Biochimie 166 (2019) 223232

Contents lists available at ScienceDirect

Biochimie

journal homepage: www.elsevier.com/locate/biochi

Review
: : . : “ ” |
Matrix metalloproteinase-2: Not (just) a “hero” of the past N
Ct;jck‘for

. . 7 * updates
Patrick Henriet ¢, Hervé Emonard ™
2 de Duve Institute, Université Catholique de Louvain, 1200, Brussels, Belgium
> CNRS and Université de Reims Champagne-Ardenne, UMR 7369, 51100, Reims, France
ARTICLE INFO ABSTRACT
Article history: The 72-kDa type IV collagenase or gelatinase A is the second member of the matrix metalloproteinase
Received 9 March 2019 family, MMP-2. Since the discovery of its first two substrates within components of the extracellular matrix,

Accepted 22 July 2019

- J denatured interstitial type I collagen and native type IV collagen, the roles and various levels of regulation
Available online 27 July 2019

of MMP-2 have been intensively studied, mainly in vitro. Its (over)expression in most if not all tumors was
considered a hallmark of cancer aggressiveness and boosted investigations aiming at its inhibition. Un-

f\(/‘;]a "[‘;"Sds" fortunately, the enthusiasm subsided like a soufflé after clinical trial failures, mostly because of insufficient
. knowledge of in vivo MMP-2 activities and detrimental side effects of broad-spectrum MMP inhibition.

Gelatinase . . . . . . .
Regulation Nowadays, MMP-2 remains a major topic of interest in research, the second in the MMP family after
Function MMP-9. This review presents a broad overview of the major features of this protease. This knowledge is
Inhibitor crucial to identify diagnostic or therapeutic strategies focusing on MMP-2. In this sense, recent publi-
Cancer cations and clinical trials underline the potential value of measuring circulating or tissular MMP-2 levels
as diagnostic or prognostic tools, or as a useful secondary outcome for therapies against other primary
targets. Direct MMP-2 inhibition has benefited from substantial progress in the design of more specific
inhibitors but their in vivo application remains challenging but certainly worth the efforts it receives.
© 2019 Elsevier B.V. and Société Francaise de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction

This minireview is not intended to present an extensive review
on matrix metalloproteinase (MMP)-2. The purpose is to give an
overview of key features of the two lives of MMP-2. Its first life
(1980's — 1990's) was rich in biochemical characterization: struc-
ture, substrates, regulation, mechanisms of activation and inhibi-
tion ... But most importantly, MMP-2 emerged as a key player in
cancer invasion and metastasis, triggering a craze for strategies
aiming at its in vivo inhibition. Unfortunately, adverse effects of
broad spectrum MMP inhibitors (i.e. due to beneficial effects of
MMPs) almost rang the bell for the whole field. However, MMP-2,
like its close relative MMP-9, still continues to benefit from a sus-
tained interest, as illustrated by the number of publications
focusing on, or related with these two MMPs during the last five
years (Fig. 1). This second life of MMP-2 (2000's and 2010's) is
clearly focused on two major topics: a better knowledge of its
precise functions in vivo and in pathologies, and the design of more
specific inhibitors devoid of adverse effects.

In this minireview, we will summarize key features of MMP-2, in
a rather historical (and nostalgic) approach, referring to seminal
observations and/or outstanding reviews and we will also give a
brief overview of the ongoing research.

2. Discovery

In the early 1970's, Harris and Krane identified in the rheumatoid
synovial tissue culture medium an endopeptidase degrading the
denatured form of type I collagen or gelatin, but not its native form
[1]. By analogy with a previously described endopeptidase called
collagenase because of its catalytic activity against native type I
collagen [2], the gelatin-degrading enzyme was termed gelatinase.
The gelatinase was then purified in a latent 72-kDa form from cul-
ture media of various tissues and cells, including rabbit bone [3] and
H-ras-transformed human bronchial epithelial cells [4]. The latent
gelatinase could be activated to an active form degrading type IV
collagen and was therefore also called type IV collagenase [4]. This
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Fig. 1. Number of entries in PubMed per publication year. For each MMP, the
number of entries was calculated by searching PubMed for occurrences of the word
MMPx or MMP-x (or MT1-MMP for MMP-14) per year, in any field, for the last five
years (2014—2018).

gelatinase/type IV collagenase exhibited the principal characteris-
tics that conventionally define a member of the MMP family, namely
secretion as an inactive proMMP, activation, and metallo-dependent
degradation of extracellular macromolecules (for a review [5]). It
was named MMP-2 since it was the second enzyme to enter the
family after interstitial collagenase/MMP-1 [6]. A 92-kDa endopep-
tidase also degrading native type IV collagen and gelatin was later
reported in SV40-transformed human lung fibroblast cultures [7]. To
avoid confusion between these two gelatinases, the 72-kDa enzyme
was called gelatinase A whereas the 92-kDa enzyme was called
gelatinase B and MMP-9 [6].

3. Biochemical and biological features

MMP-2 is a Zn**-dependent enzyme encoded by a gene located
on the long arm of chromosome 16 at position q12.2. The 27 kb-
long MMP2 gene has 13 exons [8] and is classically transcribed in a
3.1 kb-mRNA [4]. The ¢cDNA for MMP-2 codes for a 660 residues
preproenzyme containing a 29 residues signal peptide responsible
for translocation to the endoplasmic reticulum and followed by the
72-kDa-proenzyme (Fig. 2). ProMMP-2 is composed of a propeptide
followed by a catalytic domain that is connected to a hemopexin
(Hpx)-like domain through a linker sequence. A free zinc-ligating
thiol group present in the propeptide maintains the enzyme la-
tency until activation (cysteine switch). The Zn?*-binding motif of

FN-Il repeats

Hpx domain

Pre

Fig. 2. MMP-2 structure. The signal peptide (Pre, 29 residues) targets the
preproMMP-2 to the reticulum endoplasmic and is followed by the prodomain (Pro, 80
residues), which is involved in enzyme latency. A catalytic domain, similar to the one
shared by all MMPs, is composed of two parts (Cat 1, 118 residues and Cat 2, 53 resi-
dues). Each part binds to a zinc ion (Zn?*) but the figure only shows the Zn?* of the
active site (represented by the orange triangle). Inhibition of the catalytic domain in
the zymogen form results from its partial coverage by the propeptide through binding
of the cysteine switch (represented by Cys) with the Zn?* ion of the active site. Three
fibronectin type II (FN-II) repeats (165 residues in total) are inserted between the two
parts of the catalytic domain. Four domains similar to hemopexin (Hpx domain, 192
residues in total) are bound to the catalytic domain through a linker sequence (hinge
domain, 23 residues).



P. Henriet, H. Emonard / Biochimie 166 (2019) 223—232 225

the catalytic domain is preceded by three cysteine-rich repeats
comparable to the collagen-binding fibronectin type II (FN-II) re-
peats, which are required for recognizing collagen and elastin
[9—11].

Different mechanisms contribute to regulate the activity of
MMP-2 during its molecular existence: expression, secretion, acti-
vation, extra/pericellular localization, inhibition, endocytosis and
lysosomal degradation (Fig. 3).

3.1. Expression

According to the Human Protein Atlas [12], the mRNA and the
protein are both present essentially in the heart and smooth
muscles, in the lung, in the colon, in the kidney and the urinary
bladder, in the testis and the prostate, in the uterine cervix and the
endometrium, in the placenta, and in all tumors tested. Values of
MMP-2 concentration in the blood of healthy individuals were re-
ported in various studies [13—24] summarized in Table 1. It is
important to note that a great variability was observed between
MMP-2 concentrations. It could be due to the nature of the samples
tested (serum vs plasma), the anti-clotting agent (sodium citrate vs
dipotassium EDTA) and/or the molecular MMP-2 forms measured
(free vs complexed with TIMP-2; latent vs active).

Historically, (over)expression of MMP-2 in tumors was quickly
linked to increased invasive and metastatic potential, fostering
research on its transcriptional control. The human MMP2 gene lacks
a conventional TATA-box or classical transcription response ele-
ments found in other MMP genes [25—28]. Constitutive expression
of MMP-2 was shown to depend on p53-, Sp1-, Sp3-and AP-2-
binding sites [29,30] but the promoter contains other cis-regula-
tory elements including C/EBP, ATF2, PEA3/Ets, c-myc and AP-1
binding sites [29—34]. Epigenetic control also contributes to
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MMP-2 regulation. For instance, transcriptionally active MMP-2 in
invasive cancer cells is characterized by hypomethylation of CpG
regions in the MMP2 promoter and low levels of histone H3 lysine-
27 trimethylation [35].

3.2. Secretion or intracellular activity

The N-terminus of preproMMP-2 is a signal peptide responsible
for co-translational translocation into the endoplasmic reticulum
(ER). Although MMP-2, like all other MMPs, was initially regarded
only as a secreted MMP with extracellular activity, this paradigm
was progressively modified to account for the accumulating evi-
dence that MMPs are also intracellularly active. Two major mech-
anisms are proposed to explain intracellular MMP localization. The
first one relies on inefficient signal sequence and results in ER
translocation of a variable proportion of the proteins being syn-
thesized, while the other ones remain in the cytosol. The other
mechanism depends on endocytosis of secreted proteins. MMP-2
can be endocytosed through direct or indirect binding to several
membrane proteins (see §3.6). However, its translocation across the
endosome membrane towards the cytosol remains unclear. More-
over, besides its transient journey in the secretory pathway (ER,
Golgi apparatus and related vesicles), intracellular MMP-2 is not
restricted to the cytosol but is also found in organelles including
nucleus and mitochondria. Its intracellular life and activities are
reviewed in details by Cauwe and Opdenakker [36] and more
recently by Jobin et al. [37].

3.3. ProMMP-2 activation

The latent proform of most MMPs is generally processed in the
extracellular compartment by proteolytic removal of the ~10-kDa
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Fig. 3. Levels of control of extra/pericellular MMP-2. After expression (1), preproMMP-2 is usually translocated into the secretion pathway and converted into proMMP-2 by
removal of the signal peptide. After secretion (2) into the extracellular space, proMMP-2 is activated (3) at the cell surface by MT1-MMP. Active MMP-2 can bind to various cell-
surface molecules (4). Active MMP-2 can also be inhibited by TIMPs (5). The inactive complex can be endocytosed by a member of the LRP family, namely LRP-1 (6) and then be

degraded in lysosomes (7).
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Table 1
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MMP-2 levels in human serum and/or plasma. Values are expressed in ng/ml, as means or medians and standard deviation (SD), standard error (SE), interquartile range or
global range ([—]). A-C: anti-clotting agent added into plasma. FMAP: Fluorokine MultiAnalyte Profiling. NT: not tested.

Serum Plasma A-C Technique Molecular forms assayed Ref.
160.0 + 14.8 (SD) 140.1 +21,7 (SD) EDTA FMAP forms and complexes not specified [13]
340 (252) (IQ) 288 (216) (IQ) citrate FMAP pro and active; complexes not specified [14]
235 [108—384] NT ELISA forms and complexes not specified [15]
582.5+139.3 (SD) NT ELISA free and complexed [16]
610+25.9 (SE) 405.5 + 54.3 (SE) citrate ELISA forms and complexes not specified [17]

569.9 + 26.5 (SE) heparin ELISA forms and complexes not specified [17]

86.5+15.6 (SE) EDTA ELISA forms and complexes not specified [17]
NT 753 +126 (SD) unknown ELISA pro but not active; free and complexed [18]
625 [588—662] NT ELISA MMP-2/TIMP-2 complex [19]
1259.9 [793.9—1881.9] 1195.5 [770.6—1791.2] EDTA ELISA free proMMP-2 [20]
29.4[10.8—68.1] NT ELISA free active MMP-2 [20]
1456.4 [749.8—2168.7] 1119.1 [641.6—1780.6] EDTA ELISA MMP-2/TIMP-2 complex [20]
49.0 +10.8 (SD) NT ELISA forms and complexes not specified [21]
NT 781.4+190.7 (SD) EDTA ELISA forms and complexes not specified [22]
593.3 +134.0 (SD) NT ELISA forms and complexes not specified [23]
61.17 (14.02) (IQ) NT EIA forms and complexes not specified [24]

propeptide, resulting in an intermediate form which is further
activated by another proteinase into a fully active form [38].
However, proMMP-2 cannot be fully activated by most extracellular
proteinases. For example, thrombin alone is unable to fully activate
proMMP-2 [39] and activation of proMMP-2 by neutrophil elastase,
cathepsin G or proteinase-3 depends on the expression of
membrane-type 1 MMP (MT1-MMP) [40]. A prominent mechanism
for proMMP-2 activation occurs at the cell surface and depends on
the MT-MMPs, mainly MT1-MMP. The six MT-MMPs are associated
to cell membranes by either a type I transmembrane domain (MT1-,
MT2-, MT3-and MT5-MMPs) or a glycosylphosphatidylinositol
(GPI) anchor (MT4- and MT6-MMPs). Their pericellular activities
are diverse and include ECM degradation and shedding and acti-
vation processes (for recent reviews [41,42]).

Among the six MT-MMPs tested in vitro, only MT4-MMP does
not activate proMMP-2 [43] while MT6-MMP appears not to be
very efficient [44,45]. The recombinant catalytic domain of MT5-
MMP generates the active form of MMP-2 [46]. Activation of
proMMP-2 by MT3-MMP requires a preliminary interaction be-
tween chondroitin sulfate glycosaminoglycans expressed at the cell
surface and the Hpx-like domain of proMMP-2 [47]. MT2-MMP
activates proMMP-2 by directly interacting with the Hpx-like
domain of the proenzyme [48].

Mechanisms of proMMP-2 activation by MT1-MMP have been
extensively studied and involve tissue inhibitor of
metalloproteinases-2 (TIMP-2), a physiological inhibitor of MMPs
[41,49]. Briefly, proMMP-2 can be secreted either in a free form or
already complexed with TIMP-2 through its C-terminal domain
[50]. In the first case, a TIMP-2 that inhibits a cell membrane-
anchored MT1-MMP by interaction between its N-terminal inhib-
itory domain and the catalytic domain of MT1-MMP, acts as a
binding site for free proMMP-2 by interaction between the
proMMP-2 Hpx-like domain and the TIMP-2 C-terminal domain.
ProMMP-2 present in the resulting MT1-MMP-TIMP-2-proMMP-2
complex can then be activated by another adjacent TIMP-2-free
MT1-MMP. In the second case, the N-terminal inhibitory domain
of TIMP-2 in the proMMP-2-TIMP-2 complex can interact with a cell
membrane-anchored MT1-MMP. This proMMP-2 is then activated
by an adjacent free MT1-MMP. To illustrate this process, it has been
shown that proMMP-2 colocalizes with TIMP-2 and MT1-MMP
inside caveolae on the surface of endothelial cells [51]. However,
a recent study performed both in vitro and in vivo suggests that
extracellular association of proMMP-2 and TIMP-2 would depend
on TIMP-2 phosphorylation by extracellular c-Src tyrosine kinase
[52], thereby highlighting that the proMMP-2 activation process is

not yet fully understood. Moreover, as noted by Ra and Parks,
mechanisms deduced from in vitro studies investigating proMMP
activation show « how a zymogen can be activated, not how it is
activated » [53]. Interestingly, TIMP-2-deficient mice revealed that
TIMP-2 is required for efficient in vivo activation of proMMP-2 by
MT1-MMP [54,55]. Moreover, a good correlation between active
MMP-2 and increasing tumor grade exists [56]. These seminal data
could confer on MT1-MMP the title of the « in vivo activator » of
proMMP-2, at least in a malignant disease context.

When proMMP-2 is not secreted, it can also be activated by
proteolytic cleavage or alternatively by oxidation (by H;0,), S-
nitrosylation and S-glutathiolation (reviewed in Ref. [36]). For
instance, it was shown that intracellular activation of proMMP-2 by
oxidative stress contributes to cardiovascular pathologies
(reviewed in Ref. [57]).

3.4. Extra- and peri-cellular substrates

First characterized as a proteinase present in the extracellular
compartment for degrading denatured type I collagen [1] and intact
type IV collagen [4], cell-membrane-associated MMP-2 was also
reported since the late 1980's (for examples, see Refs. [58—62]).
Analysis of the litterature [e.g. 36,63—70] and of the Peptidase
Database MEROPS [71] reveals that MMP-2 has more than 1,200
extra-, peri- and intra-cellular substrates based on the determina-
tion of their cleavage site(s). Intracellular substrates were
mentioned in §3.2. Table 2 presents a selection of extra- and peri-
cellular MMP-2 substrates associated with ECM and its degrada-
tion [72—89].

3.4.1. Cell-surface molecules binding (pro)MMP-2

Besides MT-MMPs, which efficiently bind proMMP-2 to induce
its activation (see §3.3), a limited number of cell-surface molecules
have been shown to contribute to enhance proteolytic activity at
the migrating front of invasive cells by clustering active MMP-2 at
the cell membrane. Among them the heat shock protein HSP90a
expressed at the surface of tumor cells promotes MMP-2 activity
and tumor invasion [90] by binding to the Hpx-like domain of
MMP-2 [91]. The o3 integrin was first identified as a binding site
for the C-terminal Hpx-like domain of MMP-2 in studies investi-
gating in vivo and in vitro interactions between angiogenic blood
vessels and melanoma cells [92,93]. This a,3/MMP-2 interaction
was further identified in many other invasive cells such as endo-
thelial cells [94], mesenchymal cells [95], lung cancer cells [96] and
glioblastoma cells [97]. However, the direct interaction between
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Table 2

Selected extra- and peri-cellular MMP-2 substrates.
Substrates Ref.
Collagens
type I collagen a1 chain [66,70,72,73]
type I collagen a2 chain [66,72,73]

type II collagen a1 chain [73]

type III collagen a1 chain [66,70,73]
type IV collagen o2 chain [66,70]
type V collagen a1 chain [74]
type V collagen o2 chain [66,70]
type V collagen @3 chain [66]
type VI collagen o1 chain [74]
type VI collagen a2 chain [66,70]
type VI collagen @3 chain [70]
Other (glyco)proteins

elastin [75]
fibrillin 1 [76]
fibronectin [66,70]
laminin 1 subunit [70]
laminin y1 subunit [70]
laminin-5 y2 subunit [77]
nidogen-1 [70]
osteopontin [78]
Proteoglycans

aggrecan [79]
biglycan [73]
decorin [70,73,80]
Matricellular proteins

SPARC, osteonectin, BM-40 [70,81]
thrombospondin-2 [66,70]
(Co)-receptors

dystroglycan [70]
syndecan 1 [82]
syndecan 4 [82]
Cytokines

interleukin-1p [83]
Proteases and inhibitors

- Proforms

procathepsin B [66]
procathepsin L1 [66]
proMMP-2 (auto-activation) [67]
proMMP-9 (activation) [68]
proMMP-13 (activation) [69]

- Active forms

cathepsin A [70]
cathepsin B [70]
cathepsin L [70]
MMP-2 [70]
MMP-12 [70]

- Inhibitors

a2M [71]
TIMP-1 [70]
TIMP-2 [70]

MMP-2 and a,f3 integrin was challenged [98]. Regardless of these
proposed molecules, MT-MMPs represent the major proMMP-2
binding partners at the cell surface (see §3.3). Notably, MT1-
MMP-mediated proMMP-2 activation on the cell surface pro-
motes tumor cell invasion [99].

MMP-2 binding to members of the low-density lipoprotein
receptor-related protein (LRP) family to induce endocytic clearance
of MMP-2 is presented in details below (see §3.6).

3.4.2. Cell-surface targets of MMP-2

An extensive review published a decade ago listed the main cell-
surface molecules degraded or shed by MMP-2 [100]. It notably
included cytokines and growth factors that can be activated or
degraded by MMP-2. Since then, other targets have been identified.
As an example, recruitment of MMP-2 by the B; integrin,
concomitant with an altered processing of the 1 integrin, was first
reported in apoptotic HUVEC cells [101]. Kryczka et al. later

reported that MMP-2 degraded B, integrin in colon cancer cells by
shedding its I-like domain [102]. They concluded that sheddase
activity promoted cell motility by reducing their adhesion to
collagen or fibronectin substrates. MMP-2 also binds and cleaves
the transmembrane proteoglycans syndecans 1 and 4, members of
the syndecan family that exerts important roles in cell proliferation,
differentiation, adhesion and migration [88]. The MMP-2-mediated
shedding of human leukocyte antigen-G proteins affects control of
pregnancy immune regulation and inflammation [103]. The a-
dystroglycan, a subunit of the dystroglycan receptor, was recently
identified as a target of MMP-2. Interestingly, a-dystroglycan
degradation contributes to progression of cancer and muscular
dystrophies [104].

From maturation and activation to shedding or degradation,
activity of MMP-2 on its various targets on the cell-surface has
profound consequences on cell behavior in term of proliferation,
differentiation, adhesion and migration, notably in cancer
pathologies.

3.4.3. Non enzymatic membrane-associated activity

Cell membrane-bound MMPs can also act as transducers and
trigger outside-in signaling [ 105]. For instance, binding of proMMP-
2 to ayf3 integrin on the surface of lung cancer cells stimulates
tumor angiogenesis by activating PI3K/AKT pathway and HIF-1g,
leading to VEGF-A expression [96].

3.5. Inhibition of MMP-2 activity

3.5.1. TIMPs

Like all active endoproteinases, MMPs are inhibited by the
“universal” plasma proteinase inhibitor oy-macroglobulin (a;M)
[106]. MMP activity can also be moderately inhibited by other
proteins including domains of netrins, the procollagen C-terminal
proteinase enhancer (PCPE), the reversion-inducing cysteine-rich
protein with Kazal motifs (RECK), and tissue factor pathway in-
hibitor (TFPI-2), but their physiological significance remains to be
clarified (reviewed in Ref. [107]).

However the most important inhibitors of MMPs and their close
relatives “a disintegrin and metalloproteinases” (ADAMs) and
ADAMs with thrombospondin motifs (ADAMTSs) are the tissue
inhibitors of metalloproteinases (TIMPs) (reviewed in Ref. [108]).
Four members, TIMP-1 to TIMP-4, make up the TIMP family [108].
All members inhibit active MMP-2 with a binding constant in the
low picomolar range. This binding also involves interaction be-
tween TIMP and the MMP-2 Hpx-like domain [109].

While TIMP-2, TIMP-3 and TIMP-4 are able to strongly interact
with proMMP-2 [107,110], TIMP-2 is the only one contributing to
cell-surface activation of the proenzyme by MT1-MMP (see §3.3).
Such antagonistic properties of TIMP-2 (inhibition vs activation)
highlight its seminal role in the control of pericellular MMP-2 ac-
tivity [111].

3.5.2. Synthetic MMP inhibitors

The relationship between MMP activity and tumor aggressive-
ness and metastatic potential [112,113] prompted laboratories and
pharmaceutical companies to undergo massive research activity
aimed at designing and developing synthetic MMP inhibitors
(MMPIs). Most of these molecules were characterized by their ca-
pacity to bind the MMP active site [114]. Unfortunately, these broad
spectrum MMPIs presented major side effects and thus failed to
pass successfully the phase Il clinical trials [115,116]. Different
reasons can be pinpointed for explaining such a failure. Among
them, the design of these MMPIs was essentially based on in vitro
data that did not completely reflect the in vivo complexity. More-
over, besides contributing to cancer progression (drug targets),
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some MMPs, such as MMP-8, can also act as antitumor agents and
must be considered as anti-targets in cancer therapy [117—119].
Despite these issues MMP-1, MMP-2 and MMP-7 are still the sub-
jects of research aimed at anti-tumor therapies. Studies are in
progress to improve specificity towards MMP-2 target versus MMP
anti-targets in cancer [120,121].

3.5.3. “Exotic” natural inhibitors

Natural compounds represent a promising source of MMPIs
[122,123]. While the crucial problem to be solved is their selectivity,
some of them already present moderate natural specificity. For
instance, unsaturated long-chain fatty acids inhibit preferentially
MMP-2 and -9 with micromolar Ki values but their inhibition of
MMP-1 activity is weak [124].

3.6. MMP-2 endocytic clearance

Endocytosis allows the transport of material from extracellular
environment into intracellular space for its elimination. This
mechanism is well known for the clearance of active proteinases
complexed to o;M via the a;M receptor [125]. The a;M receptor has
been identified as the low-density lipoprotein receptor-related
protein (LRP) [126]. LRP, now noted LRP-1, is the first member of
an endocytic receptor family related to the LDL receptor [127].
Three members of this scavenger receptor family, LRP-1, LRP-1b
and LRP-2, are able to endocytose MMP-2 and thus participate in
the regulation of extracellular MMP-2 levels [128].

3.6.1. LRP-1

Binding of (pro)MMP-2 to thrombospondin-2 (TSP-2), which is a
ligand of LRP-1 [129] allows efficient clearance of MMP-2 [130].
When complexed with TIMP-2, proMMP-2 can also be endocytosed
by LRP-1 [131]. The involvement of TIMP-2 in both activation of
proMMP-2 by MT1-MMP and uptake of proMMP-2 by LRP-1
strongly suggests the existence of a competition between these
two processes. In contrast, the proMMP-2 activator MT1-MMP is
able to shed LRP-1 [132,133]. Consequently it would impede MMP-
2 endocytosis by LRP-1 [131] and thus would favor the cell-surface
bioavailability of MMP-2. Endocytosis of TIMP-1 [134] and TIMP-3
[135], both able to bind and inhibit active MMP-2 [108], also con-
tributes to the clearance of MMP-2. Moreover, a recent study
demonstrates that different glycosaminoglycans including hyalur-
onan and sulfated hyaluronan impact negatively or positively on
MMP-2/TIMP-3 complex formation [136].

The net effect of all these mechanisms on regulation of active
MMP-2 at the cell surface depends on the cell type, the extracellular
environment and the physio-pathological context.

3.6.2. LRP-1b

LRP-1b inactivation in cultured thyroid cancer cells modifies
their growth and invasive capacities [ 137]. Interestingly, restoration
of LRP-1b is accompanied by a reduction of MMP-2 in the condi-
tioned medium without concomitant difference in MMP-2 mRNA
levels. These data suggest that LRP-1b has the ability to mediate
endocytic clearance of MMP-2.

3.6.3. LRP-2/megalin

Using an in vitro model of BN16 cell cultures, we recently
showed that LRP-2 was able to bind and endocytose proMMP-2
complexed to TIMP-2 [138]. Moreover conditional renal invalida-
tion of LRP-2 in mice resulted in accumulation of proMMP-2 and
TIMP-2 in their urine, highlighting the physiological relevance of
the binding of the complex to LRP-2. As hypothesized for LRP-1,
LRP-2 could also represent an additional mechanism to regulate
active MMP-2 at the cell surface depending on the cell type, the

extracellular environment and the physio-pathological context.
4. Pathologies

From the first correlation established between metastatic po-
tential and degradation of basement membrane type IV collagen by
a 65-kDa endopeptidase [139] up to the discovery of MT1-MMP
[140], MMP-2 overexpression was considered as a hallmark of
cancer aggressiveness. Meta-analyses found that MMP-2 expres-
sion could be correlated (and often proposed to be used as prog-
nostic marker) with pituitary adenomas [141], breast cancer [142],
ovarian cancer [143], endometrial cancer [144], gastric cancer
[145], and non-small cell lung cancer [146].

However extra/pericellular MMP-2 is also involved in other
degenerative pathologies, often in association with other MMPs.
MMP-2 is thus involved in neurological disorders including Par-
kinson's and Alzheimer's diseases and glaucoma (for review, see for
instance Refs. [147,148]). MMP-2 is associated with inflammation of
various origins, such as parasitic diseases [149] and osteoarthritis
[150]. MMP-2 also contributes to the rupture of atherosclerotic
plaques [151]. Meta-analyses also found that MMP-2 is associated
with renal fibrosis [152] and thoracic aortic aneurysm [153].

Most of the MMP-2 deleterious activities are associated with up-
regulation of its expression/activity. In contrast, a recent review
presents important data that demonstrate impact of MMP-2 un-
deractivity, either MMP-2 deficiency or insufficiency, on inflam-
mation, metabolic dysregulation and cardiovascular and skeletal
pathologies [154].

Several mutations in the MMP2 gene can cause Multicentric
Osteolysis, Nodulosis, and Arthropathy (MONA), a rare skeletal
dysplasia characterized by progressive osteolysis (particularly of
the carpal and tarsal bones), osteoporosis, subcutaneous nodules
on the palms and soles, and progressive arthropathy (OMIM gene
entry 120360) [155].

Another genetic disease, the Winchester syndrome (OMIM en-
try 277650) is also linked to deficient MMP-2 activity since it is
caused by mutations in the MT1-MMP gene, thereby affecting
proMMP-2 activation. Without surprise, the Winchester syndrome
shares common symptoms with MONA, including osteolysis and
arthropathy.

Moreover, recent meta-analyses have concluded that
the —1306 C/T and —735 C/T polymorphisms are potentially linked
to increased cancer risk [156,157].

5. Perspectives and conclusion

As our knowledge progresses, the original “gelatinase”,
described as being able to degrade denatured interstitial type I
collagen, has grown considerably in importance. In this sense, it has
followed the same route as other members of the MMP family:
from basic proteinases degrading components of the extracellular
matrix, they have become major actors with extra-, peri- and intra-
cellular functions. As a predictable consequence, they have been
implicated in many pathologies. In particular, MMP-2 has emerged
as a key player in tumor development. About 40% of the PubMed
entries reporting on MMP-2 in 2018 (MMP2, MMP-2 or gelatinase A
in the title) were focusing on cancer. Unquestionably, the in vitro
approach has greatly improved our fundamental knowledge about
its expression, activation and substrates. However, future in-
vestigations will have to focus on its in vivo features.

Recent publications and clinical trials suggest that MMP-2 levels
will become useful biomarkers for diagnostic or prognostic evalu-
ation [158—163]. For instance, variations of circulating or tissular
MMP-2 levels are measured as a secondary outcome in trials with a
different primary target (e.g. VEGF). However, variability between
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assays will require tightly standardized procedures. Despite a sig-
nificant progress in the design of more specific MMP-2 inhibitors,
their therapeutic usage remains a challenge, due to the reverse
effects of systematic MMP-2 inhibition.

In conclusion, we believe that MMP-2 clearly deserves the
amount of energy it receives from the scientific community, due to
the ever-growing complexity of its physiological functions, and
therefore (potential) implication in (severe) pathologies.
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