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Abstract: Approximately sixty per cent of ovarian cancer patients die within the first five
years of diagnosis due to recurrence associated with chemoresistance. The metzincin family of
metalloproteinases is enzymes involved in matrix remodeling in response to normal physiological
changes and diseased states. Recently, there has been a mounting awareness of these proteinases and
their endogenous inhibitors, the tissue inhibitors of metalloproteinases (TIMPs), as superb modulators
of cellular communication and signaling regulating key biological processes in cancer progression.
This review investigates the role of metzincins and their inhibitors in ovarian cancer. We propose that
understanding the metzincins and TIMP biology in ovarian cancer may provide valuable insights in
combating ovarian cancer progression and chemoresistance-mediated recurrence in patients.

Keywords: metzincins; ovarian cancer; metastasis; matrix metalloproteinases (MMPs); disintegrin
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1. What Are Metzincins?

Metzincins are one of the five members of zinc endopeptidases (serine, metallo, threonine,
aspartic, cysteine) that belong to the metalloproteinase family and are named metzincins due to
their conserved Met residue at the active site and the use of a zinc ion in the enzymatic reaction.
This family is comprised of Matrixin (MMPs), Adamalysin (ADAMs and ADAMTS), Astacin (Meprin
and BMP1/Tolloids), Pappalysins and Serralysin [1,2]. Matrixin and Adamalysin are mostly soluble
proteins that are secreted or sequestered by direct binding through the transmembrane domain of
many cell types. They play a role in normal tissue remodeling, and are up-regulated in diverse human
diseases and cancer [2]. In this review, we will focus on the roles of Matrixin, Adamalysin and their
endogenous inhibitors in ovarian cancer.

2. The Origin of Epithelial Ovarian Cancer

Ovarian cancer is the eighth most common cancer among women, but is the fifth leading cause of
cancer-related death, and is the deadliest of gynecologic cancers [3]. Ovarian cancer was diagnosed
in nearly 225,000 women world-wide, and was responsible for estimated 140,100 deaths in 2017 [4].
Nine out of ten women with ovarian cancer have an epithelial ovarian cancer and approximately
70% of these are serous carcinomas. Until recently, the vast majority of epithelial ovarian cancer was
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thought to arise from the malignant transformation of the ovarian surface epithelium [5,6]. Recently
however, high-grade serous ovarian carcinomas are believed to arise from the fimbria of the Fallopian
tube [7-9], with approximately 90% thought to be derived from the secretory epithelial cells of the
Fallopian tube [8]. The development of serous tubal-intra-epithelial carcinoma (STIC), resulting from
the acquisition of a P53 mutation in the distal oviduct fimbriae cells has been proposed to be the
origin of ovarian tumors [9-11]. This theory is supported by the fact that most ovarian cancers are
associated with the presence of STIC, and to-date no premalignant lesions of ovarian cancer have
been identified [11]. In addition, the high frequency of P53 mutations in STICs and high-grade serous
carcinoma further supports this perception [11].

A number of studies have suggested malignant transformation of adult ovarian stem cells as
a potential cause for the initiation of ovarian cancer [12-15]. Recently, an ovarian cancer stem cell
niche was identified which constituted of the ‘hilum region’, a junctional area between ovarian surface
epithelium and oviductal epithelium [14]. The hilum region was shown to contain a population of slow
proliferating cells that expressed markers for progenitor cells and demonstrated a predisposition
to undergo malignant transformation. In addition, somatic stem cell and stem/progenitor cell
characteristics have been reported in ovarian surface epithelium [16,17]. The genes and pathways
shown to be associated with adult stem cells were also been shown to be expressed in ovarian surface
epithelium [18], suggesting the ovarian surface epithelium may be the potential originator of ovarian
cancer. The isolation of multipotent mesenchymal stem cells from the Fallopian tubes has recently
been described [19], and the phenotypic characteristics of ovarian cancer cells have been reported in
ex vivo cultures of primary Fallopian tube epithelium [20]. These studies suggest both ovarian surface
epithelium and tubular epithelium of the Fallopian tube may be the potential origins of ovarian cancer
stem cells. An elegant study has recently summarized the current knowledge about ovarian surface
epithelium and Fallopian tubal stem cells [21].

3. Recent Classification of Epithelial Ovarian Cancer

More recently, the classification of epithelial ovarian cancers has been simplified and defined
on the basis of two distinctive molecular pathways, and thus have distinct biological behaviors and
different cells of origin [22,23]. Type 1 carcinomas are slow growing and are thought to derive from
well-defined tumor lesions on ovarian surface epithelium and Miillerian inclusions [23]. They are
characterized molecularly by KRAS, BRAF, or Her2/neu gene mutations and lack TP53 mutations [23,24].
These tumors remain confined to the ovaries and constitute 25% of ovarian cancer. Tumors classified as
Type 2, however, constitute 75% of ovarian carcinomas, are fast growing and are thought to evolve from
the intraepithelial carcinoma in the Fallopian tube [25]. The vast majority are characterized by TP53
mutations commonly known as the ‘P53 signature” and lack mutations of KRAS, BRAF, or Her2/neu.
These tumors may exhibit gene amplification and over expression of the HER2/neu (10-20%) and AKT2
(10-20%) oncogenes [23]. Gene expression profiles have shown Type 1 tumors to cluster separately
from Type 2 tumors, suggesting that the two groups of tumors have a different genetic composition [25].
Figure 1 depicts the origin of Type 1 and Type 2 ovarian tumors.
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Figure 1. Classification of Epithelial Ovarian Cancer: Type 1: Tumors are thought to evolve from the
surface epithelium and the Miillerian inclusions of the ovary. Type 2: Tumors are thought to evolve
from the intra-epithelium of the Fallopian tube.

4. What Is Known about Ovarian Cancer Progression?

As described above, ovarian cancer can arise from distinct progenitor cells; either from the
cells of ovarian surface epithelium that has undergone neoplastic changes or from the Fallopian
tube epithelial cells or oviduct fimbriae or from stem-like precursors of the junctional hilum region.
The tumor microenvironment plays an essential role in the growth, invasion, and metastatic potential
of malignant ovarian tumors and therefore represents an attractive therapeutic target [26,27]. Ascites
(tumor fluid) is present in ~50% of advanced-stage ovarian cancer patients and is associated with a bad
prognosis [26]. Ascites is accumulated in the peritoneal cavity due to the obstruction of the lymphatic
vessels caused by the implantation of tumor cells preventing the outflow of fluid that transpires from
the tumor vessels. Hence, in advanced-stage ovarian cancer patients the peritoneal cavity is invaded
by metastatic tumors that grow as aggregates of floating cells commonly known as spheroids. It is
believed that spheroids originate from single cells or sheets of tumor cells shed from the primary
tumors on the ovarian surface epithelium or tumor cells that may be sloughed through the fimbriae of
the Fallopian tube onto the ovarian surface epithelium as floating single cells or cellular aggregates in
the ascites. In ascites, these multi-cellular spheroids may disaggregate and attach to the mesothelial
lining of the peritoneum allowing the formation of secondary lesions [28,29]. Once adhered to the
peritoneum, spheroid cells proliferate, migrate and invade to the surrounding tissues. In addition to
the tumor cells, ~40% of the ovarian cancer ascites microenvironment consists of a variety of other
cell types including stromal cells, immune cells, endothelial cells, as well as non-cellular components
such as the extracellular matrix (ECM) components, remodeling enzymes (e.g., metzincins), metzincin
inhibitors [e.g., TIMPs and reversion-inducing cysteine-rich protein with Kazal motifs (RECK) and
growth factors like vascular endothelial growth factor (VEGF), transforming growth factor- (TGE-f3)
and platelet derived growth factor (PDGF)] [29]. All these components create a microenvironment
conducive for tumor cell growth, migration, invasion and metastasis.

Tumor cell plasticity is defined by two basic mechanisms: epithelial to mesenchymal transition
(EMT), and the reverse, mesenchymal to epithelial transition (MET) [30,31]. EMT is a highly
coordinated event, characterized by the transition of cells from an epithelial cobblestone-shape
phenotype attached to a basement membrane to an elongated spindle-shaped mesenchymal
morphology, accompanied by an increase in motility and invasive behavior [31]. Cells undergoing
EMT may also resist anticancer therapies [32,33].
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During normal ovarian function, modulation of ovarian surface epithelium to a fibroblastic
phenotype by EMT has been shown to occur during post-ovulatory repair of the epithelium [6,34].
It has also been proposed that, EMT-transformed tumor cells are shed from the ovaries or sloughed
through the fimbriae of the Fallopian tube into the peritoneal cavity where these cells undergo MET
after subsequent attachment to the peritoneal/omental wall [5,28]. Furthermore, MET was postulated
to also allow shed cells to proliferate in the peritoneal cavity as spheroids [34,35]. It has been suggested
that hypoxic conditions in the tumors leads to the activation of several transcription factors resulting
in EMT [36]. However, MET will occur when metastasized ovarian tumor cells encounter the new
microenvironment in the peritoneal cavity, under normoxic conditions which allow the cancer cells to
survive in the new environment [34].

ECM has been reported to affect the behavior of cancer cells by providing support and
biochemical signals by growth factors and cytokines that are anchored or secreted from the ECM [36].
Some molecules are secreted by cells into the ECM to control different biological activities at the tissue
or cellular level [37]. These include major members of the metzincin family, (MMPs, ADAMTSs, etc.)
and their endogenous inhibitors (TIMPs), which have been implicated in ECM degradation and cell
membrane receptor shedding for regulating cellular signaling and functions [38—40]. Together with
TIMPs, metzincins constitute the major proteolytic axis of the ECM, and thus, are crucial for cancer
progression [41].

5. Understanding the Structure and Roles of Metzincins and Their Inhibitors
5.1. Matrixin Family of Metzincins

Matrix Metalloproteinases (MMPs)

In humans, the MMPs are a family of 23 structurally and functionally related calcium dependent
zinc-containing endoproteinases, which are involved in tissue remodeling and degradation of the ECM
components including collagens, elastins, gelatin, matrix glycoproteins and proteoglycans between
cells and in the lining of blood vessels [40-43]. In cancer, increased levels of MMPs degrade a variety
of ECM component proteins, which allow the tumor cells to escape from their original location and
disseminate enabling metastases. MMPs consist of a conserved N-terminal domain (a signal peptide,
a pro-domain and a catalytic domain). The signal peptide targets the enzyme to the endoplasmic
reticulum for transportation out of cells. The pro-domain contains a conserved cysteine-switch
sequence (PRCGVPD) shielding the neighboring zinc dependent catalytic domain. The pro-domain
is connected to the catalytic domain by a flexible hinge region, which is also known as the cleavage
site. MMPs also contain a C-terminal (carboxyl-terminal) domain containing the hemopexin-like
domain that modulates substrate recognition. The membrane-type MMPs [(MT-MMPs: MMP-14, 15,
16, 17, 24 and 25; cysteine array matrix metalloproteinase (CA-MMPs: 23A, 23B)] have additional
transmembrane domains or glyosylphosphatidylinositol (GPI) anchors that bind them to the cell
surface (Figure 2).

MMPs typically are secreted as inactive zymogens (pro-MMPs) in which the conserve cysteine
residue in the pro-domain coordinates with the zinc ion in the active site and prevents binding
and cleavage of the substrate, keeping the enzyme in an inactive form. Proteolytic cleavage of this
pro-domain (at the cleavage site) by other MMPs or proteinases leads to the displacement of this
pro-domain which allows for enzyme activation [40,41]. In vitro, pro-MMPs can be activated through
modification of the thiol group of cysteine with physiological agents such as oxidants or disulphides
or non-physiological agents for example, alkylating compounds or heavy metals, which can lead to
irreversible activation of pro-MMPs [1].

MMPs are classified according to their substrate specificity and partly on their cellular localization.
These groups are collagenases, gelatinases, stromolysins, matrilysin, and membrane type MMPs [43]
(Table 1). Collagenases (MMP-1, MMP-8, MMP-13, MMP-18) can degrade and process collagen
triple helix; stromolysin (MMP-3 and MMP-10) are structurally similar to collagenases but cannot
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degrade native collagen, although they can activate several pro-MMPs. The gelatinases (MMP-2 and
MMP-9) have a fibronectin type II motif in their catalytic domain enabling them to process gelatin,
while matrilysins (MMP-7 and MMP-26) are characterized by the lack of haemopexin domain [1].
The three furin activated proteinases (MMP-11, MMP-21 and MMP28) containing a furin recognition
motif between the pro- and the catalytic domains are activated by intracellular furin-like proteases.
The other group of furin activated proteinases are anchored to the plasma membrane of cells either
through a GPI anchor (MMP-17 also known as MT4-MMP, and MMP-25 also known as MT6-MMP) or
through an extensive (70-100 amino acid) hydrophobic type 1 transmembrane (MMP14, also known as
MT1-MMP, MMP-15 also known as MT2-MMP, MMP-16 known as MT3-MMP and MMP-24 known as
MT5-MMP) [1,40] (Figure 2).
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Figure 2. Schematic diagram of metzincins in human biology. The metzincin family members are
characterized by their N-terminal domain structure. They have a signal peptide, a propeptide domain
(containing a conserve ‘cysteine switch’), a flexible hinge region (cleavage site) and a zinc dependent
catalytic domain (metalloproteinase). However, the C-terminal domain is what makes them unique;
secreted MMPs contain a hemopexin-like domain that modulates substrate recognition. Membrane
bound MMPs have either a GPI or a trans-membrane domain attached to a cytoplasmic tail that
helps them to anchor to the plasma membrane of cells. ADAMSs are membrane bound proteins
that have disintegrin domain, a transmembrane domain, a cysteine-rich domain, and epidermal
growth factor (EGF)-like domain and a cytoplasmic domain. ADAMTS also have a disintegrin
domain. However, unlike ADAMs, they are secreted proteins and their disintegrin domain is linked
to a central thrombospondin type I-like repeat, a cysteine-rich domain and varying numbers of
thrombospondin repeats.
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Table 1. Characteristics of metzincin family members known to be inhibited by TIMPs.
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Class Gene Inhibited by Location Targets References
TIMP-1
MMP-1 TIMP-2 ted Substrates include Col I, II, III, VII, VIII and X; gelatin, MMP-2, MMP-9, proteoglycans, aggrecan, casein, serpins, [43-53]
TIMP-3 secrete versican, proTNF-«, IGF-BP-3, IGF-BP-5, IL-1B, SDF-1, PAR1, CD49b, binds o2 1-integrin o
TIMP-4
Coll TIMP-1 Substrates include Col I, II, I, VII, VIII, X, aggrecan, gelatin, laminin, nidogen, proteoglycans, ADAMTS-1
ollagenases MMP-8 TIMP-2 secreted strates include Col I, IL, 1L, VIL, VIIL, X, aggrecan, ge , , nidogen, proteoglycans, , [43-47]
ro-MMP-8, proTNF-o, o2-antiplasmin, IGF-BP.
TIMP-4 p
TIMP-1
TIMP-2 Substrates include Col I, II, III, IV, IX, X, XIV, gelatin, laminin, proteoglycans, aggrecans, fibronectin, pro TNF-«, )
MMP-13 TIMP-3 secreted pro-MMP-9 and pro-MMP-13, SDF-1. [45-53]
TIMP-4
TIMP-1
TIMP-2 Substrates include Gelatin, Col I, II, III, IV, V, VII, X, XI, X1V, fibronectin, laminin-5, elastin, aggrecan, versican, PO
MMP-2 TIMP-3 secreted active MMP-9, active MMP-13, SDF-1, IGF-BPs, IL-1B, pro-TGF-B1,CXCL6, «1-antyproteinase. (4347531
. TIMP-4
Gelatinases
TIMP-1
TIMP-2 Substrates include Gelatin, Col IV, V, VII, X, elastin, laminin, versican, aggrecan, fibronectin, vitronectin, CXCL5, PO
MMP-9 TIMP-3 secreted IL-1B, pro-TGF-B1, plasminogen, pro-TNF-o, SDF-1, CXCL6. [43-47,53]
TIMP-4
TIMP-1 . e . s .
TIMP-2 Substrates include Col II, III, IV, IX, X, XI, gelatin, fibronectin, laminin, proteoglycan, versican, pro-MMP-1,
MMP-3 TIMP-3 Secreted pro-MMP-7, pro-MMP-8, pro-MMP-9, pro-MMP-13, pro-TNF-«, E-cadherin, L-selectin, SDF-1, [45-47]
pro-HB-EGF, pro-IL-1f3.
. TIMP-4
Stromelysins
MMP-10 TIMP-1 Secreted Substrates include COI 1, III,'IV, V, laminin, casein, pro-MMP-1, pro-MMP-8, pro-MMP-10, fibronectin, [45-47]
TIMP-2 proteoglycans, elastin, gelatin
MMP-11 TIMP-1 secreted Substrates include Col IV, fibronectin, laminin, gelatin, aggrecan, o1-antitrypsin, a1-proteinase inhibitor, IGF-BP-1 [45-47,51]
TIMP-1
MMP-7 TIMP-2 Secreted Substrates include: Col I, IV, X, fibronectin, laminin, gelatin, 'elastm, aggrgcan, C'flsem, proteoglycans, pro-MMP-1, [45-53]
M .. TIMP-3 pro-MMP-2, pro-MMP-7, pro-MMP-8, pro-TNF-«, E-cadherin, Fas-L, 4 integrin
atrylisin
TIMP-4
MMP-26 TIMP-4 secreted substrates include: C.ol I, IV, fibrogen, fibronectin, laminin, gelatin, casein, elastin, proteoglycans, pro-MMP-2, [45,54]
pro-TNF-«, E-cadherin
TIMP-2 Substrates include: Col I, II, III, gelatin, fibronectin, laminin, vitronectin, proteoglycans, tenascin, pro-MMP-2
MMP-14 TIMP-3 membrane-associated ) 18 i . ’ ’ P g1y ’ P ’ [43-53]
pro-MMP-13, SDF-1, pro-TNF-a, ocv 33 integrin
TIMP-4
Tl\/[emll\’/[rﬁ‘lf TIMP-2
ype S MMP-15 TIMP-3 membrane-associated ~ Substrates include gelatin, Col I, fibronectin, laminin, nidogen, tenascin, pro-MMP-2, pro-MMP-13, pro-TNF-« [43-53]
TIMP-4
TIMP-2 . . o . s . . .
MMP-16 membrane-associated  substrates include Col I, gelatin, fibronectin, laminin, vitronectin, aggrecan, casein, pro-MMP-2, pro-MMP-13 [43-53]
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Class Gene Inhibited by Location Targets References
Metalloelastase MMP-12 gﬁg:i secreted Substrates include elastin, fibronectin, Col IV, gelatin, proteoglycans, plasminogen, laminin [43-53]
TIMP-2 . . . L . ,
Other MMPs MMP-19 TIMP-4 - Substrates include: Col I, IV, gelatin, aggrecan, casein, tenascin, nidogen, laminin. [47]
TIMP-1 integrins CD11b/CD18 (Mac-1), junctional adhesion molecule (JAM)-A; Notch; EGFR ligands: HB-EGF; EGF and
ADAM-10 TIMP-3 membrane-associated  betacellulin; APP; Notch2, Notch3, N-, and E-cadherin; CD23, CD30, CD44, DLL1, Fas-L, HER2, L1, TNF- [55-64]
Notch receptor, ephrin A5, collagen IV., CXCL16, nectin-4
TIMP-1 (weak)
ADAM-12 TIMP-2 membrane-associated  gelatinase; HB-EGF; collagen 1V, DLLI, fibronectin; IGF-BP3, IGF-BP5, ADAM-10, Betacellulin [55,58,65-67]
TIMP-3
ADAM-15 TIMP-3 membrane-associated ~ EGFR ligands: HB-EGF; amphiregulin, CD23, collagen IV, E-cadherin, ADAM-10, gelatin [55,60,68-70]
Active ADAMs TACE (TNF-« converting enzyme); Mac-1, JAM-A; EGFR ligands, HB-EGF and amphiregulin; APP; EpCAM and
3 TIMP-3 . . ErbB4; CD44, collagen XVII, DLL1, epiregulin, epigen, ICAM-1, L-selectin, Notch1, transforming growth factor « N
ADAM-L7 TIMP4 membrane-associated (7Gp_ o) TNF-«, V-CAMI; mucin-1 (MUC-1), tumor necrosis factor receptor (TNFR)T, TNFRIL, IL-6R, HER-4, [55,63,71-76]
vascular endothelial growth factor receptor 2 (VEGFR2), nectin-4
ADAM-28 TiMP-3 membrane-associated  IGBP3, VWE, CD23 [55,76]
TIMP-4
TIMP-3 . . . . -
ADAM-33 TIMP-4 membrane-associated  IL-18, APP, KL-1, insulin B chain [55,77-79]
TIMP-2 Substrates include: Aggrecan, versican, syndecan 4, TFPI-2, semaphorin 3C, nidogen-1, -2, desmocollin-3,
ADAMTSI TIMP-3 secreted dystroglycan, mac-2, gelatin (denatured collagen type I), amphiregulin, TGF-«, heparin-binding EGF (80811
ADAMTS-2  TIMP-3 (weak) secreted Substrates include: Fibrillar procollagens types I-IIl and V [80,81]
ADAMTS ADAMTS-4 gﬁg:; secreted Substrates include: Aggrecan, versican, reelin, biglycan, brevican, matrilin-3, a2-macroglobulin, Cartilage 80,81]
TIMP-4 oligomeric protein (COMP)
ADAMTS-5 TIMP-3 reted Substrates include: Aggrecan, versican, reelin, biglycan, matrilin-4, brevican, a2-macroglobulin [80,81]
TIMP-4 (weak) secrete ubstrates include: Aggrecan, versican, reelin, biglycan, ma , brevican, acroglobu ¥
ADAMTS-9 TIMP-3 secreted Substrates include: Aggrecan, versican [80,81]
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In short, MMPs degrade ECM components to facilitate tissue remodeling during normal
physiological processes including reproduction, embryogenesis, angiogenesis and cellular immunity.
This facilitates cellular migration and release of cell-bound chemokines, cytokines and growth
factors critical for cell-cell communication and signaling [43]. As MMPs have ECM degrading
abilities, their regulation is tightly balanced at the transcriptional level, by the activation of inactive
zymogens and inhibition by the endogenous proteinase inhibitors, such as TIMPs. Under normal
physiological conditions, MMP activities are largely undetectable but their expression is enhanced
during specific biological processes such as bone development, wound healing, angiogenesis and
mammary involution [1].

5.2. Adamalysin Family of Metzincins

5.2.1. A Disintegrin and A Metalloproteinases (ADAMs)

In humans, the ADAM:s are a family of 22 known genes, encoding at least 12 proteolytically
active functional proteins. These functional proteins are involved in tumor metastasis, angiogenesis,
membrane fusion, cytokine and growth factor shedding and cell migration as well as processes
such as fertilization, neurogenesis, myogenesis, embryonic TGF-o and epidermal growth factor
receptor (EGFR) release and signaling [55-81]. ADAMs are membrane-anchored metalloproteinase
that process and shed the ectodomains of membrane-anchored growth factors, cytokines and growth
factor receptors [79,82-85]. ADAMs are mostly synthesized in the rough endoplasmic reticulum
and mature in the late Golgi compartment [84-86]. Functionally active ADAMs proteins are usually
detected on the cell surface [84-87].

ADAMs are made up of many different domains: an N-terminus domain (pro-peptide domain);
a zinc dependent domain (metalloproteinase); a disintegrin domain, a transmembrane domain,
a cysteine-rich domain, an epidermal growth factor (EGF)-like domain and a cytoplasmic domain
(C-terminal tail) (Figure 2). The cytoplasmic domain helps ADAMs to anchor to the cell surface
and to be involved in intracellular signaling [87,88]. The N-terminus of ADAMs contains a signal
sequence that directs ADAM:s into the secretory pathway and a pro-domain function in ADAMs
maturation [87-89].

The shedding of extracellular domains of membrane-bound growth factors, cytokines and their
receptors by ADAMs is essential for the activation of growth factors and cytokines that play crucial
roles in essential cellular functions such as cell-cell adhesion, extracellular and intracellular signaling,
cell differentiation and cell proliferation [78,85]. ADAM-10 for example, was reported to cleave
the ectodomain of vascular endothelial (VE)-cadherin, a major adhesion molecule of endothelial
adheren junctions [90]. This phenomenon is essential in controlling endothelial permeability, vascular
integrity, leukocyte transmigration, and angiogenesis. Elevated levels of soluble VE-cadherin are
associated with diseases like coronary atherosclerosis and cancer. In another example, the ectodomain
shedding of epidermal growth factor receptor (EGFR) ligands, involved with the pathogenesis of
hyper-proliferative disorder, such as cancer, has been shown to be contributed by ADAM-9, -10, -12
and -17 [91-95]. In addition, ADAM-17 has been shown to cleave the interleukin-6 receptor (IL-6R)
resulting in the shedding of soluble interleukin-6 (sIL-6) which is a prerequisite for the pathogenesis
of interleukin 6 (IL-6) trans-signaling effecting multiple cellular functions related to cancer and
inflammation [96]. Consistent with that, an isoform of ADAM-8 found in lung tumor cell lines
but not in normal cells, has been shown to contribute to tumor-derived bone metastasis through
increased secretion of pro-osteoclastogenic cytokines IL-8 and IL-6 [97].

Recent studies have shown the interaction of ADAM proteins with integrins to play an important
role in cancer progression [98]. ADAM-15 was shown to bind to ocv33 integrin on the monocytic U937
cell line through the RGD-integrin binding sequence to facilitate cell ECM adhesion [99]. The expression
of av33 integrin on endothelial and tumor cells is regulated by vascular endothelial growth factor
(VEGF) and is required for the metastasis of tumor cells to bone in prostate cancer [100]. ADAM-9
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was reported to mediate the motility of cells by binding to a631 integrin [101]. ADAM-9 in human
myeloma cells was further demonstrated to facilitate adhesion by binding to «v[35 integrin, while the
lymphoblastoid cells which do not express av35 does not bind to ADAM-9 [102]. ADAM-9 was able to
bind directly to «634 integrin on the surface of colon carcinoma cells through the disintegrin domain to
promote carcinoma invasion [103]. In addition, ADAM-9 has been demonstrated to cleave L1 adhesion
molecule, a protein which stimulates cell migration on fibronectin and laminin through mechanisms
dependent on autocrine binding of L1 to av35 integrin [104]. ADAM-9 also regulates myeloma cell
induced ionterleukin-6 production by binding to av35 integrin [105]. The metalloproteinase activity
of particular ADAM s is inhibited by specific TIMPs (Table 1).

5.2.2. ADAMS with Thrombospondin Motifs (ADAMTS)

The ADAMTS family contains 19 members [106]. They include enzymes involved in collagen
biosynthesis as procollagen propeptidases (ADAMTS-2, ADAMTS-3 and ADAMTS-14) [107-110],
the family of ‘aggrecanases’ responsible for the degradation of aggregan (ADAMTS-1, ADAMTS-4,
ADAMTS-5, ADAMTS-8, ADAMTS-9 and ADAMTS-15), and specific aggrecanases that degrade
the interglobular domain separating G1 and G2 of aggrecan at a specific Glu373-Ala374 bond
(ADAMTS-11, and in some cases ADAMTS-4) [111-115].

In contrast to the ADAMSs, the members of the ADAMTS protease family are secreted proteins.
Structurally, ADAMTS consists of an N-terminus (propeptide) domain, a metalloproteinase domain
and disintegrin domains (Figure 2). Furthermore, ADAMTS do not have a cysteine-rich domain,
an epidermal growth-factor-like domain, or a cytoplasmic tail. Instead, the disintegrin domain is
linked to a central thrombospondin type I-like repeat, a cysteine-rich domain and varying numbers of
C-terminal thrombospondin repeats (Figure 2). ADAMTS-1, -4, -5, -8, -9, -15, -16, and -18 are regarded
as proteoglycanases because they can degrade aggrecan, versican, brevican, and other proteoglycans.
In contrast, ADAMTS-2 participates in the removal of the amino prodomain from procollagen I in the
dermis [39]. Importantly, like MMPs, ADAMTS have many other functions, including processing and
activating proteinase precursors, besides degrading the ECM (Table 1).

Aberrant methylation of ADAMTS-1 has been shown to be involved in the development
and progression of gastric cancer [114]. Invitro, ADAMTS-2, -3 and -14 have been shown to
participate in processing of fibrillar procollagen types I-III, and ADAMTS-2 mutations have been
linked to Ehlers-Danlos syndrome, a connective tissue disorder characterized by impaired collagen
assembly [115-117]. ADAMTS-9 acts as a functional tumor suppressor in gastric cancer through
inhibiting the oncogenic AKT/mammalian target of rapamycin (mTOR) signaling pathway and
ADAMTS-9 is related to beta cell function in type 2 diabetes [118]. ADAMTS-13 regulates the process
of coagulation in the circulation by cleaving von Willebrand factor (VWF) multimers into small, inactive
fragments [119]. In addition, ADAMTS-4 and ADAMTS-5 are upregulated in arthritic disease and this
may contribute to disease progression through the degradation of aggrecan [120-122].

6. What Are Metzincin Inhibitors?

6.1. Synthetic Inhibitors

Several small molecule synthetic inhibitors of metzincins have been discovered and these have
been extensively reviewed in recent publications [123-126]. Despite the introduction of a large number
of MMP inhibitors in clinical trials, only one compound (periostat) has been approved by US Food
and Drug Administration (FDA) for the treatment of periodontal diseases [127]. The early clinical
trials of several broad spectrum hydroxamate and non-hydroxamate-type inhibitors were followed
by unsuccessful advanced clinical trials because of several muculoskeletal side-effects [123,128].
This failure of MMP inhibitors in clinical trials is mainly attributed to complex biology of MMPs
which for example in cancer can have both cancer promoting effects while other isoforms of MMPs
can counterbalance that by having anti-angiogeneic and anti-metastatic effects [123,129].
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Among the ADAM family, inhibitors for ADAM-17, a protease that releases the pro-inflammatory
cytokine tumor necrosis factor-a (TNF-«) from its membrane-bound precursor have been well
studied [130,131]. There are strong evidences that ADAM-17 is a major TNF-o convertase (TACE). Since
elevated levels of TNF-« is associated with inflammatory diseases like arthritis and Crohn’s disease
majority of the small molecule inhibitors for TACE have been focused on these diseases [123,130,131].
Unfortunately, side effects like hepatoxicity and lack of efficacy led to the discontinuation of these
inhibitors in clinic with only two inhibitors being considered for Phase 2 clinical trial [132]. ADAM-10
and ADAM-17 facilitate the shedding of multiple ErbB ligands, which are overexpressed in several
cancers and promote tumorigenesis upon binding to ErbB receptors [133]. Small molecule inhibitor
for ADAM-10 in conjunction with ADAM-17 has advanced to clinical trial but their structure still
remains unknown.

To date no effective synthetic inhibitor for ADAMTS family has been discovered despite continual
efforts to discover effective inhibitors for ADAMTS-4 and ADAMTS-5 which would control the
aggrecanolytic activity associated with osteoarthritis [123]. Hence, future advance in this field is
required to selectively block for better therapeutic impetus of ADAMTS family.

6.2. Endogenous Inhibitors

Three endogenous inhibitors are known to negatively regulate metzincin activity; these are:
a2-macroglobulin (primary inhibitor in blood and lymphatic tissue), RECK and TIMPs [2]. RECK is
a membrane anchored protein which has been shown to act as a tumor suppressor gene in gastric and
other cancers [134,135]. The expression of RECK correlates inversely with a small number of metzincin
proteases (e.g., MMP-2, MMP-9, MT1-MMP, ADAM-10, and ADAM-17) primarily in the context of
tumorigenesis [2,135-138]. RECK expression is normally down regulated /suppressed in tumorigenic
cells [135,136]. RECK has been shown to control metastases by signal transducer and activator of
transcription 3 (STAT3)-dependent neoangiogenic switch [136]; and to reduce the tumorigenesis of
gastric cancer by inhibiting ADAM-mediated Notchl shedding and activation [135].

TIMPs, on the other hand, represent a family of secreted proteins which can act as principal
endogenous metalloproteinase inhibitors (Table 1) [139,140]. In mammals, TIMPs belong to a family of
four genes that share significant homology in their structure, but differ in several aspects which are
responsible for important differences in their respective roles (Table 2). TIMPs contain 184-194 amino
acids (21-28 kDa) with two distinctive domains: an N-terminal domain and a C-terminal domain [53].
The N-terminal domain is very homologous across all TIMPs. Overall, the four human TIMPs are
about 40% identical in sequence to each other; TIMP-2 and TIMP-4 are 50% identical in sequence,
whereas TIMP-1 is only 37 to 41% identical to the other TIMPs [139].

The N-terminal domain of TIMPs is responsible for their common inhibitory function by folding
within itself and wedging into the active site of the metzincins (e.g., MMPs, adamalysin); whereas
the C-terminal domain is involved in properties more specific to each TIMP (Table 1) [140,141].
For example, in the case of TIMP-3, the C-terminal domain is responsible for its unique ability to bind
to the ECM [142] and in the case of TIMP2, the C-terminal domain plays a role in its high affinity
binding to the tumor cell surface [143].
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Table 2. Characteristics of tissue inhibitors of matrix metalloproteinases.
Characteristic TIMP-1 TIMP-2 TIMP-3 TIMP-4
Mol. weight (kDa) 28 21 24 22
Chromosome (human) X11p11.23-11.4 17q23-25 22q12.1-q13.2 3925
mRNA (kb) 0.9 12,17,35 24,28,45 14
Glycosylation Yes No Partial No
Amino acids 184 194 188 194
(mature protein)
o Pro-MMP-9, ECM, Pro-MMP-9
Binding cell surface Pro-MMP-2, cell surface and pro-MMP2 Pro-MMP-2
. Negative Positive(Stimulates) L Positive(Stimulates)
Apoptotic effects (Suppresses) Negative (Protects) Positive (Enhances) Negative (Protects)
Cell Growth Stimulates Stimulates Suppresses Suppresses No effect
Mediate through
Angiogenesis interaction with 1 Negative Negative Negative
integrin and CD63
Other Genes
known to block VEGFR2, VEGF
EZH2, SOCS1, Baicalein
Down-regulated by STAT3, IL-4 (drug), Rosuvastatin TNE, IL-4, TGE-p1, LPS, TNF
. (weak), IL-4 (weak)
(cholesterol lowering drug)
TGF-B1, TET1,
Upregulated by TGF-B1, LPS, c-Jun angiotensin-TI TGF-B1,LPS
References [144-149] [144,146,148,150-154] [144-146,148,154-159] [144-148]

6.3. Do TIMPs Only Inhibit Metzincin's Activity or Are They Independent of Metzincin?

A major role of TIMPs is to inhibit active MMPs, and due to structural similarities in the active
site of MMPs and adamalysins, some ADAMs and ADAMTSs are also inhibited by TIMPs (Table 1).
However, recent studies have in detail shown MMP-independent functions for TIMPs [160]. In this
context, TIMP-1 has been shown to reduce the growth rate of human breast epithelial (MCF10A) cells
by inducing cell cycle arrest at G1 phase. TIMP-1-mediated cell cycle arrest is associated with the
downregulation of cyclin D1 and upregulation of p27XiP!, necessary for phosphorylation of the tumor
suppressor retinoblastoma protein (RB) [161]. On the other hand, growth-promoting activity of TIMPs
have been shown to regulate distinct signaling through mitogen activated protein kinase (MAPK),
adenosine 3,5 monophosphate (CAMP)-protein kinase A and activation of Ras pathways [162-164].

TIMP-2 has been shown to mediate activation of signaling pathways by direct binding to cell
surface receptors [165]. Competitive binding studies have identified 331 integrin as a putative
receptor on endothelial cells for TIMP-2 binding [166]. «331 integrin-TIMP-2 binding initiate’s receptor
tyrosine kinase inactivation through the protein tyrosine phosphatase, Shp-1, which suppresses cyclin
D1 and de novo synthesis of cell cycle inhibitor, p27XiP!, resulting in the hypophosphorylation of
tumor suppressor retinoblastoma protein (pRB) leading to G1 phase growth arrest of endothelial cells
to inhibit angiogenesis [160,166,167]. In addition, TIMP-2 also binds to insulin-like growth factor-1
receptor (IGFR-1) on endothelial cells for the inhibition of angiogenesis [168], while TIMP-1 interacts
with tetraspanin CD63, which associates with the 31 subunit of integrin receptors for the regulation
of cell death pathways mediated by extracellular regulated kinase (ERK) [169]. TIMPs also regulate
a variety of neurological processes, which includes, differentiation/arrest of neuronal cell growth,
enhanced central nervous system myelination, protection of blood-brain barrier and oligodendrocyte
differentiation [167,170] (Table 2).

6.4. What Is the Expression of TIMPs in Tumors?

TIMP-2 expression levels have been studied in several types of tumors as prognostic markers for
disease progression. There is a growing consensus which supports the notion that TIMP-2 expression
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levels are reduced in a variety of human tumor settings and this is correlated with enhanced tumor
progression [165]. In that scenario, the level of TIMP-2 expression has been shown to correlate inversely
with the metastatic behavior and histological grade of malignant gliomas and glioma-derived cell
lines [171,172]. Consistently, TIMP-2 expression levels were lower in clear cell renal carcinoma
compared to control groups [173]. On the other hand, increased TIMP-2 levels in tumor tissues
correlates with reduced tumor growth and enhanced sensitivity to chemotherapy. Enhanced TIMP-2
expression in the serum and tumor tissues have been associated with a better prognosis in non-small
lung cancer (NSCLC) patients [174]. Consistent with that increased TIMP-2 expression has been
positively correlated with enhanced survival in patients with endometrial and breast cancers [175,176].
On the contrary, high TIMP-2 expression was noted in lung adenocarcinomas and was associated
with poor prognosis [177]. TIMP-2 expression in lung adenocarcinomas was significantly associated
with the alteration of driving proto-oncogene tyrosine-protein kinase (c-Src) and phosphatidylinositol
3-kinase/protein kinase B (PI3-kinase/AKT pathways) [177].

High expression of TIMP-1 has been reported in hepatocellular carcinoma tissues associated with
advanced TNM stage, intrahepatic metastasis, portal vein and vascular invasion [178]. Co-culture
studies of liver cancer cells expressing high levels of TIMP-1 with fibroblasts extracted from normal
liver demonstrated accelerated proliferation, migration and invasion of liver fibroblasts through
activation of stromal derived factor-1/C-X-C chemokine receptor type 4 (SDF-1/CXCR4)/PI3K/AKT
signaling pathways, indicating that TIMP-1 promotes hepatocellular carcinoma through activation
of cancer associated fibroblasts [178]. Similarly, expression profiling of TIMP-1 in gastric cancer
showed TIMP-1 expressing cells to be mainly tumor-associated myofibroblasts [179]. In contrast,
reduced TIMP-3 expression due to promoter methylation has been reported in non-tumorous tissue
of hepatocellular carcinoma [166]. Reduced expression of TIMP-3 in hepatocellular carcinomas was
associated with reduced tumor differentiation and increased metastatic activity in HCC cell lines [180].

7. Metzincins and TIMPS in Ovarian Cancer
7.1. What Is the Evidence of the Involvement of MMPs and TIMPs in Ovarian Cancer?

7.1.1. Expression in Tumors, Ascites and Blood

Proteolytic enzymes that degrade the ECM are implicated in all phases of ovarian cancer
progression [181]. The expression and roles of MMPs have been studied extensively in ovarian
cancer [182]. A meta-analysis of 956 ovarian cancer patients from 8 independent studies demonstrated
that tumor-derived MMP-2 expression can predict a lower overall survival rate and could be used
as an independent negative prognostic factor [183]. Over expression of MMP-2 in the peritoneal
implants, but not in the primary tumors, of ovarian cancer patients have been related to a significant
risk of death [184]. The expression of MMP-2 in the cystic fluid of serous and mucinous ovarian
cancer patients was shown to be significantly elevated compared to borderline and benign ovarian
tumors [185]. In another independent study, MMP-2 level was positively correlated with clinical stage
and metastasis of ovarian cancer patients [186].

In a cohort of women with high grade serous carcinoma, an increased MMP-9 tumor expression,
quantified by automated immunostaining, was associated with a higher risk of death but not
with tumor progression; however, no correlation of protein expression with TIMP-2 and MMP-2
with death or tumor progression was observed in the same patient cohort [187]. Another study
demonstrated no correlation between the expression of MMP-9 and TIMP-2 and survival in patients
with advanced ovarian cancer [188]. The later study included 69 patients with the International
Federation of Gynecology and Obstetrics (FIGO) stages III/IV, and the methodology included
a tissue microarray /immunohistochemistry, with a visual histological scoring system to analyze the
results [188]. In a third study an increase of TIMP-2 expression in the stroma and tumor compartment
was positively correlated with a better survival rate of patients with ovarian cancer [189]. This study
included 43 patient tumors (FIGO I (n = 1), FIGO II and III and grade 1-3 (n = 41); Serous (n = 37),
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endometriod (n = 3), and others (n = 3)). All analyses were performed using a visual immunoreactive
scoring method (IRS). Hence, the conclusions from above three studies were different, possibly due the
differences in the patient cohort, methodologies used for analyses and the different antibodies used to
score the immunohistochemistry results.

High mRNA expression of MMP-2, MMP-9, MT1-MMP and TIMP-2 in primary ovarian tumors
and stromal compartments was associated with poor survival in ovarian cancer patients, suggesting
that MMP-2, MMP-9, MT1-MMP and TIMP-2 are valid markers of poor survival in advanced-stage
ovarian carcinoma [190]. The epithelial expression of MMP-2, -7, -9, MT1-MMP, TIMP-2, but not
TIMP-1, was reported to be higher in serous than mucinous ovarian tumors [191]. Stromal expression
of MMP-7 was higher also in serous compared to mucinous tumors; while the expression of MT1-MMP,
MMP-7 and -9 was similar in benign and borderline tumors compared to control group [191]. A recent
study also showed higher expression of VEGF, MMPs, CD105 (Endoglin), TIMPs and VASH (Vasohibin)
on advanced gynaecological cancers compared to healthy individuals [192]. A screening study using
an orthotopic ovarian carcinoma model in nude mice recently demonstrated that the mRNA levels of
TIMP-2, MMP-2 and other ovarian cancer associated proteins such as cytokeratin -7 (CK-7), cancer
antigen-125 (CA-125), tumor suppressor P53 and survivin, were significantly higher in cancer tissue
than the middle paraneoplastic tissue and remote paraneoplastic tissue and normal ovarian tissue [193].
There was no statistically significant difference between the expression of these genes in middle
and proximal paraneoplastic tissue as well as among residual normal ovarian tissues. Overall, the
expression levels of CK-7, CA-125, P53, survivin, MMP-2, TIMP-2, and other molecular markers
showed a decreasing trend in the non-cancer compared with cancer tissues.

In ovarian cancer, ascites rich in MMPs; MMP-2, -9, and -14 are major contributors to peri-cellular
proteolysis in the peritoneal microenvironment [181]. Although proteinases are commonly expressed
by stromal cells, epithelial expression of MMP-9 or MMP-14 in tumor cells has been correlated with
decreased patient survival [181,194]. MMP-9 is expressed by primary ovarian carcinoma cells derived
from the ovary, metastatic implants and ascites [194]. A recent study has revealed that MT1-MMP
is one of the MMPs that contribute to the detachment of multicellular aggregates floating in the
ascites microenvironment [195]. MMP-2 is also found to be abundantly expressed by the multicellular
aggregates derived from ascites and is thought to play a major role in early metastasis by facilitating the
rapid disaggregation of the ovarian cancer cells for adhesion to the mesothelial surface [196]. MMP-9
has also been reported to be highly expressed in the malignant mesothelium; specifically its expression
was found to be stronger in mesothelial cells closer to the metastatic tumor and in mesothelial cells
with a stratified and inflamed appearance, than those remote from the tumor [197].

Lysophosphatidic acid (LPA), a well characterized bioactive lipid molecule is abundantly present
in the ascites and plasma of ovarian cancer patients [198,199]. LPA is constitutively produced by the
mesothelial cells of the peritoneum, activates a G-protein coupled cell surface receptor and elicits
uncontrolled proliferation, adhesion, migration, invasion and anoikis-resistance survival in floating
ovarian cancer cells [200-202]. LPA has been shown to induce shedding of the 80 kDa extracellular
domain of E-cadherin in ovarian cancer cells in a urokinase plasminogen activator (uPA)-dependent
manner, disrupting cell-cell junctions and promoting EMT with enhanced motility and invasion [203].
In addition, LPA upregulates MMP-9 which also contributes to E-cadherin ectodomain shedding,
contributing to EMT in ovarian cancer cells [204]. Activation of EGF receptor, which is frequently
upregulated in ovarian cancer cells, also generates a ~80 kDa E-cadherin ectodomain fragment
in ovarian tumor cells which contributes to ovarian cancer dissemination [205]. EGF-dependent
down-regulation of E-cadherin was blocked by small interfering RNA (siRNA) specifically directed
against MMP-9 and associations between EGF receptor activation, MMP-9 expression, and E-cadherin
were evident in human ovarian tumors and paired peritoneal metastases [205,206]. The soluble
E-cadherin ectodomain has been detected in peripheral blood, ascites and cystic fluids from
ovarian cancer patients [207,208]. Furthermore, when this E-cadherin fragment was incubated with
ovarian cancer cells at concentrations found in human ovarian cancer ascites, the fragment induced
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characteristics of EMT including altered morphology, disruption of cell-cell adhesion with loss of
endogenous junctions and increased cell dispersion [206]. Above studies strongly suggest involvement
of MMPs in the ectodomain shedding of E-cadherin which potentially regulates the EMT process in
ovarian cancer.

Low serum TIMP-1 concentration at the end of first-line chemotherapy treatment in ovarian cancer
was found to be associated with an improved survival rate of patients [209]. Microarray gene profiling
on 6 advanced-stage high grade epithelial ovarian tumors before and after chemotherapy treatments
found that tumor suppressor and apoptotic genes such as SMOC2, TIMP-3, AXIN1, CASP4, P53 were
significantly downregulated in post treatment tumors compared to chemonaive ones [210]. On the
other hand, a recent study has reported that increased TIMP-2 expression in the stromal compartment,
but not in tumor cells, is associated with an enhanced response to cisplatin and paclitaxel-based
chemotherapy in ovarian cancer patients [189]. In addition, the expression of TIMP-3 was shown
to be upregulated in recurrent ovarian tumors reactive stroma [211]. These results suggest that the
suppression of TIMP-1 expression in the serum of post-chemotherapy patients is a good prognostic
indicator for ovarian cancer patients. However, it is not clear, if similar suppressed TIMP-1 expression
in tumors of post-chemotherapy patients may indicate the same prognosis. On the other hand, increase
in TIMP-2 expression in the stromal compartment of tumors post-chemotherapy is a good indicator of
cisplatin and paclitaxel responses in patients; and enhanced TIMP-3 expression in the stroma may be
an indicator of recurrence in patients. These preliminary studies, however, need further validation for
the proper use of TIMPs as biomarkers for ovarian cancer.

7.1.2. Expression and Function in Cell Lines

Recent studies on ovarian cancer cell lines have demonstrated that the expression of metzincins
in response to different stimuli can regulate the functions of ovarian cancer cells. LPA induced
increased expression of MMP-1, also known as interstitial collagenase, in ovarian cancer cells have
been correlated with increased invasion of cancer cells and has been shown to be mediated by the
G-protein coupled receptor, protease-activated receptor-1(PAR1) [212,213]. Activation of MMP-1-PAR1
induces the secretion of interleukin-8 and growth related oncogene « from ovarian cancer cells,
which act on endothelial chemokine CXCR1/2 receptors leading to endothelial cell proliferation, tube
formation and cancer cell invasion [212,213]. Therefore, MMP-1-PAR1-CXCR1/2 pathways have been
suggested as targets for ovarian cancer therapy. MMP-1 is also regulated by mixed lineage kinase
3 (MLKS3) which is expressed at high levels in ovarian cancer cells [214]. MLK3 has been shown to
activate mitogen-activated protein kinase (MAPK) signaling regulating proliferation, migration and
apoptosis of ovarian cancer cells [214].

Enhanced expression of MMP-7, also known as matrilysin, in response to IL-8 and VEGF in ovarian
cancer cells promotes invasion and metastasis of ovarian cancer through mesothelin (MSLN) activated
MAPK/ERK and Janus kinase (JNK) pathways [215]. In addition, MMP-7 also promotes the invasion
and metastasis of ovarian cancer through MSLN-activated MAPK/ERK and JNK pathways [216].
Hence, blocking MSLN-related pathway may be a potential target for ovarian cancer therapy.

EGF induced MMP-9 and TIMP-1 expression in ovarian cancer cell lines has been shown to
result in increased migration and robust EGF-induced invasion [217]. A recent study examined
the effects of the gonadotropin hormones, follicle stimulating hormone (FSH) and luteinizing
hormone (LH), on ovarian cancer cell lines (BG-1, CAOV3, SKOV3 and OVCAR3) and observed
a significant increase in their invasiveness. Both MMP-2 and MMP-9 were enhanced in one of
the ovarian cancer cell lines (SKOV3) in response to gonadotropins, while TIMP-1 and TIMP-2
were down regulated, suggesting an inverse relationship between MMPs and their endogenous
inhibitors [218]. The effect of docosahexanoic acid (DHA) on the invasiveness of A2780, HO8910,
and SKOV3 cell lines was also investigated. DHA down regulated the expression of VEGF and
MMP-9 and upregulated TIMP-1, kisspeptin-1 (KISS-1) and peroxisome proliferator-activated receptor
gamma (PPAR-y) which negatively correlated with cell invasion and metastasis associated gene
expression in vitro. DHA restrained the development of sub intestinal vessels and cancer cell metastasis



Int. ]. Mol. Sci. 2018, 19, 450 15 0f 33

in a zebrafish xenograft model [219]. In other cell lines, SKOV3 treated with anti-inflammatory
and anti-carcinogenic Bisdemethoxycurcumin (BDMC) was shown to inhibit MMP-2, MMP-9 and
uPA expression but increase protein expression of TIMP-1 and reduced generation of cellular
superoxide in a dose-dependent manner [220]. This occurred through reduced activation of the
transcriptional protein complex, NFkB pathway suggesting, that BDMC can act as a therapeutic agent
to suppress the aggressiveness of ovarian cancer cells. A recent study has shown extracellular vesicles
shed from ovarian cancer cell lines to be rich in MMPs and their inhibitors, TIMPs, representing
a mechanism of localized proteolytic activity to maintain cell-cell communication in the ovarian tumor
microenvironment [221].

7.2. Adamalysin in Ovarian Cancer

High expression of ADAM-17 in early and advanced-stage ovarian tumors compared to normal
ovaries has recently been reported; however, no clinical significance with progression-free survival
was determined [222]. Contrary to that, an absent/low ADAM-12 tumor score was shown to
correlate significantly with a shorter overall survival [223] suggesting that dysregulated ADAMSs
may govern ovarian malignancy. Genomics and clinical data from the Cancer Genome Atlas has
demonstrated that somatic mutations of ADAMTS-1, -6, -8, -9, -15, -16, -18 were associated with higher
sensitivity to platinum and longer progression-free survival, overall survival, and platinum-free
survival duration in 512 patients with high-grade serous ovarian carcinoma [224]. Among the
ADAMTS mutations, ADAMTS-16 is the most commonly affected gene in ovarian cancer and
exogenously expressed. ADAMTS-16 missense mutations in A2780 cisplatin resistant cells inhibited cell
growth and sensitized the cells to cisplatin and inhibited growth in vivo [224]. Orthotopic xenograft
experiments from the same group showed that mice injected with ovarian cancer cells that exogenously
expressed ADAMTS-16 mutations had a better response to cisplatin treatment [224]. We have
recently shown ADAMTS-1 to be enriched in ascites-derived chemoresistant/recurrent compared to
chemonaive tumorigenic cells [225]. We also demonstrated that ADAMTS-9 mRNA is upregulated
in chemoresistant/recurrent ascites-derived tumorigenic epithelial cells compared to chemonaive
tumorigenic epithelial ascites cells [226]. In another study, a higher ADAMTS-1, ADAMTS-5, aggrecan,
versican and TIMP-3 expression in malignant ovarian tumors compared to benign tumors was
associated with a shorter overall survival in ovarian cancer patients [227]. As aggrecan and versican are
the major ECM proteoglycan substrates used by ADAMTS-1 and ADAMTS-5, it is not surprising that
their enhanced expression level correlated with increased expression of ADAMTS-1 and ADAMTS-5.
However, it is not clear why there was a parallel increase in TIMP-3 expression, the tissue inhibitor of
ADAMTS-1 and ADAMTS-5, in malignant ovarian neoplasms compared to benign epithelial ovarian
neoplasm [227]. Consistent with these findings, investigation of poor survival signatures from three
different serous ovarian cancer datasets identified TIMP-3 to be one of the prominent genes associated
with poor survival rate [228].

7.3. What Is the Role of Metzincins in Ovarian Cancer? and What Are the Underlying Mechanisms?

Studies conducted over the past 40 years have provided mounting evidence supporting the role
of metzincins in cancer [39,40,84,125,133]. Dysregulated expression of MMPs are known to affect
cancer cell proliferation, apoptosis, anti-apoptosis, cell adhesion, migration, EMT, tumor angiogenesis,
vasculogenesis as well as immune surveillance [39-41,82,133]. Relationship between MMPs with the
occurrence and development of ovarian cancer and their underlying mechanisms has been discussed
in detail in a recent review [182] and in Sections 7.1 and 7.2 of this review.

The matrix remodeling role of MMPs in ovarian cancer is well studied and has been described
in several recent studies [197,205,206]. Coordinated regulation of MMPs and TIMPs govern the
cleavage and the release of many important growth factors and cell-surface receptors. One such
example is TGF-f3 which plays a paradoxical role in cancer progression; it suppresses proliferation
at early stages of cancer but promotes metastasis at late stages [229]. In vitro studies have shown
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that MMP-9 and MMP-2 can proteolytically cleave latent TGF-f3, providing an important mechanism
for TGF-$3 activation [230]. Another recent study has demonstrated that blocking ERK1/2 signaling
impairs TGF-f1 tumor promoting function but enhances its tumor suppressing role in intrahepatic
cholangiocarcinoma cells [231]. In this study TGF-31 enhanced KKU-M213 cell invasion and migration
and induced EMT as shown by the increase in vimentin, Slug and secreted MMP-9 levels and by
a change in E-cadherin localization from membrane to cytosol. Aberrant TGF- signaling has been
reported in ovarian cancer [232] but whether TGF-f3 signaling in conjunction with metzincins; and
more specifically with MMPs and cell proliferation exists in this tumor type still remains to be explored.

ADAMs on the other hand, are commonly known for their proteolytic activity required for the
ectdomain shedding of growth factors and cytokines crucial for cell signaling associated with cancer
cell proliferation, adhesion on ECM, migration and angiogenesis [78,82,83,133]. The role of different
ADAMSs is not extensively described in ovarian cancer but it can be postulated that their overall roles
in cancers may apply broadly to ovarian cancer. It has been demonstrated that ADAM-10, which is
overexpressed in both ovarian and uterine cancer, is involved with the ectodomain shedding of the
adhesion molecule L1 through its autocrine binding with av[35 integrin [104]. Overexpression of
ADAMS-15 in ovarian cancer has been shown to disturb its interaction with av33 interaction that
resulted in reduced cellular adhesion to vitronectin and consequent reduction in cell motility [99].

Just like ADAMs and MMPs, ADAMTSs can also cleave or interact with a wide range of
extracellular matrix components or regulatory factors, and therefore affect cell adhesion, migration,
proliferation and angiogenesis. In conclusion, even though the expression of metzincins and their
endogenous inhibitors in ovarian tumors, ascites, patient’s blood and ovarian cancer cell lines have
been demonstrated; their overall contribution to ovarian tumor progression and recurrence still remains
unclear. It is now clear that TIMP-signaling is complex and plays a pleotropic role in cancer biology.
Hence, understanding the roles of metzincins and TIMPs is essential for the development of novel
therapeutic interventions for ovarian cancer.

8. Chemotherapy Treatment Results in the Enhanced Expression of TIMP-1, -2 and -3 In Vitro and
In Vivo: A Proof of Concept Experimental Model

We have previously demonstrated that the human ovarian HEY cell line treated with cisplatin
or paclitaxel resulted in surviving residual population of cells which displayed a chemoresistant
phenotype as evidenced by enhanced expression of DNA excision repair protein (ERCCI) and (3-tubulin
3 compared to untreated control cells [33,233-235]. In addition, xenotransplantation studies using
chemotherapy-treated surviving HEY cells generated significantly larger tumor burdens compared to
untreated cells, and had a greater proliferative and tumorigenic capacity and retained an enhanced
cancer stemness profile as evidenced by the enhanced expression of Ki67, CA-125, CD117 and
Oct4 [33,233,234]. These results suggest that chemotherapy treatment leaves behind residual cells which
have mechanisms for greater proliferation and self-renewal in vivo compared to untreated control cells.

In this report, we demonstrate that treatment with chemotherapy (cisplatin or paclitaxel) resulted
in significantly enhanced mRNA expressions of TIMP-1, -2 in surviving residual cells compared to
control untreated cells (Figure 3A). This was observed in three ovarian cancer cell lines SKOV3,
OVCARS5 and HEY cells. However, TIMP-3 was only elevated in HEY cells while SKOV3 and
OVCARS5 cell lines had no mRNA expression of TIMP-3 (Figure 3A). The enhanced expression of
TIMPs in response to chemotherapy was consistent with significantly enhanced mRNA expression
of genes associated with chemoresistance, ERCC1 and class III 3-tubulin (TUBB3), in the surviving
chemotherapy-treated cell lines (Figure 3B). We also provide preliminary data to demonstrate that
this profile of chemoresistance in relation to TIMP expression can be retained in a mouse-xenograft
model in which HEY cells were injected intraperitoneally. Nineteen days after injection of HEY cells
(5 x 10°/mouse), mice were divided into three groups (n = 5/group). The first group of mice was
control untreated, the second and third groups of mice received intraperitoneal injection of paclitaxel
(15 mg/kg body weight) weekly. Treatment in all groups was maintained until the endpoint of
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control untreated mice was reached. At this point, mice in control and group 1 (paclitaxel-treated)
were euthanized. Treatment in group 2 was terminated but the mice in this group were allowed
to survive until the experimental end-point of each mouse was achieved (paclitaxel-recurrent).
These mice survived two weeks longer than control untreated and paclitaxel-treated mice with
end-point remaining the same as control mice [236].

Control untreated mice developed the largest tumor burden compared to all groups, with a mean
of 13.6% =+ 1.6% standardized to body weight [236]. There was a significant lower tumor burden in
group 1 mice compared to control untreated mice, while the tumor burden in group 2 was similar to
control group but significantly higher than the group 1 mice [236].

Immunohistochemistry analysis of mouse xenografts showed significant elevation in CA-125
staining in group 2 compared to group 1 and control groups (Figure 4). Significant elevation of
TIMP-2 and TIMP-3 expressions was also observed in group 2 compared to control and group 1 mouse
(Figure 4). These observations in in vitro cell lines and in animal models provides “proof of concept’
data which suggests that chemotherapy treatment may induce a ‘chemoresistant niche” which protects
chemoresistant cells from cell death by promoting a microenvironment appropriate for the survival
of resistant cells. It can be postulated that TIMP-2 and TIMP-3 expression may have a role in that
survival mechanism which enables the residual chemotherapy-treated cells to promote recurrence.
In that context, the anti-apoptotic role of TIMP-2 through interaction with MTI-MMP and activation of
Ras-ERK1/2 and AKT pathways that protects tumor cells has recently been described [237], and the
expression of TIMP-3 has been shown to be elevated in recurrent tumors [211].
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Figure 3. mRNA expression of TIMP-1, TIMP-2, TIMP-3, ERCC-1 and TUBB3A in ovarian cancer cell
lines treated with or without paclitaxel or cisplatin. (A) TIMP-1, TIMP-2 and TIMP-3 mRNA expression
was deduced in (M) control SKOV3, OVCAR5 and HEY cell lines after treatment with IC50 doses of (M)
paclitaxel (0.67 pg/mL, 0.002 ug/mL and 0.0004 png/mL respectively) and (M) cisplatin (3.95 ug/mL,
4.57 ug/mL and 1.19 ug/mL respectively) for 72 h by qRT-PCR as described previously [235,238].
SKOV-3, OVCAR-5 and HEY cell lines have been described before [238]. The relative expression of
gene of interest was normalized to house-keeping 18S gene. Data are shown as the mean & SEM (n = 3).
**p <0.01, ** p <0.001. (B) The expression of ERCC1 and TUBB3A was performed in control, paclitaxel
and cisplatin-treated ovarian cancer cell lines as described in Figure 3A. ** p < 0.01, **** p < 0.0001.
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Figure 4. Representative images of TIMP-1, TIMP-2, TIMP-3 by immunohistochemistry staining in
paraffin embedded tumor xenografts derived from mice in control, groups 1 and 2 was performed
as described previously [33]. Animal experiment was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of the Laboratory Animals of the National
Health and Medical Research Council of Australia. The experimental protocol was approved by the
University of Melbourne’s Animal Ethics Committee (Project-1413207.1, 14 July 2014). Quantification
of immunohistochemical staining of TIMP-1, -2 and -3 was performed as described previously [238].
Data is presented as mean £ SEM (1 = 3 control mice, n = 3 xenografts from mice treated with paclitaxel,

groups 1 and 2). Magnification 400%, scale bar = 60 um. Significance is indicated by ** p <0.01;
% p <0.0001.

9. Potential New Therapeutic Approaches for TIMPs

TIMPs are known to inhibit a diverse range of metzincins, thus the use of TIMPs as therapeutic
agents have been controversial due to its implication in affecting normal physiology regulated by
metzincins. However, as our pilot data and other recent studies suggest enhanced expression of
TIMPs may be one of the factors attributing to chemoresistance in the survival of ovarian cancer cells
after chemotherapy treatment. Under that scenario, it may be crucial to inhibit TIMP expression in
chemoresistant ovarian cells after chemotherapy treatment. Recently, a number of investigators have
suggested that manipulating specific TIMP /metzincin interaction by engineering TIMP structurally
can modulate future therapeutic approaches which may essentially limit tumorigenicity in vivo.
For example, it has been shown that the selective inhibition of ADAM12 catalytic activity can result
through the removal of the AB-loop in N-TIMP-2, which impairs the interaction of ADAM12 with
ADAM17/TACE?2, resulting in the loss of ADAM12 targeted cell surface shedding of growth factor
receptors and gelatinases required for the tumorigenic phenotype of cancer cells [239]. In another
example, TIMP-1 engineering resulted in functional incompetence of MT1-MMP (MMP-14) [240].
Under normal conditions, the wild-type TIMP-1 is unable to inhibit MT1-MMP. However, the insertion
of a triple mutation at the N-terminus (V4A + P6V + T98L or N-TIMP-1™t!) of TIMP-1 effectively
blocked the ectodomain of MT1-MMP, thus impairing its ability to activate MMP-2 and inhibited
CD44 shedding and endothelial tubule formation in human vascular endothelial cells in a 3D fibrin gel
model and also the ability to activate pro-MMP-2 [240]. In another study, “T1:TX’ chemiras developed
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by replacing the C-terminal domain in TIMP-1 with those of TIMP-2, -3, and -4 dramatically increased
the affinity of TIMP-1 for some metzincin members [241]. Furthermore, these chimeras were able to
suppress TNF-o and HB-EGF shedding in cell-based assays and had no growth-promoting activity
in vitro. Instead, these chimeras inhibited cell migration and motility in several cancer cell lines [242].
Opverall these findings suggest that engineering selective TIMPs with refined specificity against specific
metzincin members may form the basis for developing novel therapeutics against cancer.

Maintaining MMP:TIMP balance is crucial for the maintenance of tissue homeostasis [165].
MMP:TIMP balance has been shown to contribute to tumor progression [242]. Recently, an unbalanced
expression of MMP:TIMP axis genes in tumors were correlated with aberrant epigenotype in various
gene promoters [243]. Correction of these malignant epigenotypes by nuclear modeling was shown
to rebalance the tumorigenic gene expression profile resulting in altered tumor cell morphology,
attenuation of migration and invasion in vitro and reduced tumor growth in vivo [243]. The cytotoxic
effects of chemotherapy have also been shown to induce imbalance in MMP:TIMP balance which if
not corrected results in tumor progression and recurrence. An imbalance between the serum MMP-9
and TIMP-2 was shown to predict disease progression in patients with metastatic renal cell carcinoma
in response to sunitinib treatment [244]. Even though there was no significant difference in the serum
levels of MMP-9 and TIMP-2 between the baseline and the time of progression, the MMP9:TIMP-2 ratio
was significantly higher at the time of progression in non-responders versus responders in response to
sunitinib [244].

Recent studies support the notion that TIMP-2 expression is suppressed in tumors compared
to matching normal or benign tissues [165]. In that scenario, adding TIMP-2 to the tumor
microenvironment seems a logistic approach to tackle tumorigenesis. Recent studies have utilized
retroviral vector-mediated forced expression of TIMP-2 and Ala+TIMP-2, a TIMP-2 variant that is
deficient in MMP inhibitory activity due to substitution of a single alanine residue to the N-terminus of
TIMP-2 [165]. In a series of experiments, these studies elegantly demonstrated that forced expression
of TIMP-2 and Ala-TIMP-2 selectively alters tyrosine phosphorylation of VEGFR-2 at residues directly
implicated in endothelial cell proliferation and migration [245-247]. In addition, there was inhibition
of phospholipase C-y, Akt and endothelial nitric oxide synthase (eNOS), severely compromising
endothelial function in relation to angiogenesis. In another model of TIMP-2 and Ala+TIMP-2 in
human lung carcinoma cell line A549, TIMP-2 and Ala+TIMP-2-derived A549 cancer cell lines produced
significantly suppressed tumor growth compared to empty vector controls as late as 40 days post
tumor cell inoculation [248]. The suppression of tumor growth was associated with marked decrease in
tumor microvascular density count (CD31+ or CD34+) of xenografts by immunohistochemistry as well
as decrease in focal adhesion kinase and AKT activities suggesting suppression of angiogenesis, tumor
cell migration and growth in TIMP-2 and Ala+TIMP-2 mice xenografts [248]. Transcriptional profiling
of TIMP-2 and Ala+TIMP-2 tumor cells and xenografts demonstrated changes in cell-membrane
association of E-cadherin and (3-catenin, suggestive of mesenchymal to epithelial (MET) transition [248].
These studies in murine tumor models clearly suggest that either the exogenous administration of
recombinant TIMP-2 or the use of nanoparticle-based delivery vehicle which can deliver TIMP-2
to tumor sites may have a potential for therapeutic utility in cancer where TIMP-2 is suppressed.
In this context, lipid nanoparticles have shown great potential as delivery vehicles for a wide
range of biomedical applications, including anti-cancer therapies. The inherent advantage of the
nanoparticle-based delivery systems is that they tend to accumulate in tumors much more than
in normal tissues. This occurs due to enhanced permeability and retention (EPR) effect due
to the high density and defective vasculature as well as the lack of lymphatic drainage around
tumors [249]. The administration of exogenous recombinant TIMP-2 may sustain normalization of
tumor microenvironment by keeping the actions of metzincins under check which may support intact
functional ECM and vascularization and may also facilitate a broader window for chemotherapy
treatment response [151]. However, this will have to be improved by increasing the half-life of
TIMPs, which in the case of murine TIMP-1 has been reported to have a plasma clearance of ~4 h [250].
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Much of this can be improved by using modified forms of TIMPs, such as PEGylated TIMP-1, which has
an extended half-life of 28 h in mice [250].

Few recent studies have shown the use of conditionally replicating adenoviruses (CRAd),
which selectively kills tumor cells, loaded with TIMP-2 as a therapeutic transgene, targeting the matrix
metalloproteinase in murine orthotopic model of disseminated ovarian cancer [251,252]. These studies
showed that TIMP-2 armed CRAd delayed tumor growth in mice and significantly increased the
survival compared to unarmed CRAd. This therapeutic effect was mediated by the inhibition of
MMP-9 [252]. These studies clearly support the translational potential of CRAd-TIMP-2 for patients
with advanced ovarian cancer.

10. Conclusions

7

Our understanding of the mechanisms of action of TIMPs in cancer as a ‘family of tumor regulators
has significantly changed from a relatively simple concept that the essential role of TIMPs is the
maintenance of homeostasis of the ECM by sustaining the balance of TIMPs to metzincins; to the
understanding that TIMPs can have effects on tumor cell growth, metastasis, survival and response to
chemotherapy independently of the metzincins.

The proof of concept data described in this report suggests that TIMPs may be involved in
chemoresistance associated recurrence in ovarian cancer. These studies emphasize the need to
evaluate the expression of metzincins and TIMPs in tumors in response to chemotherapy and other
adjuvant therapies. This would facilitate detailed understanding of metzincins and their endogenous
inhibitors in ovarian cancer biology; which in future could serve as a basis for the development of
new diagnostic/screening and therapeutic approaches. This could potentially lead to a good response
to cancer treatment, and thus increase survival of ovarian cancer patients. A model of TIMP-based
therapy in advanced ovarian cancer is discussed in Figure 5.
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Figure 5. Proposed model of achieving a longer remission period with TIMP-based therapy in ovarian
cancer. Current treatment of ovarian tumors after surgery with conventional chemotherapy results in
smaller residual tumors containing chemoresistant cells. The surviving chemoresistant cells are able
to proliferate; and subsequently develop recurrent tumors which lead to disease relapse and death
in ovarian cancer patients. The addition of TIMP-based therapy may suppress TIMP expression in
chemoresistant cells, which may suppress the growth of chemoresistant cells, thus impeding their
tumorigenic potential, thus prolonging the overall remission period in ovarian cancer patients. L

chemoresistant cells @ cancer cells.



Int. ]. Mol. Sci. 2018, 19, 450 21 of 33

Acknowledgments: Ruth M. Escalona and Emily Chan are recipients of the Australian Postgraduate Award.
This work was also supported by John Turner Cancer Research Funds to Fiona Elsey Cancer Research Institute,
Ballarat, Australia. This work was made possible through the Victorian State Government Operational
Infrastructure Support to the Hudson Institute of Medical Research.

Author Contributions: Ruth M. Escalona contributed to the writing and did the experiments. Emily Chan
contributed to the mice experiments. George Kannourakis and Jock K. Findlay edited the manuscript.
Nuzhat Ahmed conceived the idea, designed the report and contributed to the writing of the manuscript.

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

References

1.  Balaban, N.P; Rudakova, N.L.; Sharipova, M.R. Structural and functional characteristics and properties of
metzincins. Biochemistry 2012, 2, 119-127. [CrossRef] [PubMed]

2. Rivera, S.; Khrestchatisky, M.; Kaczmarek, L.; Rosenberg, G.A.; Jaworski, D.M. Metzincin Proteases and
their Inhibitors, Foes or Friends in Nervous System Physiology? J. Neurosci. Off. J. Soc. Neurosci. 2010, 30,
15337-15357. [CrossRef] [PubMed]

3. Jemal, A; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Thun, M.]. Cancer statistics, 2009. CA Cancer |. Clin. 2009, 59,
225-249. [CrossRef] [PubMed]

4. Mitra, R.; Chen, X,; Greenawalt, E.J.; Maulik, U.; Jiang, W.; Zhao, Z.; Eischen, C.M. Decoding critical long
non-coding RNA in ovarian cancer epithelial-to-mesenchymal transition. Nat. Commun. 2017, 8, 1604.
[CrossRef] [PubMed]

5. Ahmed, N.; Thompson, EZW.; Quinn, M.A. Epithelial-mesenchymal interconversions in normal ovarian
surface epithelium and ovarian carcinomas: An exception to the norm. J. Cell. Physiol. 2007, 213, 581-588.
[CrossRef] [PubMed]

6. Auersperg, N.; Wong, A.S.; Choi, K.C.; Kang, SK.; Leung, P.C. Ovarian surface epithelium: Biology,
endocrinology, and pathology. Endocr. Rev. 2001, 22, 255-288. [CrossRef] [PubMed]

7. Levanon, K,; Crum, C.; Drapkin, R. New insights into the pathogenesis of serous ovarian cancer and its
clinical impact. J. Clin. Oncol. 2008, 26, 5284-5293. [CrossRef] [PubMed]

8.  Carlson, ].W,; Miron, A.; Jarboe, E.A.; Parast, M.M.; Hirsch, M.S.; Lee, Y.; Muto, M.G.; Kindelberger, D.;
Crum, C.P. Serous tubal intraepithelial carcinoma: Its potential role in primary peritoneal serous carcinoma
and serous cancer prevention. J. Clin. Oncol. 2008, 26, 4160-4165. [CrossRef] [PubMed]

9.  Kindelberger, D.W,; Lee, Y.; Miron, A.; Hirsch, M.S.; Feltmate, C.; Medeiros, F.; Callahan, M.].; Garner, E.O.;
Gordon, R.W.,; Birch, C.; et al. Intraepithelial carcinoma of the fimbria and pelvic serous carcinoma: Evidence
for a causal relationship. Am. J. Surg. Pathol. 2007, 31, 161-169. [CrossRef] [PubMed]

10. Klymenko, Y.; Kim, O.; Stack, M.S. Complex Determinants of Epithelial: Mesenchymal Phenotypic Plasticity
in Ovarian Cancer. Cancers 2017, 9, 104. [CrossRef] [PubMed]

11.  Vang, R.; Shih, LM.; Kurman, R.J. Fallopian tube precursors of ovarian low- and high-grade serous neoplasms.
Histopathology 2013, 62, 44-58. [CrossRef] [PubMed]

12. Bapat, S.A.; Mali, A.M.; Koppikar, C.B.; Kurrey, N.K. Stem and progenitor-like cells contribute to the
aggressive behavior of human epithelial ovarian cancer. Cancer Res. 2005, 65, 3025-3029. [CrossRef]
[PubMed]

13.  Zhang, S.; Balch, C.; Chan, M.W.; Lai, H.C.; Matei, D.; Schilder, ].M.; Yan, P.S.; Huang, T.H.; Nephew, K.P.
Identification and characterization of ovarian cancer-initiating cells from primary human tumors. Cancer Res.
2008, 68, 4311-4320. [CrossRef] [PubMed]

14. Flesken-Nikitin, A.; Hwang, C.I.; Cheng, C.Y.; Michurina, T.V.; Enikolopov, G.; Nikitin, A.Y. Ovarian surface
epithelium at the junction area contains a cancer-prone stem cell niche. Nature 2013, 495, 241-245. [CrossRef]
[PubMed]

15.  Szotek, PP; Pieretti-Vanmarcke, R.; Masiakos, P.T.; Dinulescu, D.M.; Connolly, D.; Foster, R.; Dombkowski, D.;
Preffer, F.; Maclaughlin, D.T.; Donahoe, PX. Ovarian cancer side population defines cells with stem cell-like
characteristics and Mullerian Inhibiting Substance responsiveness. Proc. Natl. Acad. Sci. USA 2006, 103,
11154-11159. [CrossRef] [PubMed]

16.  Virant-Klun, I.; Zech, N.; Rozman, P.; Vogler, A.; Cvjeticanin, B.; Klemenc, P.; Malicev, E.; Meden-Vrtovec, H.
Putative stem cells with an embryonic character isolated from the ovarian surface epithelium of women
with no naturally present follicles and oocytes. Differentiation 2008, 76, 843-856. [CrossRef] [PubMed]


http://dx.doi.org/10.1134/S0006297912020010
http://www.ncbi.nlm.nih.gov/pubmed/22348470
http://dx.doi.org/10.1523/JNEUROSCI.3467-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21084591
http://dx.doi.org/10.3322/caac.20006
http://www.ncbi.nlm.nih.gov/pubmed/19474385
http://dx.doi.org/10.1038/s41467-017-01781-0
http://www.ncbi.nlm.nih.gov/pubmed/29150601
http://dx.doi.org/10.1002/jcp.21240
http://www.ncbi.nlm.nih.gov/pubmed/17708542
http://dx.doi.org/10.1210/er.22.2.255
http://www.ncbi.nlm.nih.gov/pubmed/11294827
http://dx.doi.org/10.1200/JCO.2008.18.1107
http://www.ncbi.nlm.nih.gov/pubmed/18854563
http://dx.doi.org/10.1200/JCO.2008.16.4814
http://www.ncbi.nlm.nih.gov/pubmed/18757330
http://dx.doi.org/10.1097/01.pas.0000213335.40358.47
http://www.ncbi.nlm.nih.gov/pubmed/17255760
http://dx.doi.org/10.3390/cancers9080104
http://www.ncbi.nlm.nih.gov/pubmed/28792442
http://dx.doi.org/10.1111/his.12046
http://www.ncbi.nlm.nih.gov/pubmed/23240669
http://dx.doi.org/10.1158/0008-5472.CAN-04-3931
http://www.ncbi.nlm.nih.gov/pubmed/15833827
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://www.ncbi.nlm.nih.gov/pubmed/18519691
http://dx.doi.org/10.1038/nature11979
http://www.ncbi.nlm.nih.gov/pubmed/23467088
http://dx.doi.org/10.1073/pnas.0603672103
http://www.ncbi.nlm.nih.gov/pubmed/16849428
http://dx.doi.org/10.1111/j.1432-0436.2008.00268.x
http://www.ncbi.nlm.nih.gov/pubmed/18452550

Int. ]. Mol. Sci. 2018, 19, 450 22 of 33

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Bowen, N.J.; Walker, L.D.; Matyunina, L.V.; Logani, S.; Totten, K.A.; Benigno, B.B.; McDonald, J.F. Gene
expression profiling supports the hypothesis that human ovarian surface epithelia are multipotent and
capable of serving as ovarian cancer initiating cells. BMC Med. Genom. 2009, 2, 71. [CrossRef] [PubMed]
Jazedje, T.; Perin, PM.; Czeresnia, C.E.; Maluf, M.; Halpern, S.; Secco, M.; Bueno, D.F.; Vieira, N.M.;
Zucconi, E.; Zatz, M. Human fallopian tube: A new source of multipotent adult mesenchymal stem cells
discarded in surgical procedures. J. Transl. Med. 2009, 7, 46. [CrossRef] [PubMed]

Levanon, K.; Ng, V.; Piao, H.Y.; Zhang, Y.; Chang, M.C.; Roh, M.H.; Kindelberger, D.W.; Hirsch, M.S;
Crum, C.P,; Marto, ].A,; et al. Primary ex vivo cultures of human fallopian tube epithelium as a model for
serous ovarian carcinogenesis. Oncogene 2010, 29, 1103-1113. [CrossRef] [PubMed]

Ng, A.; Barker, N. Ovary and fimbrial stem cells: Biology, niche and cancer origins. Nat. Rev. Mol. Cell Biol.
2015, 16, 625-638. [CrossRef] [PubMed]

Vaughan, S.; Coward, J.L; Bast, R.C,, Jr.; Berchuck, A.; Berek, J.S.; Brenton, J.D.; Coukos, G.; Crum, C.C;
Drapkin, R.; Etemadmoghadam, D.; et al. Rethinking ovarian cancer: Recommendations for improving
outcomes. Nat. Rev. Cancer 2011, 11, 719-725. [CrossRef] [PubMed]

Kurman, R.J.; Shih, .M. Pathogenesis of ovarian cancer: Lessons from morphology and molecular biology
and their clinical implications. Int. J. Gynecol. Pathol. 2008, 27, 151-160. [CrossRef] [PubMed]

Karst, A.M.; Drapkin, R. Ovarian cancer pathogenesis: A model in evolution. J. Oncol. 2010, 2010, 932371.
[CrossRef] [PubMed]

Karst, A.M.; Levanon, K.; Drapkin, R. Modeling high-grade serous ovarian carcinogenesis from the fallopian
tube. Proc. Natl. Acad. Sci. USA 2011, 108, 7547-7552. [CrossRef] [PubMed]

Saad, A.F; Hu, W,; Sood, A K. Microenvironment and pathogenesis of epithelial ovarian cancer. Horm. Cancer
2010, 1, 277-290. [CrossRef] [PubMed]

Ahmed, N.; Stenvers, K.L. Getting to know ovarian cancer ascites: Opportunities for targeted therapy-based
translational research. Front. Oncol. 2013, 3, 256. [CrossRef] [PubMed]

Birbeck, M.S.; Wheatley, D.N. An Electron Microscopic Study of the Invasion of Ascites Tumor Cells into the
Abdominal Wall. Cancer Res. 1965, 25, 490-497. [PubMed]

Ahmed, N.; Abubaker, K.; Findlay, ].K. Ovarian cancer stem cells: Molecular concepts and relevance as
therapeutic targets. Mol. Aspects Med. 2014, 39, 110-125. [CrossRef] [PubMed]

Shield, K.; Ackland, M.L.; Ahmed, N.; Rice, G.E. Multicellular spheroids in ovarian cancer metastases:
Biology and pathology. Gynecol. Oncol. 2009, 113, 143-148. [CrossRef] [PubMed]

Haviv, I.; Thompson, E.W. Soiling the seed: Microenvironment and epithelial mesenchymal plasticity.
Cancer Microenviron. 2012, 5, 1-3. [CrossRef] [PubMed]

Hugo, H.; Ackland, M.L.; Blick, T.; Lawrence, M.G.; Clements, J.A.; Williams, E.D.; Thompson, E.-W.
Epithelial—mesenchymal and mesenchymal—epithelial transitions in carcinoma progression. J. Cell. Physiol.
2007, 213, 374-383. [CrossRef] [PubMed]

Ahmed, N.; Abubaker, K.; Findlay, J.; Quinn, M. Epithelial mesenchymal transition and cancer stem cell-like
phenotypes facilitate chemoresistance in recurrent ovarian cancer. Curr. Cancer Drug Targets 2010, 10, 268-278.
[CrossRef] [PubMed]

Abubaker, K.; Latifi, A.; Luwor, R.; Nazaretian, S.; Zhu, H.; Quinn, M.A.; Thompson, E.W.; Findlay, ] K.;
Ahmed, N. Short-term single treatment of chemotherapy results in the enrichment of ovarian cancer stem
cell-like cells leading to an increased tumor burden. Mol. Cancer 2013, 12, 24. [CrossRef] [PubMed]
Ahmed, N.; Maines-Bandiera, S.; Quinn, M.A.; Unger, W.G.; Dedhar, S.; Auersperg, N. Molecular pathways
regulating EGF-induced epithelio-mesenchymal transition in human ovarian surface epithelium. Am. J.
Physiol. Cell Physiol. 2006, 290, C1532—-C1542. [CrossRef] [PubMed]

Elloul, S.; Vaksman, O.; Stavnes, H.T.; Trope, C.G.; Davidson, B.; Reich, R. Mesenchymal-to-epithelial
transition determinants as characteristics of ovarian carcinoma effusions. Clin. Exp. Metastasis 2010, 27,
161-172. [CrossRef] [PubMed]

Peinado, H.; Olmeda, D.; Cano, A. Snail, Zeb and bHLH factors in tumour progression: An alliance against
the epithelial phenotype? Nat. Rev. Cancer 2007, 7, 415-428. [CrossRef] [PubMed]

Lu, P; Takai, K.; Weaver, V.M.; Werb, Z. Extracellular matrix degradation and remodeling in development
and disease. Cold Spring Harb. Perspect. Biol. 2011, 3, a005058. [CrossRef] [PubMed]

Lopez-Otin, C.; Matrisian, L.M. Emerging roles of proteases in tumour suppression. Nat. Rev. Cancer 2007, 7,
800-808. [CrossRef] [PubMed]


http://dx.doi.org/10.1186/1755-8794-2-71
http://www.ncbi.nlm.nih.gov/pubmed/20040092
http://dx.doi.org/10.1186/1479-5876-7-46
http://www.ncbi.nlm.nih.gov/pubmed/19538712
http://dx.doi.org/10.1038/onc.2009.402
http://www.ncbi.nlm.nih.gov/pubmed/19935705
http://dx.doi.org/10.1038/nrm4056
http://www.ncbi.nlm.nih.gov/pubmed/26350076
http://dx.doi.org/10.1038/nrc3144
http://www.ncbi.nlm.nih.gov/pubmed/21941283
http://dx.doi.org/10.1097/PGP.0b013e318161e4f5
http://www.ncbi.nlm.nih.gov/pubmed/18317228
http://dx.doi.org/10.1155/2010/932371
http://www.ncbi.nlm.nih.gov/pubmed/19746182
http://dx.doi.org/10.1073/pnas.1017300108
http://www.ncbi.nlm.nih.gov/pubmed/21502498
http://dx.doi.org/10.1007/s12672-010-0054-2
http://www.ncbi.nlm.nih.gov/pubmed/21761359
http://dx.doi.org/10.3389/fonc.2013.00256
http://www.ncbi.nlm.nih.gov/pubmed/24093089
http://www.ncbi.nlm.nih.gov/pubmed/14297487
http://dx.doi.org/10.1016/j.mam.2013.06.002
http://www.ncbi.nlm.nih.gov/pubmed/23811037
http://dx.doi.org/10.1016/j.ygyno.2008.11.032
http://www.ncbi.nlm.nih.gov/pubmed/19135710
http://dx.doi.org/10.1007/s12307-012-0104-0
http://www.ncbi.nlm.nih.gov/pubmed/22528875
http://dx.doi.org/10.1002/jcp.21223
http://www.ncbi.nlm.nih.gov/pubmed/17680632
http://dx.doi.org/10.2174/156800910791190175
http://www.ncbi.nlm.nih.gov/pubmed/20370691
http://dx.doi.org/10.1186/1476-4598-12-24
http://www.ncbi.nlm.nih.gov/pubmed/23537295
http://dx.doi.org/10.1152/ajpcell.00478.2005
http://www.ncbi.nlm.nih.gov/pubmed/16394028
http://dx.doi.org/10.1007/s10585-010-9315-2
http://www.ncbi.nlm.nih.gov/pubmed/20213325
http://dx.doi.org/10.1038/nrc2131
http://www.ncbi.nlm.nih.gov/pubmed/17508028
http://dx.doi.org/10.1101/cshperspect.a005058
http://www.ncbi.nlm.nih.gov/pubmed/21917992
http://dx.doi.org/10.1038/nrc2228
http://www.ncbi.nlm.nih.gov/pubmed/17851543

Int. ]. Mol. Sci. 2018, 19, 450 23 of 33

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Apte, S.S. A disintegrin-like and metalloprotease (reprolysin-type) with thrombospondin type 1 motif
(ADAMTS) superfamily: Functions and mechanisms. . Biol. Chem. 2009, 284, 31493-31497. [CrossRef]
[PubMed]

Apte, S.S.; Parks, W.C. Metalloproteinases: A parade of functions in matrix biology and an outlook for the
future. Matrix Biol. 2015, 44—46, 1-6. [CrossRef] [PubMed]

Tallant, C.; Marrero, A.; Gomis-Ruth, EX. Matrix metalloproteinases: Fold and function of their catalytic
domains. Biochim. Biophys. Acta 2010, 1803, 20-28. [CrossRef] [PubMed]

Sohail, A.; Sun, Q.; Zhao, H.; Bernardo, M.M.; Cho, J.A.; Fridman, R. MT4-(MMP17) and MT6-MMP
(MMP25), A unique set of membrane-anchored matrix metalloproteinases: Properties and expression in
cancer. Cancer Metastasis Rev. 2008, 27, 289-302. [CrossRef] [PubMed]

Page-McCaw, A.; Ewald, A.].; Werb, Z. Matrix metalloproteinases and the regulation of tissue remodelling.
Nat. Rev. Mol. Cell Biol. 2007, 8, 221-233. [CrossRef] [PubMed]

Naim, A.; Pan, Q.; Baig, M. Matrix Metalloproteinases (MMPs) in Liver Diseases. . Clin. Exp. Hepatol. 2017,
7,367-372. [CrossRef] [PubMed]

Gueders, M.M.; Foidart, J.-M.; Noel, A.; Cataldo, D.D. Matrix metalloproteinases (MMPs) and tissue
inhibitors of MMPs in the respiratory tract: Potential implications in asthma and other lung diseases.
Eur. J. Pharmacol. 2006, 533, 133-144. [CrossRef] [PubMed]

Groblewska, M.; Siewko, M.; Mroczko, B.; Szmitkowski, M. The role of matrix metalloproteinases (MMPs)
and their inhibitors (TIMPs) in the development of esophageal cancer. Folia Histochem. Cytobiol. 2012, 50,
12-19. [CrossRef] [PubMed]

Overall, C.M. Molecular determinants of metalloproteinase substrate specificity: Matrix metalloproteinase
substrate binding domains, modules, and exosites. Mol. Biotechnol. 2002, 22, 51-86. [CrossRef]

Xu, J.; Clark, R.A. A three-dimensional collagen lattice induces protein kinase C-zeta activity: Role in o2
integrin and collagenase mRNA expression. J. Cell Biol. 1997, 136, 473-483. [CrossRef] [PubMed]

Sun, X.; Wei, L.; Chen, Q.; Terek, R.M. CXCR4/SDF1 mediate hypoxia induced chondrosarcoma cell invasion
through ERK signaling and increased MMP1 expression. Mol. Cancer 2010, 9, 17. [CrossRef] [PubMed]

Du, X.; Wang, S.; Lu, J.; Cao, Y.; Song, N.; Yang, T; Dong, R.; Zang, L.; Yang, Y.; Wu, T.; et al. Correlation
between MMP1-PART1 axis and clinical outcome of primary gallbladder carcinoma. Jpn. J. Clin. Oncol. 2011,
41,1086-1093. [CrossRef] [PubMed]

Sokolovic, A.; Sokolovic, M.; Boers, W.; Elferink, R.P,; Bosma, P.J. Insulin-like growth factor binding protein
5 enhances survival of LX2 human hepatic stellate cells. Fibrogenesis Tissue Repair 2010, 3, 3. [CrossRef]
[PubMed]

Mott, ].D.; Werb, Z. Regulation of matrix biology by matrix metalloproteinases. Curr. Opin. Cell Biol. 2004,
16, 558-564. [CrossRef] [PubMed]

Khokha, R.; Murthy, A.; Weiss, A. Metalloproteinases and their natural inhibitors in inflammation and
immunity. Nat. Rev. Immunol. 2013, 13, 649-665. [CrossRef] [PubMed]

Rodriguez, J.A.; Orbe, J.; Paramo, J.A. Metalloproteases, vascular remodeling and atherothrombotic
syndromes. Rev. Esp. Cardiol. 2007, 60, 959-967. [CrossRef] [PubMed]

Shiomi, T.; Lemaitre, V.; D’Armiento, ].; Okada, Y. Matrix metalloproteinases, a disintegrin and metalloproteinases,
and a disintegrin and metalloproteinases with thrombospondin motifs in non-neoplastic diseases. Pathol. Int.
2010, 60, 477-496. [CrossRef] [PubMed]

Giebeler, N.; Zigrino, P. A Disintegrin and Metalloprotease (ADAM): Historical Overview of Their Functions.
Toxins 2016, 8, 122. [CrossRef] [PubMed]

Abel, S.; Hundhausen, C.; Mentlein, R.; Schulte, A.; Berkhout, T.A.; Broadway, N.; Hartmann, D.; Sedlacek, R.;
Dietrich, S.; Muetze, B.; et al. The transmembrane CXC-chemokine ligand 16 is induced by IFN-y and TNF-o
and shed by the activity of the disintegrin-like metalloproteinase ADAMIO0. J. Immunol. 2004, 172, 6362-6372.
[CrossRef] [PubMed]

Dreymueller, D.; Pruessmeyer, J.; Groth, E.; Ludwig, A. The role of ADAM-mediated shedding in vascular
biology. Eur. J. Cell Biol. 2012, 91, 472-485. [CrossRef] [PubMed]

Zhang, C.; Tian, L.; Chi, C.; Wu, X,; Yang, X.; Han, M.; Xu, T.; Zhuang, Y.; Deng, K. ADAMIO0 is essential for
early embryonic cardiovascular development. Dev. Dyn. 2010, 239, 2594-2602. [CrossRef] [PubMed]


http://dx.doi.org/10.1074/jbc.R109.052340
http://www.ncbi.nlm.nih.gov/pubmed/19734141
http://dx.doi.org/10.1016/j.matbio.2015.04.005
http://www.ncbi.nlm.nih.gov/pubmed/25916966
http://dx.doi.org/10.1016/j.bbamcr.2009.04.003
http://www.ncbi.nlm.nih.gov/pubmed/19374923
http://dx.doi.org/10.1007/s10555-008-9129-8
http://www.ncbi.nlm.nih.gov/pubmed/18286233
http://dx.doi.org/10.1038/nrm2125
http://www.ncbi.nlm.nih.gov/pubmed/17318226
http://dx.doi.org/10.1016/j.jceh.2017.09.004
http://www.ncbi.nlm.nih.gov/pubmed/29234202
http://dx.doi.org/10.1016/j.ejphar.2005.12.082
http://www.ncbi.nlm.nih.gov/pubmed/16487964
http://dx.doi.org/10.5603/FHC.2012.0002
http://www.ncbi.nlm.nih.gov/pubmed/22532131
http://dx.doi.org/10.1385/MB:22:1:051
http://dx.doi.org/10.1083/jcb.136.2.473
http://www.ncbi.nlm.nih.gov/pubmed/9015316
http://dx.doi.org/10.1186/1476-4598-9-17
http://www.ncbi.nlm.nih.gov/pubmed/20102637
http://dx.doi.org/10.1093/jjco/hyr108
http://www.ncbi.nlm.nih.gov/pubmed/21835828
http://dx.doi.org/10.1186/1755-1536-3-3
http://www.ncbi.nlm.nih.gov/pubmed/20163708
http://dx.doi.org/10.1016/j.ceb.2004.07.010
http://www.ncbi.nlm.nih.gov/pubmed/15363807
http://dx.doi.org/10.1038/nri3499
http://www.ncbi.nlm.nih.gov/pubmed/23969736
http://dx.doi.org/10.1157/13109649
http://www.ncbi.nlm.nih.gov/pubmed/17915152
http://dx.doi.org/10.1111/j.1440-1827.2010.02547.x
http://www.ncbi.nlm.nih.gov/pubmed/20594269
http://dx.doi.org/10.3390/toxins8040122
http://www.ncbi.nlm.nih.gov/pubmed/27120619
http://dx.doi.org/10.4049/jimmunol.172.10.6362
http://www.ncbi.nlm.nih.gov/pubmed/15128827
http://dx.doi.org/10.1016/j.ejcb.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/22138087
http://dx.doi.org/10.1002/dvdy.22391
http://www.ncbi.nlm.nih.gov/pubmed/20803506

Int. ]. Mol. Sci. 2018, 19, 450 24 of 33

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Grabowska, M.M.; Sandhu, B.; Day, M.L. EGF promotes the shedding of soluble E-cadherin in
an ADAM10-dependent manner in prostate epithelial cells. Cell Signal. 2012, 24, 532-538. [CrossRef]
[PubMed]

Eichenauer, D.A.; Simhadri, VL.; von Strandmann, E.P; Ludwig, A.; Matthews, V.; Reiners, K.S,;
von Tresckow, B.; Saftig, P.; Rose-John, S.; Engert, A.; et al. ADAM10 inhibition of human CD30 shedding
increases specificity of targeted immunotherapy in vitro. Cancer Res. 2007, 67, 332-338. [CrossRef] [PubMed]
Conrad, D.H.; Ford, J.W,; Sturgill, J.L.; Gibb, D.R. CD23, an overlooked regulator of allergic disease.
Curr. Allergy Asthma Rep. 2007, 7, 331-337. [CrossRef] [PubMed]

Buchanan, P.C.; Boylan, K.L.M.; Walcheck, B.; Heinze, R.; Geller, M.A.; Argenta, P.A.; Skubitz, A.P.N.
Ectodomain shedding of the cell adhesion molecule Nectin-4 in ovarian cancer is mediated by ADAM10 and
ADAM17. ]. Biol. Chem. 2017, 292, 6339-6351. [CrossRef] [PubMed]

Dempsey, PJ. Role of ADAMIO0 in intestinal crypt homeostasis and tumorigenesis. Biochim. Biophys. Acta
2017, 1864, 2228-2239. [CrossRef] [PubMed]

Horiuchi, K.; Le Gall, S.; Schulte, M.; Yamaguchi, T.; Reiss, K.; Murphy, G.; Toyama, Y.; Hartmann, D.;
Saftig, P.; Blobel, C.P. Substrate selectivity of epidermal growth factor-receptor ligand sheddases and their
regulation by phorbol esters and calcium influx. Mol. Biol. Cell 2007, 18, 176-188. [CrossRef] [PubMed]
Tousseyn, T.; Thathiah, A.; Jorissen, E.; Raemaekers, T.; Konietzko, U.; Reiss, K.; Maes, E.; Snellinx, A.;
Serneels, L.; Nyabi, O.; et al. ADAM10, the rate-limiting protease of regulated intramembrane proteolysis of
Notch and other proteins, is processed by ADAMSs-9, ADAMs-15, and the y-secretase. J. Biol. Chem. 2009,
284,11738-11747. [CrossRef] [PubMed]

Loechel, E; Fox, ].W.; Murphy, G.; Albrechtsen, R.; Wewer, UM. ADAM 12-S cleaves IGFBP-3 and IGFBP-5
and is inhibited by TIMP-3. Biochem. Biophys. Res. Commun. 2000, 278, 511-515. [CrossRef] [PubMed]
Hart, S.; Fischer, O.M.; Prenzel, N.; Zwick-Wallasch, E.; Schneider, M.; Hennighausen, L.; Ullrich, A.
GPCR-induced migration of breast carcinoma cells depends on both EGFR signal transactivation and
EGFR-independent pathways. Biol. Chem. 2005, 386, 845-855. [CrossRef] [PubMed]

Endsley, M.A.; Somasunderam, A.D.; Li, G.; Oezguen, N.; Thiviyanathan, V.; Murray, ]J.L.; Rubin, D.H.;
Hodge, T.W.; O’'Brien, W.A.; Lewis, B.; et al. Nuclear trafficking of the HIV-1 pre-integration complex
depends on the ADAM10 intracellular domain. Virology 2014, 454-455, 60—66. [CrossRef] [PubMed]
Fourie, A.M.; Coles, F; Moreno, V.; Karlsson, L. Catalytic activity of ADAMS, ADAM15, and MDC-L
(ADAM28) on synthetic peptide substrates and in ectodomain cleavage of CD23. J. Biol. Chem. 2003, 278,
30469-30477. [CrossRef] [PubMed]

Borrell-Pages, M.; Rojo, E; Albanell, J.; Baselga, J.; Arribas, J. TACE is required for the activation of the EGFR
by TGF-« in tumors. EMBO ]. 2003, 22, 1114-1124. [CrossRef] [PubMed]

Canault, M.; Certel, K.; Schatzberg, D.; Wagner, D.D.; Hynes, R.O. The lack of ADAM17 activity during
embryonic development causes hemorrhage and impairs vessel formation. PLoS ONE 2010, 5, e13433.
[CrossRef] [PubMed]

Allinson, TM.; Parkin, E.T.; Turner, A.].; Hooper, N.\M. ADAMs family members as amyloid precursor
protein x-secretases. J. Neurosci. Res. 2003, 74, 342-352. [CrossRef] [PubMed]

Arribas, J.; Esselens, C. ADAM17 as a therapeutic target in multiple diseases. Curr. Pharm. Des. 2009, 15,
2319-2335. [CrossRef] [PubMed]

Berasain, C.; Avila, M.A. Amphiregulin. Semin. Cell Dev. Biol. 2014, 28, 31-41. [CrossRef] [PubMed]
Mochizuki, S.; Soejima, K.; Shimoda, M.; Abe, H.; Sasaki, A.; Okano, H.J.; Okano, H.; Okada, Y. Effect of
ADAM28 on carcinoma cell metastasis by cleavage of von Willebrand factor. J. Natl. Cancer Inst. 2012, 104,
906-922. [CrossRef] [PubMed]

Kim, K.E,; Song, H.; Hahm, C.; Yoon, S.Y.; Park, S.; Lee, H.R.; Hur, D.Y.; Kim, T,; Kim, C.H.; Bang, S.I; et al.
Expression of ADAMS33 is a novel regulatory mechanism in IL-18-secreted process in gastric cancer.
J. Immunol. 2009, 182, 3548-3555. [CrossRef] [PubMed]

Blobel, C.P. ADAMs: Key components in EGFR signalling and development. Nat. Rev. Mol. Cell Biol. 2005, 6,
32-43. [CrossRef] [PubMed]

Charrier-Hisamuddin, L.; Laboisse, C.L.; Merlin, D. ADAM-15: A metalloprotease that mediates inflammation.
FASEB ]. 2008, 22, 641-653. [CrossRef] [PubMed]

Kelwick, R.; Desanlis, I.; Wheeler, G.N.; Edwards, D.R. The ADAMTS (A Disintegrin and Metalloproteinase
with Thrombospondin motifs) family. Genome Biol. 2015, 16, 113. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.cellsig.2011.10.004
http://www.ncbi.nlm.nih.gov/pubmed/22024284
http://dx.doi.org/10.1158/0008-5472.CAN-06-2470
http://www.ncbi.nlm.nih.gov/pubmed/17210715
http://dx.doi.org/10.1007/s11882-007-0050-y
http://www.ncbi.nlm.nih.gov/pubmed/17697638
http://dx.doi.org/10.1074/jbc.M116.746859
http://www.ncbi.nlm.nih.gov/pubmed/28232483
http://dx.doi.org/10.1016/j.bbamcr.2017.07.011
http://www.ncbi.nlm.nih.gov/pubmed/28739265
http://dx.doi.org/10.1091/mbc.E06-01-0014
http://www.ncbi.nlm.nih.gov/pubmed/17079736
http://dx.doi.org/10.1074/jbc.M805894200
http://www.ncbi.nlm.nih.gov/pubmed/19213735
http://dx.doi.org/10.1006/bbrc.2000.3835
http://www.ncbi.nlm.nih.gov/pubmed/11095942
http://dx.doi.org/10.1515/BC.2005.099
http://www.ncbi.nlm.nih.gov/pubmed/16164409
http://dx.doi.org/10.1016/j.virol.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24725932
http://dx.doi.org/10.1074/jbc.M213157200
http://www.ncbi.nlm.nih.gov/pubmed/12777399
http://dx.doi.org/10.1093/emboj/cdg111
http://www.ncbi.nlm.nih.gov/pubmed/12606576
http://dx.doi.org/10.1371/journal.pone.0013433
http://www.ncbi.nlm.nih.gov/pubmed/20976179
http://dx.doi.org/10.1002/jnr.10737
http://www.ncbi.nlm.nih.gov/pubmed/14598310
http://dx.doi.org/10.2174/138161209788682398
http://www.ncbi.nlm.nih.gov/pubmed/19601834
http://dx.doi.org/10.1016/j.semcdb.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24463227
http://dx.doi.org/10.1093/jnci/djs232
http://www.ncbi.nlm.nih.gov/pubmed/22636800
http://dx.doi.org/10.4049/jimmunol.0801695
http://www.ncbi.nlm.nih.gov/pubmed/19265133
http://dx.doi.org/10.1038/nrm1548
http://www.ncbi.nlm.nih.gov/pubmed/15688065
http://dx.doi.org/10.1096/fj.07-8876rev
http://www.ncbi.nlm.nih.gov/pubmed/17905725
http://dx.doi.org/10.1186/s13059-015-0676-3
http://www.ncbi.nlm.nih.gov/pubmed/26025392

Int. ]. Mol. Sci. 2018, 19, 450 25 of 33

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Porter, S.; Clark, LM.; Kevorkian, L.; Edwards, D.R. The ADAMTS metalloproteinases. Biochem. J. 2005, 386,
15-27. [CrossRef] [PubMed]

Duffy, M.]J.; McKiernan, E.; O’'Donovan, N.; McGowan, PM. The role of ADAMs in disease pathophysiology.
Clin. Chim. Acta 2009, 403, 31-36. [CrossRef] [PubMed]

Klein, T.; Bischoff, R. Active metalloproteases of the A Disintegrin and Metalloprotease (ADAM) family:
Biological function and structure. J. Proteome Res. 2011, 10, 17-33. [CrossRef] [PubMed]

Primakoff, P.; Myles, D.G. The ADAM gene family: Surface proteins with adhesion and protease activity.
Trends Genet. 2000, 16, 83-87. [CrossRef]

Murphy, G. The ADAMSs: Signalling scissors in the tumour microenvironment. Nat. Rev. Cancer 2008, 8,
929-941. [CrossRef] [PubMed]

Hougaard, S.; Loechel, E; Xu, X.; Tajima, R.; Albrechtsen, R.; Wewer, U.M. Trafficking of human ADAM
12-L: Retention in the trans-Golgi network. Biochem. Biophys. Res. Commun. 2000, 275, 261-267. [CrossRef]
[PubMed]

Howard, L.; Maciewicz, R.A.; Blobel, C.P. Cloning and characterization of ADAM28, evidence for
autocatalytic pro-domain removal and for cell surface localization of mature ADAM28. Biochem. ]. 2000, 348,
21-27. [CrossRef] [PubMed]

Seals, D.F.,; Courtneidge, S.A. The ADAMs family of metalloproteases: Multidomain proteins with multiple
functions. Genes Dev. 2003, 17, 7-30. [CrossRef] [PubMed]

Benarroch, E.E. ADAM proteins, their ligands, and clinical implications. Neurology 2012, 78, 914-920.
[CrossRef] [PubMed]

Schulz, B.; Pruessmeyer, J.; Maretzky, T.; Ludwig, A.; Blobel, C.P; Saftig, P.; Reiss, K. ADAM10 regulates
endothelial permeability and T cell transmigrstion by proteolysis of vascular endothelial cadherin. Circ. Res.
2008, 102, 1192-1201. [CrossRef] [PubMed]

Umata, T.; Hirata, M.; Takahashi, T.; Ryu, E; Shida, S.; Takahashi, Y.; Tsuneoka, M.; Miura, Y,;
Masuda, M.; Horiguchi, Y.; Mekada, E. A dual signaling cascade that regulates the ectodomain shedding of
heparin-binding epidermal growth factor-like growth factor. J. Biol. Chem. 2001, 276, 30475-30482. [CrossRef]
[PubMed]

Yan, T.; Shirakabe, K.; Werb, Z. The metalloprotease Kuzbanian (ADAM-10) mediates transactivation of EGF
receptor by G protein-coupled receptors. J. Cell. Biol. 2002, 158, 221-226. [CrossRef] [PubMed]

Sahin, U.; Blobel, C.P. Ectodomain shedding of the EGF-receptor ligand eigen is mediated by ADAM-17.
FEBS Lett. 2007, 581, 41-44. [CrossRef] [PubMed]

Miyamoto, S.; Hirata, M.; Yamazaki, A.; Kageyama, T.; Hasuwa, H.; Mizushima, H.; Tanaka, Y.; Yagi, H.;
Sonoda, K.; Kai, M.; et al. Heparin-binding EGF-like growth factor is a promising target for ovarian cancer
therapy. Cancer Res. 2004, 64, 8135-8145. [CrossRef] [PubMed]

Rossello, A.; Nuti, E; Ferrini, S.; Fabbi, M. Targeting ADAM17 Sheddase Activity in Cancer.
Curr. Drug Targets. 2016, 17, 1908-1927. [CrossRef] [PubMed]

Schumacher, N.; Meyer, D.; Mauermann, A.; von der Heyde, J.; Wolf, ].; Schwarz, J.; Knittler, K.; Murphy, G.;
Michalek, M.; Garbers, C.; et al. Shedding of Endogenous Interleukin-6 Receptor (IL-6R) Is Governed by
A Disintegrin and Metalloproteinase (ADAM) Proteases while a Full-length IL-6R Isoform Localizes to
Circulating Microvesicles. J. Biol. Chem. 2015, 290, 26059-26071. [CrossRef] [PubMed]

Hernandez, I.; Moreno, ].L.; Zandueta, C.; Montuenga, L.; Lecanda, F. Novel alternatively spliced ADAMS8
isoforms contribute to the aggressive bone metastatic phenotype of lung cancer. Oncogene 2010, 29, 3758-3769.
[CrossRef] [PubMed]

Lu, X,; Lu, D.; Scully, M.; Kakkar, V. ADAM proteins-therapeutic potential in cancer. Curr. Cancer Drug Targets
2008, 8, 720-732. [CrossRef] [PubMed]

Nath, D.; Slocombe, PM.; Stephens, P.E.; Warn, A.; Hutchinson, G.R.; Yamada, K.M.; Docherty, A.].;
Murphy, G. Interaction of metargidin (ADAM-15) with av33 and 531 integrins on different haemopoietic
cells. J. Cell Sci. 1999, 112, 579-587. [PubMed]

Byzova, T.V.; Goldman, C.K.; Pampori, N.; Thomas, K.A.; Bett, A.; Shattil, S.]J.; Plow, E.F. A mechanism for
modulation of cellular responses to VEGF: Activation of the integrins. Mol. Cell 2000, 6, 851-860. [CrossRef]
McCabe, N.P; De, S.; Vasanji, A.; Brainard, J.; Byzova, T.V. Prostate cancer specific integrin «v33 modulates
bone metastatic growth and tissue remodeling. Oncogene 2007, 26, 6238-6243. [CrossRef] [PubMed]


http://dx.doi.org/10.1042/BJ20040424
http://www.ncbi.nlm.nih.gov/pubmed/15554875
http://dx.doi.org/10.1016/j.cca.2009.01.007
http://www.ncbi.nlm.nih.gov/pubmed/19408347
http://dx.doi.org/10.1021/pr100556z
http://www.ncbi.nlm.nih.gov/pubmed/20849079
http://dx.doi.org/10.1016/S0168-9525(99)01926-5
http://dx.doi.org/10.1038/nrc2459
http://www.ncbi.nlm.nih.gov/pubmed/19005493
http://dx.doi.org/10.1006/bbrc.2000.3295
http://www.ncbi.nlm.nih.gov/pubmed/10964655
http://dx.doi.org/10.1042/bj3480021
http://www.ncbi.nlm.nih.gov/pubmed/10794709
http://dx.doi.org/10.1101/gad.1039703
http://www.ncbi.nlm.nih.gov/pubmed/12514095
http://dx.doi.org/10.1212/WNL.0b013e31824c4728
http://www.ncbi.nlm.nih.gov/pubmed/22431739
http://dx.doi.org/10.1161/CIRCRESAHA.107.169805
http://www.ncbi.nlm.nih.gov/pubmed/18420943
http://dx.doi.org/10.1074/jbc.M103673200
http://www.ncbi.nlm.nih.gov/pubmed/11402047
http://dx.doi.org/10.1083/jcb.200112026
http://www.ncbi.nlm.nih.gov/pubmed/12119356
http://dx.doi.org/10.1016/j.febslet.2006.11.074
http://www.ncbi.nlm.nih.gov/pubmed/17169360
http://dx.doi.org/10.1158/0008-5472.CAN-04-0811
http://www.ncbi.nlm.nih.gov/pubmed/15313912
http://dx.doi.org/10.2174/1389450117666160727143618
http://www.ncbi.nlm.nih.gov/pubmed/27469341
http://dx.doi.org/10.1074/jbc.M115.649509
http://www.ncbi.nlm.nih.gov/pubmed/26359498
http://dx.doi.org/10.1038/onc.2010.130
http://www.ncbi.nlm.nih.gov/pubmed/20453887
http://dx.doi.org/10.2174/156800908786733478
http://www.ncbi.nlm.nih.gov/pubmed/19075595
http://www.ncbi.nlm.nih.gov/pubmed/9914169
http://dx.doi.org/10.1016/S1097-2765(00)00083-6
http://dx.doi.org/10.1038/sj.onc.1210429
http://www.ncbi.nlm.nih.gov/pubmed/17369840

Int. ]. Mol. Sci. 2018, 19, 450 26 of 33

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Wolfsberg, T.G.; Primakoff, P.; Myles, D.G.; White, ] M. ADAM, a novel family of membrane proteins
containing a Disintegrin and Metalloprotease domain: Multipotential functions in cell-cell and cell-matrix
interactions. J. Cell Biol. 1995, 131, 275-278. [CrossRef] [PubMed]

Mazzocca, A.; Coppari, R.; De Franco, R.; Cho, J.Y.; Libermann, T.A.; Pinzani, M.; Toker, A. A secreted form of
ADAMY promotes carcinoma invasion through tumor-stromal interactions. Cancer Res. 2005, 65, 4728-4738.
[CrossRef] [PubMed]

Mechtersheimer, S.; Gutwein, P.; Agmon-Levin, N.; Stoeck, A.; Oleszewski, M.; Riedle, S.; Postina, R.;
Fahrenholz, F.; Fogel, M.; Lemmon, V.; et al. Ectodomain shedding of L1 adhesion molecule promotes cell
migration by autocrine binding to integrins. J. Cell Biol. 2001, 155, 661-673. [CrossRef] [PubMed]

Karadag, A.; Zhou, M.; Croucher, PI. ADAM-9 (MDC-9/meltrin-y), a member of the a disintegrin and
metalloproteinase family, regulates myeloma-cell-induced interleukin-6 production in osteoblasts by direct
interaction with the «v[35 integrin. Blood 2006, 107, 3271-3278. [CrossRef] [PubMed]

Li, SSW.; Arita, M.; Fertala, A.; Bao, Y.; Kopen, G.C.; Langsjo, TK.; Hyttinen, M.M.; Helminen, H.].;
Prockop, D.J. Transgenic mice with inactive alleles for procollagen N-proteinase (ADAMTS-2) develop
fragile skin and male sterility. Biochem. J. 2001, 355, 271-278. [CrossRef] [PubMed]

Fernandes, R.J.; Hirohata, S.; Engle, ].M.; Colige, A.; Cohn, D.H.; Eyre, D.R.; Apte, S.S. Procollagen II amino
propeptide processing by ADAMTS-3. Insights on dermatosparaxis. J. Biol. Chem. 2001, 276, 31502-31509.
[CrossRef] [PubMed]

Bolz, H.; Ramirez, A.; von Brederlow, B.; Kubisch, C. Characterization of ADAMTS14, a novel member of
the ADAMTS metalloproteinase family. Biochim. Biophys. Acta 2001, 1522, 221-225. [CrossRef]

Colige, A.; Vandenberghe, I.; Thiry, M.; Lambert, C.A.; Van Beeumen, J.; Li, S.W.; Prockop, D.J.; Lapiere, C.M.;
Nusgens, B.V. Cloning and characterization of ADAMTS-14, a novel ADAMTS displaying high homology
with ADAMTS-2 and ADAMTS-3. J. Biol. Chem. 2002, 277, 5756-5766. [CrossRef] [PubMed]
Rodriguez-Manzaneque, J.C.; Westling, J.; Thai, S.N.; Luque, A.; Knauper, V.; Murphy, G.; Sandy, ].D.;
Iruela-Arispe, M.L. ADAMTSI1 cleaves aggrecan at multiple sites and is differentially inhibited by
metalloproteinase inhibitors. Biochem. Biophys. Res. Commun. 2002, 293, 501-508. [CrossRef]

Abbaszade, I; Liu, R.Q.; Yang, F; Rosenfeld, S.A.; Ross, O.H.; Link, J.R.; Ellis, D.M.; Tortorella, M.D.;
Pratta, M.A.; Hollis, ].M.; et al. Cloning and characterization of ADAMTS11, an aggrecanase from the
ADAMTS family. J. Biol. Chem. 1999, 274, 23443-23450. [CrossRef] [PubMed]

Somerville, R.P; Longpre, ] M.; Jungers, K.A.; Engle, ].M.; Ross, M.; Evanko, S.; Wight, TN.; Leduc, R.;
Apte, S.S. Characterization of ADAMTS-9 and ADAMTS-20 as a distinct ADAMTS subfamily related to
Caenorhabditis elegans GON-1. ]. Biol. Chem. 2003, 278, 9503-9513. [CrossRef] [PubMed]

Tortorella, M.D.; Burn, T.C.; Pratta, M.A.; Abbaszade, I.; Hollis, ]. M.; Liu, R.; Rosenfeld, S.A.; Copeland, R.A.;
Decicco, C.P.,; Wynn, R.; et al. Purification and cloning of aggrecanase-1, a member of the ADAMTS family
of proteins. Science 1999, 284, 1664-1666. [CrossRef] [PubMed]

Chen, J.; Zhang, C.; Xu, X.; Zhu, X.; Dai, D. Downregulation of A disintegrin and metallopeptidase with
thrombospondin motif type 1 by DNA hypermethylation in human gastric cancer. Mol. Med. Rep. 2015, 12,
2487-2494. [CrossRef] [PubMed]

Colige, A.; Nuytinck, L.; Hausser, I.; van Essen, A J.; Thiry, M.; Herens, C.; Ades, L.C.; Malfait, F.; Paepe, A.D;
Franck, P; et al. Novel types of mutation responsible for the dermatosparactic type of Ehlers-Danlos
syndrome (Type VIIC) and common polymorphisms in the ADAMTS2 gene. . Invest. Dermatol. 2004, 123,
656-663. [CrossRef] [PubMed]

Dubail, J.; Apte, S.S. Insights on ADAMTS proteases and ADAMTS-like proteins from mammalian genetics.
Matrix Biol. 2015, 44-46, 24-37. [CrossRef] [PubMed]

Bekhouche, M.; Colige, A. The procollagen N-proteinases ADAMTS2, 3 and 14 in pathophysiology.
Matrix Biol. 2015, 44—46, 46-53. [CrossRef] [PubMed]

Trombetta, M.; Bonetti, S.; Boselli, M.L.; Miccoli, R.; Trabetti, E.; Malerba, G.; Pignatti, P.E; Bonora, E.;
Del Prato, S.; Bonadonna, R.C. PPARG2 Pro12Ala and ADAMTS9 rs4607103 as “insulin resistance loci” and
“insulin secretion loci” in Italian individuals. The GENFIEV study and the Verona Newly Diagnosed Type 2
Diabetes Study (VNDS) 4. Acta Diabetol. 2013, 50, 401-408. [CrossRef] [PubMed]

Akyol, O.; Akyol, S.; Chen, C.H. Update on ADAMTS13 and VWEF in cardiovascular and hematological
disorders. Clin. Chim. Acta 2016, 463, 109-118. [CrossRef] [PubMed]


http://dx.doi.org/10.1083/jcb.131.2.275
http://www.ncbi.nlm.nih.gov/pubmed/7593158
http://dx.doi.org/10.1158/0008-5472.CAN-04-4449
http://www.ncbi.nlm.nih.gov/pubmed/15930291
http://dx.doi.org/10.1083/jcb.200101099
http://www.ncbi.nlm.nih.gov/pubmed/11706054
http://dx.doi.org/10.1182/blood-2005-09-3830
http://www.ncbi.nlm.nih.gov/pubmed/16373656
http://dx.doi.org/10.1042/bj3550271
http://www.ncbi.nlm.nih.gov/pubmed/11284712
http://dx.doi.org/10.1074/jbc.M103466200
http://www.ncbi.nlm.nih.gov/pubmed/11408482
http://dx.doi.org/10.1016/S0167-4781(01)00329-3
http://dx.doi.org/10.1074/jbc.M105601200
http://www.ncbi.nlm.nih.gov/pubmed/11741898
http://dx.doi.org/10.1016/S0006-291X(02)00254-1
http://dx.doi.org/10.1074/jbc.274.33.23443
http://www.ncbi.nlm.nih.gov/pubmed/10438522
http://dx.doi.org/10.1074/jbc.M211009200
http://www.ncbi.nlm.nih.gov/pubmed/12514189
http://dx.doi.org/10.1126/science.284.5420.1664
http://www.ncbi.nlm.nih.gov/pubmed/10356395
http://dx.doi.org/10.3892/mmr.2015.3667
http://www.ncbi.nlm.nih.gov/pubmed/25936341
http://dx.doi.org/10.1111/j.0022-202X.2004.23406.x
http://www.ncbi.nlm.nih.gov/pubmed/15373769
http://dx.doi.org/10.1016/j.matbio.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25770910
http://dx.doi.org/10.1016/j.matbio.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25863161
http://dx.doi.org/10.1007/s00592-012-0443-9
http://www.ncbi.nlm.nih.gov/pubmed/23161442
http://dx.doi.org/10.1016/j.cca.2016.10.017
http://www.ncbi.nlm.nih.gov/pubmed/27746209

Int. ]. Mol. Sci. 2018, 19, 450 27 of 33

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

Yoshida, Y.; Ogata, A.; Kang, S.; Ebina, K.; Shi, K.; Nojima, S.; Kimura, T.; Ito, D.; Morimoto, K;
Nishide, M.; et al. Semaphorin 4D Contributes to Rheumatoid Arthritis by Inducing Inflammatory Cytokine
Production: Pathogenic and Therapeutic Implications. Arthritis Rheumatol. 2015, 67, 1481-1490. [CrossRef]
[PubMed]

Tsuzaka, K.; Itami, Y.; Takeuchi, T.; Shinozaki, N.; Morishita, T. ADAMTS?5 is a biomarker for prediction of
response to infliximab in patients with rheumatoid arthritis. . Rheumatol. 2010, 37, 1454-1460. [CrossRef]
[PubMed]

Li, W,; Dy, C,; Wang, H.; Zhang, C. Increased serum ADAMTS-4 in knee osteoarthritis: A potential indicator
for the diagnosis of osteoarthritis in early stages. Genet. Mol. Res. 2014, 13, 9642-9649. [CrossRef] [PubMed]
Georgiadis, D.; Yiotakis, A. Specific targeting of metzincin family members with small-molecule inhibitors:
Progress toward a multifarious challenge. Bioorg. Med. Chem. 2008, 16, 8781-8794. [CrossRef] [PubMed]
Vandenbroucke, R.E.; Libert, C. Is there new hope for therapeutic matrix metalloproteinase inhibition?
Nat. Rev. Drug Discov. 2014, 13, 904-927. [CrossRef] [PubMed]

Gialeli, C.; Theocharis, A.D.; Karamanos, N.K. Roles of matrix metalloproteinases in cancer progression and
their pharmacological targeting. FEBS J. 2011, 278, 16-27. [CrossRef] [PubMed]

Perez-Sayans Garcia, M.; Suarez-Penaranda, ]. M.; Gayoso-Diz, P.; Barros-Angueira, F.; Gandara-Rey, ]. M.;
Garcia-Garcia, A. Tissue inhibitor of metalloproteinases in oral squamous cell carcinomas—A therapeutic
target? Cancer Lett. 2012, 323, 11-19.

Abbenante, G.; Fairlie, D.P. Protease inhibitors in the clinic. Med. Chem. 2005, 1, 71-104. [CrossRef] [PubMed]
Peterson, J.T. Matrix metalloproteinase inhibitor development and the remodeling of drug discovery.
Heart Fail. Rev. 2004, 9, 63-79. [CrossRef] [PubMed]

Overall, C.M.; Lopez-Otin, C. Strategies for MMP inhibition in cancer: Innovations for the post-trial era.
Nat. Rev. Cancer 2002, 2, 657-672. [CrossRef] [PubMed]

Black, R.A. Tumor necrosis factor-« converting enzyme. Int. J. Biochem. Cell Biol. 2002, 34, 1-5. [CrossRef]
Mezyk, R.; Bzowska, M.; Bereta, J. Structure and functions of tumor necrosis factor-« converting enzyme.
Acta Biochim. Pol. 2003, 50, 625-645. [PubMed ]

Grootveld, M.; McDermott, M. BMS-561392. Bristol-Myers Squibb. Curr. Opin. Investig. Drugs 2003, 4,
598-602. [PubMed]

Turner, S.L.; Blair-Zajdel, M.E.; Bunning, R.A. ADAMs and ADAMTSs in cancer. Br. J. Biomed. Sci. 2009, 66,
117-128. [CrossRef] [PubMed]

Zhang, C,; Ling, Y,; Zhang, C.; Xu, Y; Gao, L.; Li, R.; Zhu, J.; Fan, L.; Wei, L. The silencing of RECK gene is
associated with promoter hypermethylation and poor survival in hepatocellular carcinoma. Int. J. Biol. Sci.
2012, 8, 451-458. [CrossRef] [PubMed]

Hong, K.J.; Wu, D.C.; Cheng, K.H.; Chen, L.T.; Hung, W.C. RECK inhibits stemness gene expression and
tumorigenicity of gastric cancer cells by suppressing ADAM-mediated Notch1 activation. J. Cell. Physiol.
2014, 229, 191-201. [CrossRef] [PubMed]

Walsh, L.A.; Roy, D.M.; Reyngold, M.; Giri, D.; Snyder, A.; Turcan, S.; Badwe, C.R.; Lyman, J.; Bromberg, J.;
King, T.A.; et al. RECK controls breast cancer metastasis by modulating a convergent, STAT3-dependent
neoangiogenic switch. Oncogene 2015, 34, 2189-2203. [CrossRef] [PubMed]

Zhang, B.; Zhang, J.; Xu, Z.Y.; Xie, H.L. Expression of RECK and matrix metalloproteinase-2 in ameloblastoma.
BMC Cancer 2009, 9, 427. [CrossRef] [PubMed]

Xu, M.; Wang, H.F.; Zhang, H.Z. Expression of RECK and MMPs in Hepatoblastoma and Neuroblastoma and
Comparative Analysis on the Tumor Metastasis. Asian Pac. |. Cancer Prev. 2015, 16, 4007—4011. [CrossRef]
[PubMed]

Brew, K.; Nagase, H. The tissue inhibitors of metalloproteinases (TIMPs): An ancient family with structural
and functional diversity. Biochim. Biophys. Acta 2010, 1803, 55-71. [CrossRef] [PubMed]

DeClerck, Y.A. Tissue Inhibitors of Metalloproteinases in cancer. In Cancer Metastasis—Biology and Treatment;
Foidart, .M., Muschel, R ]., Eds.; Springer: Dordrecht, Netherlands, 2002; Volume 4.

Radisky, E.S.; Raeeszadeh-Sarmazdeh, M.; Radisky, D.C. Therapeutic Potential of Matrix Metalloproteinase
Inhibition in Breast Cancer. J. Cell. Biochem. 2017, 118, 3531-3548. [CrossRef] [PubMed]

Langton, K.P.; Barker, M.D.; McKie, N. Localization of the functional domains of human tissue inhibitor
of metalloproteinases-3 and the effects of a Sorsby’s fundus dystrophy mutation. J. Biol. Chem. 1998, 273,
16778-16781. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/art.39086
http://www.ncbi.nlm.nih.gov/pubmed/25707877
http://dx.doi.org/10.3899/jrheum.091285
http://www.ncbi.nlm.nih.gov/pubmed/20516019
http://dx.doi.org/10.4238/2014.November.14.9
http://www.ncbi.nlm.nih.gov/pubmed/25501175
http://dx.doi.org/10.1016/j.bmc.2008.08.058
http://www.ncbi.nlm.nih.gov/pubmed/18790648
http://dx.doi.org/10.1038/nrd4390
http://www.ncbi.nlm.nih.gov/pubmed/25376097
http://dx.doi.org/10.1111/j.1742-4658.2010.07919.x
http://www.ncbi.nlm.nih.gov/pubmed/21087457
http://dx.doi.org/10.2174/1573406053402569
http://www.ncbi.nlm.nih.gov/pubmed/16789888
http://dx.doi.org/10.1023/B:HREV.0000011395.11179.af
http://www.ncbi.nlm.nih.gov/pubmed/14739769
http://dx.doi.org/10.1038/nrc884
http://www.ncbi.nlm.nih.gov/pubmed/12209155
http://dx.doi.org/10.1016/S1357-2725(01)00097-8
http://www.ncbi.nlm.nih.gov/pubmed/14515145
http://www.ncbi.nlm.nih.gov/pubmed/12833656
http://dx.doi.org/10.1080/09674845.2009.11730257
http://www.ncbi.nlm.nih.gov/pubmed/19637655
http://dx.doi.org/10.7150/ijbs.4038
http://www.ncbi.nlm.nih.gov/pubmed/22419890
http://dx.doi.org/10.1002/jcp.24434
http://www.ncbi.nlm.nih.gov/pubmed/23881612
http://dx.doi.org/10.1038/onc.2014.175
http://www.ncbi.nlm.nih.gov/pubmed/24931164
http://dx.doi.org/10.1186/1471-2407-9-427
http://www.ncbi.nlm.nih.gov/pubmed/19995435
http://dx.doi.org/10.7314/APJCP.2015.16.9.4007
http://www.ncbi.nlm.nih.gov/pubmed/25987077
http://dx.doi.org/10.1016/j.bbamcr.2010.01.003
http://www.ncbi.nlm.nih.gov/pubmed/20080133
http://dx.doi.org/10.1002/jcb.26185
http://www.ncbi.nlm.nih.gov/pubmed/28585723
http://dx.doi.org/10.1074/jbc.273.27.16778
http://www.ncbi.nlm.nih.gov/pubmed/9642234

Int. ]. Mol. Sci. 2018, 19, 450 28 of 33

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Ko, Y.C,; Langley, K.E.; Mendiaz, E.A ; Parker, V.P,; Taylor, S.M.; DeClerck, Y.A. The C-terminal domain of
tissue inhibitor of metalloproteinases-2 is required for cell binding but not for antimetalloproteinase activity.
Biochem. Biophys. Res. Commun. 1997, 236, 100-105. [CrossRef] [PubMed]

Chirco, R.; Liu, X.W.; Jung, K.K,; Kim, H.R. Novel functions of TIMPs in cell signaling. Cancer Metastasis Rev.
2006, 25, 99-113. [CrossRef] [PubMed]

Koskivirta, I.; Kassiri, Z.; Rahkonen, O.; Kiviranta, R.; Oudit, G.Y.; McKee, T.D.; Kyto, V.; Saraste, A.;
Jokinen, E.; Liu, PP; Vuorio, E.; Khokha, R. Mice with tissue inhibitor of metalloproteinases 4 (Timp4)
deletion succumb to induced myocardial infarction but not to cardiac pressure overload. J. Biol. Chem. 2010,
285, 24487-24493. [CrossRef] [PubMed]

Arpino, V.; Brock, M.; Gill, S.E. The role of TIMPs in regulation of extracellular matrix proteolysis. Matrix Biol.
2015, 44-46, 247-254. [CrossRef] [PubMed]

Adamson, A.; Ghoreschi, K.; Rittler, M.; Chen, Q.; Sun, H.W.; Vahedi, G.; Kanno, Y.; Stetler-Stevenson, W.G.;
O’Shea, ].J.; Laurence, A. Tissue inhibitor of metalloproteinase 1 is preferentially expressed in Th1 and Th17
T-helper cell subsets and is a direct STAT target gene. PLoS ONE 2013, 8, e59367. [CrossRef] [PubMed]
Hyc, A.; Osiecka-Iwan, A.; Niderla-Bielinska, J.; Moskalewski, S. Influence of LPS, TNF, TGF-ss1 and IL-4 on
the expression of MMPs, TIMPs and selected cytokines in rat synovial membranes incubated in vitro. Int. J.
Mol. Med. 2011, 27, 127-137. [PubMed]

Wang, K.; Lin, B.; Brems, J.J.; Gamelli, R.L. Hepatic apoptosis can modulate liver fibrosis through TIMP1
pathway. Apoptosis 2013, 18, 566-577. [CrossRef] [PubMed]

Stetler-Stevenson, W.G. The tumor microenvironment: Regulation by MMP-independent effects of tissue
inhibitor of metalloproteinases-2. Cancer Metastasis Rev. 2008, 27, 57—66. [CrossRef] [PubMed]

Remillard, T.C.; Bratslavsky, G.; Jensen-Taubman, S.; Stetler-Stevenson, W.G.; Bourboulia, D. Molecular
mechanisms of tissue inhibitor of metalloproteinase 2 in the tumor microenvironment. Mol. Cell. Ther. 2014,
2,17. [CrossRef] [PubMed]

Fussbroich, B.; Wagener, N.; Macher-Goeppinger, S.; Benner, A.; Falth, M.; Sultmann, H.; Holzer, A.;
Hoppe-Seyler, K.; Hoppe-Seyler, FE. EZH2 depletion blocks the proliferation of colon cancer cells. PLoS ONE
2011, 6, e21651. [CrossRef] [PubMed]

Bourboulia, D.; Han, H.; Jensen-Taubman, S.; Gavil, N.; Isaac, B.; Wei, B.; Neckers, L.; Stetler-Stevenson, W.G.
TIMP-2 modulates cancer cell transcriptional profile and enhances E-cadherin/ 3-catenin complex expression
in A549 lung cancer cells. Oncotarget 2013, 4, 166-176. [CrossRef] [PubMed]

Zhang, Q.; Guo, Y.; Dong, R.; Dai, R.;; Zhou, M. Suppressor of cytokine signaling 1-modulated
metalloproteinases and tissue inhibitor of metalloproteinase in pulmonary fibrosis. Mol. Med. Rep. 2015, 12,
3855-3861. [CrossRef] [PubMed]

Qi, J.H.; Ebrahem, Q.; Ali, M.; Cutler, A.; Bell, B.; Prayson, N.; Sears, J.; Knauper, V.; Murphy, G.;
Anand-Apte, B. Tissue inhibitor of metalloproteinases-3 peptides inhibit angiogenesis and choroidal
neovascularization in mice. PLoS ONE 2013, 8, €55667. [CrossRef] [PubMed]

El Mabrouk, M.; Qureshi, H.Y.; Li, W.Q.; Sylvester, J.; Zafarullah, M. Interleukin-4 antagonizes oncostatin M
and transforming growth factor $-induced responses in articular chondrocytes. J. Cell. Biochem. 2008, 103,
588-597. [CrossRef] [PubMed]

Li, Y; Li, K;; Han, X,; Mao, C.; Zhang, K.; Zhao, T.; Zhao, J. The imbalance between TIMP3 and
matrix-degrading enzymes plays an important role in intervertebral disc degeneration. Biochem. Biophys.
Res. Commun. 2016, 469, 507-514. [CrossRef] [PubMed]

Adissu, H.A.; McKerlie, C.; Di Grappa, M.; Waterhouse, P.; Xu, Q.; Fang, H.; Khokha, R.; Wood, G.A. Timp3
loss accelerates tumour invasion and increases prostate inflammation in a mouse model of prostate cancer.
Prostate 2015, 75, 1831-1843. [CrossRef] [PubMed]

Fogarasi, M.; Janssen, A.; Weber, B.H.; Stohr, H. Molecular dissection of TIMP3 mutation S156C associated
with Sorsby fundus dystrophy. Matrix Biol. 2008, 27, 381-392. [CrossRef] [PubMed]

Stetler-Stevenson, W.G. Tissue inhibitors of metalloproteinases in cell signaling: Metalloproteinase-independent
biological activities. Sci. Signal. 2008, 1, re6. [CrossRef] [PubMed]

Taube, MLE.; Liu, X.W,; Fridman, R.; Kim, H.R. TIMP-1 regulation of cell cycle in human breast epithelial
cells via stabilization of p27KIP1 protein. Oncogene 2006, 25, 3041-3048. [CrossRef] [PubMed]

Corcoran, M.L.; Stetler-Stevenson, W.G. Tissue inhibitor of metalloproteinase-2 stimulates fibroblast
proliferation via a cAMP-dependent mechanism. J. Biol. Chem. 1995, 270, 13453-13459. [CrossRef] [PubMed]


http://dx.doi.org/10.1006/bbrc.1997.6859
http://www.ncbi.nlm.nih.gov/pubmed/9223434
http://dx.doi.org/10.1007/s10555-006-7893-x
http://www.ncbi.nlm.nih.gov/pubmed/16680576
http://dx.doi.org/10.1074/jbc.M110.136820
http://www.ncbi.nlm.nih.gov/pubmed/20516072
http://dx.doi.org/10.1016/j.matbio.2015.03.005
http://www.ncbi.nlm.nih.gov/pubmed/25805621
http://dx.doi.org/10.1371/journal.pone.0059367
http://www.ncbi.nlm.nih.gov/pubmed/23555662
http://www.ncbi.nlm.nih.gov/pubmed/21069256
http://dx.doi.org/10.1007/s10495-013-0827-5
http://www.ncbi.nlm.nih.gov/pubmed/23456624
http://dx.doi.org/10.1007/s10555-007-9105-8
http://www.ncbi.nlm.nih.gov/pubmed/18058195
http://dx.doi.org/10.1186/2052-8426-2-17
http://www.ncbi.nlm.nih.gov/pubmed/26056585
http://dx.doi.org/10.1371/journal.pone.0021651
http://www.ncbi.nlm.nih.gov/pubmed/21765901
http://dx.doi.org/10.18632/oncotarget.801
http://www.ncbi.nlm.nih.gov/pubmed/23371049
http://dx.doi.org/10.3892/mmr.2015.3810
http://www.ncbi.nlm.nih.gov/pubmed/25997387
http://dx.doi.org/10.1371/journal.pone.0055667
http://www.ncbi.nlm.nih.gov/pubmed/23469166
http://dx.doi.org/10.1002/jcb.21434
http://www.ncbi.nlm.nih.gov/pubmed/17546624
http://dx.doi.org/10.1016/j.bbrc.2015.12.020
http://www.ncbi.nlm.nih.gov/pubmed/26686417
http://dx.doi.org/10.1002/pros.23056
http://www.ncbi.nlm.nih.gov/pubmed/26332574
http://dx.doi.org/10.1016/j.matbio.2008.01.008
http://www.ncbi.nlm.nih.gov/pubmed/18295466
http://dx.doi.org/10.1126/scisignal.127re6
http://www.ncbi.nlm.nih.gov/pubmed/18612141
http://dx.doi.org/10.1038/sj.onc.1209336
http://www.ncbi.nlm.nih.gov/pubmed/16407831
http://dx.doi.org/10.1074/jbc.270.22.13453
http://www.ncbi.nlm.nih.gov/pubmed/7768948

Int. ]. Mol. Sci. 2018, 19, 450 29 of 33

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Yamashita, K.; Suzuki, M.; Iwata, H.; Koike, T.; Hamaguchi, M.; Shinagawa, A.; Noguchi, T.; Hayakawa, T.
Tyrosine phosphorylation is crucial for growth signaling by tissue inhibitors of metalloproteinases (TIMP-1
and TIMP-2). FEBS Lett. 1996, 396, 103-107. [CrossRef]

Wang, T.; Yamashita, K.; Iwata, K.; Hayakawa, T. Both tissue inhibitors of metalloproteinases-1 (TIMP-1) and
TIMP-2 activate Ras but through different pathways. Biochem. Biophys. Res. Commun. 2002, 296, 201-205.
[CrossRef]

Stetler-Stevenson, W.G.; Gavil, N.V. Normalization of the tumor microenvironment: Evidence for tissue
inhibitor of metalloproteinase-2 as a cancer therapeutic. Connect. Tissue Res. 2014, 55, 13-19. [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]
Seo, D.W,; Li, H,; Qu, C.K;; Oh, J.; Kim, Y.S.; Diaz, T.; Wei, B.; Han, ].W.; Stetler-Stevenson, W.G. Shp-1
mediates the antiproliferative activity of tissue inhibitor of metalloproteinase-2 in human microvascular
endothelial cells. J. Biol. Chem. 2006, 281, 3711-3721. [CrossRef] [PubMed]

Fernandez, C.A.; Roy, R;; Lee, S; Yang, J.; Panigrahy, D.; Van Vliet, K.J.; Moses, M.A. The anti-angiogenic peptide,
loop 6, binds insulin-like growth factor-1 receptor. J. Biol. Chem. 2010, 285, 41886—41895. [CrossRef] [PubMed]
Jung, K.K.; Liu, X.W,; Chirco, R.; Fridman, R.; Kim, H.R. Identification of CD63 as a tissue inhibitor of
metalloproteinase-1 interacting cell surface protein. EMBO ]. 2006, 25, 3934-3942. [CrossRef] [PubMed]
Perez-Martinez, L.; Jaworski, D.M. Tissue inhibitor of metalloproteinase-2 promotes neuronal differentiation
by acting as an anti-mitogenic signal. J. Neurosci. 2005, 25, 4917-4929. [CrossRef] [PubMed]

Nakada, M,; Kita, D.; Futami, K.; Yamashita, J.; Fujimoto, N.; Sato, H.; Okada, Y. Roles of membrane type
1 matrix metalloproteinase and tissue inhibitor of metalloproteinases 2 in invasion and dissemination of
human malignant glioma. J. Neurosurg. 2001, 94, 464-473. [CrossRef] [PubMed]

Kachra, Z.; Beaulieu, E.; Delbecchi, L.; Mousseau, N.; Berthelet, F; Moumdjian, R.; Del Maestro, R.;
Beliveau, R. Expression of matrix metalloproteinases and their inhibitors in human brain tumors.
Clin. Exp. Metastasis 1999, 17, 555-566. [CrossRef] [PubMed]

Lu, H; Yang, Z.; Zhang, H.; Gan, M.; Zhou, T.; Wang, S. The expression and clinical significance of matrix
metalloproteinase 7 and tissue inhibitor of matrix metalloproteinases 2 in clear cell renal cell carcinoma.
Exp. Ther. Med. 2013, 5, 890-896. [CrossRef] [PubMed]

Suemitsu, R.; Yoshino, I.; Tomiyasu, M.; Fukuyama, S.; Okamoto, T.; Maehara, Y. Serum tissue inhibitors
of metalloproteinase-1 and -2 in patients with non-small cell lung cancer. Surg. Today 2004, 34, 896-901.
[CrossRef] [PubMed]

Honkavuori-Toivola, M.; Talvensaari-Mattila, A.; Soini, Y.; Turpeenniemi-Hujanen, T.; Santala, M.
Immunoreactivity for TIMP-2 is associated with a favorable prognosis in endometrial carcinoma. Tumour Biol.
2012, 33, 935-941. [CrossRef] [PubMed]

Walsh, L.A.; Cepeda, M.A.; Damjanovski, S. Analysis of the MMP-dependent and independent functions of
tissue inhibitor of metalloproteinase-2 on the invasiveness of breast cancer cells. J. Cell Commun. Signal. 2012,
6, 87-95. [CrossRef] [PubMed]

Kim, H.; Lee, H.S.; Kim, T.H.; Lee, ].S.; Lee, S.T.; Lee, S.]. Growth-stimulatory activity of TIMP-2 is mediated
through c-Src activation followed by activation of FAK, PI3-kinase/AKT, and ERK1/2 independent of MMP
inhibition in lung adenocarcinoma cells. Oncotarget 2015, 6, 42905-42922. [CrossRef] [PubMed]

Song, T.; Dou, C.; Jia, Y.; Tu, K.; Zheng, X. TIMP-1 activated carcinoma-associated fibroblasts inhibit tumor
apoptosis by activating SDF1/CXCR4 signaling in hepatocellular carcinoma. Oncotarget 2015, 6, 12061-12079.
[CrossRef] [PubMed]

Alpizar-Alpizar, W.; Laerum, O.D.; Christensen, 1.].; Ovrebo, K.; Skarstein, A.; Hoyer-Hansen, G.; Ploug, M.;
Illemann, M. Tissue Inhibitor of Metalloproteinase-1 Is Confined to Tumor-Associated Myofibroblasts and Is
Increased With Progression in Gastric Adenocarcinoma. J. Histochem. Cytochem. 2016, 64, 483—-494. [CrossRef]
[PubMed]

Shen, B.; Jiang, Y.; Chen, Y.R.; Zheng, H.C.; Zeng, W.; Li, Y.Y,; Yin, A.; Nie, Y. Expression and inhibitory role
of TIMP-3 in hepatocellular carcinoma. Oncol. Rep. 2016, 36, 494-502. [CrossRef] [PubMed]

Ghosh, S.; Wu, Y,; Stack, M.S. Ovarian cancer-associated proteinases. Cancer Treat. Res. 2002, 107, 331-351.
[PubMed]

Zhang, Y.; Chen, Q. Relationship between matrix metalloproteinases and the occurrence and development of
ovarian cancer. Braz. ]. Med. Biol. Res. 2017, 50, €6104. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/0014-5793(96)01066-6
http://dx.doi.org/10.1016/S0006-291X(02)00741-6
http://dx.doi.org/10.3109/03008207.2013.867339
http://www.ncbi.nlm.nih.gov/pubmed/24437600
http://dx.doi.org/10.1016/S0092-8674(03)00551-8
http://dx.doi.org/10.1074/jbc.M509932200
http://www.ncbi.nlm.nih.gov/pubmed/16326706
http://dx.doi.org/10.1074/jbc.M110.166439
http://www.ncbi.nlm.nih.gov/pubmed/20940305
http://dx.doi.org/10.1038/sj.emboj.7601281
http://www.ncbi.nlm.nih.gov/pubmed/16917503
http://dx.doi.org/10.1523/JNEUROSCI.5066-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15901773
http://dx.doi.org/10.3171/jns.2001.94.3.0464
http://www.ncbi.nlm.nih.gov/pubmed/11235952
http://dx.doi.org/10.1023/A:1006760632766
http://www.ncbi.nlm.nih.gov/pubmed/10845554
http://dx.doi.org/10.3892/etm.2012.859
http://www.ncbi.nlm.nih.gov/pubmed/23408109
http://dx.doi.org/10.1007/s00595-004-2853-y
http://www.ncbi.nlm.nih.gov/pubmed/15526122
http://dx.doi.org/10.1007/s13277-012-0321-7
http://www.ncbi.nlm.nih.gov/pubmed/22270451
http://dx.doi.org/10.1007/s12079-011-0157-8
http://www.ncbi.nlm.nih.gov/pubmed/22227894
http://dx.doi.org/10.18632/oncotarget.5466
http://www.ncbi.nlm.nih.gov/pubmed/26556867
http://dx.doi.org/10.18632/oncotarget.3616
http://www.ncbi.nlm.nih.gov/pubmed/25909286
http://dx.doi.org/10.1369/0022155416656173
http://www.ncbi.nlm.nih.gov/pubmed/27370797
http://dx.doi.org/10.3892/or.2016.4818
http://www.ncbi.nlm.nih.gov/pubmed/27222429
http://www.ncbi.nlm.nih.gov/pubmed/11775460
http://dx.doi.org/10.1590/1414-431x20176104
http://www.ncbi.nlm.nih.gov/pubmed/28538838

Int. ]. Mol. Sci. 2018, 19, 450 30 of 33

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Fu, Z,; Xu, S;; Xu, Y;; Ma, J.; Li, J.; Xu, P. The expression of tumor-derived and stromal-derived matrix
metalloproteinase 2 predicted prognosis of ovarian cancer. Int. J. Gynecol. Cancer 2015, 25, 356-362. [CrossRef]
[PubMed]

Perigny, M.; Bairati, I.; Harvey, I.; Beauchemin, M.; Harel, F.; Plante, M.; Tetu, B. Role of immunohistochemical
overexpression of matrix metalloproteinases MMP-2 and MMP-11 in the prognosis of death by ovarian
cancer. Am. J. Clin. Pathol. 2008, 129, 226-231. [CrossRef] [PubMed]

Furuya, M.; Ishikura, H.; Kawarada, Y.; Ogawa, Y.; Sakuragi, N.; Fujimoto, S.; Yoshiki, T. Expression of
matrix metalloproteinases and related tissue inhibitors in the cyst fluids of ovarian mucinous neoplasms.
Gynecol. Oncol. 2000, 78, 106-112. [CrossRef] [PubMed]

Wang, L.; Jin, X;; Lin, D.; Liu, Z.; Zhang, X.; Lu, Y,; Liu, Y.; Wang, M.; Yang, M.; Li, J.; et al. Clinicopathologic
significance of claudin-6, occludin, and matrix metalloproteinases-2 expression in ovarian carcinoma.
Diagn. Pathol. 2013, 8, 190. [CrossRef] [PubMed]

Desmeules, P.; Trudel, D.; Turcotte, S.; Sirois, J.; Plante, M.; Gregoire, ]J.; Renaud, M.C.; Orain, M.; Tetu, B.;
Bairati, I. Prognostic significance of TIMP-2, MMP-2, and MMP-9 on high-grade serous ovarian carcinoma
using digital image analysis. Hum. Pathol. 2015, 46, 739-745. [CrossRef] [PubMed]

Brun, J.L,; Cortez, A.; Lesieur, B.; Uzan, S.; Rouzier, R.; Darai, E. Expression of MMP-2, -7, -9, MT1-MMP and
TIMP-1 and -2 has no prognostic relevance in patients with advanced epithelial ovarian cancer. Oncol. Rep.
2012, 27,1049-1057. [CrossRef] [PubMed]

Halon, A.; Nowak-Markwitz, E.; Donizy, P.; Matkowski, R.; Maciejczyk, A.; Gansukh, T.; Gyorffy, B.;
Spaczynski, M.; Zabel, M.; Lage, H.; et al. Enhanced immunoreactivity of TIMP-2 in the stromal compartment
of tumor as a marker of favorable prognosis in ovarian cancer patients. J. Histochem. Cytochem. 2012, 60,
491-501. [CrossRef] [PubMed]

Davidson, B. Ovarian carcinoma and serous effusions. Changing views regarding tumor progression and
review of current literature. Anal. Cell. Pathol. 2001, 23, 107-128. [CrossRef] [PubMed]

Brun, J.L.; Cortez, A.; Commo, F.; Uzan, S.; Rouzier, R.; Darai, E. Serous and mucinous ovarian tumors
express different profiles of MMP-2, -7, -9, MT1-MMP, and TIMP-1 and -2. Int. ]. Oncol. 2008, 33, 1239-1246.
[CrossRef] [PubMed]

Abdalla, D.R; Simoens, C.; Bogers, ].P.; Murta, E.E; Michelin, M.A. Angiogenesis Markers in Gynecological
Tumors and Patents for Anti-Angiogenic Approach: Review. Recent Pat. Anticancer Drug Discov. 2015, 10,
298-307. [CrossRef] [PubMed]

Zhu, G.H.; Wang, S.T.; Yao, M.Z; Cai, ].H.; Chen, C.Y,; Yang, Z.X.; Hong, L.; Yang, S.Y. Screening of
the residual normal ovarian tissue adjacent to orthotopic epithelial ovarian carcinomas in nude mice.
Genet. Mol. Res. 2014, 13, 2978-2986. [CrossRef] [PubMed]

Davidson, B.; Goldberg, I.; Gotlieb, W.H.; Kopolovic, J.; Ben-Baruch, G.; Nesland, ]. M.; Berner, A.; Bryne, M.;
Reich, R. High levels of MMP-2, MMP-9, MT1-MMP and TIMP-2 mRNA correlate with poor survival in
ovarian carcinoma. Clin. Exp. Metastasis 1999, 17, 799-808. [CrossRef] [PubMed]

Yang, J.; Kasberg, W.C.; Celo, A.; Liang, Z.; Quispe, K.; Stack, M.S. Post-translational modification of the
membrane type 1 matrix metalloproteinase (MT1-MMP) cytoplasmic tail impacts ovarian cancer multicellular
aggregate dynamics. J. Biol. Chem. 2017, 292, 13111-13121. [CrossRef] [PubMed]

Davidson, B.; Reich, R; Berner, A.; Givant-Horwitz, V.; Goldberg, I; Risberg, B.; Kristensen, G.B.; Trope, C.G.;
Bryne, M.; Kopolovig, J.; et al. Ovarian carcinoma cells in serous effusions show altered MMP-2 and TIMP-2
mRNA levels. Eur. ]. Cancer 2001, 37, 2040-2049. [CrossRef]

Winiarski, B.K.; Cope, N.; Alexander, M.; Pilling, L.C.; Warren, S.; Acheson, N.; Gutowski, N.J.; Whatmore, ].L.
Clinical Relevance of Increased Endothelial and Mesothelial Expression of Proangiogenic Proteases and
VEGFA in the Omentum of Patients with Metastatic Ovarian High-Grade Serous Carcinoma. Transl. Oncol.
2014, 7, 267-276. [CrossRef] [PubMed]

Ren, J.; Xiao, Y.J.; Singh, L.S.; Zhao, X.; Zhao, Z.; Feng, L.; Rose, T.M.; Prestwich, G.D.; Xu, Y. Lysophosphatidic
acid is constitutively produced by human peritoneal mesothelial cells and enhances adhesion, migration,
and invasion of ovarian cancer cells. Cancer Res. 2006, 66, 3006-3014. [CrossRef] [PubMed]

Xu, Y.; Shen, Z.; Wiper, D.W.; Wu, M.; Morton, R.E.; Elson, P.; Kennedy, A.W.; Belinson, J.; Markman, M.;
Casey, G. Lysophosphatidic acid as a potential biomarker for ovarian and other gynecologic cancers. JAMA
1998, 280, 719-723. [CrossRef] [PubMed]


http://dx.doi.org/10.1097/IGC.0000000000000386
http://www.ncbi.nlm.nih.gov/pubmed/25695542
http://dx.doi.org/10.1309/49LA9XCBGWJ8F2KM
http://www.ncbi.nlm.nih.gov/pubmed/18208802
http://dx.doi.org/10.1006/gyno.2000.5856
http://www.ncbi.nlm.nih.gov/pubmed/10926788
http://dx.doi.org/10.1186/1746-1596-8-190
http://www.ncbi.nlm.nih.gov/pubmed/24245968
http://dx.doi.org/10.1016/j.humpath.2015.01.014
http://www.ncbi.nlm.nih.gov/pubmed/25771900
http://dx.doi.org/10.3892/or.2011.1608
http://www.ncbi.nlm.nih.gov/pubmed/22200690
http://dx.doi.org/10.1369/0022155412446978
http://www.ncbi.nlm.nih.gov/pubmed/22511598
http://dx.doi.org/10.1155/2001/418547
http://www.ncbi.nlm.nih.gov/pubmed/12082292
http://dx.doi.org/10.3892/ijo_00000114
http://www.ncbi.nlm.nih.gov/pubmed/19020757
http://dx.doi.org/10.2174/1574892810999150827153642
http://www.ncbi.nlm.nih.gov/pubmed/26381660
http://dx.doi.org/10.4238/2014.April.16.6
http://www.ncbi.nlm.nih.gov/pubmed/24782132
http://dx.doi.org/10.1023/A:1006723011835
http://www.ncbi.nlm.nih.gov/pubmed/11089877
http://dx.doi.org/10.1074/jbc.M117.800904
http://www.ncbi.nlm.nih.gov/pubmed/28655772
http://dx.doi.org/10.1016/S0959-8049(01)00235-0
http://dx.doi.org/10.1016/j.tranon.2014.02.013
http://www.ncbi.nlm.nih.gov/pubmed/24913675
http://dx.doi.org/10.1158/0008-5472.CAN-05-1292
http://www.ncbi.nlm.nih.gov/pubmed/16540649
http://dx.doi.org/10.1001/jama.280.8.719
http://www.ncbi.nlm.nih.gov/pubmed/9728644

Int. ]. Mol. Sci. 2018, 19, 450 31 0f 33

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216e.

217.

218.

Fishman, D.A.; Liu, Y, Ellerbroek, SM.; Stack, M.S. Lysophosphatidic acid promotes matrix
metalloproteinase (MMP) activation and MMP-dependent invasion in ovarian cancer cells. Cancer Res.
2001, 61, 3194-3199. [PubMed]

Burkhalter, R.J.; Westfall, S.D.; Liu, Y.; Stack, M.S. Lysophosphatidic Acid Initiates Epithelial to Mesenchymal
Transition and Induces 3-Catenin-mediated Transcription in Epithelial Ovarian Carcinoma. J. Biol. Chem.
2015, 290, 22143-22154. [CrossRef] [PubMed]

Ray, U.; Roy, S.S.; Chowdhury, S.R. Lysophosphatidic Acid Promotes Epithelial to Mesenchymal Transition
in Ovarian Cancer Cells by Repressing SIRT1. Cell Physiol. Biochem. 2017, 41, 795-805. [CrossRef] [PubMed]
Gil, O.D.; Lee, C.; Ariztia, E.V,; Wang, F.Q.; Smith, PJ.; Hope, ].M.; Fishman, D.A. Lysophosphatidic acid
(LPA) promotes E-cadherin ectodomain shedding and OVCA429 cell invasion in an uPA-dependent manner.
Guynecol. Oncol. 2008, 108, 361-369. [CrossRef] [PubMed]

Liu, Y.; Burkhalter, R.; Symowicz, J.; Chaffin, K.; Ellerbroek, S.; Stack, M.S. Lysophosphatidic Acid disrupts
junctional integrity and epithelial cohesion in ovarian cancer cells. ]. Oncol. 2012, 2012, 501492. [CrossRef]
[PubMed]

Cowden Dahl, K.D.; Symowicz, J.; Ning, Y.; Gutierrez, E.; Fishman, D.A.; Adley, B.P; Stack, M.S,;
Hudson, L.G. Matrix metalloproteinase 9 is a mediator of epidermal growth factor-dependent e-cadherin
loss in ovarian carcinoma cells. Cancer Res. 2008, 68, 4606—4613. [CrossRef] [PubMed]

Symowicz, J.; Adley, B.P; Gleason, K.J.; Johnson, ].J.; Ghosh, S.; Fishman, D.A.; Hudson, L.G.; Stack, M.S.
Engagement of collagen-binding integrins promotes matrix metalloproteinase-9-dependent E-cadherin
ectodomain shedding in ovarian carcinoma cells. Cancer Res. 2007, 67, 2030-2039. [CrossRef] [PubMed]
Veatch, A.L.; Carson, L.F; Ramakrishnan, S. Differential expression of the cell-cell adhesion molecule
E-cadherin in ascites and solid human ovarian tumor cells. Int. J. Cancer 1994, 58, 393-399. [CrossRef]
[PubMed]

Sundfeldt, K.; Ivarsson, K.; Rask, K.; Haeger, M.; Hedin, L.; Brannstrom, M. Higher levels of soluble
E-cadherin in cyst fluid from malignant ovarian tumours than in benign cysts. Anticancer Res. 2001, 21,
65-70. [PubMed]

Mahner, S.; Woelber, L.; Eulenburg, C.; Schwarz, J.; Carney, W.; Jaenicke, F.; Milde-Langosch, K.; Mueller, V.
TIMP-1 and VEGF-165 serum concentration during first-line therapy of ovarian cancer patients. BMC Cancer
2010, 10, 139. [CrossRef] [PubMed]

Bachvarov, D.; L'Esperance, S.; Popa, I.; Bachvarova, M.; Plante, M.; Tetu, B. Gene expression patterns
of chemoresistant and chemosensitive serous epithelial ovarian tumors with possible predictive value in
response to initial chemotherapy. Int. ]. Oncol. 2006, 29, 919-933. [CrossRef] [PubMed]

Ryner, L.; Guan, Y,; Firestein, R.; Xiao, Y.; Choi, Y;; Rabe, C.; Lu, S.; Fuentes, E.; Huw, L.Y.; Lackner, M.R; et al.
Upregulation of Periostin and Reactive Stroma Is Associated with Primary Chemoresistance and Predicts
Clinical Outcomes in Epithelial Ovarian Cancer. Clin. Cancer Res. 2015, 21, 2941-2951. [CrossRef] [PubMed]
Agarwal, A.; Tressel, S.L.; Kaimal, R.; Balla, M.; Lam, FH.; Covic, L.; Kuliopulos, A. Identification of
a metalloprotease-chemokine signaling system in the ovarian cancer microenvironment: Implications for
antiangiogenic therapy. Cancer Res. 2010, 70, 5880-5890. [CrossRef] [PubMed]

Wang, E.Q.; Fisher, J.; Fishman, D.A. MMP-1-PAR1 axis mediates LPA-induced epithelial ovarian cancer
(EOC) invasion. Gynecol. Oncol. 2011, 120, 247-255. [CrossRef] [PubMed]

Zhan, Y.; Abi Saab W, F.; Modi, N.; Stewart, A.; Liu, J.; Chadee, D.N. Mixed lineage kinase 3 is required for
matrix metalloproteinase expression and invasion in ovarian cancer cells. Exp. Cell Res. 2012, 318, 1641-1648.
[CrossRef] [PubMed]

Wang, F.Q.; So, J.; Reierstad, S.; Fishman, D.A. Matrilysin (MMP-7) promotes invasion of ovarian cancer cells
by activation of progelatinase. Int. |. Cancer 2005, 114, 19-31. [CrossRef] [PubMed]

Chang, M.C.; Chen, C.A.; Chen, PJ.; Chiang, Y.C.; Chen, Y.L.; Mao, T.L.; Lin, HW.,; Lin Chiang, W.H.;
Cheng, W.F. Mesothelin enhances invasion of ovarian cancer by inducing MMP-7 through MAPK/ERK and
JNK pathways. Biochem. J. 2012, 442, 293-302. [CrossRef] [PubMed]

Ellerbroek, S.M.; Hudson, L.G.; Stack, M.S. Proteinase requirements of epidermal growth factor-induced
ovarian cancer cell invasion. Int. J. Cancer 1998, 78, 331-337. [CrossRef]

Choi, ].H.; Choi, K.C.; Auersperg, N.; Leung, P.C. Gonadotropins activate proteolysis and increase invasion
through protein kinase A and phosphatidylinositol 3-kinase pathways in human epithelial ovarian cancer
cells. Cancer Res. 2006, 66, 3912-3920. [CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/11306508
http://dx.doi.org/10.1074/jbc.M115.641092
http://www.ncbi.nlm.nih.gov/pubmed/26175151
http://dx.doi.org/10.1159/000458744
http://www.ncbi.nlm.nih.gov/pubmed/28214851
http://dx.doi.org/10.1016/j.ygyno.2007.10.027
http://www.ncbi.nlm.nih.gov/pubmed/18073130
http://dx.doi.org/10.1155/2012/501492
http://www.ncbi.nlm.nih.gov/pubmed/22593767
http://dx.doi.org/10.1158/0008-5472.CAN-07-5046
http://www.ncbi.nlm.nih.gov/pubmed/18559505
http://dx.doi.org/10.1158/0008-5472.CAN-06-2808
http://www.ncbi.nlm.nih.gov/pubmed/17332331
http://dx.doi.org/10.1002/ijc.2910580315
http://www.ncbi.nlm.nih.gov/pubmed/7519585
http://www.ncbi.nlm.nih.gov/pubmed/11299791
http://dx.doi.org/10.1186/1471-2407-10-139
http://www.ncbi.nlm.nih.gov/pubmed/20388222
http://dx.doi.org/10.3892/ijo.29.4.919
http://www.ncbi.nlm.nih.gov/pubmed/16964388
http://dx.doi.org/10.1158/1078-0432.CCR-14-3111
http://www.ncbi.nlm.nih.gov/pubmed/25838397
http://dx.doi.org/10.1158/0008-5472.CAN-09-4341
http://www.ncbi.nlm.nih.gov/pubmed/20570895
http://dx.doi.org/10.1016/j.ygyno.2010.10.032
http://www.ncbi.nlm.nih.gov/pubmed/21093894
http://dx.doi.org/10.1016/j.yexcr.2012.05.002
http://www.ncbi.nlm.nih.gov/pubmed/22652451
http://dx.doi.org/10.1002/ijc.20697
http://www.ncbi.nlm.nih.gov/pubmed/15523695
http://dx.doi.org/10.1042/BJ20110282
http://www.ncbi.nlm.nih.gov/pubmed/21999204
http://dx.doi.org/10.1002/(SICI)1097-0215(19981029)78:3&lt;331::AID-IJC13&gt;3.0.CO;2-9
http://dx.doi.org/10.1158/0008-5472.CAN-05-1785
http://www.ncbi.nlm.nih.gov/pubmed/16585220

Int. ]. Mol. Sci. 2018, 19, 450 32 0f33

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Wang, Y.C.; Wu, Y.N.; Wang, S.L.; Lin, Q.H.; He, M.E; Liu, Q.L.; Wang, ].H. Docosahexaenoic Acid Modulates
Invasion and Metastasis of Human Ovarian Cancer via Multiple Molecular Pathways. Int. |. Gynecol. Cancer
2016, 26, 994-1003. [CrossRef] [PubMed]

Pei, H.; Yang, Y.; Cui, L.; Yang, J.; Li, X.; Yang, Y,; Duan, H. Bisdemethoxycurcumin inhibits ovarian cancer
via reducing oxidative stress mediated MMPs expressions. Sci. Rep. 2016, 6, 28773. [CrossRef] [PubMed]
Dolo, V.; D’Ascenzo, S.; Giusti, I; Millimaggi, D.; Taraboletti, G.; Pavan, A. Shedding of membrane vesicles
by tumor and endothelial cells. Ital. ]. Anat. Embryol. 2005, 110 (Suppl. 1), 127-133. [PubMed]

Tanaka, Y.; Miyamoto, S.; Suzuki, S.O.; Oki, E.; Yagi, H.; Sonoda, K.; Yamazaki, A.; Mizushima, H.;
Maehara, Y.; Mekada, E.; et al. Clinical significance of heparin-binding epidermal growth factor-like
growth factor and a disintegrin and metalloprotease 17 expression in human ovarian cancer. Clin. Cancer Res.
2005, 11, 4783-4792. [CrossRef] [PubMed]

Vlad, C.; Kubelac, P.; Onisim, A.; Irimie, A.; Achimas-Cadariu, P. The role of CDCP1 (CUB domain-containing
protein 1) and ADAM12 (a disintegrin and metalloproteinase 12) in ovarian cancer. . BUON 2015, 20, 673-679.
[PubMed]

Yasukawa, M.; Liu, Y;; Hu, L.; Cogdell, D.; Gharpure, K.M.; Pradeep, S.; Nagaraja, A.S.; Sood, A K.; Zhang, W.
ADAMTS16 mutations sensitize ovarian cancer cells to platinum-based chemotherapy. Oncotarget 2016, §,
88410-88420. [CrossRef] [PubMed]

Ahmed, N.; Greening, D.; Samardzija, C.; Escalona, R.M.; Chen, M.; Findlay, ] K.; Kannourakis, G. Unique
proteome signature of post-chemotherapy ovarian cancer ascites-derived tumor cells. Sci. Rep. 2016, 6, 30061.
[CrossRef] [PubMed]

Latifi, A.; Luwor, R.B.; Bilandzic, M.; Nazaretian, S.; Stenvers, K.; Pyman, J.; Zhu, H.; Thompson, EW.;
Quinn, M.A ; Findlay, ].K,; et al. Isolation and characterization of tumor cells from the ascites of ovarian cancer
patients: Molecular phenotype of chemoresistant ovarian tumors. PLoS ONE 2012, 7, e46858. [CrossRef]
[PubMed]

Lima, M.A.; Dos Santos, L.; Turri, J.A.; Nonogaki, S.; Buim, M.; Lima, J.E; de Jesus Viana Pinheiro, J.;
Bueno de Toledo Osorio, C.A.; Soares, FA,; Freitas, V.M. Prognostic Value of ADAMTS Proteases and Their
Substrates in Epithelial Ovarian Cancer. Pathobiology 2016, 83, 316-326. [CrossRef] [PubMed]

Cheon, DJ.; Tong, Y.; Sim, M.S.; Dering, J.; Berel, D.; Cui, X.; Lester, J.; Beach, J.A.; Tighiouart, M.;
Walts, A.E.; et al. A collagen-remodeling gene signature regulated by TGE-3 signaling is associated with
metastasis and poor survival in serous ovarian cancer. Clin. Cancer Res. 2014, 20, 711-723. [CrossRef] [PubMed]
Tian, N.; Schiemann, W.P. The TGF-f paradox in human cancer: An update. Future Oncol. 2009, 5, 259-271.
[CrossRef] [PubMed]

Yu, Q.; Stamenkovic, I. Cell surface-localized matrix metalloproteinase-9 proteolytically activates TGF-{3 and
promotes tumor invasion and angiogenesis. Genes Dev. 2000, 14, 163-177. [PubMed]

Sritananuwat, P.; Sueangoen, N.; Thummarati, P; Islam, K.; Suthiphongchai, T. Blocking ERK1/2 signaling
impairs TGF-1 tumor promoting function but enhances its tumor suppressing role in intrahepatic
cholangiocarcinoma cells. Cancer Cell Int. 2017, 17, 85. [CrossRef] [PubMed]

Alsina-Sanchis, E.; Figueras, A.; Lahiguera, A.; Gil-Martin, M.; Pardo, B.; Piulats, ].M.; Marti, L.; Ponce, J.;
Matias-Guiu, X.; Vidal, A.; Villanueva, A.; Vinals, F. TGFf controls ovarian cancer cell proliferation. Int. J.
Mol. Sci. 2017, 18, 1658. [CrossRef] [PubMed]

Latifi, A.; Abubaker, K.; Castrechini, N.; Ward, A.C.; Liongue, C.; Dobill, F,; Kumar, J.; Thompson, EW.;
Quinn, M.A; Findlay, J.K,; et al. Cisplatin treatment of primary and metastatic epithelial ovarian carcinomas
generates residual cells with mesenchymal stem cell-like profile. J. Cell. Biochem. 2011, 112, 2850-2864.
[CrossRef] [PubMed]

Abubaker, K.; Luwor, R.B.; Zhu, H.; McNally, O.; Quinn, M.A.; Burns, C.J.; Thompson, E.W.; Findlay, ] K.;
Ahmed, N. Inhibition of the JAK2/STAT3 pathway in ovarian cancer results in the loss of cancer stem
cell-like characteristics and a reduced tumor burden. BMC Cancer 2014, 14, 317. [CrossRef] [PubMed]
Latifi, A.; Escalona, R.; Quinn, M.A.; Thompson, E.W.; Findlay, ].K.; Ahmed, N. Distinct molecular signature
of recurrent ovarian tumor cells isolated from the ascites of advanced-stage serous ovarian cancer patients.
J. Cancer Stem Cell Res. 2015, 2, e1006. [CrossRef]

Chan, E.; Luwor, R.; Burns, C.; Kannourakis, G.; Findlay, J.; Ahmed, N. Momelotinib decreased tumor burden
and prolonged disease-free remission period in a mouse model of ovarian cancer. 2018, submitted.


http://dx.doi.org/10.1097/IGC.0000000000000746
http://www.ncbi.nlm.nih.gov/pubmed/27258728
http://dx.doi.org/10.1038/srep28773
http://www.ncbi.nlm.nih.gov/pubmed/27349797
http://www.ncbi.nlm.nih.gov/pubmed/16101030
http://dx.doi.org/10.1158/1078-0432.CCR-04-1426
http://www.ncbi.nlm.nih.gov/pubmed/16000575
http://www.ncbi.nlm.nih.gov/pubmed/26214617
http://dx.doi.org/10.18632/oncotarget.11120
http://www.ncbi.nlm.nih.gov/pubmed/29179445
http://dx.doi.org/10.1038/srep30061
http://www.ncbi.nlm.nih.gov/pubmed/27470985
http://dx.doi.org/10.1371/journal.pone.0046858
http://www.ncbi.nlm.nih.gov/pubmed/23056490
http://dx.doi.org/10.1159/000446244
http://www.ncbi.nlm.nih.gov/pubmed/27359117
http://dx.doi.org/10.1158/1078-0432.CCR-13-1256
http://www.ncbi.nlm.nih.gov/pubmed/24218511
http://dx.doi.org/10.2217/14796694.5.2.259
http://www.ncbi.nlm.nih.gov/pubmed/19284383
http://www.ncbi.nlm.nih.gov/pubmed/10652271
http://dx.doi.org/10.1186/s12935-017-0454-2
http://www.ncbi.nlm.nih.gov/pubmed/28959141
http://dx.doi.org/10.3390/ijms18081658
http://www.ncbi.nlm.nih.gov/pubmed/28758950
http://dx.doi.org/10.1002/jcb.23199
http://www.ncbi.nlm.nih.gov/pubmed/21618587
http://dx.doi.org/10.1186/1471-2407-14-317
http://www.ncbi.nlm.nih.gov/pubmed/24886434
http://dx.doi.org/10.14343/JCSCR.2014.2e1006

Int. ]. Mol. Sci. 2018, 19, 450 33 0f 33

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

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] [PubMed]

Samardzija, C.; Luwor, R.B.; Volchek, M.; Quinn, M. A ; Findlay, ] K.; Ahmed, N. A critical role of Oct4A in
mediating metastasis and disease-free survival in a mouse model of ovarian cancer. Mol. Cancer 2015, 14,
152. [CrossRef] [PubMed]

Kveiborg, M.; Jacobsen, J.; Lee, M.H.; Nagase, H.; Wewer, UM.; Murphy, G. Selective inhibition of ADAM12
catalytic activity through engineering of tissue inhibitor of metalloproteinase 2 (TIMP-2). Biochem. J. 2010,
430, 79-86. [CrossRef] [PubMed]

Lee, M.H.; Atkinson, S.; Rapti, M.; Handsley, M.; Curry, V.; Edwards, D.; Murphy, G. The activity of a designer
tissue inhibitor of metalloproteinases (TIMP)-1 against native membrane type 1 matrix metalloproteinase
(MT1-MMP) in a cell-based environment. Cancer Lett. 2010, 290, 114-122. [CrossRef] [PubMed]

Duan, ].X.; Rapti, M.; Tsigkou, A.; Lee, M.H. Expanding the Activity of Tissue Inhibitors of Metalloproteinase
(TIMP)-1 against Surface-Anchored Metalloproteinases by the Replacement of Its C-Terminal Domain:
Implications for Anti-Cancer Effects. PLoS ONE 2015, 10, e0136384. [CrossRef] [PubMed]

Vadikolia, C.M.; Tsatalas, C.; Anagnostopoulos, K. Trypsianis, G.; Pantelidou, D.; Bazdiara, I;
Anastasiadis, A.; Spanoudakis, E.; Kotsianidis, I.; Margaritis, D.; et al. Proteolytic matrix metallopeptidases
and inhibitors in BCR-ABL1-negative myeloproliferative neoplasms: Correlation with JAK2 mutation status.
Acta Haematol. 2011, 126, 54-62. [CrossRef] [PubMed]

Zhang, S.; Zhong, B.; Chen, M.; Yang, L.; Yang, G.; Li, Y.; Wang, H.; Wang, G.; Li, W,; Cui, J.; et al.
Epigenetic reprogramming reverses the malignant epigenotype of the MMP/TIMP axis genes in tumor cells.
Int. ]. Cancer 2014, 134, 1583-1594. [CrossRef] [PubMed]

Miyake, H.; Nishikawa, M.; Tei, H.; Furukawa, J.; Harada, K.; Fujisawa, M. Significance of circulating matrix
metalloproteinase-9 to tissue inhibitor of metalloproteinases-2 ratio as a predictor of disease progression in
patients with metastatic renal cell carcinoma receiving sunitinib. Urol. Oncol. 2014, 32, 584-588. [CrossRef]
[PubMed]

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. J. Biol. Chem.
2001, 276, 3203-3214. [CrossRef] [PubMed]

Kim, S.H.; Cho, Y.R.; Kim, H.J.; Oh, ].S.; Ahn, EK,; Ko, H].; Hwang, B.J; Lee, S.J.; Cho, Y.; Kim, Y.K,; et al.
Antagonism of VEGF-A-induced increase in vascular permeability by an integrin «331-Shp-1-cAMP/PKA
pathway. Blood 2012, 120, 4892-4902. [CrossRef] [PubMed]

Lee, S.J.; Tsang, PS.; Diaz, TM.; Wei, B.Y,; Stetler-Stevenson, W.G. TIMP-2 modulates VEGFR-2
phosphorylation and enhances phosphodiesterase activity in endothelial cells. Lab. Investig. 2010, 90,
374-382. [CrossRef] [PubMed]

Bourboulia, D.; Jensen-Taubman, S.; Rittler, M.R.; Han, H.Y.; Chatterjee, T.; Wei, B.; Stetler-Stevenson, W.G.
Endogenous angiogenesis inhibitor blocks tumor growth via direct and indirect effects on tumor
microenvironment. Am. J. Pathol. 2011, 179, 2589-2600. [CrossRef] [PubMed]

Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor vascular permeability and the EPR effect in
macromolecular therapeutics: A review. J. Control. Release 2000, 65, 271-284. [CrossRef]

Batra, J.; Robinson, J.; Mehner, C.; Hockla, A.; Miller, E.; Radisky, D.C.; Radisky, E.S. PEGylation extends
circulation half-life while preserving in vitro and in vivo activity of tissue inhibitor of metalloproteinases-1
(TIMP-1). PLoS ONE 2012, 7, €50028. [CrossRef] [PubMed]

Yang, S.W.; Chanda, D.; Cody, ].].; Rivera, A.A.; Waehler, R.; Siegal, G.P.; Douglas, J.T.; Ponnazhagan, S.
Conditionally replicating adenovirus expressing TIMP2 increases survival in a mouse model of disseminated
ovarian cancer. PLoS ONE 2011, 6, €25131. [CrossRef] [PubMed]

Yang, S.W.; Cody, J.J.; Rivera, A.A.; Waehler, R.; Wang, M.; Kimball, K.J.; Alvarez, R.A; Siegal, G.P;
Douglas, ].T.; Ponnazhagan, S. Conditionally replicating adenovirus expressing TIMP2 for ovarian cancer
therapy. Clin. Cancer Res. 2011, 17, 538-549. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0136797
http://www.ncbi.nlm.nih.gov/pubmed/26331622
http://dx.doi.org/10.1186/s12943-015-0417-y
http://www.ncbi.nlm.nih.gov/pubmed/26260289
http://dx.doi.org/10.1042/BJ20100649
http://www.ncbi.nlm.nih.gov/pubmed/20533908
http://dx.doi.org/10.1016/j.canlet.2009.08.029
http://www.ncbi.nlm.nih.gov/pubmed/19815335
http://dx.doi.org/10.1371/journal.pone.0136384
http://www.ncbi.nlm.nih.gov/pubmed/26308720
http://dx.doi.org/10.1159/000324436
http://www.ncbi.nlm.nih.gov/pubmed/21474922
http://dx.doi.org/10.1002/ijc.28487
http://www.ncbi.nlm.nih.gov/pubmed/24105737
http://dx.doi.org/10.1016/j.urolonc.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24680659
http://dx.doi.org/10.1074/jbc.M008157200
http://www.ncbi.nlm.nih.gov/pubmed/11042184
http://dx.doi.org/10.1182/blood-2012-05-428243
http://www.ncbi.nlm.nih.gov/pubmed/23074279
http://dx.doi.org/10.1038/labinvest.2009.136
http://www.ncbi.nlm.nih.gov/pubmed/20084057
http://dx.doi.org/10.1016/j.ajpath.2011.07.035
http://www.ncbi.nlm.nih.gov/pubmed/21933655
http://dx.doi.org/10.1016/S0168-3659(99)00248-5
http://dx.doi.org/10.1371/journal.pone.0050028
http://www.ncbi.nlm.nih.gov/pubmed/23185522
http://dx.doi.org/10.1371/journal.pone.0025131
http://www.ncbi.nlm.nih.gov/pubmed/22022379
http://dx.doi.org/10.1158/1078-0432.CCR-10-1628
http://www.ncbi.nlm.nih.gov/pubmed/21115652
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	What Are Metzincins? 
	The Origin of Epithelial Ovarian Cancer 
	Recent Classification of Epithelial Ovarian Cancer 
	What Is Known about Ovarian Cancer Progression? 
	Understanding the Structure and Roles of Metzincins and Their Inhibitors 
	Matrixin Family of Metzincins 
	Adamalysin Family of Metzincins 
	A Disintegrin and A Metalloproteinases (ADAMs) 
	ADAMS with Thrombospondin Motifs (ADAMTS) 


	What Are Metzincin Inhibitors? 
	Synthetic Inhibitors 
	Endogenous Inhibitors 
	Do TIMPs Only Inhibit Metzincin’s Activity or Are They Independent of Metzincin? 
	What Is the Expression of TIMPs in Tumors? 

	Metzincins and TIMPS in Ovarian Cancer 
	What Is the Evidence of the Involvement of MMPs and TIMPs in Ovarian Cancer? 
	Expression in Tumors, Ascites and Blood 
	Expression and Function in Cell Lines 

	Adamalysin in Ovarian Cancer 
	What Is the Role of Metzincins in Ovarian Cancer? and What Are the Underlying Mechanisms? 

	Chemotherapy Treatment Results in the Enhanced Expression of TIMP-1, -2 and -3 In Vitro and In Vivo: A Proof of Concept Experimental Model 
	Potential New Therapeutic Approaches for TIMPs 
	Conclusions 
	References

