normal
osteoclast activity in vitro and in vivo.

(A) BMDMs were isolated from wild-type (WT) or Mmp9~~ mice, cultured on plastic
substrata with M-CSF and RANKL for 5 days, and stained with TRAP. Scale bar, 500 um.
(B) Wild-type or Mmp9~~ BMDMs were cultured atop bone slices and induced into
osteoclasts for 6 days. After cell removal, resorption pits were visualized by WGA-DAB
staining. Scale bar, 100 um. (C) Quantification of bone volume/tissue volume (BV/TV),
trabecular thickness (Th.Th), trabecular number (Th.N), and trabecular separation (Th.Sp) as
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determined by uCT of 5-month-old wild-type and Mmp9~~ male mice (7= 9). (D) BMDMs
were isolated from wild-type or Mmp1£AMAM mice, cultured atop plastic substrata with M-
CSF and RANKL for 5 days, and stained with TRAP. Scale bar, 500 um. (E) Wild-type or
Mmp1MAM BMDMs were cultured atop bovine bone slices and induced into osteoclasts
for 6 days. Cells were removed and resorption pits visualized by WGA-DAB staining. Scale
bar, 100 pm. (F) Quantification of BV/TV, Th.Th, Th.N, and Th.Sp as determined by puCT of
5-month-old wild-type and Mmp1£AMAM male mice (7= 9). (G) Relative mRNA
expression of MmpI4 or Mmp9in osteoclasts differentiated from Mmp9~~ or
Mmp1AMAM BMDMs (= 3). (H) Western blot and quantification of Mmp9 and Mmp14
expression in osteoclasts differentiated from Mmp9™~ or Mmp1#AMAM BMDMs (n= 3).
All results are representative of data generated in at least three independent experiments. ns,
not significant. **~ < 0.01. Error bars are means + SEM. All data were analyzed using
unpaired Student’s ttest. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Fig. 3. Impaired bone-resorbing activity of DKO osteoclastsin vitro.
(A) BMDMs were isolated from wild-type or DKO mice, cultured on plastic substrata with

M-CSF and RANKL for 5 days, and stained with TRAP, and the number of TRAP* MNCs
was determined (/7= 6). Scale bar, 500 um. (B) Phalloidin (green) staining of F-actin in
wild-type or DKO osteoclasts cultured on glass. Scale bar, 20 um. (C) NFATc1, c-Fos, c-Src,
and Ctsk expression as assessed by Western blot in BMDMs during osteoclast
differentiation. (D) After a 6-day culture period, wild-type or DKO osteoclasts were
removed from bone slices, resorption pits were visualized by WGA-DAB staining, and
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resorption pit area was quantified (/7= 6). Scale bar, 100 um. (E and F) Resorption pits were
three-dimensionally reconstructed by reflective confocal laser scanning microscope (E) in
tandem with (F) quantification of resorption pit depth (n= 6). Color bar, pit depth. (G)
Supernatant CTX-I was determined using ELISA (7= 6). All results are representative of
data generated in at least three independent experiments. **P < 0.01. Error bars are means +
SEM. All data were analyzed using unpaired Student’s #test.
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Fig. 4. Mmp9/M mp14 catalytic activity codeter mines osteoclast-mediated bone resor ption by
proteolyzing bonetype | collagen.

(A) A schematic diagram of full-length human MMP9 and MMP14 and their respective
catalytically inactive mutants depicting the pro (PRO), catalytic (CAT), hemopexin (HPX),
transmembrane (TM) domains, and cytosolic tail (CT). (B) DKO BMDMs were transduced
with lentiviral vectors expressing full-length MMP9, an MMPOE/A mutant, or an empty
control (EV) and differentiated into osteoclasts. Supernatant and cell lysate were collected
for gelatin zymography and MMP9 immunaoblots, respectively. (C) DKO BMDMs were
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transduced with lentiviral vectors expressing full-length MMP14, MMP14E/ A, or an empty
control (EV) and differentiated into osteoclasts. Cell lysates were collected for MMP14
immunoblotting. (D) MMP9 or MMP9E/A-transduced BMDMs were induced into
osteoclasts and cultured atop bone slices for 3 days. Osteoclasts were removed, resorption
pits were visualized by WGA-DAB staining, and resorption pit area was quantified (7= 6).
Scale bar, 100 um. (E) MMP14 or MMP14E/A-transduced BMDMs were induced into
osteoclasts and cultured atop bone slices as described in (D). Resorption pits were visualized
by WGA-DAB staining, and resorption pit area was quantified (n7= 6). Scale bar, 100 pum.
(F) Osteoclasts differentiated from wild-type, Mmp9™~, Mmpl1£AMAM or DKO BMDMSs
were cultured atop decalcified cortical bone slices with or without E64d (20 uM) for 3 days,
and supernatants were collected for ICTP ELISA (n= 6). (G) Wild-type osteoclasts were
cultured atop normal or Co/Z2” mutant bone with or without E64d for 3 days, and
supernatants were collected for ICTP ELISA (n=6). (H) Resorption pits generated on
normal or Co/12"”" bone by wild-type osteoclasts ex vivo were imaged by scanning electron
microscopy. Scale bar, 10 pm. All results are representative of data generated in at least three
independent experiments. *P < 0.05, **P < 0.01. Error bars are means + SEM. Data were
analyzed using one-way ANOVA (D and E) or two-way ANOVA (F and G) with Bonferroni
correction.
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Fig. 5. Dual MM P9/M M P14 activity regulates human osteoclast-mediated bone resor ption.
(A) Phase contrast images of human monocyte-derived macrophages (hMDMs) and human

osteoclasts (hOCs) differentiated from human CD14* monocytes. Scale bar, 200 pm. (B)
TRAP staining of human osteoclasts. Scale bar, 100 um. (C) Relative mRNA expression of
MMPY, MMP14, and CTSK in hMDM and mature hOC (n= 3). (D) MMP9, MMP14, and
CTSK protein expression as assessed by Western blot was determined in hMDMs and
mature hOCs. (E) Human osteoclasts were cultured on glass in the presence or absence of an
MMP9 function-blocking mAb and MMP14 function-blocking antibody (DX-2400), and the
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cells were stained with fluorescein isothiocyanate—phalloidin. Scale bar, 50 pm. IgG,
immunoglobulin G. (F and G) Human osteoclasts were cultured atop bone slices for 6 days
in the presence or absence of either the MMP9 function-blocking mAb or DX-2400.
Osteoclasts were removed from the bone slices, resorption pits were visualized by (F)
WGA-DAB staining, and (G) resorption pit area was quantified (7= 6). Scale bar, 100 um.
(H) Human osteoclasts were cultured atop cortical bone slices for 6 days in the presence or
absence of the MMP9 or MMP14 blocking antibodies with or without E64d, and the
supernatants were collected for ICTP ELISA (n=6). All results are representative of data
generated in at least three independent experiments. **/~ < 0.01. Error bars are means *
SEM. Data were analyzed using unpaired Student’s ¢test (C), one-way ANOVA (G), or two-
way ANOVA (H) with Bonferroni correction.
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Fig. 6. DKO mice exhibit an osteopetrotic phenotype with decreased osteoclast activity.
(A) Representative UCT of sagittal sections of femurs with three-dimensional (3D)

reconstruction of the distal femur trabeculae of 5-month-old wild-type and DKO male mice
is shown. Scale bars, 500 um. (B) Quantification of BV/TV, Th.Th, Th.N, and Th.Sp as
determined by UCT in 5-month-old wild-type and DKO male mice (7= 9). (C) Hematoxylin
and eosin (H&E) and TRAP staining of the distal femurs of 5-month-old male wild-type and
DKO mice. Scale bars, 100 um. (D) Quantification of osteoclast number per bone surface
(N.Oc/BS) and eroded surface per bone surface (ES/BS) and serum CTX-I and OCN in 5-
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month-old wild-type and DKO male mice are shown (/7= 6). (E) Golden’s trichrome
staining of the distal femurs of 5-month-old male wild-type and DKO mice was performed
along with double calcein bone labeling and confocal imaging to assess bone formation.
Scale bars, 10 um. (F) Quantification of MAR and BFR as assessed in 5-month-old male
wild-type and DKO mice (7= 6). *£< 0.05, **P< 0.01. Error bars are means + SEM. All
data were analyzed using unpaired Student’s ftest.
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Fig. 7. PTH-induced calvarial bone erosion isalleviated in DKO mice.
(A) Representative uCT of 3D reconstructed images of calvaria from 3-month-old male

wild-type or DKO mice injected with PTH or vehicle control. Scale bar, 1000 um. (B)
Quantification of resorption pit number per calvaria of 3-month-old male wild-type or DKO
mice injected with PTH or vehicle control (7= 5). (C) H&E and TRAP staining of calvaria
from 3-month-old male wild-type or DKO mice injected with PTH. Scale bars, 50 um. (D)
Quantification of N.Oc/BS and ES/BS of calvaria from 3-month-old male wild-type or DKO
mice injected with PTH or vehicle control (7=5). **P< 0.01. Error bars are means + SEM.
All data were analyzed using two-way ANOVA with Bonferroni correction.
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Fig. 8. DKO miceare protected from OV X-induced osteopor osis.
(A) Representative uCT sagittal sections of femur recovered from 5-month-old female wild-

type or DKO mice that underwent either sham or OV X surgery at 3 months of age. Scale
bar, 500 pm. (B) BV/TV, Th.Th, Th.N, and Th.Sp were determined by pCT of femurs from
sham or OV X surgery mice (/7= 8). (C) Serum CTX-I of sham or OV X surgery mice
determined using ELISA (7= 8). **P< 0.01. Error bars are means + SEM. All data were
analyzed using two-way ANOVA with Bonferroni correction.
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