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Abstract. Matrix metalloproteinase 2 (MMP?2) is a well-char-
acterized protein that is indispensable for extracellular matrix
remodeling and other pathological processes, such as tumor
progression and skeletal dysplasia. Excessive activation of
MMP?2 promotes osteolytic metastasis and bone destruction
in late-stage cancers, while its loss-of-function mutations
result in the decreased bone mineralization and generalized
osteolysis occurring progressively in skeletal developmental
disorders, particularly in multicentric osteolysis, nodulosis and
arthropathy (MONA). Either upregulation or downregulation
of MMP?2 activity can result in the same osteolytic effects.
Thus, different functions of MMP2 have been recently
identified that could explain this observation. While MMP2
can degrade bone matrix, facilitate osteoclastogenesis and
amplify various signaling pathways that enhance osteolysis in
bone metastasis, its role in maintaining the number of bone
cells, supporting osteocytic canalicular network formation
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and suppressing leptin-mediated inhibition of bone formation
has been implicated in osteolytic disorders caused by MMP2
deficiency. Furthermore, the proangiogenic activity of MMP2
is one of the potential mechanisms that are associated with
both pathological situations. In the present article, the latest
research on MMP?2 in bone homeostasis is reviewed and the
mechanisms underlying the role of this protein in skeletal
metastasis and developmental osteolysis are discussed.
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1. Introduction

Osteolysis is a common manifestation of bone metastasis
and skeletal developmental disorders (1). Bone resorption
and formation is a lifelong process that dynamically occurs
in the skeletal system and is essential for regulating skeletal
growth, repairing bone damage and maintaining mineral
homeostasis (2). Either temporal or spatial imbalance of
osteoblastic bone formation and osteoclastic bone resorption
may lead to progressive osteopenia and subsequently result in
osteolysis (3,4). Matrix metalloproteinases (MMPs), including
MMP?2, have been reported to play key roles in osteolysis by
degrading bone extracellular matrix (ECM) and modulating
osteoclastic bone resorption (5).

MMP2 is crucial to cancer progression, invasion and
metastasis. In many late-stage cancers like breast and
prostate cancers, osteolytic bone metastases are frequently
observed accompanied with aberrant activation of MMP2
expression (6,7). However, in skeletal developmental disor-
ders, particularly in multicentric osteolysis, nodulosis and
arthropathy (MONA), defective or reduced enzyme activity
of MMP2 is associated with decreased bone mineralization
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and generalized osteolysis (8). It is interesting to notice that
either upregulation or downregulation of MMP2 activity can
cause bone loss and osteolysis, suggesting that the mechanism
underlying MMP2-related osteolysis is intricate and may
differ in different situations. In this article, recent studies
on the functions of MMP2 in bone tissues are reviewed and
the mechanisms underlying the role of MMP2 in osteolysis
that occur in bone metastases and skeletal developmental
disorders are summarized. Furthermore, the potential differ-
ences between the roles of MMP?2 in these two pathological
conditions are discussed.

2. MMP2 in metastatic osteolysis

Metastasis to the skeletal system is one of the hallmarks of
most malignancies (9). It occurs in up to 70% of patients with
cancer, brings great difficulties to disease treatment, and
seriously affects patient prognosis (10,11). Due to its ability
to cleave and degrade the ECM and basement membrane, the
active form MMP2 plays a prominent role in tumor progres-
sion and metastasis. MMP?2 activity is controlled at multiple
levels, from transcriptional regulation, post-translational
modification and secretion, to zymogen activation, inhibitor
modulation and protein degradation (Fig. 1) (12). The activa-
tion of MMP2 predominantly occurs on the cell surface and
relies on the coordinated regulation of type-1 membrane MMP
(MT1-MMP, also known as MMP14) and tissue inhibitor of
metalloproteinase 2 (TIMP-2) (13). Overexpression of MMP2
is usually detected in cancer, and its protein expression levels
positively correlate with factors that indicate a poor prog-
nosis, such as poor differentiation, metastasis to secondary
organs and chemotherapy resistance (14,15). For instance,
in breast cancer, increased expression of MMP2 protein is
associated with Twistl-induced invasion and metastasis,
whereas decreased MMP2 protein expression levels are
involved in RNA binding motif single-stranded interacting
protein 3 (RBMS3)-mediated tumor suppression via the
RBMS3/Twistl/ MMP?2 axis (16). Similarly, the protein expres-
sion level of MMP2 in pulmonary tumors is notably elevated,
which affects the metastatic properties of tumors through a
variety of signaling pathways, such as the sphingolipid and
ephrin receptor-signaling pathway (17). MMP?2 silencing using
small interfering RNA, which downregulates the expression
of MMP?2 both at the protein and mRNA levels, can effec-
tively inhibit the growth and metastasis of non-small cell lung
cancer (18). Furthermore, overexpression and hyperactivation
of MMP2 can facilitate multiple steps of the metastatic cascade
(including intravasation, extravasation, pre-metastatic niche
remodeling and regulatory interaction between tumor cells
and bone microenvironment) during the invasion of malignant
tumors to bone, mostly resulting in osteolytic lesions (19).
Among all manifestations of bone metastasis, osteolysis
is one of the most common features of late-stage cancer (20).
Extension of osteolytic destruction may lead to pathologic
fracture, which occurs in ~10-30% of all bone metastases (4).
Molecules and signaling pathways associated with communi-
cation between tumor cells and bone cells serve a role in the
pathogenesis of osteolytic metastasis, including parathyroid
hormone-related protein (PTHrP), IL-6,IL-11, TNF-a, TGF-f,
VEGF and MMPs (21,22). While most members of the MMP

family are involved in tumorigenesis and metastasis, MMP2
and MMP9 are thought to be closely associated with bone
metastasis and osteolysis. A study on prostate cancer-related
bone metastasis demonstrated that integrin avf36 could
promote cancer cell-mediated bone destruction by selectively
increasing the catalytic activity of MMP2 and the degradation
of bone matrix (23). Similarly, thrombospondin-2-induced
downregulation of microRNA-376¢ in prostate cancer cells
increases MMP2 expression and bone metastasis (24). In
breast cancer, MMP2 upregulates ERK signaling and reverses
the receptor activator of NF-kB ligand (RANKL)/osteopro-
tegerin (OPQG) ratio, thus promoting bone resorption and
metastasis (5).

The role of MMP2 in osteolysis during tumor metastasis
has been further confirmed by the application of matrix
metalloproteinase inhibitors (MMPIs) in tumor therapy (25).
Insufficient control of MMP2 activity by TIMPs (especially
TIMP-2, -3 and -4), the endogenous inhibitors of MMPs, would
result in dysregulation of tissue remodeling and tumors (26).
When synthesized MMPIs are utilized, they are expected to
disrupt the ‘vicious cycle’ that occurs in the spread of tumor
cells to bone. To date, four generations of MMP2-targeting
inhibitors have been identified or designed for cancer therapy,
namely the first generation of hydroxamate-based inhibitors,
the second generation of non-hydroxamate-based inhibitors,
the third generation of catalytic domain (non-zinc binding)
inhibitors, and the fourth generation of allosteric and exosite
inhibitors (26,27). Although clinical trials involving MMPIs
have not achieved the expected results in cancer therapy,
preclinical results from tumor experiments using MMP2
inhibitors, such as FYK-1388, chlorotoxin and the mono-
clonal antibody 9ES8, support the osteolytic effect of MMP2
in bone metastases (28). For example, 2-[[(4-phenoxyphenyl)
sulfonyl] methyl]-thiirane (SB-3CT), a selective inhibitor of
gelatinase that inhibits MMP2 (also known as gelatinase A)
strongly and MMP9 (gelatinase B) weakly, has been shown
to inhibit intra-bone growth of prostate cancer cells and bone
degradation (29,30).

3. MMP2 in hereditary skeletal dysplasia

Intriguingly, while numerous studies in cancer have demon-
strated that higher MMP?2 activity correlates with more severe
osteolytic destruction in metastatic lesions, MMP2 hypoac-
tivity also leads to bone loss and osteolysis during skeletal
growth and development (31). The most well-known evidence
for MMP2 deficiency-related osteolysis comes from inherited
developmental diseases, particularly MONA and Winchester
syndrome (WS), which are caused by inactive mutations in the
MMP2 and MMP14 genes, respectively (8,32). Both of them
are autosomal recessive disorders characterized by highly
similar phenotypes of progressive multicentric osteolysis
and arthritis. Although not directly associated with MMP2
mutation, the pathogenesis of WS is thought to be linked with
deficient MMP?2 activity, since intact function of MMP14 is
critical for activation of MMP2 (33).

As an extremely rare genetic disease with only 46 cases
and 23 mutations from 28 families reported in the literature,
no exact epidemiological statistics of MONA, have been
described (34). Typical clinical manifestations of MONA



MOLECULAR MEDICINE REPORTS 23: 70, 2021 3

Zinc ion

Q@ TveP2 Q) TIMPs o

MMP14 Y LRPs > Naa10p

Inactive —> %@+ Active MMP2 QB?@Q@
proMMP2 @EB;@%
e gem €D
Ve
Degradation
'\ o
o ©
@ ) OOO
Secretion / / =
. Gene transcription

Protein translation

IJWQ
\ /

Figure 1. Expression and activation of MMP2. After being secreted, proMMP?2 is activated by the collaboration between TIMP-2 and MMP14. Extracellular
proMMP2 binding with the C-terminal tail of TIMP-2 is indirectly linked to the cell membrane-anchored MMP14 through the interaction between the
N-terminal domain of TIMP-2 and the catalytic domain of MMP14. This proMMP2/TIMP-2/MMP14 complex is recruited to another adjacent MMP14 that
converts proMMP?2 to the active enzyme form. On the other hand, MMP2 activity can also be inhibited by TIMP-2 when its active site binds to the N-terminal
inhibitory domain of TIMP-2. While several TIMPs inhibit the activity of MMP2 and lead to LRP-mediated endocytosis and degradation, NaalOp can
stabilize MMP?2 protein. LRP, lipoprotein receptor-related proteins; MMP, matrix metalloproteinase; NaalOp, N-a-acetyltransferase 10 protein; TIMP, tissue

inhibitors of metalloproteinase.

consist of extensive osteopenia and osteolysis (most prominent
in carpal and tarsal bones), progressive osteoarthropathy, and
subcutaneous nodules on the palms and soles (35). In general,
most children with MMP2 mutations are apparently healthy at
birth, but signs of skeletal deformities begin from six months
to eleven years old. Thereafter, features of arthropathy gradu-
ally appear, including joint pain, joint contracture and swelling
of distal extremities, and other symptoms then progressively
develop, such as coarse facies and gum hypertrophy (36).
Vanatka et al (37) reported a case of MONA with long-term
follow-up, in which the pathological changes of the bones over
a 23-year period were striking and the pattern of bone loss was
progressive and periarticular. Furthermore, ~75% of mutations
from the reported MONA cases occur in the catalytic domain
or have detrimental effects on its catalytic function, resulting
in impaired MMP?2 activity (34,38). Consequently, although
individual differences in clinical manifestations exist among
MONA patients, almost all of them contain signs of bone
loss and osteolysis, indicating that loss of MMP2 accounts
for impaired bone integrity and mineral homeostasis during
skeletal growth and development.

To date, there is a conflict between the results obtained
in tumor research and developmental research regarding
the relationship between MMP2 and osteolysis. Based on
the current understanding of the structure and function of

MMP?2 protein, the finding that MMP2 deficiency causes bone
loss and osteolytic phenotype seems counterintuitive. It was
hypothesized that a reduction in MMP2 activity may lead to
bone overgrowth rather than bone loss (39). However, the role
of MMP2 in osteolysis may be more complex than previously
thought, and studies have been conducted to investigate poten-
tial explanations for how MMP2 functions in opposite ways in
these two pathological conditions.

4. Mechanisms underlying the role of MMP2 in metastatic
osteolysis

MMP2 promotes tumor-induced osteolysis involving spatial
accessibility achieved through cleavage of collagen on the bone
surface and stimulation of osteoclastic bone resorption (40). In
bone tissue, MMP?2 is mainly expressed by osteoblasts under
the regulation of various factors, such as FasL (41). During
bone metastasis, tumor cells and tumor stromal cells become
another important source of MMP2, and thus markedly
promote osteoclastogenesis and osteoclastic bone resorption
(Fig. 2). Expression of MMP2 has been confirmed in both
human breast cancer cell lines and primary breast tumors, and
high protein levels of MMP?2 are associated with increased
risk of bone metastasis (5). After being released into the
extracellular compartment, although MMP2 may not directly
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Figure 2. MMP2 in bone remodelling and tumor metastasis-related bone loss. MMP?2 is primarily secreted by osteocytes, osteoblasts, tumor stromal cells and
tumor cells (dashed arrow). MMP2 contributes to bone loss via several pathways: 1, Degradation of collagen and osteoid seam on the bone surface; 2, recruit-
ment of pre-osteoclasts and differentiation of osteoclasts; 3, increased VEGF activation, which promotes osteoclastogenesis; 4, inhibition of OPG expression
and increase in the RANKL/OPG ratio; 5, inhibition of osteoblast differentiation; 6, activation of growth factors, such as TGF-f. CatK, cathepsin K; M-CSF,
macrophage-colony-stimulating factor; MMP, matrix metalloproteinase; NaalOp, N-a-acetyltransferase 10 protein; OPG, osteoprotegerin; RANKL, receptor

activator of NF-kB ligand; TRAP, tartrate-resistant acid phosphatase.

participate in degradation of mineralized bone matrix, it can
cleave the collagen and osteoid seam that covers the bone
surface, activate osteolytic factors, and facilitate osteoclasts
recruitment and attachment (4,41). Activated MMP2 can
suppress the expression of OPG in osteoblasts and increase the
RANKL/OPG ratio, thereby contributing to osteoclast differ-
entiation (4). In addition to its role in promoting osteoclastic
resorption, MMP2 can inhibit the later phases of osteoblast
differentiation by shedding the immune costimulatory
molecule B7-H3 from the cell membrane of osteoblasts (42).
Moreover, mature osteoclasts may also synthesize MMP2
and release it along with MMP9 and protons into the local
extracellular compartment to digest bone matrix (43,44).
MMP?2 also provides signal amplification for the ‘vicious
cycle’ within the tumor-bone microenvironment by regulating
the activity and bioavailability of various growth factors such as
TGF-f, PTHrP and RANKL (19). In particular, the communi-
cation between MMP2 and TGF-f is of particular importance
for this signaling crosstalk between tumor cells and bone cells.
Expression of TGF-f has been confirmed in a large panel of
cancer types with metastatic properties (45). Furthermore, a
large amount of TGF-f could be released from the bone matrix
degraded by MMPs during bone resorption, including MMP2
and MMP?9, and this increase in TGF-f from osteolytic lesions
after metastatic destruction has been observed in many mouse
models of osteolytic bone metastasis (45). Excessive TGF-3
signaling in turn stimulates the release of PTHrP and IL-11 from
tumor cells and promotes osteolytic bone destruction (4,46).

TGF-p can regulate bone remodeling and maintenance of bone
mass via its dual effects on osteoblasts (47). It potentiates the
recruitment of mesenchymal stem cells and promotes the early
differentiation of osteoblast precursors by inducing Runx2
expression, which is required for the initiation of osteoblast
differentiation and inhibition of late differentiation of osteo-
blasts (47). In addition to its effect on RANKL stimulation and
OPG expression, hyperactivation of TGF-p signaling has been
reported to directly enhance the bone-resorptive activity of
osteoclasts (48). Moreover, increased TGF-f3 levels can promote
late-stage cancer by activating surrounding cancer-associated
fibroblasts and stellate cells, stimulating angiogenesis and
inducing immunosuppression, thus facilitating the proliferation
and invasion of cancer cells in osteolytic lesions (49).

The proangiogenic effect of MMP2 is another critical
mechanism for osteolysis during bone metastasis. Many
members of the MMP family have been implicated in tumor
neovascularization and lymphangiogenesis. For instance,
MMPI1 induces the expression of VEGFR2, while MMP7
acts as a regulator for the VEGF pathway and the degrada-
tion of soluble VEGFRI1 (50). Specifically, MMP2 and MMP9
cooperate tightly in neoplastic angiogenesis by modulating
the dynamic remodeling of ECM. Studies have revealed that
elevated MMP?2 expression is correlated with increased activa-
tion of TGF-f and VEGF in the metastatic lesions (22,51). The
bioactive VEGF, basic fibroblast growth factor (bFGF) and
TGF-f can not only induce angiogenesis by signaling through
their respective receptors on endothelial cells, but also stimulate
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Figure 3. MMP?2 deficiency and bone loss. Based on studies of MMP2 mutant mouse models, several phenotypes related to bone loss have been reported,
including: 1, Reduced growth rate during development (although the overall anatomical structure of mutant mice is normal in adulthood); 2, progressive loss
of bone mineral density and articular cartilage destruction; 3, decreased connectivity density of trabeculae; 4, age-dependent reduction in the number of osteo-
blasts and osteoclasts; 5, suppressed formation of osteocytic canalicular network; 6, upregulated transcription of OPN and BSP; 7, enhanced leptin-mediated
inhibition of bone formation. BSP, bone sialoprotein; CatK, cathepsin K; MMP, matrix metalloproteinase; OPG, osteoprotegerin; OPN, osteopontin; TRAP,

tartrate-resistant acid phosphatase; WT, wild-type.

the secretion of MMP2 and MMP9-containing vesicles from
endothelial cells, thereby contributing to the upregulation of
proteolytic activity in the metastatic microenvironment (50).
Besides, in vivo studies have confirmed that angiogenesis and
tumor progression were inhibited in mice lacking MMP2,
according to a dorsal air sac assay using melanoma cells and
lung carcinoma cells (52).

5. Mechanisms underlying the role of MMP2 in
developmental osteolysis

How does MMP2 deficiency contribute to developmental
osteolysis? As aforementioned, high activity of MMP?2 is
associated with increased bone resorption, suggesting that
MMP2 mainly functions as a negative modulator for bone
remodeling. In addition, there are also some studies supporting
that MMP2 positively associates with bone formation. For
instance, Saran et al (53) demonstrated that MMP2 expression
was upregulated in newly formed bone tissue, whereas MMP9
expression was reduced according to their reamed tibia medul-
lary canal mouse model. They proposed that MMP?2 facilitated
bone remodeling and maturation probably by removing organic
bone content. Since the role of MMP2 in bone remodeling is
controversial, there may be other mechanisms that are respon-
sible for the pathogenesis of developmental osteolysis resulted
from MMP?2 deficiency.

Insight from MMP2-deficient mice. In order to understand
how MMP2 affects skeletal development, researchers have

developed several mutant mouse models (12). MMP2 knockout
mice were first generated by Itoh er al (54) via targeted
replacement of the promoter and the first exon of Mmp2 gene.
Although the mutant mice develop normally without any gross
anatomical abnormalities, they have a significantly slower
growth rate and exhibit several attenuated features of human
MONA, such as progressive loss of bone mineral density and
articular cartilage destruction (Fig. 3) (55). Moreover, opposing
bone phenotypes of decreased mineral density in long bones but
increased volume in cranium have also been described (56). In
addition, MMP2 deficiency in mice reduces the connectivity
density of trabeculae, and impairs bone remodeling but not
cartilage remodeling during fracture repair (57,58). Based on
the aforementioned observations, several novel functions of
MMP?2 in skeletal development have been proposed, such as
maintenance of the number of osteoblasts and osteoclasts in
an age-dependent manner, supporting the formation of osteo-
cytic canalicular network, and controlling the transcription of
osteopontin (OPN) and bone sialoprotein (BSP) (39,55,56).
However, evidence from a detailed mechanism that compre-
hensively interprets the consequences of MMP2 deficiency is
still insufficient.

Comparative studies of similar diseases have provided
another conclusion regarding the function of MMP?2 in devel-
opmental osteolysis. In addition to MONA and WS, there is a
third type of osteolytic skeletal dysplasia called multicentric
carpal-tarsal osteolysis syndrome, which is caused by muta-
tions in v-maf musculoaponeurotic fibrosarcoma oncogene
ortholog B (MAFB) (59). By investigating the characteristics
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Figure 4. Proangiogenic role of MMP?2 in tumor metastasis and skeletal development. MMP2 promotes angiogenesis in multiple ways: 1, Degradation of
vascular basement membrane and extracellular matrix, and cell-cell adhesion cleavage; 2, Detachment of pericytes and migration of endothelial cells; 3,
increased release and activation of ECM-bound angiogenic growth factors, such as VEGF, bFGF and TGF-f; 4, potential increase in the secretion of PDGF-BB
through induction of osteoclast differentiation and maturation. Angiogenesis is coupled with osteogenesis during skeletal development, but supports tumor
cell-induced osteolysis during metastasis. bFGF, basic fibroblast growth factor; CatK, cathepsin K; ECM, extracellular matrix; MMP, matrix metallopro-

teinase; TRAP, tartrate-resistant acid phosphatase.

of those so-called human carpal-tarsal osteolysis disorders,
Lazarus et al (60) suggested that osteoclast-mediated resorp-
tion was not sufficient to explain the distribution pattern of
developmental osteolysis. Indeed, MMP2, MMPI14 and
MAFB were expressed in chondrocytes from the earliest
stages of subarticular endochondral ossification. Based on
the hypothesis that the endochondral ossification in subar-
ticular regions is different from that in archetypical physeal
regions, the authors suggested that abnormal peri-articular
skeletal development and modeling, rather than the excessive
osteoclastic bone resorption, was responsible for site-specific
osteolysis (60).

Proangiogenic function of MMP2. In addition to its direct
effect on bone cells, the role of MMP?2 in angiogenesis may be
a key mechanism explaining its different functions in tumor
metastasis and bone dysplasia (Fig. 4). MMP2 can intervene
in angiogenesis in multiple ways. Firstly, MMP2 enables the
detachment of pericytes and migration of endothelial cells
by degrading the vascular basement membrane and ECM
and cleaving endothelial cell-cell adhesions (61). Secondly,
the proteolytic activity of MMP2 can promote the release
and activation of ECM-bound angiogenic growth factors,
including VEGF, bFGF and TGF-p (50,62). The proangiogenic
function of MMP2 has been confirmed in MMP2-deficient
mice (63,64). According to a previous study using a hindlimb

ischemia model, both collateral vessel development and capil-
lary formation were suppressed in MMP2-deficient mice,
and the invasive and proliferative abilities of endothelial cells
cultured from mutant mice were significantly impaired (63).
Angiogenesis is a basic condition necessary to support both
tumor progression and bone formation. Therefore, in spite
of the same proangiogenic effect, upregulation of MMP2
indirectly leads to osteolytic destruction by promoting tumor
cell proliferation and invasion during bone metastasis, while
its downregulation directly impairs bone formation during
osteogenesis, due to reduced blood supply.

Recent studies have provided some new insights into the
relationship between MMP2 and angiogenesis. The endo-
thelial cells of type-H vessels are intimately associated with
both bone modeling and remodeling owing to their ability
to support bone tissues with indispensable nutrients and can
secrete MMPs that modulate ECM and vessel growth (65).
MMP9 and MMP?2 release participates in the regulation of
cartilage resorption and bone vasculature, respectively. In
particular, the promoting role of MMP?2 in osteoclast differ-
entiation is likely to facilitate the secretion of platelet-derived
growth factor type BB (PDGF-BB), thereby stimulating the
formation of type-H vessels (66). Moreover, non-resorbing
vessel-associated osteoclasts (VAOs), which are critical for
anastomoses of type-H vessels and blood vessel-directed elon-
gation of bones, are also regulated by RANKL signaling in
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type-H endothelial cells expressing high levels of MMP2 (67).
It is possible that deficiency in MMP2 also leads to disrupted
orientation of angiogenic blood vessels and contorted bone
shape by affecting type-H endothelial cells and VAOs.

Other potential mechanisms. Additional factors may be
involved in modulating the function of MMP?2 in skeletal
development, especially through the central nervous system.
There is increasing evidence for cross-talk between the brain
and bone through several pathways, including hormonal
signals and cell-cell communication between neurons and
bone cells (3). For instance, leptin is an anorexigenic hormone
that is predominantly secreted from white adipose tissue
and is essential for metabolic regulation. It can activate the
sympathetic nervous system through leptin receptor isoform b,
also known as obesity receptor isoform b (ObRb), on hypo-
thalamic neurons to inhibit bone formation, while its direct
interaction with ObRb-positive bone cells may increase their
growth (68,69). A study on obesity has recently identified that
activated MMP?2 in hypothalamus modulates leptin-mediated
signaling by cleaving the extracellular domain of ObRb leptin
receptors (70). Knockdown of MMP2 restores the expression
levels of the leptin receptor and increases the concentration
of leptin in hypothalamic neurons (70). Therefore, it may be
hypothesized that loss of MMP2 may promote leptin signaling
and enhance the leptin-mediated inhibition of bone formation.
Further studies are required to verify whether leptin signaling
or any other factors of the autonomic system also contribute to
skeletal dysplasia and osteolysis caused by MMP?2 deficiency.

In addition to excessive osteoclastic bone resorption,
dysfunction of osteoblastic bone formation can also give rise to
osteopenia and osteolysis during bone development. Metabolic
programming is one of the essential factors that control the
bone-forming function of osteoblasts, and metabolic diseases
such as diabetes mellitus and anorexia nervosa can result in
osteoblast dysfunction and bone loss (71). It has been reported
that MMP2 deficiency is associated with metabolic disorders,
making the affected patients prone to osteolysis and growth
retardation (72). In addition to its extracellular proteolytic
functions, increasing evidence indicates that MMP2 has
considerable intracellular functions, including degradation
of intracellular proteins like calcitonin gene-related peptide
and nuclear matrix proteins like poly (ADP-ribose) poly-
merase (73,74). Consequently, loss-of-function mutations in
MMP2 may disrupt the energy metabolism of osteoblasts,
thereby impairing their bone formation function.

6. Conclusions

The molecular and cellular mechanisms involved in
MMP2-related osteolysis during tumor metastasis and skeletal
development are not fully understood yet. In this review, the
most important findings in the field were summarized and
classified into three categories based on their relationships
with bone formation.

The first set of functions answers to a certain extent how
overexpression of MMP2 is associated with osteolysis in bone
metastasis (Fig. 2). Some of the relevant functions include:
i) Degrading the collagen and osteoid seam on the bone surface;
ii) facilitating osteoclast recruitment and osteoclastogenesis;

iii) increasing the RANKL/OPG ratio; iv) inhibiting osteoblast
differentiation; v) activating growth factors and osteolytic
factors, such as TGF-f and IL-6; and vi) amplifying the
mutual regulatory interactions that occur between tumor cells
and the microenvironment. Together, these functions illustrate
the role of MMP?2 in promoting osteoclastic bone resorption,
which provides the framework for understanding the effect of
MMP?2 on metastatic osteolysis.

The second set of functions is in accord with the phenomena
observed in osteolytic disorders caused by MMP2 deficiency
(Fig. 3). The application of genetically engineered mouse
models of MMP2 deficiency has provided insight into the
molecular mechanisms that enable MMP2 to maintain normal
bone mass and prevent developmental abnormalities. The
prominent findings for this aspect of MMP2 functions include:
i) Maintaining the number of bone cells; ii) supporting the
formation of the osteocytic canalicular network; iii) control-
ling the transcription of mineralization-related factors such as
OPN and BSP; iv) fostering subarticular endochondral ossi-
fication and periarticular bone modeling; and v) suppressing
leptin-mediated inhibition of bone formation. However, the
question of whether MMP?2 is required for energy metabolism
in osteoblasts remains to be demonstrated.

The last set of functions takes into account the distinct roles of
MMP2 in two pathological conditions. Since both tumors and
bones are highly vascularized tissues and angiogenesis is a
prerequisite for their development, MMP2 can influence bone
metastasis and osteogenesis through its proangiogenic activity
(Fig. 4). As aforementioned, in terms of molecular mechanisms
for neoplastic angiogenesis, MMP2 facilitates the remodeling
of ECM, stimulates the migration of pericytes and endothelial
cells, and activates angiogenic growth factors. During bone
metastasis, the pre-metastatic niche developed by the neovas-
cular network facilitates metastatic colonization of cancer cells
and subsequent bone destruction. These functions of MMP2
also appear to be of particular importance to vasculogenesis
during skeletal development; formation of neovascular networks
exerts a positive effect on the skeleton. Moreover, several novel
concepts that relate MMP2 with angiogenesis and osteogenesis
have been highlighted, including type-H vessels that are tightly
coupled with periosteal bone formation, as well as VAOs,
which are associated with blood vessel-directed elongation of
bones. Nevertheless, the detailed mechanism underlying how
MMP2 contributes to osteolysis and how MMP2 performs
distinct roles under physiological and pathological conditions
remains unclear. In summary, although MMP?2 has been shown
to be a critical mediator of bone destruction and resorption, it
may also serve additional functions that remain to be identified.
Furthermore, the mechanistic interactions between MMP2 and
other proteases, which may fine-tune and ultimately determine
the end-activity of MMP?2, require further study. A better
understanding of the mechanisms that underlie the functions
of MMP2 during osteolytic metastasis and developmental
osteolysis would facilitate the exploitation of therapeutics for
restoring the phenotypes caused by MMP2 hyperactivity or
deficiency.
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