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Abstract: Membrane typel-matrix metalloproteinase (MT1-MMP) is a member of metalloproteinases
that is tethered to the transmembrane. Its major function in cancer progression is to directly de-
grade the extracellular matrix components, which are mainly type I-III collagen or indirectly type
IV collagen through the activation of MMP-2 with a cooperative function of the tissue inhibitor of
metalloproteinase-2 (TIMP-2). MT1-MMP is expressed as an inactive form (zymogen) within the
endoplasmic reticulum (ER) and receives truncation processing via furin for its activation. Upon the
appropriate trafficking of MT1-MMP from the ER, the Golgi apparatus to the cell surface membrane,
MT1-MMP exhibits proteolytic activities to the surrounding molecules such as extracellular matrix
components and cell surface molecules. MT1-MMP also retains a non-proteolytic ability to acti-
vate hypoxia-inducible factor 1 alpha (HIF-1A) via factors inhibiting the HIF-1 (FIH-1)-Mint3-HIF-1
axis, resulting in the upregulation of glucose metabolism and oxygen-independent ATP production.
Through various functions of MT1-MMP, cancer cells gain motility on migration/invasion, thus
causing metastasis. Despite the long-time efforts spent on the development of MT1-MMP interven-
tions, none have been accomplished yet due to the side effects caused by off-target effects. Recently,
MT1-MMP-specific small molecule inhibitors or an antibody have been reported and these inhibitors
could potentially be novel agents for cancer treatment.
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1. Introduction

Matrix metalloproteinases (MMPs) are common proteinases composed of 23 members
in humans, 6 of which were discovered as MMPs tethered to the plasma membrane, called
membrane-type MMP (MT-MMP). Among MT-MMPs, MT1-MMP, also referred to as MMP-
14, was the first MT-MMP to be identified [1] as a cell surface proteinase expressed in invasive
tumors, followed by the discovery of MT2-MMP (MMP-15), MT3-MMP (MMP-16), MT4-MMP
(MMP-17), MT5-MMP (MMP-24), and MT6-MMP (MMP-25). MT-MMPs are characterized
as two subgroups, transmembrane (TM)-type and glycosylphosphatidylinositol (GPI)-type,
which are tethered to TM and GP], respectively. MT4-MMP and MT6-MMP are the GPI-type
MMP and the rest of the MMPs are classified into TM-type. Although the functions of most of
the MMPs are not well elucidated yet, MT1-MMP is the most well-characterized MMP in the
aspect of its role in the invasion and metastasis of cancer cells, and even its non-proteolytic
involvement in the indirect enhancement of hypoxia-inducible factor-1 alpha (HIF-1A) activity
and the regulation of its endosomal trafficking. MT1-MMP is one of the collagenases and
exhibits proteinase activities on extracellular matrix components, cell surface molecules, and
certain types of cytosolic proteins. Now, MT1-MMP is known to be often associated with
cancer metastasis in various mechanisms depending on the cell types. Regarding the extremely
wide influence of MT1-MMP on various substrates and diseases, we would like to briefly
summarize the involvement of MT1-MMP in cancer metastasis.
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2. The Fundamentals of MT1-MMP
2.1. The Structure of MT1-MMP

MMP families retain well-conserved domains within the extracellular region, which
include signal peptide, pro-peptide, RXKR motif, and zinc-dependent catalytic motif within
the N-terminal half; and the hemopexin-like (HPX) domain with adjacent linkers within
the C-terminal half. What differentiates the TM-type and GPI-type is the TM domain
with the adjacent cytoplasmic region, which comprises 20 amino acids, or the GPI signal
domain, which lacks the cytoplasmic region, on the C-terminal end of the MT-MMDPs,
respectively [2,3]. Additionally, only TM-type MMPs retain the insertion of 8-9 amino
acids named MT-loop within its catalytic domain [4,5]. MT1-MMP was the first MMP to
be discovered as TM-type [1]. Although MT1-MMP is known as a cell surface protein,
it initially localizes at the Golgi apparatus as an inactive state (pro-MMP) before it is
transported to the cell surface and there, pro-MMP turns to the active state after receiving
proteolytic processing between the RXKR motif and the catalytic domain via furin [6]. The
MT1-MMP gene comprises 10 exons similar to most of the other MMPs except for MMP-2
and MMP-13 which comprise 13 and 8 exons, respectively. However, the domain coded
with exon 2 in other MMPs is divided into two exons, exon 2 and 3, in MT1-MMP, and on
the other hand, exon 3 and 4 in other MMPs converge on exon 4 only [7] (Figure 1).
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Figure 1. Exon mapping of MMP proteins. An exon mapping of MT1-MMP as a representative
membrane type MMP is described compared with the MMP-1 as an original MMP and MMP-2 as an
MMP that has a core relationship with MT1-MMP. SP: signal peptide, Pro: pro-domain, CAT: catalytic
domain, HPX: HPX domain, TM: transmembrane domain, CPT: cytoplasmic tail, FN: fibronectin-like
domain, RXKR: RXKR motif.

2.2. How MT1-MMP Expressions Are Regulated

MT1-MMP is expressed in various types of cells such as fibroblasts, osteoblasts, and
epithelial cells [4]. Additionally, cancer cells exhibit higher levels of MT1-MMP expression,
and that associates with poor prognosis [8-12]. Since the distributions and the substrates of
MT1-MMP are extremely diverse, its expression is strictly controlled at an appropriate level
depending on the situation through transcriptional and epigenetic regulations. For example,
the expression of MT1-MMP is maintained at a high level during mouse embryogenesis
in the developing urinary bladder, skeletal formation, muscular tissues, and placenta [13].
The expression of MT1-MMP can also be upregulated along with that of MMP-2 upon the
vascular damage and also the skin where wound repairing is occurring [14,15]. MT1-MMP
not only with its structural feature but also with its gene regulation mechanism seems to
be somewhat unique among MMPs although still little about the precise mechanism has
been elucidated. Whereas the promoters of the other MMPs contain common TATA boxes
and activator protein-1 (AP-1) binding sites, that of MT1-MMP lacks both a TATA box
and AP-1 binding site, and possesses an Sp-1 binding site instead, located 92 nucleotides
upstream of the transcription-initiating region [7]. The Sp-1 binding site is not completely
the same as the classical sequences, but it still functions as a critical regulator of MT1-
MMP expression as the deletion of this site abolishes its expression. In addition to Sp-1,
other factors could regulate the transcription of MT1-MMP, which differs by the type of



Cells 2023, 12, 2187

30f16

cells. These transcription factors include molecules such as Early Growth Response-1
(Egr-1), Nuclear Factor-kappa B (NF-kB), c-Myc, NK2 Homeobox (Nkx2), and p53. Of
these transcription factors, the Egr-1 binding site partially overlaps with the Sp-1 binding
site; thus, these two molecules compete with each other. In endothelial cells, Egr-1 rather
than Sp-1 regulates the transcription of MT1-MMP [16]. As for the macrophages of the
atherosclerotic plaque, Serum amyloid A-activating factor-1 upregulates MT1-MMP [17].
Whereas most of the transcription factors that bind to the MT1-MMP promoter function as
the inducers of its expression, the interaction with p53 or PROX1 leads to the suppressive
outcome [18-20]. The expression of PROXI1 is shown to clinically correlate with that of
MT1-MMP as well as a positive correlation with the survival rate in gastric cancer [19].

Epigenetic modifications are also common concepts that regulate gene expressions.
As epigenetic alterations, the methylation of DNA, which can be frequently seen in CpG
sites, generally suppresses the expression of tumor suppressor genes [21]. Core histones
H2A, H2B, H3, and H4 can also receive several types of modifications, which are methy-
lation, acetylation, phosphorylation, and ubiquitination [22]. The acetylation of histones
is generally associated with the enhancement of gene expressions while methylation can
function in both directions for up/downregulations [23]. These epigenetic modifications
are frequently dysregulated in cancers. The promoter of MT1-MMP in breast cancer cells
MCEF-7, which lack MT1-MMP expression, are hypermethylated at CpG islands compared
with other cancer cells with high MT1-MMP expression. Additionally, the trimethylation of
H3K27 is hyper-upregulated. Therefore, the expression of MT1-MMP is also epigenetically
regulated through DNA methylation and acetylation at H3K27 [24].

Recently, several microRNAs (miR) have been identified as the suppressor of MT1-
MMP expression. Tang et al. revealed that epigenetic modification also contributes
to the indirect inhibition of MT1-MMP expression mediated by EZH2, DNMT1, and
miR-484, resulting in the suppression of the metastatic features of cervical cancers [25]. In
this report, MT1-MMP is shown to be downregulated by miR-484, the expression of which is
suppressed by the DNMT1-mediated methylation of its promoter. As the EZH2-stimulated
upregulation of DNMT1 takes part in the methylation of the miR-484 promoter, the expres-
sion of MT1-MMP is also epigenetically regulated by the methylation of other factors in
addition to the MT1-MMP promoter itself. In renal cancer cells (RCC), miR-485-5p, which
retains the potential for inhibiting hepatocellular carcinoma and glioma development, is
able to bind to MT1-MMP mRNA and suppress its expression [26-28]. The circular RNAs
of the patched-1 (PTCHI) gene (circPTCH1) counteract with miR-485-5p by impairing the
interaction between miR-485-5p and MT1-MMP mRNA; therefore, circPTCH-1 elevates
MT1-MMP expression and enhances the metastasis of RCC to the lung, liver, spleen, and
colon. Similarly, miR-142-5p abrogates the expression of MT1-MMP in oral squamous cell
carcinoma [29].

2.3. Intracellular Localization of MT1-MMP

When cancer cells invade the metastatic site, they generally utilize the cell surface
protrusions, named invadopodia. Invadopodia are actin-based adhesive structures, in
which the lipids are abundant, and associated with the proteolytic activity against the
ECM components [30]. MT1-MMP is now regarded as a key regulator of invadopodia.
The mechanism of the localization of the cell surface is known to be accomplished via
several factors such as F-actin and vimentin [31,32]. Recently, vimentin, which is a common
epithelial-to-mesenchymal transition (EMT) marker, is one of the factors that stimulate
MT1-MMP in degrading the surrounding collagens of colorectal cancers. Vimentin takes
part in functioning as one such stimulus for MT1-MMP activation [32]. Upon vimentin
binding with myosin 10 (Myo010), Myo10 is aggregated at the tips of cell extensions. The
formation of the Myol0-vimentin complex will then be associated with the addition of
MT1-MMP in it, which facilitates the trafficking of MT1-MMP toward the cell surface
and enhances the collagen proteolysis for ECM reorganization. Additionally, not just
vimentin regulates the localization of MT1-MMP, as MT1-MMP could potentially regulate
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the expression of vimentin in contrast [33]. On the other hand, the MT1-MMP cytoplasmic
tail-binding protein 1 (MTCBP-1) also binds to the cytoplasmic tail of MT1-MMP and
interferes with the binding of MT1-MMP and F-actin [34-36]. The expression of MTCBP-1
abolishes the localization of MT1-MMP in the invadopodia at the cellular surface. After the
cell surface localization of MT1-MMP, it is required to go through the series of dynamics
of internalization and recycling to the invadopodia to sustainably keep its net amount
of active form on the cell surface. For the internalization of MT1-MMP, it is processed
in clathrin- and caveola-dependent manner [37-39]. Notably, not all internalized MT1-
MMPs are recycled back to invadopodia as some of them experience autophagy-dependent
degradation mediated by the interaction between the HPX domain of MT1-MMP and the
cytoplasmic region of CD63 [40]. The mechanisms of recycling MT1-MMP into invadopodia
have a lot of elusive points but the reported factors involved here are the components of
soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins
(vesicle-associated membrane protein, VAMP; Bet1), Rab GTPase, and sorting nexin (SNX)
27 [41-45]. VAMP3, VAMP?7, and Betl are the three SNARE proteins that are reported
to have contributed to MT1-MMP trafficking, which are all localized at the late (mature)
endosomes, and depleting either of these molecules causes the failure of recycling to
the invadopodia associated with the decreased proteolytic activity on ECM components.
Retromers are heteromeric protein complexes that are composed of multiple vacuolar
protein-sorting subunits and have an important role in the trafficking of transmembrane
cargoes [46,47]. SNX family proteins support the recruitment of retromers on the endosomal
proteins, thus regulating the endosomal recycling of transmembrane proteins. In certain
breast cancer cells, SNX27 is associated with the proper trafficking of MT1-MMP to the cell
surface and the defect in SNX27 function leads to the impairment of MT1-MMP-mediated
ECM destruction [44].

2.4. MT1-MMP-Dependent Processing of Other MMPs

MMPs are the enzymes that function as zinc-dependent proteinases mainly against
ECM components and some cell surface receptors. MT1-MMP was the first membrane-
anchored type of MMP discovered as an activator of type IV collagenase, MMP-2 (also
known as Gelatinase A), by processing pro-MMP-2 in invasive cancer cells [1]. The currently
proposed mechanism for MMP-2 activation by MT1-MMP involves the ternary complex
formed with MT1-MMP, pro-MMP-2, and tissue inhibitor of metalloproteinase-2 (TIMP-2).
MT1-MMP homodimerizes through its HPX and TM domain. The N-terminal inhibitory
domain of TIMP-2 binds to and inhibits the proteolytic activity of only one side of the
dimerized MT1-MMP, which means the counterpart of dimerized MT1-MMP is free from
TIMP-2. In addition to dimerized MT1-MMP, the C-terminal region of TIMP-2 also binds to
the HPX domain of pro-MMP-2, thus ending up forming a ternary complex of dimerized
MT1-MMP, TIMP-2, and pro-MMP-2 [48]. Based on the reports from Goldberg et al.,
pro-MMP is catalyzed by MT1-MMP and processed to the activated form (64 kDa form)
upon proteolysis between residues N80 and Y81 with an intermediate product (68 kDa
form) that was processed between residues N37 and L38 [49,50]. During this MT1-MMP-
mediated proteolysis of MMP-2, TIMP-2 serves as a mediator in the ternary complex for
the interaction of MT1-MMP and MMP-2. Of note, it seems the expression level of TIMP-2
should be well controlled as an insufficient nor excess amount of TIMP-2 suppresses the
MT1-MMP-mediated proteolysis of MMP-2 [49]. Additionally, MT1-MMP also shows
proteolytic activity against MMP-13, which is classified as type II collagenase [51]. The
activation of pro-MMP-13 (60 kDa form) is achieved by the cleavage at its residues G84—
Y85 producing 48 kDa form via the 56 kDa intermediate form initiated via the MT1-MMP
activity [51,52]. Unlike MMP-2, the cleavage of MMP-13 proceeds independently of TIMP-2.

2.5. ECM Components as Substrates of MT1-MMP

Although MMP-2 and MMP-13 can be activated through the cleavage of the pro-
MMPs by MT1- MMP, the main substrates of MT1-MMP are the ECM components such as
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collagens, fibronectins, gelatins, and so on. ECMs are non-cellular and three-dimensional
factors surrounding the resident cells of tissues, and their components are extremely
versatile. More than a few hundred ECM-related molecules are regarded to exist; however,
the core components are roughly classified into collagens, proteoglycans (e.g., heparan
sulfate, keratan sulfate), and glycoproteins (e.g., fibronectin, laminins, elastin) [53,54]. In
other ways, ECMs can be grouped into two forms, stromal matrix and basement membranes.
The stromal matrix is diverse among the tissues and can even be reprogrammed within
the same tissue in response to internal or external stress such as psychological stresses,
physical injuries, and tissue regeneration [55]. The stromal matrix includes various types
of collagens (except for collagen IV), fibronectin, and elastin; and the remodeling of these
molecules involves the transformation of ECM stiffness and cell signaling, thus leading
to various diseases including cancer progression [56]. On the other hand, the basement
membrane is a structure with a relatively higher stiffness compared with the stromal matrix
and it includes collagen IV, laminin, nidogen, agrin, and sulfate proteoglycans as key
components [57]. The main role of the basal membrane is to form a stiff and well-organized
surface of the tissues, which enables the separation from the surrounding environments and
the homeostasis of tissues [58]. Tumor metastasis generally involves the remodeling of the
basement membranes. MMPs are classified into subgroups depending on the preferential
substrates: collagenase (MMP-1, -8, -13, -14, and -18), gelatinase (MMP-2 and -9), membrane
types, and others (MMP-7, -12, -19, -20, -23, -26, and -28). Although some of the substrates
identified for MMPs derive from in vitro experiments without showing the physiological
interactions, MT-MMPs compared to the other soluble MMPs show a wider substrate
spectrum. Since MT1-MMP has the widest specificity of substrates among MT-MMPs,
MT1-MMP is regarded as the most important factor for ECM remodeling as MT-MMPs.
The ECM-related substrates of MT1-MMP include collagen type I, II, and 1II, fibronectin,
vitronectin, laminin-111, laminin-332, and so on [59-63]. Although MT1-MMP cannot
process type IV collagen, which is a key component of basement membranes, MMP-2 can
provide proteolytic processing to type IV collagen. Therefore, MT1-MMP can indirectly
degrade type IV collagen via the activation of MMP-2. Consequently, MT1-MMP is capable
of remodeling components of both the stromal matrix and basement membrane, thus
possessing a key role in the invasion of cancer cells.

2.6. Non-ECM-Related Substrates of MT1-MMP

Apart from ECM components and the MMP families, MT1-MMP exhibits proteolytic
activities against cell surface molecules. Fibroblast growth factor receptors (FGFRs) are a
family of receptor tyrosine kinases that are responsible for intra-membranous ossification
during skull development and their activating mutations are sometimes related to tumor
progressions [64]. A disintegrin and metalloprotease 9 (ADAMDY) is a transmembrane
protein that possesses a metalloproteinase domain but is distinct from the MMP family.
ADAMDY can bind with FGFR2 and shed its juxtatransmembrane domain formed with
14 amino acid residues, thus leading to deactivation [65]. By MT1-MMP shedding ADAM9,
it indirectly protects FGFR2 from cleavage by ADAM9 [66]. ADAMO9 expression is nega-
tively correlated with the malignancy level of prostate cancer. CD44 is a cell surface receptor
that primarily binds with hyaluronic acids (HAs). MT1-MMP, through its HPX domain,
binds with the cytoplasmic region of CD44 and cleaves it at the residues between R186 and
G192 [60,67]. The importance of the interaction between MT1-MMP and CD44 is not just
due to its influence on ECM structures but also to the determination of their localization to
the cell surface [68]. As the cytoplasmic region of CD44 binds with cytoskeletal molecule
F-actin, F-actin functions as a rail for trafficking MT1-MMP to the cell surface along with
CD44 prior to the proteolytic modification of CD44 by MT1-MMP at the lamellipodia [68].
Recently, insulin receptor has been revealed to be digested with MT1-MMP, which causes
obesity-induced insulin resistance along with aging [69].
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2.7. Beyond Its Function as Proteinase

Hypoxia is one of the common features of cancer cells, especially invasive cells, as well
as macrophages and a certain kind of stromal cells. HIF-1A is known as the key factor for
adaptation to hypoxia by functioning as a transcription factor and upregulating the expres-
sion levels of adenosine triphosphate (ATP) production and genes related to angiogenesis
such as vascular endothelial growth factor (VEGF). Under normoxic conditions, the activi-
ties of HIF-1 proteins are suppressed in two mechanisms, which are oxygen-dependent
protein degradation and deactivation via factor-inhibiting HIF-1 (FIH-1). For the degrada-
tion of HIF-1, prolyl hydroxylases (PHDs) and an E3-ubiquitin ligase named von-Hippel
Lindau (VHL) take responsible roles. As PHDs utilize oxygen molecules for their activity,
the normoxic condition enables the hydroxylation of HIF-1A at residues P402 and P564
followed by proteasomal degradation upon recognition of HIF-1 hydroxylation via VHL.
Therefore, the hypoxic condition increases the stability of HIF-1 and its activity through the
cooperative function with p300/CBP. FIH-1 interferes with the interaction between HIF-1
and p300/CBP, which leads to the deactivation of HIF-1 without affecting the expression
levels. In contrast, the Munc18-1-interacting protein (Mint3), which is also called amyloid
beta precursor protein-binding family A member 3, enhances the activity of HIF-1. Mint3 is
a protein that comprises a phosphotyrosine-binding domain and tandem PDZ domains
(PDZa and PDZb) within the C-terminal half and with these domains, Mint3 serves as
an adaptor protein. The binding partners of Mint3 also include furin [70]. On the other
hand, the N-terminal region of Mint3, which is intrinsically disordered, especially residues
G77-G88, was discovered to form dimers with FIH-1. This interaction of Mint3 and FIH-1
indirectly activates HIF-1 by suppressing the binding of FIH-1 and HIF-1. MT1-MMP with
its cytoplasmic region was identified to bind with FIH-1 and also mediate the colocalization
of FIH-1 and Mint3 [71]. The cytoplasmic region of MT1-MMP, especially amino acid
residues Q575 through L578 (QRSL), has the key responsibility for binding with FIH-1 since
the deletion of CPT or the mutants of QRSL diminished the MT1-MMP /FIH-1 interaction.
Not only that, FIH-1, which generally colocalizes with Mint3 at the perinuclear region,
shows diffused expression within the cytoplasm, losing the ability to form a complex
with Mint3 when the CPT of MT1-MMP is defective. Conclusively, we have identified
MT1-MMP as another factor that indirectly upregulates HIF-1 activity [72].

3. The Impact of MT1-MMP on Cancer Metastasis
3.1. ECM Remodeling by MT1-MMP

Metastasis involves complex and multiple steps of the cellular journey such as intrava-
sation, extravasation, and localization at the metastatic sites. As MT1-MMP functions as a
collagenase which directly sheds type I-III collagen, or indirectly type IV collagen through
the activation of MMP-2, MT1-MMP is indirectly involved in the destruction of basement
membrane structures, which enables cell invasion. Weise et al., using an established breast
cancer cell line, proved the wide contribution of MT1-MMP as well as MT2-MMP to the
invasive activity of cancer cells into vessels and basement membranes with their proteolytic
activity against collagens, leading to the degradation of ECMs [73]. As the direct contribution
of MT1-MMP on extravasation is not well elucidated, the stable formation of invadopodia
by its structural components Tks4/5 and cortactin is a prerequisite feature for extravasation
around the extravascular region of murine lung and several cancer cells such as HT-1080
(fibrosarcoma), B16F10 (murine melanoma), MDA-MB-231LN (breast), and T24 (bladder),
which share similar phenotypes [74]. As invadopodia indeed include MT1-MMP, as already
stated above, MT1-MMP may be the actual executor of invadopodia-dependent extravasation.

However, the stimulus that activates the MT1-MMP activity varies. Although the
functions of CD44 are so complicated, since they cover a wide range of physiological
processes, they are generally associated with the progression and metastasis of tumors. One
of their common reasons for increasing malignancy is that the binding of HA with CD44
can activate the key oncologic signaling cascade such as the mitogen-activated protein
kinase (MAPK) and Phosphatidyl inositol triphosphate kinase (PI3K)/Akt pathways [75].
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In addition, several reports implicated that CD44 shedding is associated with the migration
or metastasis of tumors. Various cancer cell lines (e.g., lung, sarcoma, pancreas) exhibit
enhanced migration upon the cleavage of CD44 by MT1-MMP [60,68]. Consistently, low-
molecule HA fragments (HA oligosaccharides) also induce the stimulus for CD44 cleavage,
resulting in the elevated migration of pancreatic cancer cells [76]. As the internal cyto-
plasmic domain of CD44 (CD44-1CD) released from the cell surface in turn functions as a
transcription factor, it could potentially upregulate the expressions of genes required for
migration including CD44 itself [77]. ALIX has recently been discovered to upregulate MT1-
MMP and MMP-9 expression and the depletion of ALIX attenuates the invasive/migrative
activity of head and neck cell carcinoma (HNSCC) cells [78].

Cleavage of ECM molecules in some cases releases bioactive fragments like growth
factors, cytokine/chemokines, and the shorter fragments of ECM components which often
comprise cytokine/chemokine-like structures, thus termed matrikines. Transforming
growth factor beta (TGF-f) is a well-known factor that is involved in angiogenesis and
metastasis. Latent TGF-f is predominantly bound to latent TGF-f binding protein-1
(LTBP-1) [79]. Upon the proteolysis of LTBP-1 in endothelial cells, latent TGF-{3 is released
into the ECM environment and supports tumor progression and metastasis. MMP-2 is
also able to produce elastin-derived matrikines composed of specific peptides (VGVAPG
or AGVPGLGVG) and they were revealed to promote tumor progression [80,81]. In this
case, MT1-MMP is indirectly involved in releasing elastin-derived matrikines through the
direct activation of MMP-2. Laminin-332, which is composed of «3, 33, and y2 chains, is
also one of the ECM components that release matrikines upon cleavage via MT1-MMP
and MMP-2 [62,63,82]. MT1-MMP cleaves and produces domain III fragment (DIII) within
Y2 chain and DIII fragments, which is revealed to induce the EGFR-dependent migrative
activity of breast cancer cells with its EGF-like structure [83]. Not only y2 but also the
a3 chain with its LG3 module contributes to the enhanced cell adhesion and migration
associated with o331 integrin [84]. Conclusively, MT1-MMP has a wide contribution to
remodeling the metastatic niche degrading the ECM and adhesion molecules, and in some
cases, proteolytically producing the bioactive molecules in the secondary localization site
for cancer metastasis.

3.2. The Activation of Oncogenic Signaling by MT1-MMP

As one of the mechanisms of MT1-MMP-derived tumor invasion, Be liveau et al.
reported the activation of the MAPK cascade. According to the report, excess cellular
expression of MT1-MMP induces the upregulation of phospho-ERK (p-ERK); however,
the effect requires both the intact cytoplasmic region and the activity of MT1-MMP [85].
Notably, the activation of ERK mediated via MT1-MMP is dependent on serum and the
direct contact of MT1-MMP with ECM molecules including at least either fibronectin,
type I collagen, or gelatin. Conversely, Mignatti et al. had reported a similar case of
the MT1-MMP-dependent activation of the MAPK cascade; however, they proposed the
non-proteolytic mechanism of p-ERK activation that enhances the cell proliferation and
migration as well as tumor growth [86]. This non-proteolytic mechanism also requires the
existence of the cytoplasmic region of MT1-MMP, especially residues Y573-R575, showing
the critical role and the direct contact of MT1-MMP and TIMP-2 through either or both the
catalytic and HPX domain of MT1-MMP. Y573 in MT1-MMP is phosphorylated through
the activity of Src tyrosine kinase and the modification causes the sphingosine-1-phosphate-
induced migration [87]. Interestingly, the protein expression of MT1-MMP with an intact
residue Y573 induces the phosphorylation of Src (Y416), which is an activating modification,
independently of the proteolytic activity of MT1-MMP [88]. In total, MT1-MMP and Src are
mutually supportive in directing cell proliferation and migration. Several other groups also
reported that MT1-MMP mediated cell growth and migration depending on its proteolytic
activity, so there remains further discussion for the requirement of the proteolytic activity
of MT1-MMP for cell growth and migration. Since TIMP-2 can function bidirectionally
against the activation of MMP-2 depending on its concentrations, a similar case could
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be applied for this case, and a properly controlled concentration of TIMP-2 could be the
clue for clarifying the discrepancy since Mignatti et al. is the only group that used a
relatively low concentration of TIMP-2, which is close to the physiological concentration,
and demonstrated the independency of the proteolytic activity of MT1-MMP [89-91].
PI3K/Akt signaling is also a common pathway that is related to cancer malignancy in
various aspects. TIMP-2 is also capable of activating PI3K/ Akt signaling in the presence
of MT1-MMP but does not require its proteolytic activity [92]. For the TIMP-2- and MT1-
MMP-dependent activation of the PI3K/Akt cascade, the involvement of the cytoplasmic
region of MT1-MMP is yet to be elucidated. Although FGFR and the downstream RAS
activity are one of the molecules that retain the potential for activating both the MAPK and
PI3K/ Akt cascades, the TIMP-2-mediated induction of MAPK signaling was the only one
that was dependent on the FGFR activity [92].

3.3. Metastasis Promotion via the Non-Proteolytic Activity of MT1-MMP

MT1-MMP occasionally demonstrates non-proteolytic involvement in cell invasion
with the existence of its cytoplasmic region. The residues from L571 through C574, which
reside in the cytoplasmic region, are critical sites that regulate the internalization of MT1-
MMP [93]. The depletion of the cytoplasmic region disables MT1-MMP to internalize
without affecting its proteolytic activity; however, it also abrogates the migrative ability of
cancer cells, proving that cancer cells employ the cytoplasmic region but not the proteolytic
ability of MT1-MMP in certain circumstances. One possible factor that is involved in this
proteolytic activity-independent migration is the palmitoylation at C574 [94]. Interestingly,
MT1-MMP in endothelial cells shows its localization where intercellular adhesion occurs in
an ECM-type-specific manner. This cell surface localization is stimulated by type I collagen,
fibronectin, or fibrinogen surrounding the endothelial cells and is mediated by the inter-
action between the cytoplasmic region of MT1-MMP and either 31 or av33 integrin [95].
Importantly, these ECMs abrogated both the internalization and the proteolytic activity
of MT1-MMP but increased the migrative activities. This unique relationship between
endothelial MT1-MMP and ECMs may be involved in regulating the angiogenesis or tumor
invasion into the tissue. Recent reports from Coppolino et al. made it firm that invadopodia
formation and the internalization of MT1-MMP require the activity of 31 activity and
the subsequent activation of Src and EGFR for the phosphorylation of the MT1-MMP
cytoplasmic region [96,97].

Other than the involvement of MT1-MMP in extracellular environments, it can also
affect intracellular molecules. As stated above, the cytoplasmic region of MT1-MMP binds
to FIH-1, which leads to the activation of Mint3 associated with HIF-1A activation. This
MT1-MMP-mediated HIF-1A activation via the FIH-1-Mint3-HIF-1A axis was initially
discovered as an ATP production mechanism in macrophages [72,98]. However, cancer
cells were also identified to utilize a similar mechanism for their ATP production through
rapid glucose metabolism, named the Warburg effect [99]. Since Mint3 has the potential
for promoting cell proliferation and metastasis in various types of cancer cells (e.g., breast
cancer, MDA-MB-231; fibrosarcoma, HT-1080; epidermoid carcinoma, A431; non-small
cell lung cancer, A549; and urothelial carcinoma, RT-112), the activity of MT1-MMP is also
responsible for exhibiting these features of cancer cells [100-102] (Figure 2). Additionally,
the MT1-MMP-mediated induction of the HIF-1A activity in the hematopoietic stem cell is
involved in releasing secretory factors like kit ligand and erythropoietin, and chemokines
such as stromal cell-derived factor-1 and interleukin-7 in addition to VEGF as a canonical
transcription target of HIF-1A [103]. Although this finding is related to hematopoietic
homeostasis, it could also affect the metastasis which involves the vascular niches.
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Figure 2. Schematic non-proteolytic function of MT1-MMP. Non-proteolytic function of MT1-MMP is
mainly regulated via its cytoplasmic region. The internalization and recycling circuit of MT1-MMP
required for its intact proteinase activity is mediated via the palmitoylation at C574 residue. On the
other hand, ECMs such as type I collagen induce the cell surface colocalization of MT1-MMP and
integrin subunits, which is also bound with the cytoplasmic region of MT1-MMP. Under intercellular
contacts, this complex impairs the internalization of MT1-MMP. Additionally, FIH-1 bound at the
cytoplasmic region of MT1-MMP lacks its ability to bind with HIF-1; thus, it means MT1-MMP is
indirectly involved in upregulating HIF-1 activity.

4. Negative Regulators of MT1-MMP
4.1. Endogenous Negative Regulators of MT1-MMP

Since the MT1-MMP affects the migration/invasion ability of cancer cells either with its
proteolytic or non-proteolytic activity, the inhibition of its activity could potentially abrogate
the cancer malignancy. The activity of MT1-MMP can be physiologically regulated through
the inhibition of its expression, direct inhibition of its catalytic domains, or its trafficking
among the Golgi apparatus, ER, and transmembrane localization. The appropriate amount
of TIMP-2 functions as a bridge between MT1-MMP and MMP-2, and supports the activa-
tion of MMP-2. However, the excess amount of TIMP-2 rather suppresses the proteolytic
activity of MT1-MMP since it could bind to both sides of the MT1-MMP dimers, resulting
in the inhibition of the gelatinolytic activity of MMP-2 [104]. TIMP-2 additionally inhibits
FGF-2-induced endothelial cell proliferation, mitogenic activity of epidermal growth factor,
and angiogenesis by increasing a protein tyrosine phosphatase activity associated with
FGF and VEGF receptors [105-107]. Therefore, TIMP-2 suppresses metastasis through
proteolytic- and growth factor-dependent mechanisms. Reversion-inducing-cysteine-rich
protein with Kazal motifs (RECK) also functions as a tumor invasion suppressive protein by
inhibiting the proteolytic activity of MT1-MMP and MMP-2 in addition to its influence on
MMP-9 expression [108,109]. As one of the factors that negatively regulate the expression
of MT1-MMP, p53 tumor suppressive protein, which is reverted by interleukin-6, was
reported by Cao et al. [20]. Schlafen 5 (SLEN5) is a protein which was discovered to have
an inhibitory effect on cell motility and invasiveness in an interferon alpha-dependent
manner in renal cancer and melanoma cells [110,111]. One of the underlying mechanisms
of the SLEN5-dependent inhibition of cancer invasions, SLEN5 suppresses the expression of
MT1-MMP through the inhibition of Akt activity and the subsequent activation of glycogen
synthase kinase 3 beta and the deactivation of 3-catenin, which is an executor transcription
factor in the Wnt/ 3-catenin cascade [112].

WD Repeat and FYVE Domain Containing 2 (WDFY?2) is a protein which was discov-
ered to localize at the tubular structure of endosomes for the first time by
Sneeggen et al. [113]. Whereas vesicles with VAMP3 SNARE protein can transport MT1-
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MMP to the plasma membrane, WDFY2 tethered to the phosphatidylinositol 3-phosphate
which localized at the same VAMP3 positive vesicles interferes with the VAMP3-dependent
recycling of MT1-MMP into invadopodia [45,113,114]. WDFY2 functions by disrupting the
endocytosis-recycling circuit of MT1-MMP and abrogates the invasion of cancer cells into
collagen-rich ECMs.

Breast cancer can be classified into non-/pre-invasive types called ductal carcinoma
in situ (DCIS) and invasive breast cancer (IBC). To date, non-metastatic cells 1 (NME1) is
the latest protein molecule to be identified as a suppressor of MT1-MTP-driven metastasis.
The expression levels of NME1 and MT1-MMP are revealed to negatively correlate and
additionally, NMEL1 levels switch from high to low while MT1-MMP switch from low
to high upon transforming from DCIS to IBC [115]. NME1 drives the endocytosis of
MT1-MMP and destructs the balance of internalization of recycling during breast cancer
stays as DCIS, which could potentially result in the lysosomal destruction of MT1-MMP.
Overexpression of NME1 leads to the decreased invasive activity of breast cancer cells. Of
note, the similar correlation between NME1 and MT1-MMP also applies to other cancers
including colorectal, endometrial, ovarian, prostate, and HNSCC tumors [115].

4.2. Artificial Inhibitors of MT1-MMP

The cumulative evidence of MT1-MMP enhancing tumor progression prompted peo-
ple to spend efforts developing chemical inhibitors of MT1-MMP. The initial clinical at-
tempts to overcome MT1-MMP-driven tumor malignancy started in the 1990s [116]. The
original concept of MT1-MMP inhibition was through depriving zinc ions of MT1-MMP by
zinc chelators (e.g., Batimastat, BB-94; Marimastat; BB-2516). However, their off-target inhi-
bition of the ADAM family protein led to severe adverse events, especially musculoskeletal
syndrome (MSS), and the clinical trials of these inhibitors had to be terminated [117,118].
Even with the inhibitor with a similar mechanism of action and higher selectivity to MMPs
(e.g., tanomastat, prinomastat, rebimastat), their clinical trials still were not successful
due to the other severe side effects such as bone marrow suppression and venous throm-
boembolism despite improved MSS [119]. Recently, quinoline derivatives, clioquinol, and
chloroxine were identified as novel MT1-MMP inhibitors. These compounds were dis-
covered through the screening of the proteolytic activity on VEGFR peptides. Both of
these compounds bind to the tunnel structure that resides in the ()-loop region of the cat-
alytic domain [120]. While chloroxine shows affinity against MMP-9 and MMP-13 as well,
clioquinol is highly specific to MT1-MMP. Although the actual inhibitory effect of these
quinoline derivatives on cancer cell invasion or metastasis is not validated, at least they
impair the proteolytic activity of MMP-2 mediated by MT1-MMP. DX-2400 is an antibody
that selectively binds to MT1-MMP and inhibits its activity associated with the subsequen-
tial inhibition of MMP-2 activation [121]. Although DX-2400 has yet to be forwarded in
clinical trials, it shows significant efficacy in the suppression of breast cancer cell metastasis,
both in vitro and in vivo [121]. So far, the latest antibody agent for MT1-MMP identified is
IgG3369. This antibody also effectively exhibits the inhibitory effect of tumor metastasis in
the mouse xenograft model of triple-negative breast cancers [122].

5. Conclusions

MT1-MMP, which was initially identified in the invasive front of cancer cells, has long
been studied with the aim to elucidate its contributions to tumor metastasis. Although a
complete understanding of the features of MT1-MMP is complex due to its diverse effects
on ECMs, cell surface molecules, or intracellular signaling via its proteolytic and non-
proteolytic activities, it has become a firm fact that MT1-MMP promotes tumor malignancy
through its influence on tumor progression, metastasis, and angiogenesis. Until now,
doxycycline is the only Food and Drug Administration-approved MMP inhibitor, which
has not been proven to inhibit MT1-MMP. The past failures in the clinical trials of MT1-MMP
inhibitors are mainly due to off-target-driven side effects but highly MT1-MMP-specific
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inhibitors have recently been reported from multiple groups so they could be a potential
intervention that could conquer the MT1-MMP-driven tumor malignancy.

On the other hand, we have to keep in mind that MT1-MMP is also required in
certain situations such as embryogenesis and the maintenance of macrophages. Therefore,
MT1-MMP inhibitors should be administrated with precise care. Under these cautions,
MT1-MMP inhibitors could potentially be promising agents that induce various advantages
not just for cancer treatments but also for other diseases including rheumatoid arthritis,
age-associated diabetes, and atherosclerosis.

Author Contributions: Conceptualization, T.S.; writing—original draft preparation, N.T.;
writing—review & editing, N.T. and T.S.; supervision, T.S.; funding acquisition, T.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by JSPS, 23H03318 and 23K14576.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge the assistance rendered by Kanako Akamatsu, Vu
Duc Anh, and Tatsuki Ikoma.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Sato, H.; Takino, T.; Okada, Y.; Cao, J.; Shinagawa, A.; Yamamoto, E.; Seiki, M. A matrix metalloproteinase expressed on the
surface of invasive tumour cells. Nature 1994, 370, 61-65. [CrossRef] [PubMed]

2. Kessenbrock, K.; Plaks, V.; Werb, Z. Matrix metalloproteinases: Regulators of the tumor microenvironment. Cell 2010, 141, 52-67.
[CrossRef] [PubMed]

3. Sakamoto, T.; Seiki, M. Integrated functions of membrane-type 1 matrix metalloproteinase in regulating cancer malignancy:
Beyond a proteinase. Cancer Sci. 2017, 108, 1095-1100. [CrossRef] [PubMed]

4. Itoh, Y. Membrane-type matrix metalloproteinases: Their functions and regulations. Matrix Biol. 2015, 44—46, 207-223. [CrossRef]

5. Woskowicz, A.M.; Weaver, S.A.; Shitomi, Y.; Ito, N.; Itoh, Y. MT-LOOP-dependent localization of membrane type I matrix
metalloproteinase (MT1-MMP) to the cell adhesion complexes promotes cancer cell invasion. J. Biol. Chem. 2013, 288, 35126-35137.
[CrossRef] [PubMed]

6.  Yana, L; Weiss, S.J. Regulation of membrane type-1 matrix metalloproteinase activation by proprotein convertases. Mol. Biol. Cell
2000, 11, 2387-2401. [CrossRef]

7. Lohi, J; Lehti, K.; Valtanen, H.; Parks, W.C.; Keski-Oja, J. Structural analysis and promoter characterization of the human
membrane-type matrix metalloproteinase-1 (MT1-MMP) gene. Gene 2000, 242, 75-86. [CrossRef]

8.  Lafleur, M.A.; Xu, D.; Hemler, M.E. Tetraspanin proteins regulate membrane type-1 matrix metalloproteinase-dependent
pericellular proteolysis. Mol. Biol. Cell 2009, 20, 2030-2040. [CrossRef]

9.  Wu,KP;Li Q;Lin, EX; Li, J; Wu, LM,; Li, W,; Yang, Q.Z. MT1-MMP is not a good prognosticator of cancer survival: Evidence
from 11 studies. Tumour Biol. 2014, 35, 12489-12495. [CrossRef]

10. Zhao, YYW.; Ma, W,; Jiang, E; Xie, Y.; Tang, L. Upregulation of matrix metalloproteinase 14 (MMP14) is associated with poor
prognosis in renal clear cell carcinoma-a bioinformatics analysis. Transl. Androl. Urol. 2022, 11, 1523-1534. [CrossRef]

11.  Noda, Y,; Ishida, M.; Yamaka, R.; Ueno, Y.; Sakagami, T.; Fujisawa, T.; Iwai, H.; Tsuta, K. MMP14 expression levels accurately predict
the presence of extranodal extensions in oral squamous cell carcinoma: A retrospective cohort study. BMC Cancer 2023, 23, 142.
[CrossRef] [PubMed]

12.  Brookes, M.].; Roundhill, E.A ; Jeys, L.; Parry, M.; Burchill, S.A.; Rankin, K.S. Membrane-type 1 matrix metalloproteinase as
predictor of survival and candidate therapeutic target in Ewing sarcoma. Pediatr. Blood Cancer 2022, 69, €29959. [CrossRef]

13. Apte, S.S.; Fukai, N.; Beier, D.R.; Olsen, B.R. The matrix metalloproteinase-14 (MMP-14) gene is structurally distinct from other
MMP genes and is co-expressed with the TIMP-2 gene during mouse embryogenesis. J. Biol. Chem. 1997, 272, 25511-25517.
[CrossRef] [PubMed]

14. Jenkins, G.M.; Crow, M.T,; Bilato, C.; Gluzband, Y.; Ryu, W.S,; Li, Z.; Stetler-Stevenson, W.; Nater, C.; Froehlich, J.P.; Lakatta, E.G.;
et al. Increased expression of membrane-type matrix metalloproteinase and preferential localization of matrix metalloproteinase-2
to the neointima of balloon-injured rat carotid arteries. Circulation 1998, 97, 82-90. [CrossRef] [PubMed]

15. Madlener, M.; Parks, W.C.; Werner, S. Matrix metalloproteinases (MMPs) and their physiological inhibitors (TIMPs) are differen-

tially expressed during excisional skin wound repair. Exp. Cell Res. 1998, 242, 201-210. [CrossRef]


https://doi.org/10.1038/370061a0
https://www.ncbi.nlm.nih.gov/pubmed/8015608
https://doi.org/10.1016/j.cell.2010.03.015
https://www.ncbi.nlm.nih.gov/pubmed/20371345
https://doi.org/10.1111/cas.13231
https://www.ncbi.nlm.nih.gov/pubmed/28267240
https://doi.org/10.1016/j.matbio.2015.03.004
https://doi.org/10.1074/jbc.M113.496067
https://www.ncbi.nlm.nih.gov/pubmed/24165131
https://doi.org/10.1091/mbc.11.7.2387
https://doi.org/10.1016/S0378-1119(99)00549-1
https://doi.org/10.1091/mbc.e08-11-1149
https://doi.org/10.1007/s13277-014-2567-8
https://doi.org/10.21037/tau-22-619
https://doi.org/10.1186/s12885-023-10595-x
https://www.ncbi.nlm.nih.gov/pubmed/36765296
https://doi.org/10.1002/pbc.29959
https://doi.org/10.1074/jbc.272.41.25511
https://www.ncbi.nlm.nih.gov/pubmed/9325265
https://doi.org/10.1161/01.CIR.97.1.82
https://www.ncbi.nlm.nih.gov/pubmed/9443435
https://doi.org/10.1006/excr.1998.4049

Cells 2023, 12, 2187 12 of 16

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Haas, T.L.; Stitelman, D.; Davis, S.J.; Apte, S.S.; Madri, ].A. Egr-1 mediates extracellular matrix-driven transcription of membrane
type 1 matrix metalloproteinase in endothelium. J. Biol. Chem. 1999, 274, 22679-22685. [CrossRef]

Ray, B.K,; Shakya, A.; Turk, ].R.; Apte, S.S.; Ray, A. Induction of the MMP-14 gene in macrophages of the atherosclerotic plaque:
Role of SAF-1 in the induction process. Circ. Res. 2004, 95, 1082-1090. [CrossRef]

Gramolelli, S.; Cheng, J.; Martinez-Corral, I.; Vaha-Koskela, M.; Elbasani, E.; Kaivanto, E.; Rantanen, V.; Tuohinto, K.; Hautaniemi,
S.; Bower, M,; et al. PROX1 is a transcriptional regulator of MMP14. Sci. Rep. 2018, 8, 9531. [CrossRef]

Kasurinen, A.; Gramolelli, S.; Hagstrom, J.; Laitinen, A.; Kokkola, A.; Miki, Y.; Lehti, K.; Yashiro, M.; Ojala, PM.; Bockelman, C.;
et al. High tissue MMP14 expression predicts worse survival in gastric cancer, particularly with a low PROX1. Cancer Med. 2019,
8, 6995-7005. [CrossRef]

Cathcart, ].M.; Banach, A.; Liu, A.; Chen, ].; Goligorsky, M.; Cao, J. Interleukin-6 increases matrix metalloproteinase-14 (MMP-14)
levels via down-regulation of p53 to drive cancer progression. Oncotarget 2016, 7, 61107-61120. [CrossRef]

Moore, L.D.; Le, T.; Fan, G. DNA methylation and its basic function. Neuropsychopharmacology 2013, 38, 23-38. [CrossRef]
[PubMed]

Fry, CJ.; Peterson, C.L. Chromatin remodeling enzymes: Who's on first? Curr. Biol. 2001, 11, R185-R197. [CrossRef] [PubMed]
Cao, J.; Yan, Q. Histone ubiquitination and deubiquitination in transcription, DNA damage response, and cancer. Front. Oncol.
2012, 2, 26. [CrossRef]

Chernov, A.V.; Sounni, N.E.; Remacle, A.G.; Strongin, A.Y. Epigenetic control of the invasion-promoting MT1-MMP /MMP-
2 /TIMP-2 axis in cancer cells. |. Biol. Chem. 2009, 284, 12727-12734. [CrossRef] [PubMed]

Hu, Y.; Wu, E; Liu, Y; Zhao, Q.; Tang, H. DNMT1 recruited by EZH2-medjiated silencing of miR-484 contributes to the malignancy
of cervical cancer cells through MMP14 and HNF1A. Clin. Epigenetics 2019, 11, 186. [CrossRef]

Gao, J.; Dai, C.; Yu, X,; Yin, X.B.; Zhou, F. microRNA-485-5p inhibits the progression of hepatocellular carcinoma through blocking
the WBP2/Wnt signaling pathway. Cell. Signal. 2020, 66, 109466. [CrossRef]

Liu, H.; Hu, G.; Wang, Z,; Liu, Q.; Zhang, J.; Chen, Y.; Huang, Y.; Xue, W.; Xu, Y.; Zhai, W. circPTCH1 promotes invasion and
metastasis in renal cell carcinoma via regulating miR-485-5p/MMP14 axis. Theranostics 2020, 10, 10791-10807. [CrossRef]
Wang, R.; Zuo, X.; Wang, K.; Han, Q.; Zuo, J.; Ni, H.; Liu, W.; Bao, H.; Tu, Y.; Xie, P. MicroRNA-485-5p attenuates cell proliferation
in glioma by directly targeting paired box 3. Am. J. Cancer Res. 2018, 8, 2507-2517.

Dai, D.; Feng, X.D.; Zhu, W.Q.; Bao, Y.N. LncRNA BLACAT1 regulates the viability, migration and invasion of oral squamous cell
carcinoma cells by targeting miR-142-5p. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 10313-10323. [CrossRef]

Chen, W.T. Proteolytic activity of specialized surface protrusions formed at rosette contact sites of transformed cells. J. Exp. Zool.
1989, 251, 167-185. [CrossRef]

Yu, X.; Machesky, L.M. Cells assemble invadopodia-like structures and invade into matrigel in a matrix metalloprotease dependent
manner in the circular invasion assay. PLoS ONE 2012, 7, e30605. [CrossRef] [PubMed]

Ostrowska-Podhorodecka, Z.; Ali, A.; Norouzi, M.; Ding, I.; Abbasi, S.; Arora, P.D.; Wong, T.H.E.; Magalhaes, M.; McCulloch,
C.A. Vimentin-mediated myosin 10 aggregation at tips of cell extensions drives MT1-MMP-dependent collagen degradation in
colorectal cancer. FASEB J. 2023, 37, €23097. [CrossRef] [PubMed]

Li, B;; Lou, G.; Zhou, J]. MT1-MMP promotes the proliferation and invasion of gastric carcinoma cells via regulating vimentin and
E-cadherin. Mol. Med. Rep. 2019, 19, 2519-2526. [CrossRef]

Qiang, L.; Cao, H.; Chen, J.; Weller, S.G.; Krueger, EW.; Zhang, L.; Razidlo, G.L.; McNiven, M. A. Pancreatic tumor cell metastasis
is restricted by MT1-MMP binding protein MTCBP-1. J. Cell Biol. 2019, 218, 317-332. [CrossRef]

Uekita, T.; Gotoh, L.; Kinoshita, T.; Itoh, Y.; Sato, H.; Shiomi, T.; Okada, Y.; Seiki, M. Membrane-type 1 matrix metalloproteinase
cytoplasmic tail-binding protein-1 is a new member of the Cupin superfamily. A possible multifunctional protein acting as an
invasion suppressor down-regulated in tumors. J. Biol. Chem. 2004, 279, 12734-12743. [CrossRef]

Ferrari, R.; Martin, G.; Tagit, O.; Guichard, A.; Cambi, A.; Voituriez, R.; Vassilopoulos, S.; Chavrier, P. MT1-MMP directs
force-producing proteolytic contacts that drive tumor cell invasion. Nat. Commun. 2019, 10, 4886. [CrossRef]

Uekita, T.; Tanaka, S.S.; Sato, H.; Seiki, M.; Tojo, H.; Tachi, C. Expression of membrane-type 1 matrix metalloproteinase (MT1-
MMP) mRNA in trophoblast and endometrial epithelial cell populations of the synepitheliochorial placenta of goats (Capra hircus).
Arch. Histol. Cytol. 2001, 64, 411-424. [CrossRef] [PubMed]

Jiang, A.; Lehti, K.; Wang, X.; Weiss, S.J.; Keski-Oja, ].; Pei, D. Regulation of membrane-type matrix metalloproteinase 1 activity by
dynamin-mediated endocytosis. Proc. Natl. Acad. Sci. USA 2001, 98, 13693-13698. [CrossRef]

Remacle, A.; Murphy, G.; Roghi, C. Membrane type I-matrix metalloproteinase (MT1-MMP) is internalised by two different
pathways and is recycled to the cell surface. J. Cell Sci. 2003, 116, 3905-3916. [CrossRef]

Takino, T.; Miyamori, H.; Kawaguchi, N.; Uekita, T.; Seiki, M.; Sato, H. Tetraspanin CD63 promotes targeting and lysosomal
proteolysis of membrane-type 1 matrix metalloproteinase. Biochem. Biophys. Res. Commun. 2003, 304, 160-166. [CrossRef]
[PubMed]

Miyagawa, T.; Hasegawa, K.; Aoki, Y.; Watanabe, T.; Otagiri, Y.; Arasaki, K.; Wakana, Y.; Asano, K; Tanaka, M.; Yamaguchi, H.;
et al. MT1-MMP recruits the ER-Golgi SNARE Bet1 for efficient MT1-MMP transport to the plasma membrane. J. Cell Biol. 2019,
218, 3355-3371. [CrossRef]


https://doi.org/10.1074/jbc.274.32.22679
https://doi.org/10.1161/01.RES.0000150046.48115.80
https://doi.org/10.1038/s41598-018-27739-w
https://doi.org/10.1002/cam4.2576
https://doi.org/10.18632/oncotarget.11243
https://doi.org/10.1038/npp.2012.112
https://www.ncbi.nlm.nih.gov/pubmed/22781841
https://doi.org/10.1016/S0960-9822(01)00090-2
https://www.ncbi.nlm.nih.gov/pubmed/11267889
https://doi.org/10.3389/fonc.2012.00026
https://doi.org/10.1074/jbc.M900273200
https://www.ncbi.nlm.nih.gov/pubmed/19286653
https://doi.org/10.1186/s13148-019-0786-y
https://doi.org/10.1016/j.cellsig.2019.109466
https://doi.org/10.7150/thno.47239
https://doi.org/10.26355/eurrev_201912_19669
https://doi.org/10.1002/jez.1402510206
https://doi.org/10.1371/journal.pone.0030605
https://www.ncbi.nlm.nih.gov/pubmed/22347388
https://doi.org/10.1096/fj.202300672R
https://www.ncbi.nlm.nih.gov/pubmed/37440280
https://doi.org/10.1007/s00894-013-1802-3
https://doi.org/10.1083/jcb.201802032
https://doi.org/10.1074/jbc.M309957200
https://doi.org/10.1038/s41467-019-12930-y
https://doi.org/10.1679/aohc.64.411
https://www.ncbi.nlm.nih.gov/pubmed/11757910
https://doi.org/10.1073/pnas.241293698
https://doi.org/10.1242/jcs.00710
https://doi.org/10.1016/S0006-291X(03)00544-8
https://www.ncbi.nlm.nih.gov/pubmed/12705901
https://doi.org/10.1083/jcb.201808149

Cells 2023, 12, 2187 13 of 16

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Bravo-Cordero, J.J.; Marrero-Diaz, R.; Megias, D.; Genis, L.; Garcia-Grande, A.; Garcia, M.A.; Arroyo, A.G.; Montoya, M.C.
MT1-MMP proinvasive activity is regulated by a novel Rab8-dependent exocytic pathway. EMBO ]. 2007, 26, 1499-1510.
[CrossRef]

Linder, S.; Scita, G. RABGTPases in MT1-MMP trafficking and cell invasion: Physiology versus pathology. Small GTPases 2015, 6,
145-152. [CrossRef] [PubMed]

Sharma, P.; Parveen, S.; Shah, L.V.; Mukherjee, M.; Kalaidzidis, Y.; Kozielski, A.].; Rosato, R.; Chang, J.C.; Datta, S. SNX27-retromer
assembly recycles MT1-MMP to invadopodia and promotes breast cancer metastasis. J. Cell Biol. 2020, 219, €201812098. [CrossRef]
Kean, M.J.; Williams, K.C.; Skalski, M.; Myers, D.; Burtnik, A.; Foster, D.; Coppolino, M.G. VAMP3, syntaxin-13 and SNAP23 are
involved in secretion of matrix metalloproteinases, degradation of the extracellular matrix and cell invasion. J. Cell Sci. 2009, 122,
4089-4098. [CrossRef] [PubMed]

Chamberland, J.P; Ritter, B. Retromer revisited: Evolving roles for retromer in endosomal sorting. . Cell Biol. 2017, 216, 3433-3436.
[CrossRef] [PubMed]

Burd, C.; Cullen, PJ. Retromer: A master conductor of endosome sorting. Cold Spring Harb. Perspect. Biol. 2014, 6, a016774.
[CrossRef]

Emmert-Buck, M.R.; Emonard, H.P.,; Corcoran, M.L.; Krutzsch, H.C.; Foidart, ].M.; Stetler-Stevenson, W.G. Cell surface binding of
TIMP-2 and pro-MMP-2/TIMP-2 complex. FEBS Lett. 1995, 364, 28-32. [CrossRef]

Strongin, A.Y,; Collier, I.; Bannikov, G.; Marmer, B.L.; Grant, G.A.; Goldberg, G.I. Mechanism of cell surface activation of 72-kDa
type IV collagenase. Isolation of the activated form of the membrane metalloprotease. J. Biol. Chem. 1995, 270, 5331-5338.
[CrossRef]

Strongin, A.Y.; Marmer, B.L.; Grant, G.A.; Goldberg, G.I. Plasma membrane-dependent activation of the 72-kDa type IV
collagenase is prevented by complex formation with TIMP-2. |. Biol. Chem. 1993, 268, 14033-14039. [CrossRef]

Knauper, V.; Will, H.; Lopez-Otin, C.; Smith, B.; Atkinson, S.J.; Stanton, H.; Hembry, R.M.; Murphy, G. Cellular mechanisms for
human procollagenase-3 (MMP-13) activation. Evidence that MT1-MMP (MMP-14) and gelatinase a (MMP-2) are able to generate
active enzyme. J. Biol. Chem. 1996, 271, 17124-17131. [CrossRef] [PubMed]

Knauper, V.; Bailey, L.; Worley, ].R.; Soloway, P.; Patterson, M.L.; Murphy, G. Cellular activation of proMMP-13 by MT1-MMP
depends on the C-terminal domain of MMP-13. FEBS Lett. 2002, 532, 127-130. [CrossRef] [PubMed]

Naba, A.; Clauser, K.R.; Ding, H.; Whittaker, C.A.; Carr, S.A.; Hynes, R.O. The extracellular matrix: Tools and insights for the
“omics” era. Matrix Biol. 2016, 49, 10-24. [CrossRef] [PubMed]

Iozzo, R.V,; Schaefer, L. Proteoglycan form and function: A comprehensive nomenclature of proteoglycans. Matrix Biol. 2015, 42,
11-55. [CrossRef]

Mouw, ] K.; Ou, G.; Weaver, V.M. Extracellular matrix assembly: A multiscale deconstruction. Nat. Rev. Mol. Cell Biol. 2014, 15,
771-785. [CrossRef]

Egeblad, M.; Rasch, M.G.; Weaver, V.M. Dynamic interplay between the collagen scaffold and tumor evolution. Curr. Opin. Cell
Biol. 2010, 22, 697-706. [CrossRef]

Pozzi, A.; Yurchenco, P.D.; lozzo, R.V. The nature and biology of basement membranes. Matrix Biol. 2017, 57-58, 1-11. [CrossRef]
Jayadev, R.; Sherwood, D.R. Basement membranes. Curr. Biol. 2017, 27, R207-R211. [CrossRef]

Ohuchj, E.; Imai, K.; Fujii, Y.; Sato, H.; Seiki, M.; Okada, Y. Membrane type 1 matrix metalloproteinase digests interstitial collagens
and other extracellular matrix macromolecules. J. Biol. Chem. 1997, 272, 2446-2451. [CrossRef]

Kajita, M.; Itoh, Y.; Chiba, T.; Mori, H.; Okada, A.; Kinoh, H.; Seiki, M. Membrane-type 1 matrix metalloproteinase cleaves CD44
and promotes cell migration. J. Cell Biol. 2001, 153, 893-904. [CrossRef]

Deryugina, E.I; Bourdon, M.A_; Jungwirth, K.; Smith, ].W,; Strongin, A.Y. Functional activation of integrin ?v?3 in tumor cells
expressing membrane-type 1 matrix metalloproteinase. Int. |. Cancer 2000, 86, 15-23. [CrossRef]

Koshikawa, N.; Schenk, S.; Moeckel, G.; Sharabi, A.; Miyazaki, K.; Gardner, H.; Zent, R.; Quaranta, V. Proteolytic processing of
laminin-5 by MT1-MMP in tissues and its effects on epithelial cell morphology. FASEB ]. 2004, 18, 364-366. [CrossRef]
Koshikawa, N.; Giannelli, G.; Cirulli, V.; Miyazaki, K.; Quaranta, V. Role of cell surface metalloprotease MT1-MMP in epithelial
cell migration over laminin-5. J. Cell Biol. 2000, 148, 615-624. [CrossRef]

Ornitz, D.M.; Marie, PJ. FGF signaling pathways in endochondral and intramembranous bone development and human genetic
disease. Genes. Dev. 2002, 16, 1446-1465. [CrossRef] [PubMed]

Peduto, L.; Reuter, V.E.; Shaffer, D.R.; Scher, H.I.; Blobel, C.P. Critical function for ADAMSY in mouse prostate cancer. Cancer Res.
2005, 65, 9312-9319. [CrossRef] [PubMed]

Chan, K.M.; Wong, H.L.; Jin, G.; Liu, B.; Cao, R.; Cao, Y.; Lehti, K.; Tryggvason, K.; Zhou, Z. MT1-MMP inactivates ADAM9 to
regulate FGFR2 signaling and calvarial osteogenesis. Dev. Cell 2012, 22, 1176-1190. [CrossRef]

Suenaga, N.; Mori, H.; Itoh, Y.; Seiki, M. CD44 binding through the hemopexin-like domain is critical for its shedding by
membrane-type 1 matrix metalloproteinase. Oncogene 2005, 24, 859-868. [CrossRef] [PubMed]

Mori, H.; Tomari, T.; Koshikawa, N.; Kajita, M.; Itoh, Y.; Sato, H.; Tojo, H.; Yana, I.; Seiki, M. CD44 directs membrane-type 1 matrix
metalloproteinase to lamellipodia by associating with its hemopexin-like domain. EMBO ]. 2002, 21, 3949-3959. [CrossRef]
Guo, X.; Asthana, P.; Gurung, S.; Zhang, S.; Wong, S.K.K,; Fallah, S.; Chow, CEW.,; Che, S.; Zhai, L.; Wang, Z.; et al. Regulation of
age-associated insulin resistance by MT1-MMP-mediated cleavage of insulin receptor. Nat. Commun. 2022, 13, 3749. [CrossRef]


https://doi.org/10.1038/sj.emboj.7601606
https://doi.org/10.4161/21541248.2014.985484
https://www.ncbi.nlm.nih.gov/pubmed/26107110
https://doi.org/10.1083/jcb.201812098
https://doi.org/10.1242/jcs.052761
https://www.ncbi.nlm.nih.gov/pubmed/19910495
https://doi.org/10.1083/jcb.201708111
https://www.ncbi.nlm.nih.gov/pubmed/29061649
https://doi.org/10.1101/cshperspect.a016774
https://doi.org/10.1016/0014-5793(95)00345-A
https://doi.org/10.1074/jbc.270.10.5331
https://doi.org/10.1016/S0021-9258(19)85205-5
https://doi.org/10.1074/jbc.271.29.17124
https://www.ncbi.nlm.nih.gov/pubmed/8663255
https://doi.org/10.1016/S0014-5793(02)03654-2
https://www.ncbi.nlm.nih.gov/pubmed/12459476
https://doi.org/10.1016/j.matbio.2015.06.003
https://www.ncbi.nlm.nih.gov/pubmed/26163349
https://doi.org/10.1016/j.matbio.2015.02.003
https://doi.org/10.1038/nrm3902
https://doi.org/10.1016/j.ceb.2010.08.015
https://doi.org/10.1016/j.matbio.2016.12.009
https://doi.org/10.1016/j.cub.2017.02.006
https://doi.org/10.1074/jbc.272.4.2446
https://doi.org/10.1083/jcb.153.5.893
https://doi.org/10.1002/(SICI)1097-0215(20000401)86:1%3C15::AID-IJC3%3E3.0.CO;2-B
https://doi.org/10.1096/fj.03-0584fje
https://doi.org/10.1083/jcb.148.3.615
https://doi.org/10.1101/gad.990702
https://www.ncbi.nlm.nih.gov/pubmed/12080084
https://doi.org/10.1158/0008-5472.CAN-05-1063
https://www.ncbi.nlm.nih.gov/pubmed/16230393
https://doi.org/10.1016/j.devcel.2012.04.014
https://doi.org/10.1038/sj.onc.1208258
https://www.ncbi.nlm.nih.gov/pubmed/15558018
https://doi.org/10.1093/emboj/cdf411
https://doi.org/10.1038/s41467-022-31563-2

Cells 2023, 12, 2187 14 of 16

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Han, J.; Wang, Y.; Wang, S.; Chi, C. Interaction of Mint3 with Furin regulates the localization of Furin in the trans-Golgi network.
J. Cell Sci. 2008, 121, 2217-2223. [CrossRef] [PubMed]

Sakamoto, T.; Seiki, M. Mint3 enhances the activity of hypoxia-inducible factor-1 (HIF-1) in macrophages by suppressing the
activity of factor inhibiting HIF-1. J. Biol. Chem. 2009, 284, 30350-30359. [CrossRef]

Sakamoto, T.; Seiki, M. A membrane protease regulates energy production in macrophages by activating hypoxia-inducible
factor-1 via a non-proteolytic mechanism. J. Biol. Chem. 2010, 285, 29951-29964. [CrossRef]

Ota, I; Li, X.Y,; Hu, Y.; Weiss, S.J. Induction of a MT1-MMP and MT2-MMP-dependent basement membrane transmigration
program in cancer cells by Snaill. Proc. Natl. Acad. Sci. USA 2009, 106, 20318-20323. [CrossRef]

Leong, H.S.; Robertson, A.E.; Stoletov, K.; Leith, S.J.; Chin, C.A.; Chien, A.E.; Hague, M.N.; Ablack, A.; Carmine-Simmen, K;
McPherson, V.A; et al. Invadopodia are required for cancer cell extravasation and are a therapeutic target for metastasis. Cell Rep.
2014, 8, 1558-1570. [CrossRef] [PubMed]

Lv, L,; Liu, H.G,; Dong, S.Y.; Yang, F.; Wang, Q.X.; Guo, G.L.; Pan, Y.F; Zhang, X.H. Upregulation of CD44v6 contributes to
acquired chemoresistance via the modulation of autophagy in colon cancer SW480 cells. Tumour Biol. 2016, 37, 8811-8824.
[CrossRef]

Sugahara, K.N.; Murai, T.; Nishinakamura, H.; Kawashima, H.; Saya, H.; Miyasaka, M. Hyaluronan oligosaccharides induce
CD#44 cleavage and promote cell migration in CD44-expressing tumor cells. . Biol. Chem. 2003, 278, 32259-32265. [CrossRef]
[PubMed]

Okamoto, I.; Kawano, Y.; Murakami, D.; Sasayama, T.; Araki, N.; Miki, T.; Wong, A.].; Saya, H. Proteolytic release of CD44
intracellular domain and its role in the CD44 signaling pathway. J. Cell Biol. 2001, 155, 755-762. [CrossRef]

Xie, Q.H.; Wang, WM.,; Yang, ].G.; Xia, H.F; Xiao, B.L.; Chen, G.H.; Huang, J.; Li, R.E; Chen, G. ALIX promotes cell migration and
invasion of head and neck squamous cell carcinoma by regulating the expression of MMP9, MMP14, VEGF-C. Arch. Oral. Biol.
2023, 151, 105696. [CrossRef]

Miyazono, K.; Olofsson, A.; Colosetti, P.; Heldin, C.H. A role of the latent TGF-beta 1-binding protein in the assembly and
secretion of TGF-beta 1. EMBO J. 1991, 10, 1091-1101. [CrossRef]

Da Silva, J.; Lameiras, P; Beljebbar, A.; Berquand, A.; Villemin, M.; Ramont, L.; Dukic, S.; Nuzillard, ].M.; Molinari, M.; Gautier,
M.; et al. Structural characterization and in vivo pro-tumor properties of a highly conserved matrikine. Oncotarget 2018, 9,
17839-17857. [CrossRef] [PubMed]

Mecham, R.P,; Broekelmann, T.J.; Fliszar, C.J.; Shapiro, S.D.; Welgus, H.G.; Senior, R.M. Elastin degradation by matrix met-
alloproteinases. Cleavage site specificity and mechanisms of elastolysis. J. Biol. Chem. 1997, 272, 18071-18076. [CrossRef]
[PubMed]

Giannelli, G.; Falk-Marzillier, J.; Schiraldi, O.; Stetler-Stevenson, W.G.; Quaranta, V. Induction of cell migration by matrix
metalloprotease-2 cleavage of laminin-5. Science 1997, 277, 225-228. [CrossRef] [PubMed]

Schenk, S.; Hintermann, E.; Bilban, M.; Koshikawa, N.; Hojilla, C.; Khokha, R.; Quaranta, V. Binding to EGF receptor of a laminin-5
EGF-like fragment liberated during MMP-dependent mammary gland involution. J. Cell Biol. 2003, 161, 197-209. [CrossRef]
Shang, M.; Koshikawa, N.; Schenk, S.; Quaranta, V. The LG3 module of laminin-5 harbors a binding site for integrin alpha3betal
that promotes cell adhesion, spreading, and migration. J. Biol. Chem. 2001, 276, 33045-33053. [CrossRef]

Gingras, D.; Bousquet-Gagnon, N.; Langlois, S.; Lachambre, M.P.; Annabi, B.; Beliveau, R. Activation of the extracellular signal-
regulated protein kinase (ERK) cascade by membrane-type-1 matrix metalloproteinase (MT1-MMP). FEBS Lett. 2001, 507, 231-236.
[CrossRef]

D’Alessio, S.; Ferrari, G.; Cinnante, K.; Scheerer, W.; Galloway, A.C.; Roses, D.F.,; Rozanov, D.V,; Remacle, A.G.; Oh, E.S.; Shiryaev,
S.A.; et al. Tissue inhibitor of metalloproteinases-2 binding to membrane-type 1 matrix metalloproteinase induces MAPK
activation and cell growth by a non-proteolytic mechanism. J. Biol. Chem. 2008, 283, 87-99. [CrossRef]

Nyalendo, C.; Michaud, M.; Beaulieu, E.; Roghi, C.; Murphy, G.; Gingras, D.; Beliveau, R. Src-dependent phosphorylation of
membrane type I matrix metalloproteinase on cytoplasmic tyrosine 573: Role in endothelial and tumor cell migration. J. Biol.
Chem. 2007, 282, 15690-15699. [CrossRef]

Eisenach, P.A.; Roghi, C.; Fogarasi, M.; Murphy, G.; English, W.R. MT1-MMP regulates VEGF-A expression through a complex
with VEGFR-2 and Src. J. Cell Sci. 2010, 123, 4182-4193. [CrossRef] [PubMed]

Filippov, S.; Koenig, G.C.; Chun, T.H.; Hotary, K.B.; Ota, I.; Bugge, T.H.; Roberts, ].D.; Fay, W.P,; Birkedal-Hansen, H.; Holmbeck,
K.; et al. MT1-matrix metalloproteinase directs arterial wall invasion and neointima formation by vascular smooth muscle cells. .
Exp. Med. 2005, 202, 663—-671. [CrossRef] [PubMed]

Lehti, K.; Allen, E.; Birkedal-Hansen, H.; Holmbeck, K.; Miyake, Y.; Chun, T.H.; Weiss, S.]. An MT1-MMP-PDGEF receptor-beta
axis regulates mural cell investment of the microvasculature. Genes. Dev. 2005, 19, 979-991. [CrossRef]

Chun, T.H,; Sabeh, F; Ota, I.; Murphy, H.; McDonagh, K.T.; Holmbeck, K.; Birkedal-Hansen, H.; Allen, E.D.; Weiss, S.]. MT1-
MMP-dependent neovessel formation within the confines of the three-dimensional extracellular matrix. J. Cell Biol. 2004, 167,
757-767. [CrossRef]

Valacca, C.; Tassone, E.; Mignatti, P. TIMP-2 Interaction with MT1-MMP Activates the AKT Pathway and Protects Tumor Cells
from Apoptosis. PLoS ONE 2015, 10, e0136797. [CrossRef]

Uekita, T.; Itoh, Y.; Yana, I.; Ohno, H.; Seiki, M. Cytoplasmic tail-dependent internalization of membrane-type 1 matrix metallo-
proteinase is important for its invasion-promoting activity. J. Cell Biol. 2001, 155, 1345-1356. [CrossRef]


https://doi.org/10.1242/jcs.019745
https://www.ncbi.nlm.nih.gov/pubmed/18544638
https://doi.org/10.1074/jbc.M109.019216
https://doi.org/10.1074/jbc.M110.132704
https://doi.org/10.1073/pnas.0910962106
https://doi.org/10.1016/j.celrep.2014.07.050
https://www.ncbi.nlm.nih.gov/pubmed/25176655
https://doi.org/10.1007/s13277-015-4755-6
https://doi.org/10.1074/jbc.M300347200
https://www.ncbi.nlm.nih.gov/pubmed/12801931
https://doi.org/10.1083/jcb.200108159
https://doi.org/10.1016/j.archoralbio.2023.105696
https://doi.org/10.1002/j.1460-2075.1991.tb08049.x
https://doi.org/10.18632/oncotarget.24894
https://www.ncbi.nlm.nih.gov/pubmed/29707150
https://doi.org/10.1074/jbc.272.29.18071
https://www.ncbi.nlm.nih.gov/pubmed/9218437
https://doi.org/10.1126/science.277.5323.225
https://www.ncbi.nlm.nih.gov/pubmed/9211848
https://doi.org/10.1083/jcb.200208145
https://doi.org/10.1074/jbc.M100798200
https://doi.org/10.1016/S0014-5793(01)02985-4
https://doi.org/10.1074/jbc.M705492200
https://doi.org/10.1074/jbc.M608045200
https://doi.org/10.1242/jcs.062711
https://www.ncbi.nlm.nih.gov/pubmed/21062896
https://doi.org/10.1084/jem.20050607
https://www.ncbi.nlm.nih.gov/pubmed/16147977
https://doi.org/10.1101/gad.1294605
https://doi.org/10.1083/jcb.200405001
https://doi.org/10.1371/journal.pone.0136797
https://doi.org/10.1083/jcb.200108112

Cells 2023, 12, 2187 150f 16

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Anilkumar, N.; Uekita, T.; Couchman, J.R.; Nagase, H.; Seiki, M.; Itoh, Y. Palmitoylation at Cys574 is essential for MT1-MMP to
promote cell migration. FASEB J. 2005, 19, 1326-1328. [CrossRef] [PubMed]

Galvez, B.G.; Matias-Roman, S.; Yanez-Mo, M.; Sanchez-Madrid, F.; Arroyo, A.G. ECM regulates MT1-MMP localization with
betal or alphavbeta3 integrins at distinct cell compartments modulating its internalization and activity on human endothelial
cells. J. Cell Biol. 2002, 159, 509-521. [CrossRef]

Grafinger, O.R.; Gorshtein, G; Stirling, T.; Brasher, M.L; Coppolino, M.G. Betal integrin-mediated signaling regulates MT1-MMP
phosphorylation to promote tumor cell invasion. . Cell Sci. 2020, 133, jcs239152. [CrossRef]

Grafinger, O.R.; Gorshtein, G.; Stirling, T.; Geddes-McAlister, J.; Coppolino, M.G. Inhibition of betal integrin induces its
association with MT1-MMP and decreases MT1-MMP internalization and cellular invasiveness. Cell Signal. 2021, 83, 109984.
[CrossRef] [PubMed]

Sakamoto, T.; Seiki, M. Cytoplasmic tail of MT1-MMP regulates macrophage motility independently from its protease activity.
Genes Cells 2009, 14, 617-626. [CrossRef] [PubMed]

Sakamoto, T.; Niiya, D.; Seiki, M. Targeting the Warburg effect that arises in tumor cells expressing membrane type-1 matrix
metalloproteinase. . Biol. Chemn. 2011, 286, 14691-14704. [CrossRef] [PubMed]

Hara, T.; Murakami, Y.; Seiki, M.; Sakamoto, T. Mint3 in bone marrow-derived cells promotes lung metastasis in breast cancer
model mice. Biochem. Biophys. Res. Commun. 2017, 490, 688-692. [CrossRef] [PubMed]

Ikeda, J.; Ohe, C.; Tanaka, N.; Yoshida, T.; Saito, R.; Atsumi, N.; Kobayashi, T.; Kinoshita, H.; Tsuta, K.; Sakamoto, T. Hypoxia
inducible factor-1 activator munc-18-interacting protein 3 promotes tumour progression in urothelial carcinoma. Clin. Transl.
Discov. 2023, 3, e158. [CrossRef]

Kanamori, A.; Matsubara, D.; Saitoh, Y.; Fukui, Y.; Gotoh, N.; Kaneko, S.; Seiki, M.; Murakami, Y.; Inoue, ].I.; Sakamoto, T. Mint3
depletion restricts tumor malignancy of pancreatic cancer cells by decreasing SKP2 expression via HIF-1. Oncogene 2020, 39,
6218-6230. [CrossRef]

Nishida, C.; Kusubata, K.; Tashiro, Y.; Gritli, I.; Sato, A.; Ohki-Koizumi, M.; Morita, Y.; Nagano, M.; Sakamoto, T.; Koshikawa, N.;
et al. MT1-MMP plays a critical role in hematopoiesis by regulating HIF-mediated chemokine/cytokine gene transcription within
niche cells. Blood 2012, 119, 5405-5416. [CrossRef] [PubMed]

Shofuda, K.; Moriyama, K.; Nishihashi, A.; Higashi, S.; Mizushima, H.; Yasumitsu, H.; Miki, K.; Sato, H.; Seiki, M.; Miyazaki, K.
Role of tissue inhibitor of metalloproteinases-2 (TIMP-2) in regulation of pro-gelatinase A activation catalyzed by membrane-type
matrix metalloproteinase-1 (MT1-MMP) in human cancer cells. |. Biochem. 1998, 124, 462—470. [CrossRef] [PubMed]

Murphy, A.N.; Unsworth, E.J.; Stetler-Stevenson, W.G. Tissue inhibitor of metalloproteinases-2 inhibits bFGF-induced human
microvascular endothelial cell proliferation. J. Cell Physiol. 1993, 157, 351-358. [CrossRef]

Hoegy, S.E.; Oh, H.R.; Corcoran, M.L.; Stetler-Stevenson, W.G. Tissue inhibitor of metalloproteinases-2 (TIMP-2) suppresses
TKR-growth factor signaling independent of metalloproteinase inhibition. . Biol. Chem. 2001, 276, 3203-3214. [CrossRef]
[PubMed]

Seo, D.W,; Li, H.; Guedez, L.; Wingfield, P.T.; Diaz, T.; Salloum, R.; Wei, B.Y.; Stetler-Stevenson, W.G. TIMP-2 mediated inhibition
of angiogenesis: An MMP-independent mechanism. Cell 2003, 114, 171-180. [CrossRef]

Oh, J.; Takahashi, R.; Kondo, S.; Mizoguchi, A.; Adachi, E.; Sasahara, R.M.; Nishimura, S.; Imamura, Y.; Kitayama, H.; Alexander,
D.B.; et al. The membrane-anchored MMP inhibitor RECK is a key regulator of extracellular matrix integrity and angiogenesis.
Cell 2001, 107, 789-800. [CrossRef]

Takahashi, C.; Sheng, Z.; Horan, T.P; Kitayama, H.; Maki, M.; Hitomi, K.; Kitaura, Y.; Takai, S.; Sasahara, R.M.; Horimoto, A.; et al.
Regulation of matrix metalloproteinase-9 and inhibition of tumor invasion by the membrane-anchored glycoprotein RECK. Proc.
Natl. Acad. Sci. USA 1998, 95, 13221-13226. [CrossRef] [PubMed]

Katsoulidis, E.; Mavrommatis, E.; Woodard, J.; Shields, M. A_; Sassano, A.; Carayol, N.; Sawicki, K.T.; Munshi, H.G.; Platanias,
L.C. Role of interferon alpha (IFNalpha)-inducible Schlafen-5 in regulation of anchorage-independent growth and invasion of
malignant melanoma cells. J. Biol. Chem. 2010, 285, 40333-40341. [CrossRef]

Sassano, A.; Mavrommatis, E.; Arslan, A.D.; Kroczynska, B.; Beauchamp, E.M.; Khuon, S.; Chew, T.L.; Green, K.J.; Munshi, H.G;
Verma, A K.; et al. Human Schlafen 5 (SLFN5) Is a Regulator of Motility and Invasiveness of Renal Cell Carcinoma Cells. Mol.
Cell Biol. 2015, 35, 2684-2698. [CrossRef] [PubMed]

Wan, G.; Liu, Y.; Zhu, J.; Guo, L.; Li, C,; Yang, Y.; Gu, X,; Deng, L.L.; Lu, C. SLEN5 suppresses cancer cell migration and invasion
by inhibiting MT1-MMP expression via AKT/GSK-3beta/beta-catenin pathway. Cell Signal. 2019, 59, 1-12. [CrossRef]
Sneeggen, M.; Pedersen, N.M.; Campsteijn, C.; Haugsten, E.M.; Stenmark, H.; Schink, K.O. WDFY2 restrains matrix metallopro-
teinase secretion and cell invasion by controlling VAMP3-dependent recycling. Nat. Commun. 2019, 10, 2850. [CrossRef]

Clancy, ].W.; Sedgwick, A.; Rosse, C.; Muralidharan-Chari, V.; Raposo, G.; Method, M.; Chavrier, P.; D’Souza-Schorey, C. Regulated
delivery of molecular cargo to invasive tumour-derived microvesicles. Nat. Commun. 2015, 6, 6919. [CrossRef] [PubMed]
Lodillinsky, C.; Fuhrmann, L.; Irondelle, M.; Pylypenko, O.; Li, X.Y.; Bonsang-Kitzis, H.; Reyal, F; Vacher, S.; Calmel, C,;
De Wever, O.; et al. Metastasis-suppressor NME1 controls the invasive switch of breast cancer by regulating MT1-MMP surface
clearance. Oncogene 2021, 40, 4019-4032. [CrossRef]

Wojtowicz-Praga, S.; Low, J.; Marshall, J.; Ness, E.; Dickson, R.; Barter, J.; Sale, M.; McCann, P.; Moore, J.; Cole, A.; et al. Phase I
trial of a novel matrix metalloproteinase inhibitor batimastat (BB-94) in patients with advanced cancer. Investig. New Drugs 1996,
14,193-202. [CrossRef]


https://doi.org/10.1096/fj.04-3651fje
https://www.ncbi.nlm.nih.gov/pubmed/15946988
https://doi.org/10.1083/jcb.200205026
https://doi.org/10.1242/jcs.239152
https://doi.org/10.1016/j.cellsig.2021.109984
https://www.ncbi.nlm.nih.gov/pubmed/33744418
https://doi.org/10.1111/j.1365-2443.2009.01293.x
https://www.ncbi.nlm.nih.gov/pubmed/19371380
https://doi.org/10.1074/jbc.M110.188714
https://www.ncbi.nlm.nih.gov/pubmed/21372132
https://doi.org/10.1016/j.bbrc.2017.06.102
https://www.ncbi.nlm.nih.gov/pubmed/28634075
https://doi.org/10.1002/ctd2.158
https://doi.org/10.1038/s41388-020-01423-8
https://doi.org/10.1182/blood-2011-11-390849
https://www.ncbi.nlm.nih.gov/pubmed/22544701
https://doi.org/10.1093/oxfordjournals.jbchem.a022136
https://www.ncbi.nlm.nih.gov/pubmed/9685743
https://doi.org/10.1002/jcp.1041570219
https://doi.org/10.1074/jbc.M008157200
https://www.ncbi.nlm.nih.gov/pubmed/11042184
https://doi.org/10.1016/S0092-8674(03)00551-8
https://doi.org/10.1016/S0092-8674(01)00597-9
https://doi.org/10.1073/pnas.95.22.13221
https://www.ncbi.nlm.nih.gov/pubmed/9789069
https://doi.org/10.1074/jbc.M110.151076
https://doi.org/10.1128/MCB.00019-15
https://www.ncbi.nlm.nih.gov/pubmed/26012550
https://doi.org/10.1016/j.cellsig.2019.03.004
https://doi.org/10.1038/s41467-019-10794-w
https://doi.org/10.1038/ncomms7919
https://www.ncbi.nlm.nih.gov/pubmed/25897521
https://doi.org/10.1038/s41388-021-01826-1
https://doi.org/10.1007/BF00210790

Cells 2023, 12, 2187 16 of 16

117.

118.

119.

120.

121.

122.

Cuniasse, P; Devel, L.; Makaritis, A.; Beau, E.; Georgiadis, D.; Matziari, M.; Yiotakis, A.; Dive, V. Future challenges facing the
development of specific active-site-directed synthetic inhibitors of MMPs. Biochimie 2005, 87, 393-402. [CrossRef]

Peterson, J.T. The importance of estimating the therapeutic index in the development of matrix metalloproteinase inhibitors.
Cardiovasc. Res. 2006, 69, 677-687. [CrossRef]

Winer, A.; Adams, S.; Mignatti, P. Matrix Metalloproteinase Inhibitors in Cancer Therapy: Turning Past Failures Into Future
Successes. Mol. Cancer Ther. 2018, 17, 1147-1155. [CrossRef]

Lee, H.; Youn, I; Demissie, R.; Vaid, T.M.; Che, C.T.; Azar, D.T.; Han, K.Y. Identification of small molecule inhibitors against
MMP-14 via High-Throughput screening. Bioorg. Med. Chem. 2023, 85, 117289. [CrossRef]

Devy, L.; Huang, L.; Naa, L.; Yanamandra, N.; Pieters, H.; Frans, N.; Chang, E.; Tao, Q.; Vanhove, M.; Lejeune, A.; et al. Selective
inhibition of matrix metalloproteinase-14 blocks tumor growth, invasion, and angiogenesis. Cancer Res. 2009, 69, 1517-1526.
[CrossRef] [PubMed]

Ling, B.; Watt, K.; Banerjee, S.; Newsted, D.; Truesdell, P.; Adams, J.; Sidhu, S.S.; Craig, A.W.B. A novel immunotherapy
targeting MMP-14 limits hypoxia, immune suppression and metastasis in triple-negative breast cancer models. Oncotarget 2017, 8,
58372-58385. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.biochi.2004.09.025
https://doi.org/10.1016/j.cardiores.2005.11.032
https://doi.org/10.1158/1535-7163.MCT-17-0646
https://doi.org/10.1016/j.bmc.2023.117289
https://doi.org/10.1158/0008-5472.CAN-08-3255
https://www.ncbi.nlm.nih.gov/pubmed/19208838
https://doi.org/10.18632/oncotarget.17702
https://www.ncbi.nlm.nih.gov/pubmed/28938563

	Introduction 
	The Fundamentals of MT1-MMP 
	The Structure of MT1-MMP 
	How MT1-MMP Expressions Are Regulated 
	Intracellular Localization of MT1-MMP 
	MT1-MMP-Dependent Processing of Other MMPs 
	ECM Components as Substrates of MT1-MMP 
	Non-ECM-Related Substrates of MT1-MMP 
	Beyond Its Function as Proteinase 

	The Impact of MT1-MMP on Cancer Metastasis 
	ECM Remodeling by MT1-MMP 
	The Activation of Oncogenic Signaling by MT1-MMP 
	Metastasis Promotion via the Non-Proteolytic Activity of MT1-MMP 

	Negative Regulators of MT1-MMP 
	Endogenous Negative Regulators of MT1-MMP 
	Artificial Inhibitors of MT1-MMP 

	Conclusions 
	References

