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Abstract: ADAMY (A disintegrin and a metalloprotease 9) is a membrane-anchored protein that
participates in a variety of physiological functions, primarily through the disintegrin domain for
adhesion and the metalloprotease domain for ectodomain shedding of a wide variety of cell surface
proteins. ADAM?9 influences the developmental process, inflammation, and degenerative diseases.
Recently, increasing evidence has shown that ADAMY plays an important role in tumor biology.
Overexpression of ADAMY has been found in several cancer types and is correlated with tumor
aggressiveness and poor prognosis. In addition, through either proteolytic or non-proteolytic
pathways, ADAMY promotes tumor progression, therapeutic resistance, and metastasis of cancers.
Therefore, comprehensively understanding the mechanism of ADAMS9 is crucial for the development
of therapeutic anti-cancer strategies. In this review, we summarize the current understanding of
ADAMDO in biological function, pathophysiological diseases, and various cancers. Recent advances in
therapeutic strategies using ADAM9-related pathways are presented as well.
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1. Introduction

The “a disintegrin and metalloproteases” (ADAMs) family, a subset of the zinc protease
superfamily, consists of transmembrane proteins with a multidomain extracellular region, a single
transmembrane sequence, and a relatively short cytoplasmic domain [1,2]. So far, around 40 family
members have been identified in the mammalian genome, and among them, 22 are expressed in
humans [3]. Extracellular regions of ADAMSs contain several distinct domains: A prodomain followed
by metalloproteinase, disintegrin, and cysteine-rich domains [4]. A majority of ADAMs—all except
ADAM10 and ADAM17—also have an epidermal growth factor (EGF)-like domain, whose function
is yet to be clarified [2,5,6]. ADAM proteins have been reported in numerous biological functions
involving development, fertility, ectodomain shedding, cell adhesion, cell-cell interaction, vascular
endothelial cell function, inflammation, immunity, signaling transduction, neurodegenerative disease,
and cancer biology [1,7-9]. Therefore, ADAMs have important roles in diverse physiological contexts.

ADAMDO (also known as metalloprotease/disintegrin/cysteine-rich protein 9 (MDC9) or meltrin-y),
one of the ADAM proteins, was first identified in 1996 in breast carcinoma [10]. It is widely expressed
in human tissues, and shows an abundant increase in pathological conditions [11]. ADAM?9 expression
is detected in multiple cell types, including monocytes [12], macrophages [13], neutrophils [14],
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keratinocytes [15], and fibroblasts [16]; and in multiple tissues, including lung [17], colon [18],
kidney [19], vascular smooth muscle [20,21], nervous system [1,22], reproductive system [23],
and secretary organs [24]. This indicates that ADAMO is involved in a multitude of biological
functions as well as pathophysiological conditions, such as inflammation and tumorigenesis [25,26].

In inflammation, ADAMY contributes to monocyte fusion, mediating the conversion of
monocytes-macrophages to multinucleated giant cells (MGCs) as a response to foreign bodies or bacteria;
the resulting granulomatous lesions help to isolate the pathogens and also enhance phagocytotic
activity [12]. ADAMO also stimulates the inflammatory process through polymorphonuclear leukocytes,
macrophages, and epithelial cells in some inflammatory diseases, such as acute lung injury or chronic
obstructive pulmonary disease (COPD) [11,13,14,27]. ADAM9 is also expressed in the epidermis, where
it delays wound healing by increasing collagen XVII shedding and matrix metalloproteinase-9 (MMP-9)
secretion to decrease keratinocyte migration [28]. ADAMY promotes neuropilin-1 proteolysis in the
angiogenic signaling pathway of vascular endothelial cells [29]. ADAM9 has been demonstrated to be
involved in neurodegenerative disease by regulating the cleavage of amyloid precursor protein (APP),
which might be relevant in Alzheimer’s disease [4,30,31]. ADAM9 was also shown to be involved in
myogenesis and formation of myotubes, which might contribute to the endocardial cushion during
embryonic development [32]. Recently, ADAMY was reported to shed the interleukin-11 receptor,
which is involved in inflammatory conditions, bone homeostasis, hematopoiesis, and fertility [33].
Altogether, ADAMO is expressed broadly in human tissues, and participates in the development,
inflammatory processes, and degenerative diseases.

Despite its wide distribution in mammalian tissue and its regulatory function in development,
the Adam9~/~ mouse model showed no apparent morphological changes or histopathological defects
during development and adult life [34]. Therefore, the effects of ADAMY deficiency might be
compensated by other ADAM family members, but no further investigation to address the potential
ADAM family members [21]. However, subsequent animal studies demonstrated that the deletion
in the ADAMSY induced photoreceptor degeneration of both retinal rods and cones, resulting in
visual acuity impairment in young canine models. Malformation of retinal pigment epithelium,
disrupted contact with photoreceptor outer segments, and abnormal gaps between retinal layers
were demonstrated, leading to the degeneration of the retina [35,36]. These mice showed less ocular
neovascularization than wild-type mice during the pathological neovascularization, which was not
associated with developmental retinal angiogenesis. Furthermore, ADAM9 null mutations were shown
to cause retinal degeneration in human patients, leading to cone-rod dystrophy (CRD) [36]. In the
opposite direction, overexpression of ADAMO9 enhances angiogenesis by increasing the shedding of
several angiogenesis-related endothelial membrane proteins including Tie-2, vascular endothelial
growth factor receptor-2, VE-cadherin, ephrin type B receptor 4 (EphB4), CD40, and vascular cell
adhesion molecule 1 (VCAM-1) [37]. Collectively, during development, lack of ADAMY seems to affect
mainly the visual system, whereas other biological functions might be compensated by other ADAMs.

2. Structure and Molecular Function of ADAM9

ADAMS is composed of several domains that have their specific functions, including protease
activation and substrate recognition.

2.1. ADAMO Structure

The domain structure of ADAMY, the process of ADAMO activation, and the two isoforms of
ADAM? are shown (Figure 1A-C).
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Figure 1. Characterization of a disintegrin and metalloprotease 9 (ADAM 9). (A) The organization of the

C-shape structure when anchored to the membrane is shown. (B) ADAMO is activated during transport

via Golgi bodies to the cell membrane by removal of the inhibitory pro-domain. The pro-domain

cleavage is performed at the two PC sites by furin or proprotein convertase. (C) Schematic diagrams of
the domain structure of the long (ADAM9-L, 110 and 84 KDa) and short (ADAM?9-S, 55 KDa) forms of
ADAM9. ADAMO-S lacks exon 12 from the ADAM9-L genetic sequence. aa, amino acid. SS, signal
sequence. Pro, pro-domain. M, metalloprotease domain. D, disintegrin domain. Cys, cysteine-rich.

TM, transmembrane. PC site, proprotein convertase (PC) consensus cleavage site. HVR, hyper-variable

region. (D) Active ADAMY recognizes its substrates via the HVR of the cysteine-rich domain and

releases the extracellular fragments of membrane-bound cytokines and growth factors. It also cleaves

receptors and other molecules for signal transduction.

2.1.1. Pro-Domain and Its Cleavage for Protease Activation

ADAMO contains a signal sequence at its N-terminus (from aa 1 to aa 29) that guides the secretory
pathway of ADAMO to traffic to the cell surface, and the transmembrane domain of ADAM9 anchors it
on the cell membrane (Figure 1B). ADAMs are biosynthesized as zymogens with the pro-domains
preserving their inactive state. The pro-domain of ADAMO9 is located from aa 30 to aa 205 and is

cleaved by the furin-like proprotein convertase (PC) (Figure 1A,B).
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Pro-domains of ADAMs can serve as inhibitors of ADAM catalytic activity. Recombinant
pro-domains of ADAMO [30], ADAM10 [38], and ADAM17 [39], purified from Escherichia coli, have been
demonstrated as competitive inhibitors against their proteolytic activities in vitro. ADAMs (ADAMY,
ADAM10, and ADAM17) contain two distinct PC cleavage sites within the pro-domain, including
the upstream site and the boundary site between the pro- and the catalytic domain. The upstream
site plays an important role in the activation of the ADAM proenzyme. Without cleavage at the
upstream PC site, the ADAM protein might exist in the proenzyme-like form on the cell surface [40].
Thus, the processing of the pro-domains is responsible for the activation of ADAMO to regulate cell
signaling [2]. Meanwhile, meprin 3, cleaving at the pro-domain of ADAMY, 10, and 17, could further
increase ADAM protease activities [41].

2.1.2. Metalloproteases, Disintegrin, Cysteine-Rich, EGF-Like, and Transmembrane Domains

ADAMDO contains the consensus sequence for the catalytic Zinc-binding motif of metalloproteases
(HExGHxxGxxHD) within its metalloprotease domain (aa 206-412), which can be catalytically active.
The name of the disintegrin domain comes from its presence in the snake venom metalloproteases,
which are involved in the binding of platelet integrin receptors. The disintegrin domain of ADAM9 is
~90 aa long, located on aa 413-503. The domain serves as a ligand to interact with multiple 31 renal
integrins and therefore could regulate attachment to the critical components of the extracellular matrix
(ECM) [2,19]. The cysteine-rich domain of ADAM s is capable of binding ECM independent of the
disintegrin-integrin interaction. It has been reported to be involved in membrane fusion. In ADAMO9,
the function of the cysteine-rich domain is not yet demonstrated. In ADAM13, the cysteine-rich domain
cooperates intramolecularly with its metalloprotease domain to regulate its function in vivo [42].
The tandem disintegrin and cysteine-rich domains of ADAM13 are able to bind to both ECM
proteins like fibronectin and laminin and to activated -1-containing integrins on the cell surface.
The cell—cell adhesion of fibroblasts and melanoma cells is significantly reduced when incubated with
the recombinant tandem disintegrin and cysteine-rich domains of ADAM9 [42]. The recognition of
other proteins by these extracellular domains of ADAM9 may represent a mechanism how this protease
can select and hold on to its substrates [43].

The function of the EGF-like domain has yet to be fully understood. The transmembrane domain
anchors the protein to the cell membrane. ADAM9 was found to co-localize with VE-cadherin at
cell-cell junctions in confluent endothelial monolayers. In addition, ADAM9 must be expressed on
both adjacent cells to localize to the cell—cell junctions, indicating the ability to self-associate through
ectodomain interactions [9].

2.1.3. Cytoplasmic Domain

The cytoplasmic domain of ADAMO plays a role in regulating its catalytic activity. The catalytic
activity of ADAMs was reported to have a strong correlation with the Src-homology 3 (SH3) domain
binding to the cytoplasmic domain. The majority of ADAM-interacting SH3 proteins are sorting- and
endocytosis-associated adapter proteins or kinases. The cytoplasmic domain of ADAMY contains
4 potential SH3 binding sites (aa 746759, aa 754-767, aa 785-798, and aa 802-816) and interacts with
SH3 domain-containing proteins, such as SNX33 (Sorting nexin-33), SNX9 (Sorting nexin-9), tyrosine
protein kinase Tec, SNX18 (Sorting nexin-18), neutrophil cytosol factor 1, tyrosine protein kinase Lyn,
and ArgBP2 (Sorbin and SH3 domain-containing protein 2) [44].

SNX9 is involved in endocytosis and intracellular vesicle trafficking [45]. In the SNX9 knockdown
breast cancer cells, total ADAMO9 protein expression and cell surface ADAM9 proteins are elevated,
and the protease function of ADAMY is active in shedding of the ADAM9 substrate EphB4. This indicates
that SNX9 limits ADAMY’s proprotein processing during the secretory process to control the cell-surface
levels of ADAMY. Therefore, SNX9 serves as an important intracellular trafficking regulator of
ADAMDO [46]. In addition, the binding of protein kinase C & (PKC 3) to the cytoplasmic domain of
ADAMS increases the ectodomain shedding of the proHB-EGF (heparin-binding EGF-like growth
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factor) [47]. Taken together, the cytoplasmic domain of ADAM9 has a role in regulating the function of
ADAMDY, depending on the interacting proteins.

2.1.4. Two Isoforms of ADAM9

Two alternatively spliced ADAM9 transcripts are expressed in the form of a transmembrane
protein (ADAM9-L) and a secreted isoform (ADAM9-S) (Figure 1C). Fry et al. demonstrated that
ADAMO-L suppresses cell migration in BT-549 breast cancer cells independent of its metalloproteinase
activity, whereas ADAM9-S promotes cell migration in a manner requiring its metalloproteinase
activity [48]. ADAMO-S is a secreted protein, lacking the transmembrane and cytoplasmic domains
via excising exon 12 from the ADAM9 mRNA, and contains 8 unique amino acids (LSLKFHAPF) not
present in ADAM9-L. ADAMY-S promotes cancer cell migration and invasion via its metalloprotease
activity and is also able to bind directly to a634 and «2[31 integrins on the cell surface through the
disintegrin domain [49].

2.2. Substrate Recognition and Cleavage

Crystal structures of ADAMs (ADAM10 and ADAM17) have provided exciting details about
the mechanisms of substrate recognition and cleavage by ADAMs [50,51]. These structures have
demonstrated the C-shaped structure of ADAMs, which facilitates their function in substrate recognition
and cleavage. The C-shaped arm includes the metalloproteinase, disintegrin, and cysteine-rich domains
and the hypervariable region (HVR) (Figure 1A). This structure mediates the functions of both the
proteolytic and the adhesion domain, which regulates target recognition. Moreover, the HVR also
regulates cell-cell and cell-matrix interactions in proteolytically inactive ADAMs [4,52,53].

Reported substrates for ADAM9 shedding are briefly summarized in three groups (Figure 1D):
(I) Cytokines and related receptors: CD40 [54], interleukin-11 receptor [33], and tumor necrosis factor-o
(TNF-o) [55]. (II) Growth factors and related receptors: pro-HB-EGF [47], insulin-like growth factor
binding protein-5 [56], p75 neurotrophin receptor, insulin B chain, pro-EGF, FGF receptor 2 iiib,
EphB4 [7], and neuregulin 13 [54]. (II[) Other molecules: ADAM10 [30], Delta-like 1 [57], angiotensin-1
converting enzyme [58], APP, Kit-ligand, collagen XVII [7], laminin [49], fibronectin, gelatin [54],
Tie-2 [37], VE-cadherin, vascular endothelial growth factor receptor-2, and vascular cell adhesion
molecule 1 [54]. Despite ADAMS9 shares a number of the mentioned substrates with ADAM10 and
ADAM17, they still have some different functions in biology, which might be due to the unique
substrates by each protease. A study demonstrated that ADAM10 and ADAM17 have different
amino acid favors at multiple positions surrounding the substrate cleavage site by peptide library
screening and analysis of individual consensus substrates [59]. Furthermore, there have been no
reported studies of the cleavage site specificity of ADAMO. It is still unclear whether ADAMY has
its unique amino acid sequence near the substrate cleavage sites, distinct from that of ADAM10 or
ADAM17. No relevant research shows which is the main sheddase under specific conditions. Based
on this list, ADAM9-mediated substrate shedding is capable of stimulating a variety of functions
in inflammation, adhesion, angiogenesis, migration, and proliferation, and we would expect that
the dysregulation of ADAM9 promotes inflammatory-related diseases and malignancy. Although
most substrates were identified in vitro, it is still unclear for many substrates whether they are in fact
cleaved in vivo. Interestingly, in vivo cleavage-independent pathway of ADAMY plays a crucial role
in tumorigenesis. We will discuss the related function in Section 6.

3. Pathological Roles of ADAM9 in Neurodegenerative and Retinal Diseases

Since ADAMO is widely expressed in the human body and regulates a variety of biological
functions, ADAM9 also plays an important role in pathological diseases including degenerative, retinal,
inflammatory and tumor biology. In the following sections, we will briefly summarize the role of
ADAMDO in different disease entities.
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3.1. ADAMO-Mediated Neurodegenerative Diseases

Although ADAMO is not crucial for development and survival, ADAMOY is still involved in various
human pathologic states, including neurodegenerative disorders, vascular diseases, and inflammatory
diseases [21]. Alzheimer’s disease, a common neurodegenerative disorder, presents with progressive
dementia and cognitive disorders. It is characterized by amyloid senile plaques in the vasculature of the
brain and is due to the accumulation of amyloid beta-peptides (A3 peptides) by 3-secretase 1 (BACE1)
and y-secretase cleavage of APP [60]. Normally, x-secretase would cleave the majority of APP and
prevent (3-secretase 1 from cleaving APP to form amyloidogenic peptides. Among Alzheimer’s disease
patients, decreased levels of APP processed by o-secretase have been reported [61]. ADAMY, ADAM10,
and ADAM17 belong to the family of x-secretases that cleaving APP to reduce Af3 peptide production.
Among these ADAMs, ADAMI10 is probably the most relevant sheddase for APP. However, promoter
polymorphisms of ADAMY have been reported to have a significant association with Alzheimer’s
disease [62]. Therefore, the increase of x-secretase activity seems to be a therapeutic strategy against
Alzheimer’s disease [22,60].

On the contrary, in SY5Y neuroblastoma cells overexpressing APP, mimicking Alzheimer’s disease,
treatment with ADAM9 pro-domains inhibited the activity of ADAM9 but reduced the production of
A peptides. Despite the fact that ADAMO is an «-secretase and expected to reduce the A3 peptides,
however, ADAMO can cleave another o-secretase, ADAM10. Inhibiting ADAM9 protease function
reduced the shedding of ADAMI10 and subsequently increased membrane-bound ADAM10 to generate
higher levels of soluble APP through «-secretase cleavage and decreased Af levels [30]. Therefore,
increased x-secretase activity at the cell membrane through different molecular mechanisms may have
a beneficial effect in Alzheimer’s disease.

ADAMY also mediates the shedding of the cellular prion protein (PrPc) involved in
neurodegeneration. ADAMY, found in different cell types, enhances PrPc shedding in an
ADAM10-dependent manner, but not through direct cleavage of the PrPc. Although ADAM9
might mediate ADAM10 shedding, under different biological conditions, the proportion of soluble
ADAMI10 versus membrane-bound ADAM10 and the impacts on substrate shedding is yet to be
determined [1].

3.2. ADAMO9-Mediated Retinal Diseases

CRD, which is a hereditary retinal disease affecting photoreceptor function, reduces visual acuity
and results in color-vision abnormalities [36]. Several genes have been shown to be involved in
CRD. The loss of the ADAMY was also related to CRD in humans [35]. Meanwhile, retinopathy of
prematurity in infants, diabetic retinopathy, and age-related macular degeneration are all characterized
by ocular neovascularization, one common cause of blindness. A murine model of retinopathy of
prematurity showed that ADAMS, 9, and 10 were related to oxygen-induced retinopathy, which is a
kind of pathological neovascularization as well [63].

3.3. ADAMOI-Mediated Vascular Disease

The association between pathological neovascularization and ADAM9 had been demonstrated.
For example, ADAMY knockout mice have reduced pathological neovascularization compared to
control mice [37]. In addition, ADAMY overexpression increased the ectodomain shedding of
adhesion molecules and membranous proteins from endothelial cells and aggravated the pathological
neovascularization [37,64]. With evidence showing that other ADAMs (ADAM10 and ADAM17)
play roles in the development of abdominal aortic aneurysm [65,66], a recent study demonstrated
that ADAMY expression was up-regulated in a murine abdominal aortic aneurysm model. ADAMY,
modulated by miR-126, could induce inflammatory cascades and the infiltration of macrophages into
the aortic wall [20]. Additionally, knockdown of ADAMY suppressed aneurysm formation through
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PIBK/AKT/NF-kB pathway inhibition, an activated pathway in the murine aneurysm model [67].
Therefore, ADAMO9 can induce retinal disorders as well as pathological vascular diseases.

4. ADAMY in Infectious and Inflammatory Diseases

4.1. Infection and Tissue Damage

Encephalomyocarditis virus (EMCV) causes myocarditis or encephalitis in animals. Recent studies
demonstrate that ADAM9 is required for the entry phase of EMCV infection, independent of its
metalloprotease activity [68]. Using a CRISPR-Cas9 screen, another group also identified that ADAM9
is an essential factor for the early stages of both human and murine EMCYV infection [69]. Moreover,
other studies showed that ADAMY transcript in the blood cells was up-regulated and might serve as a
biomarker representing tissue damage by infection, inflammation, and tissue injury [11].

4.2. Lung Injury and COPD

In neutrophils, the ADAMSY proteins are mainly located in the tertiary, gelatinase granules and
the secretory vesicles. Several proinflammatory agonists (fMLP, IL-8, and TNF-«), which induce
degranulation of PMNSs, also increase surface ADAMY levels on PMNs in a concentration-dependent
manner. Up-regulation of ADAM9 was found in acute lung injury in mice, in addition to more
proteolysis of ECM proteins. Therefore, ADAMO9 regulates this process and promotes the acute lung
injury [14]. Increased ADAMO9 levels were also found in COPD patients. The role of ADAMY in COPD
has been shown to involve emphysema development and airway disease in mice. Therefore, targeting
ADAMY might be a therapeutic choice for COPD patients [13].

4.3. Chronic Wounds

Since ADAMY regulates cell-cell and cell-matrix interactions, it is presumably also involved in
the migration and proliferation of keratinocytes during the wound healing process. It seems that
ADAMS9 mediates collagen XVII shedding to influence keratinocyte migration in wound repair. In an
ADAMD knockout mouse model, researchers saw the increased distribution of collagen XVII on the
basolateral keratinocytes for promoting keratinocyte migration in wound healing, and the effect was
reversed by adding recombinant ADAM9 [28]. This might be due to the recombinant soluble ADAM9
that contained the catalytic activity. Therefore, the increased expression of ADAMY in wound repair
has a negative impact on re-epithelialization.

5. Role of ADAMD9 in Cancers

ADAMSY participates in the regulation of various tumor processes. In addition to metastasis,
ADAMDY also plays an important role in tumor proliferation, angiogenesis, and even immune evasion
(Table 1).

Table 1. Studies of ADAMDO in various cancers.

Type Role of ADAMY in Cancer Reference
Clinical Overexpressed in cancer [25,26,70,71]
oo 5 Significance Negative correlation with OS [25,70-74]
L:: :5; ADAMO9-tPA-CDCP1-Metastasis [25]
o Mechanism ADAM9-ANGPT2-Metastasis [26]
ADAMOY-IL8/VEGFA-Angiogenesis [26,72]
.. Overexpressed in cancer [75,76]
:% é Clinical Relevance Negative correlation with RFS [75]
n g
O < _ ! . . . 77
&0 Mechanism NaalOp-ADAM9-Tumorigenesis/Metastasis [77]

ADAMOY-Integrin Degradation [78]
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Table 1. Cont.

Type Role of ADAMY in Cancer Reference
5 Clinical Relevance Negative correlation with immunotherapy response [79,80]
o
E é Mechani ADAMO9-MICA cleavage-immune evasion [80]

S echamsm IL-6-ADAMY-JNK-Metastasis [81]
- .. Overexpressed in cancer [82]
§ ;‘3 Clinical Relevance Positive correlation with progression [83]
S o
Y Mechanism NSD2-ADAMOY-Tumorigenesis [84]
Overexpressed in cancer [24,85]

9 Clinical Relevance Positive correlation with progression [86]
'§ 53 Negative correlation with OS [24,85]
I3l =!

:sé S KRAS-ADAM9Y-Tumorigenesis [87]

P~ Mechanism ADAM9-MEK-ERK-Tumorigenesis [24]

Circ-ADAMO9-ERK-Tumorigenesis [88]
;.< . Overexpressed in cancer [89,90]
§ qé Clinical Relevance Negative correlation with OS/PFS [89,90]
3
Y Mechanism TNC-ADAMO9-Metastasis [90]

OS, overall survival; PFS, progression-free survival; RES, relapse-free survival.

5.1. Lung Cancer

In lung cancer, the dysregulation of ADAM9 was documented long ago. Various studies
demonstrate that ADAM9 is a major player in lung cancer progression and metastasis [25,26]. Studies
show the overexpression of ADAMSY shortens overall survival, and the same pattern was found in
various cohorts by different groups [70-72]. By immunohistochemical staining, high protein expression
of ADAM9 was found to be correlated with a poor 5-year survival rate in an Asian cohort (10/17,
59%) [25], and in resected stage I lung cancer (29/63, 46%) [73,74].

Metastasis is the leading cause of lung cancer-related death, and nearly 50% of late-stage patients
with lung cancer exhibit brain metastasis. ADAM?9 has been reported as a major player in several
steps of this process [91]. Shintani et al. first described that overexpression of ADAMY promotes
the adhesion of tumor cells to vascular endothelial cells, which suggests the importance of ADAM9
during metastasis. In addition, ADAM?9 enhances cell migration and anoikis resistance to promote
metastasis by a novel mechanism. Silencing ADAM9 down-regulates the RNA expression of CUB
domain-containing protein 1 (CDCP1) and tissue-type plasminogen activator (tPA) but up-regulates
the expression of plasminogen activator inhibitor-1 (PAI-1) [25]. Moreover, ADAMY9 enhances the
activity of tPA to cleave CDCP1, resulting in CDCP1 activation that promotes metastatic processes of
cell migration and anoikis resistance. Thus, ADAM9 promotes the CDCP1 activation for lung cancer
metastases to the brain through a tPA-based pathway.

This ADAM9-CDCP1 axis to lung cancer metastasis is also validated in several other reports as
well [92,93]. The ADAMO9-CDCP1 axis was confirmed to be necessary for lung cancer cell migration
and survival in vitro and in vivo; and moreover, the authors demonstrated that ADAM9 decreases the
expression of miR-1 and miR-218, which target the 3’-UTR of CDCP1 to suppress its expression. Thus,
ADAMD9 promotes the elevated protein levels of CDCP1. To achieve brain metastasis, the disruption
of the blood-brain barrier is necessary for tumor cell entry. ADAM9 also participates in this process
by up-regulating angiopoietins 2 and tPA. Silencing ADAMY enhances the membrane expression of
VE-cadherin, which is responsible for maintaining the restrictive barrier between endothelial cells and
reduces the cell permeability of endothelial cells in vitro [26]. These findings illustrate the multiple
roles of ADAMY in lung cancer metastasis.

The essential role of angiogenesis in tumor progression is well-defined in numerous cancer types,
including lung cancer, and chemical stimulation performed by various angiogenic proteins is crucial and
necessary. Meanwhile, the conditioned medium from ADAM9-silenced cells suppresses tube formation
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of human umbilical vein endothelial cells; moreover, silencing ADAM?9 inhibits angiogenesis in vivo.
By angiogenesis antibody array and further ELISA, a previous study identified that ADAM9 mediates
the expression of angiogenesis factor, interleukin 8 (IL-8). And IL-8 is known to bind and then activate
its high-affinity receptor, C-X-C Motif Chemokine Receptor 2 (CXCR-2). Moreover, the neutralizing
antibody of CXCR-2 reverses the ADAM9-mediated HUVAC tube formation. These evidences suggest
a possible mechanism of ADAM9-mediated angiogenesis through the IL-8-CXCR?2 axis [72]. In another
study, vascular endothelial growth factor, a well-known angiogenic protein, was down-regulated
in the ADAM9-silenced cell-conditioned medium [26]. Taken together, these results suggest that
ADAMDO participates in tumor angiogenesis by increasing the activity of various angiogenic proteins in
lung cancer.

Micro-RNAs (miRNAs), such as miR-425, miR-488 and miR-590, have been reported as regulators
of ADAMDY in lung cancer. Via prediction tools and luciferase reporter assay, the 3'-UTR of ADAM9 is
identified as the target sites of 3 micro-RNAs to down-regulate ADAM9 mRNA expression [70,94,95].

5.2. Prostate Cancer

Fritzsche et al., demonstrated that both mRNA and protein overexpression of ADAM9 is correlated
with poor relapse-free survival of prostate cancer [75]. By immunohistochemistry, more than 60% of
recurrent prostate tumors have elevated protein expression of ADAMO [76].

The progression and growth of prostate cancer is dependent on androgens; thus, androgen deprivation
by castration or target therapy has become the predominant therapies for advanced prostate cancer.
However, tumors treated in this way develop into a more aggressive and castration-resistant type,
called androgen-independent prostate cancer (AIPC). Lin et al., uncovered the mechanism of maintaining
ADAMO protein stability in AIPC. N-o-Acetyltransferase 10 protein (NaalOp) has been identified as an
oncoprotein in prostate cancer [77]. Silencing NaalOp down-regulates the protein expression of ADAM9
to suppress tumor growth and metastasis in vitro and in vivo. Silencing Naal0Op also accelerates ADAM9
protein degradation, and the direct interaction between NaalOp and ADAMSY has been confirmed by
co-immunoprecipitation. Taken together, the protein stability of ADAMO9 is highly maintained by NaalOp
to drive AIPC tumor outgrowth and metastasis. And this NaalOp-mediated stabilization of ADAM9
maybe exist in other cancer types to drive tumorigenesis as well.

ADAM? regulates prostate cancer progression and outcome in other ways as well. Silencing
ADAMSY impairs the endocytosis of integrin 1 to increases its expression on cell membrane
to enhance the integrin-mediated cell adhesion and suppress cell migration in vitro. Notably,
metalloproteinase inhibitors (Batimastat or GM6001) cannot reverse the integrin 1 expression or
integrin-mediated migration effects, which suggests the proteolytic activity of ADAMY is dispensable
for this mechanism. In contrast, the direct interaction between ADAMY and integrin 31 has been
confirmed by co-immunoprecipitation, and both proteins co-localize on early endosomes in vitro.
These findings suggest ADAMY9 mediates integrin 31 stability in a non-catalytic manner [78].

MiRNAs also play a role in regulating ADAMO9 in prostate cancer, especially miR-126. Hua et al.
identified the binding site and the effect of miR-126 on reducing ADAM9 expression via luciferase
reporter assay. And silencing ADAM9 by miRNA has similar inhibitory effects on cell proliferation,
migration, and invasion in vitro as did miR-126 overexpression [76].

5.3. Liver Cancer

Several pieces of evidence suggest the overexpression of ADAMY contributes to poor patient
outcomes and lower response to immune checkpoint blockade therapy [79]. Kohga et al. identified
MHC Class I polypeptide-related sequence A (MICA), which is a ligand on cancer cells to elicit attack
by natural killer cells, as a novel target of ADAM9. Membrane-bound MICA (mMICA) can be cleaved
by ADAMDY to release soluble MICA (sMICA) by ADAM9 as an immunological decoy to suppress
immune surveillance. The knockdown of ADAMY up-regulates the expression of mMICA on the cell
membrane and down-regulates sMICA in culture supernatant in vitro [80].
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Metastasis is also an urgent issue in liver cancer therapy. IL-6 is a major mediator of invasion
and metastasis in liver cancer [81,96]. Dong et al. have demonstrated that IL-6 enhances ADAM9
expression through activating the JNK pathway in vitro. Silencing ADAM9 not only reduces the
primary tumor size but also suppresses the metastasis rate to lung; in contrast, overexpressing ADAM9
accelerates primary tumor growth and promotes the metastasis to the lung [81].

Numerous studies identify the negative regulation of ADAM9 by miRNAs in liver cancer.
MiR-126 [97]. miR-203 [98], and miR-488 [99], target the 3-UTR of ADAMY9 and down-regulate
ADAMDY to suppress cell migration and invasion in vitro.

5.4. Breast Cancer

In breast cancer, the expression of ADAMS9 is up-regulated compared to normal tissue [82].
ADAMSY also contributes to disease progression by promoting tumor extravasation and migration
ability [83]. An upstream role of ADAMY in the trans-endothelial migration pathway was suggested by
Micocci et al. Knockdown of ADAM9 down-regulates the mRNA expression of ADAM15 and MMP2
but not ADAM10, ADAM17, or MMP?9 in vitro [100].

Triple-negative breast cancer (TNBC) is the most aggressive type of breast cancer. In some subtypes
of TNBC, methylation deregulation causes the overexpression of EGFR to enhance cell proliferation
and survival. ADAM9 shares EGFR’s methyltransferase, according to chromatin precipitation assays,
and nuclear receptor-binding SET domain protein 2, a member of the histone methyltransferase family,
up-regulates the expression of both ADAMY and EGFR and promotes TNBC cell resistance to EGFR
inhibitors [84].

Several miRNA expression profiles and target sites on ADAM9 have been studied in breast cancer,
including miR-126 [101,102], miR-154 [103], and miR-33a [104]. The binding sites of these miRNAs are
located on 3’-UTR of ADAMY, and lower expression of these miRNAs results in the overexpression of
ADAMSY and promotes cancer cell migration and invasion in vitro.

5.5. Pancreatic Cancer

In recent years, several studies have suggested that elevated mRNA expression of ADAM9
shortens the overall survival of pancreatic cancer patients [85], a finding that was confirmed by
immunohistochemistry [24]. Increased ADAM?9 expression also correlates with higher tumor grade
and progression [86].

KRAS signaling is necessary to maintain tumorigenesis in pancreatic cancer. Yuan et al. discovered
that dysregulated KRAS signaling enhanced the expression of ADAM9 via NF-kB cascade [87]. Notably,
the knockdown of ADAMO9 suppresses the downstream pathway of KRAS and MEK-ERK signaling as
well [24]. Taken together, a feedback loop between ADAM9 and KRAS is implied.

Circular RNA, a type of single-stranded RNA produced by non-canonical linear splicing,
called back-splicing, takes on a covalently closed-form in the cytoplasm and regulates biological
function by acting as a micro-RNA or protein inhibitor [105]. Studies have demonstrated that circular
ADAMDO (circ-ADAMY) is up-regulated in pancreatic cancer cells and is correlated with poor prognosis.
Circ-ADAM9 absorbs and inhibits miR-127, which is a tumor suppressor. Overexpressing circ-ADAM9
increases ERK signaling to promote cell proliferation and migration in vitro, and silencing circ-ADAM9
delays pancreatic tumor growth in vivo [88].

ADAMDO is also regulated by various miRNAs in pancreatic cancer. MiR-489 [87], miR-126 [106,107],
and miR-502f [85] target the 3'-UTR of ADAMY and down-regulate ADAMY directly to suppress cell
migration and invasion in vitro.

5.6. Glioma

Glioma causes nearly 8% of all cancer-related deaths every year, and glioblastoma (GBM) is an
advanced and aggressive glioma that has only a 10% 5-year survival rate. Based on the RNA-seq
data from 303 glioma patients, the elevated mRNA expression of ADAM9 is correlated with poor
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progression-free survival and overall survival [89]. In addition, both mRNA and protein expression
of ADAM?Y are up-regulated in GBM patients and correlated with short overall survival in different
cohorts as well [90].

Tumor invasion highly depends on the interaction between the ECM and tumor cells for most
cancer types. Tenascin-C (TNC), a major component of the ECM, activates the JNK pathway to
promote tumor invasion in GBM. One study demonstrated that both mRNA and protein expression of
ADAMS are up-regulated in TNC-treated GBM cells [90]. Moreover, treatment with JNK inhibitor
(SP600125) inhibited TNC-induced ADAMSY expression, and silencing ADAM?9 in TNC-treated GBM
cells suppressed cell migration and invasion.

ADAMOY regulation by miRNAs is also well-studied in glioma. MiR-543 [108] and miR-140 [109]
are two down-regulated miRNAs in GBM tumor tissue. Similar to other miRNAs in various tumor
types, the binding sites are located in the 3’-UTR of ADAM9. Overexpression of ADAMOY reverses the
inhibitory effects of miR-543 and miR-140 on cell proliferation, migration, and invasion of GBM cells
in vitro.

5.7. Other Cancers

For patients with advanced tumors, chemotherapy is the most commonly and last used treatment,
even those with cancer types known to be non-response to chemotherapy. Recently, several studies
demonstrate the necessity of ADAMS9 in chemo-resistance in distinct cancer types. Josson et al. first
demonstrates the inhibition of ADAMY9 enhances the sensitivity to numerous common chemotherapy
drugs (including doxorubicin, cisplatin, and gemcitabine) in prostate cancer cells [110]. This suggests
that ADAMSO participates in the chemo-resistance in tumor progression. Ueno et al., found that
silencing ADAM9 induces apoptosis in cisplatin-resistance ovarian cancer cells through impaired
EGEFR signaling; moreover, the treatment of neutralizing antibody of ADAM9 has the same inhibitory
effect to cisplatin-resistance ovarian cancer cell as well [111]. Fu et al. found the up-regulated protein
expression of ADAM9 and EGFR in 5-FU-resistance colon cancer cell lines, and ADAMO9 silencing by
micro-RNA re-sensitized the colon cancer cells to 5-FU [18]. These evidences conclude the possibility of
ADAMY mediating chemoresistance in the advanced tumor stage. Therefore, the combined therapies
with the inhibition of ADAM9 and chemotherapy may be feasible in clinical treatment.

6. ADAMD in the Tumor Microenvironment

ADAMSY is not only reported to be up-regulated in tumor cells but also in the tumor
microenvironment, which contains blood vessels, immune cells, and ECM. Interactions between
these components of the microenvironment enhance tumor metastasis and epithelial-mesenchymal
transition (EMT).

6.1. Neutrophil

ADAMSY proteins are stored in granules and secretory vehicles of human and murine
polymorphonuclear neutrophils (PMNs) [14]. Minimal quantities of surface ADAMY proteins are
detected in unstimulated PMN, but surface ADAMO levels are rapidly increased in activation of PMN
with degranulating agonists. Activated neutrophils can express both membrane-bound and soluble
ADAMS to promote extracellular matrix protein degradation during acute lung injury. In addition,
the recombinant disintegrin domain of ADAM9 can interact with integrins to activate neutrophils,
which further induces chemotaxis, production of reactive oxygen species, neutrophil extracellular trap
formation, and delays the spontaneous apoptosis of neutrophils [112]. That implies the interaction
between ADAMSY and integrins is important to activate neutrophils. Given that tumor cells express
both membrane-bound and soluble ADAMDY, it is expected that could promote neutrophil activation
in the tumor microenvironment. Moreover, several studies have shown that neutrophil extracellular
traps attract cancer cells and form distant metastases in the lung or liver in several mouse tumor
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models [113]. These studies suggest ADAM9-mediated neutrophil activation, either ADAMY from
cancer cells or neutrophils, contributes to tumor progression.

6.2. Monocytes/Macrophages

In chronic inflammation, macrophages fuse with other macrophages to form MGCs, which are
stimulated by CD98, RANKL, and MCSE. ADAM9 is reported to be involved in CD98-mediated and
RANKL-mediated monocytes fusion [12]. MGCs are the main components of granulomas, which are
known to limit tuberculosis infection. Currently, there is no reported study showing the role of ADAM9
in osteoclast formation. In tuberculosis patients, lipomannans is one of the major lipoglycans embedded
within the mycobacterial envelopes, and it can induce large MGC assembly, which is mediated by
TLR2 and the 31 integrin/ADAMO9 cell fusion machinery [114]. Moreover, in giant cell tumors of bone
and aneurysmal bone cysts, studies have demonstrated the presence of MGC-rich lesions of neoplastic
origin. Giant cell tumors of bone are osteoclast-like giant cells and display locally aggressive behavior.
Therefore, ADAM9 might have roles in regulating giant cell tumors [115].

6.3. Platelet

Platelets can bind to tumor cells to form a physical shield to prevent immune cell attack and
promote EMT/metastasis through TGF- and NF-«B signaling [116-118]. Various types of integrins
are found on the surface of platelets, including integrin a631. Lack of integrin «6p31 on platelets
suppresses tumor metastasis to lungs in breast cancer and melanoma, and integrin a631 deficiency
or treatment with integrin a631 neutralizing antibody impairs the interaction between platelets and
tumor cells in breast cancer and colon cancer. On the other hand, the low expression of ADAM9
on tumor cells also impedes the interaction between platelets and tumor cells in breast cancer and
melanoma. The interaction between ADAMY and integrin 31 has been proven in several studies,
which suggests that ADAM9 may have a role in platelet-mediated metastasis [119] (Figure 2).

Brain Heart

Alzheimer disease ? Embryonic development
EMCV infection

—
ADAM10 , O ==

5. _—7 Blood vessels
ADAM9 Pathological neov.ascularlzatlon s
Aneurysm formation *

@%/\

Epithelium
( Wound healing
Lung @ Tumor
Acute lung injury ’l\ . Progression
copD T Eye Metastasis T
Cone-rod dystrophy Angiogenesis ‘T
Retinopathy T Immune evasion T

> Enhancement Chemoresistance T

J Inhibition

Figure 2. The role of ADAMY in various pathophysiological conditions. Brain: ADAM9 acts
as an «-secretase to reduce the risk of Alzheimer’s disease, but it can reduce the proportion of
membrane-anchored ADAM10 and results in reduced «-secretase activity of ADAM10. Therefore,
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ADAMD has inconclusive effects on brain. ADAM9 enhances the EMCYV entry. Heart: ADAMY is active
in embryonic heart development. Blood vessels: ADAM9 enhances the pathological neovascularization
and aneurysm formation. Epithelium: ADAMY delays chronic wound healing. Tumor: ADAM9
promotes tumor progression, metastasis, angiogenesis, and immune evasion. Eye: ADAM9 increases
retinopathy and loss of ADAMO relates to CRD. Lung: ADAM9 is up-regulated in acute lung injury
and promotes the development of COPD. Dashed T-bar arrow, inhibiting ADAM9 protease function
reduced the shedding of ADAMI10; T-bar arrow, inhibition of wound healing; Enhancement in red;
Inhibition in blue.

7. Therapeutic Potential of Manipulating ADAMS9 Expression in Cancer Treatment

ADAMD is strongly implicated in several pathological processes including inflammation and
tumor progression. Certain types of environmental stress can increase ADAM9 expression, which
might stimulate the mechanistic adaptation of tumor cells to adverse conditions and help cancer cells to
survive. Moreover, ADAMO9 overexpression is associated with poor cancer patient outcomes. Therefore,
ADAMDO can be considered a potential therapeutic target for dealing with ADAM9-mediated cancers.

7.1. MicroRNA and Proteins Targeting ADAM9

Several miRNAs have been reported to directly target ADAM9 mRNA and further reduce
ADAMSY expression in cancer cells as previously mentioned. Protein shedding is the major function
of ADAMY and requires other domains to recognize the substrates. Moreover, ADAM9 has the
protease-independent function to mediate cell adhesion and contribute in promoting cancer metastasis.
Theoretically, completely reducing ADAMY protein levels is considered to effectively interrupt its
function rather than inhibiting its catalytic activity. ADAMO silencing, either by siRNA or shRNA,
has demonstrated to significantly reduce cancer progression in many cancer types. In addition,
ADAMOY-targeting miRNA, although targeting other genes, would have potential therapeutic effects
in cancer treatment. Several miRNNA-based therapies among different cancers have been conducted
and this strategy would have potential clinical implications in cancer treatment [120]. The typical
one is miR-126, which is down-regulated in multiple cancer types, including pancreatic cancer [107],
breast cancer [101,102], and hepatocellular carcinoma (HCC) [97]. Other miRNAs, targeting ADAMY,
such as miR-203 [98], miR-488 [99], miR-154 [103], miR-33a [104], miR-489 [87], and miR-502f [85]
were reported in reduced levels in cancer cells. Overexpression of these miRs suppressed ADAM9
expression and reduced cancer cell invasion/metastasis.

Two proteins were designed to influence ADAM9’s protease activity. One is the mouse prodomain
of ADAMY (proA9; amino acids 24-204), which can block the protease region as a competitive inhibitor
of human ADAMOY [30]. The other is an ADAM9 antibody, which can recognize the protease domain,
and has been reported to inhibit the gastric cancer progression [121].

7.2. MMP Inhibitors

Several reagents have been reported to influence ADAMY expression or function by direct or
indirect effects. CGS27023 (small molecule, Novartis) and batimastat (BB-94, hydroxamate derivative,
Sigma-Aldrich, St. Louis, MO, USA) are broad-spectrum MMP inhibitors and also can strongly
inhibit ADAM9 protease activity. MMPs were long ago considered as promising targets for treating
multifactorial diseases such as cancer. However, they are not as desirable in clinical trials because
they are associated with musculoskeletal side effects, and that phenomenon may be induced by
inadvertently targeting protective MMPs [122]. Reasons for failure include lack of inhibitor specificity
and insufficient knowledge about the complexity of the MMP function. So far, no ADAM9-specific
inhibitor against protease activity has been reported yet that does not influence MMPs in general or
other ADAM family members.
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7.3. Natural Flavonoids

Fisetin, a natural flavonoid, is known for antitumor effects in several cancers. It reduces ADAM9
expression by inducing ERK signaling, and its inhibitory effect on cell migration is reversed by an
ERK inhibitor (UO126) in renal cell carcinoma [123]. Galangin, a natural flavonoid from plants,
acts as an anti-tumor compound against several cancer types. It decreased the mRNA and protein
expression of ADAMY, and its inhibitory effect on cell migration can be reversed by treatment with
recombinant human ADAMO9 protein in vitro. Similar to fisetin, the mechanism of galangin-mediated
down-regulated ADAMO9 expression is through increasing the ERK pathway in human glioma cells [124].

Licochalcone A, a potent flavonoid isolated from licorice, possesses anti-angiogenesis and
anti-tumor effects. It decreased the protein expression of ADAMY in a dosage-dependent manner
in vitro and further suppressed cell migration and invasion. The combination of Licochalcone A
and MEKi (PD98059) has synergistic inhibitory effects on ADAMY protein expression, migration,
and invasion in human glioma cells [125]. Altogether, natural flavonoids have potential antitumor
effects, and one potential molecular mechanism is through reducing ADAM9 protein expression.

7.4. Sorafenib and Regorafenib

Sorafenib, a multiple receptor tyrosine kinase inhibitor, is a clinical drug for HCC treatment. It has
been reported to suppress ADAM9 RNA and protein expression and result in the up-regulation of
mMICA for enhancing natural killer cell activity against HCC [80]. Regorafenib, another multi-kinase
inhibitor, is effective in patients with sorafenib-resistant HCC and significantly reduced the RNA and
protein levels of ADAM9 and ADAM10 for the accumulation of mMICA on the HCC cell membrane.
This effect partially explained the clinical superiority of regorafenib over sorafenib [126]. Leukotriene
receptor antagonists, pranlukast, and montelukast were reported to inhibit the enzymatic activity of
ADAMDY in vitro and enhanced mMICA levels in HCC cells [127].

8. Concluding Remarks

In physiological conditions, ADAM9 expresses broadly in the body, but it is also involved in
various pathophysiological conditions, including inflammation and degenerative diseases. In recent
years, the crucial roles of ADAMY in tumor proliferation, angiogenesis, metastasis, and immune
evasion have been broadly studied. Therefore, targeting ADAM9 might provide a new route of treating
inflammatory diseases as well as cancer. Evidence to date supports the use of ADAM? as a potential
biomarker in inflammatory diseases and as a prognostic marker in cancers. This would provide more
information for patients regarding outcome predictions. Moreover, currently used therapeutic agents
(such as sorafenib and regorafenib) work by reducing ADAMO levels to enhance cancer treatment.
These results suggest new ideas regarding therapeutic strategies that directly target the ADAM9
molecule. Previous studies found that there was no major developmental defect except later retinal
disorder in ADAMS9 knockout mice. This led to the conclusion that it might be a relatively safe
therapeutic target in adult patients. However, in the treatment of ADAM9-related disease, one should
consider the specificity of medication targeting ADAMY, because modulating the protective activities
of MMPs, in general, can cause side effects. Certainly, more research needs to be done to develop
optimal drugs that specifically target the ADAMY protease activity rather than influencing ADAM9
expression. This would provide more effective therapies for treating ADAM9-mediated diseases.
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Abbreviations

ADAM9 A disintegrin and a metalloprotease 9
ArgBP2 Sorbin and SH3 domain-containing protein 2
AIPC Androgen-independent prostate cancer

APP Amyloid-precursor-protein

CDCP1 CUB domain containing protein 1

COorD Chronic obstructive pulmonary disease

CRD Cone-rod dystrophy

ECM Extracellular matrix

EGF Epidermal growth factor

EMCV Encephalomyocarditis virus

EMT Epithelial-mesenchymal transition
EphB4 Ephrin type-B receptor 4

GBM Glioblastoma

HB-EGF Heparin-binding EGF-like growth factor
HCC Hepatocellular carcinoma

HVR Hyper-variable region

MDC9 Metalloprotease/disintegrin/cysteine-rich protein 9
MGCs Multinucleated giant cells

MICA MHC Class I polypeptide-related sequence A
MiRNA microRNA

MMP Matrix metalloproteinase

NaalOp N-a-Acetyltransferase 10 protein

PC Proprotein convertase

PMNs Polymorphonuclear neutrophils

PrPc Cellular prion protein

SH3 Src-homology 3

SNX Sorting nexin

TNBC Triple-negative breast cancer

TNC Tenascin-C

TNF-« Tumor necrosis factor-o

tPA Tissue-type plasminogen activator

VE-cadherin  Vascular endothelial cadherin
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