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Abstract

Introduction—Melanoma differentiation-associated gene — 9 (MDA-9)/Syntenin has become an
increasingly popular focus for investigation in numerous cancertypes. Originally implicated in
melanoma metastasis, it has diverse cellular roles and is consistently identified as a regulator of
tumor invasion and angiogenesis. As a potential target for inhibiting some of the most lethal
aspects of cancer progression, further insight into the function of MDA-9/Syntenin is mandatory.

Areas covered—Recent literature and seminal articles were reviewed to summarize the latest
collective understanding of MDA-9/Syntenin’s role in normal and cancerous settings. Insights into
its participation in developmental processes are included, as is the functional significance of the
N- and C-terminals and PDZ domains of MDA-9/Syntenin. Current reports highlight the clinical
significance of MDA-9/Syntenin expression level in a variety of cancers, often correlating directly
with reduced patient survival. Also presented are assessments of roles of MDA-9/Syntenin in
cancer progression as well as its functions as an intracellular adapter molecule.

Expert opinion—Multiple studies demonstrate the importance of MDA-9/ Syntenin in tumor
invasion and progression. Through the use of novel drug design approaches, this protein may
provide a worthwhile therapeutic target. As many conventional therapies do not address, or even
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enhance, tumor invasion, an anti-invasive approach would be a worthwhile addition in cancer
therapy.
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1. Introduction

Since its discovery, melanoma differentiation-associated gene — 9 (MDA-9)/ Syntenin has
been linked to an expanding list of cellular functions, including cell—cell and cell-matrix
adhesion, signal transduction, as well as intracellular and secreted lipid trafficking. The
average number of citations per year that reference “MDA-9’ or ‘syntenin’ more than
doubled in 2012 — 2013 compared to the previous 7 years. Central to its cellular roles is its
ability to bind numerous intracellular molecules, including proteins, glycoproteins and
lipids. These promiscuous binding interactions positions MDA-9/Syntenin in an abundance
of complexes that regulate a range of activity in many cell types. A common theme among
these intracellular activities is their direct or indirect relation to cancer invasion. Here, we
explore the properties of MDA-9/Syntenin in the setting of tumor cell invasion, a complex
process dependent on the integration of a myriad of signaling pathways.

2. MDA-9/Syntenin: background on a diverse scaffolding protein

2.1 Discovery and cloning

MDA-9/Syntenin was cloned through a subtraction hybridization approach that was
designed to identify genes differentially regulated between untreated melanoma cells, and
their terminally differentiated counterparts [1-4]. Briefly, human melanoma cells were
treated with a combination of fibroblast IFN-B and mezerein, a protein kinase C activating
antileukemic agent, to induce a terminally differentiated state [1,5-12]. Comparing the gene
expression of the resulting temporally spaced, subtracted libraries at various time points led
to the discovery of a number of important genes, termed ‘melanoma differentiation-
associated’ (mda) genes. MDA-9/Syntenin was unique in this group in that it did not have a
sustained induction pattern, rather it displayed biphasic kinetics with a peak at 8 — 12 h post-
treatment followed by a return to baseline expression, which suggested a dissociation from a
growth suppression role [13]. Follow-up studies indicated that MDA-9/Syntenin was
induced in human melanoma cells by treatment with IFN-vy [13]. Additional yeast-two
hybrid studies showed that MDA-9/Syntenin is an interacting partner of the syndecan family
of heparan sulfate proteoglycans, cell surface molecules involved in cell-cell and cell-
matrix adhesion, signal transduction, trafficking of lipoproteins and cell surface receptors, as
well as activity as co-receptors [14].

2.2 Structure and regulation

2.2.1 The PDZ domains—MDA-9/Syntenin is a 2.1-kb gene located on 8912 with an
open reading frame of 894-bp, encoding a 298-aa protein of about 33 kDa [13-15]. Cross-
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species analysis shows that MDA-9/Syntenin highly conserved with homologues in rat,
mouse, zebrafish and Xenopus [16-18]. A distinguishing feature of MDA-9/Syntenin is its
inclusion in the family of proteins with PDZ domains. These motifs, (so named for
discovery in post-synaptic density protein PSD95/SAP90, drosophila tumor suppressor
DLGA, and tight junction protein ZO-1) are well-described regions of 80 — 100 residues
organized into six 3 strands and two a helices that form compact, globular domains of 25 —
30-A. PDZ domains often mediate the assembly of multiprotein complexes by binding the
C-terminal of their targets at the plasma membrane as well as intracellular membranes [19-
21]. Target peptide sequence divides the PDZ proteins into three groups: | (=S/T-X-®), Il
(®-X-®) and 111 (D/E-X-®), of which MDA-9/Syntenin has been shown to bind class I, 11
and other groups with a low-to-moderate affinity [22,23].

During syndecan binding, MDA-9/Syntenin’s PDZ-2 motif serves as a high-affinity domain,
whereas PDZ-1, although necessary for binding, acts as a complementary, low-affinity
domain [24]. This pattern is also observed in the binding pattern of MDA-9/Syntenin to c-
Src [25].

2.2.2 The N- and C-terminals—While the majority of activity as a scaffolding protein
occurs through the PDZ domains, the amino- and carboxyterminals of MDA-9/Syntenin
influence its structure and stability and have recently been implicated in a growing number
of unique functions (Figure 1). The N-terminal of MDA-9/Syntenin has been linked notably
to recruiting transcription factor SOX4 as well as eukaryotic translation initiation factor 4A
to signaling complexes [19,26,27]. A focus on possible phosphorylation sites in the N-
terminal has resulted in the discovery of a number of interactions and layers of regulation.
Phosphorylation at tyrosine sites was shown to prevent interaction with receptor type protein
tyrosine phosphates (rPTPnu) CD148 [28], and recent work pointed to an interesting
interaction with ubiquitin (Ub), regulated by the N-terminal [29].

The N-terminal of MDA-9/Syntenin binds Ub and may have an important role in the Ub-
dependent sorting of transmembrane cargo [29]. MDA-9/Syntenin was also shown to
interact with Ub with an affinity (Kp) of 27.3 uM, relatively tight compared to most Ub
interactions. A conserved LYPSL sequence in the N terminus of MDA-9/Syntenin binds a
unique site on the C terminus of Ub, interacting equally well with Lys*8- or Lys®3-linked
poly-Ub chains. These studies implicate MDA-9/Syntenin in binding a set of ubiquitylated
proteins that it links to its transmembrane partners, thus forming ‘Ub-based molecular hubs’.
This is particularly important because several transmembrane interacting partners of
MDA-9/Syntenin are regulated through Ub-dependent endocytic trafficking including
syndecan-4 [30], GlyT2 [31] and IL-5R [32].

This interaction with Ub requires the C terminus of MDA-9/Syntenin to be intact and is
regulated through MDA-9/Syntenin dimerization, as dimerization-defective mutants of
MDA-9/Syntenin failed to bind Ub. The head-to-tail dimerization of MDA-9/Syntenin
mediated by its PDZ domains allows it to bind two Ub molecules, or two ubiquitinated
proteins, in its dimerized state. Further, the principal binding site on Ub for deubiquitinating
enzymes overlaps with MDA-9/Syntenin’s binding. Thus, monoubiquitylated partners in
complex with MDA-9/Syntenin could be shielded from deubiquitination, thereby leading to
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prolongation of MDA-9/Syntenin-dependent pathways [29]. This has interesting
implications of mediating the interactions of disparate proteins, as well as amplification of
cellular pathways regulated by this interaction (Figure 2).

UIk1, an interacting partner and S/T kinase with roles in autophagy and regulating both
clathrin-dependent and clathrin-independent endocytosis, phosphorylates MDA-9/ Syntenin
on the N-terminal. When Ulk-1 phosphorylates Ser [6] in the N-terminal LYPSL sequence,
this prevents MDA-9/Syntenin interaction with Ub. When MDA-9/Syntenin mutants were
expressed that lose the ability to bind Ub, they demonstrated reduced co-localization with
CD63, a marker for late endosomes and lysosomes [29].

Further evidence is emerging supporting the importance of the previously unexplored N-
terminal domain of MDA-9/Syntenin and its involvement in cell motility programs.
Recently, a study showed that MDA-9/Syntenin was a crucial element for immune cell
polarization and chemotaxis [33]. MDA-9/Syntenin was vital for forming polarized actin
structures as seen in the leading edge and contact zone with antigen-presenting cells. It
accomplishes this after phosphorylation by Src at Tyr4, leading to the activation of small
GTPase Rac by specific association with myosin phosphatase Rho interacting protein.
Integrin and chemokine receptor activation is crucial in T-cell migration and producing
functional asymmetry in these cells in forming areas of cell-cell contact referred to as the
‘immunological synapse’ [33].

Further investigation of the N-terminal region suggests that MDA-9/Syntenin exists in
equilibrium between a closed and open state, possibly regulated by the phosphorylation of
an auto-inhibitory domain in this region [34]. N-terminal deletion mutants of > 57 amino
acids lead to an enrichment of this mutant form at the plasma membrane [16,34].
Additionally, a mutant mimicking phosphorylation at Tyr®6 (Y56E) was strongly enriched at
the plasma membrane, indicating that N-terminal phosphorylation negates autoinhibition
and leads to enhanced plasma membrane association [34].

Data show that the C-terminal domain is also functionally important in MDA-9/Syntenin, as
NMR results indicate that the C-terminal domain includes structural segments that interact
in tandem with PDZ domains [35]. A deletion mutant lacking the entire C-terminal
completely lost plasma membrane localization, while positively charged residues were
found to be important for promoting membrane targeting. Further, a mutant mimicking
phosphorylation in the C-

2.3 Regulation of expression

Genetic regulation of MDA-9 has not been thoroughly elucidated and is likely a complex,
multifactorial process, but some clues have been uncovered. Early work showed that
MDA-9/ Syntenin was inducible through IFN treatment, and TNF-a treatment can generate
expression as early as 10 min post-treatment in umbilical arterial endothelial cells [36].
Nonetheless, a precise picture of the transcriptional regulation of MDA-9/Syntenin has not
been established.
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MDA-9/Syntenin expression and protein kinase C — a (PKCa) activity were shown to be
interdependent following fibronectin (FN)-induced PKCa activation [37]. Inhibition of
PKCa suppressed both endogenous and FN-induced MDA-9/Syntenin expression; therefore,
a positive feedback loop incorporating PKCa activation may be involved, but the detailed
mechanism for this has not been revealed [37]. Recently, Raf kinase inhibitor protein
(RKIP) was found to be strongly downregulated in multiple metastatic melanoma cell lines
and inversely related to MDA-9/Syntenin expression. Co-immunoprecipitation experiments
demonstrated that RKIP could bind MDA-9/Syntenin and when overexpressed, inhibited
MDA-9/Syntenin’s interaction with cSrc/ focal adhesion kinase (FAK) complexes leading to
decreased invasion, less anchorage independent growth and reduced ability to seed lung
tissue in vivo [38].

2.4 Roles in development and neural function

In studies of developmental expression, including those of mouse fetal development,
significant expression was noted in the fetal kidney, liver, lung and brain as well as the
placenta, adult spleen and heart [2,16,39]. MDA-9/Syntenin was recently shown to be
essential for normal development in zebrafish, in which it has two homologues: syntenin-a
and syntenin-b [18]. Lack of syntenin-a expression resulted in the death of over 80% of
embryos 24 h postfertilization. Zebra-fish embryos that did survive displayed a markedly
shorter body axis [18]. This is similar to an earlier finding in Xenopus that found knockdown
of syntenin homologues resulted in a shorter body axis [17]. The studies in zebrafish found
that syntenin-a was crucial for a central process to gastrulation and epiboly — the spreading
and thinning of blastoderm to cover the yolk cell and close the blastosphere in fish embryos.
Through interaction with syndecans, notably syndecan-4, phosphatidylinositol 4,5-
bisphosphate (PIP2) and small GTPase ADP-ribosylation factor 6 (Arf6), MDA-9/Syntenin
regulates epiboly progression through actin cytoskeleton rearrangement [18]. Syntenin-a is
also upregulated in the zebrafish spinal cord following injury. Knockdown of syntenin-a
results in reduced regrowth of descending axons from brainstem neurons and significant
inhibition of locomotor recovery 6 weeks post-injury [40].

Synaptic function is tightly regulated, and dysfunction can be associated with a variety of
neurological pathology, including neurodegenerative states such as Alzheimer’s, and
psychiatric disorders such as schizophrenia [41]. The matrix of proteins underlying synaptic
membranes is rich in scaffolding proteins, including MDA-9/Syntenin. MDA-9/Syntenin has
roles in maintaining stable synaptic structures through interaction with adhesion molecules
such as synaptic cell adhesion molecule, neurexin and neurofascin [19,24,42-44]. The
polarized protein composition at the synaptic plasma membrane can be stabilized by
MDA-9/Syntenin’s recruitment of a number of intracellular regulators and formation of
multimeric complexes through interaction with ERC2/ CAST1, a cell surface molecule [45].
Additionally, MDA-9/ Syntenin promotes an increase in the numbers and branching patterns
of neurites. In PC12 cells, a model for neuron-like cells, Akt inhibition, either through
dominant negative (DN) expression or through pharmacological inhibition, led to an
increase in MDA-9/Syntenin expression and improvement in neurite outgrowth [46]. Taken
together, these findings serve as foundation for a key role of MDA-9/ Syntenin in directional
cell movements during early development and regeneration.
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Among the receptors that interact with MDA-9/Syntenin at the synaptic cleft are glutamate
receptors, involved in the transport of the main excitatory neurotransmitter in the CNS
[42,47]. Exogenous expression of MDA-9/Syntenin leads to an increase in the number of
dendritic protrusions in both young and mature neurons. This supports the view that
MDA-9/Syntenin is involved as a key effector of glutamate-induced membrane protrusions,
which establish connections in the developing brain [47]. Additionally, MDA-9/Syntenin
can bind with Unc51.1 and Rabb to initiate axon outgrowth through scaffold formation and
endocytic machinery. Unc51.1 is a serine/threonine kinase shown to be important in neurite
extension, whereas Rab5 is a member of the Ras-like small GTPases and found in early
endosomes [48]. While further studies are needed, including the consequences of MDA-9/
Syntenin downregulation, MDA-9/Syntenin’s multifaceted roles in membrane-associated
activities and actin cytoskeleton rearrangement are evident in developmental processes such
as these.

2.5 Localization

MDA-9/Syntenin is commonly found in areas of cell-cell contact, co-localizing with F-
actin, syndecan-1, E-cadherin, B-catenin and a-catenin [16]. In fibroblasts, MDA-9/Syntenin
is localized to focal adhesions and stress fibers. MDA-9/Syntenin is also involved in
regulating the rearrangement of the actin cytoskeleton as its overexpression leads to the
formation of distinct structures such as ruffles, lamellipodia, fine extension and neurite-like
structures [16]. The variety of interactions with important adhesion proteins provides the
foundation for MDA-9/Syntenin’s involvement in invasion regulation. Activation of cellular
programs leading to altered cell—cell and cell-matrix interactions is necessary for cancerous
cells to invade and migrate away from the primary tumor. Further, cellular locomotion relies
heavily on actin cytoskeleton rearrangement, another area of MDA-9/Syntenin influence.

MDA-9/Syntenin is associated with membranes throughout the cell, anchored to the plasma
membrane by interaction with PIP2 and phospholipase Cy [16]. It also localizes to the early
secretory pathway: the endoplasmic reticulum, intermediate compartment, cis-Golgi, as well
as apical endosomes, while facilitating the trafficking of cell-surface molecules [20,49-51].

2.6 Syntenin-2

Two isoforms of MDA-9/Syntenin have been identified: syntenin 2a and 23, cloned from a
library of fetal human brain cDNA [19]. Syntenin 2a shares > 70% homology in the PDZ
domains as MDA-9/Syntenin, whereas syntenin 2f is a shorter isoform of 2a that lacks 85
residues at the N-terminal [19]. To date, relatively few studies have focused on this isoform,
yet like MDA-9/Syntenin, it has also been shown to interact with PIP2 [52]. One study
found lower expression of syntenin-2 in colorectal cancer as compared to normal tissue but
was not found to be a significant prognostic marker [53]. In other work, syntenin-2 was
found in higher amounts in bile from biliary stenosis related to malignant causes, such as
pancreatic adenocarcinoma or cholangiocarcinoma, compared to nonmalignant samples such
as chronic pancreatitis or biliary stones [54]. Initial studies suggest roles for syntenin-2 in
cell division, nuclear PIP2 organization and cell survival [52], although these interesting
areas remain relatively unexplored.
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Tumor cell invasion and metastasis is a complex process requiring the cell’s successful
execution of numerous essential steps [55]. MDA-9/Syntenin has repeatedly been found to
be expressed at higher levels in more invasive, metastatic cell lines of multiple cancer types
compared with their less invasive, less aggressive counterparts (Table 1) [20]. Furthermore,
genetic manipulation of cancers forcing elevated expression in cells with lower baseline
levels of MDA-9/Syntenin consistently leads to increased migration and invasion. Along
with these observations come reports of more polarized distribution of F-actin and increased
pseudopodia formation when MDA-9/Syntenin is overexpressed [14,15,47].

This is clearly outlined in clinical examples of melanoma invasion. As melanoma
progresses, the prevailing hypothesis is that it develops from a benign nevi to a radial
growth phase primary melanoma, followed by a vertical growth phase primary melanoma as
it invades downwards through the dermis, eventually to become a metastatic melanoma.
MDA-9/Syntenin expression increases as these phases advance [15,56].

MDA-9/Syntenin has been shown to be a marker of higher aggression and tumor grade in
numerous cancers. In melanoma, breast cancer, glioma and urothelial cell carcinoma (UCC),
MDA-9/Syntenin correlates with advancing tumor grade [20,49-51,57], is overexpressed in
gastric cancer [58] and in breast cancer and glioma, higher MDA-9/Syntenin expression
portends shorter survival in patients [50,59]. In addition to being a marker of higher tumor
grade in breast cancer, MDA-9/Syntenin was also more highly expressed as estrogen
receptor expression is lost [51]. Furthermore, silencing MDA-9/Syntenin led to an
accumulation of cells in G1 along with enhance p21 and p27 expression. Separate work in
breast cancer showed that MDA-9/Syntenin expression correlated positively with tumor
size, lymph node metastasis and tumor recurrence. Furthermore, overall survival and
disease-free survival were shorter in patients with high MDA-9/Syntenin tumor expression
[59].

In UCC, MDA-9/Syntenin was found to be associated with advanced stages and higher
grades of tumors, which can rapidly progress to invade surrounding muscle tissue. Ectopic
overexpression in nontumorigenic cells enhanced proliferation and invasion, while MDA-9/
Syntenin inhibition led to fewer lung metastases in an in vivo model [49]. MDA-9/ Syntenin
also appears to play a role in uveal melanoma, the most common intraocular tumor in adults
and a particularly aggressive cancer with survival times of about 5 — 7 months following
metastasis. This tumor expresses elevated levels of MDA-9/Syntenin and even higher levels
in recurrent cases [60]. Uveal melanoma metastasizes to the liver in nearly 50% of patients,
and patients with higher expression of MDA-9/-Syntenin showed significantly shorter
disease-free survival. Additionally, knockdown of MDA-9/Syntenin in vitro inhibited HGF-
induced invasion in matrigel [60]. Further, MDA-9/ Syntenin was identified in secretomes
of uveal melanoma in patients with metastatic tumors [61].

With results similar to other studies, MDA-9/Syntenin was found to be an important
regulator of invasion in small cell lung cancer (SCLC). SCLC is another particularly
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aggressive cancer, with a median survival of 8 months and a 2-year survival of < 5%, and is
known to be highly invasive and metastatic. In these patients, high expression of MDA-9/
Syntenin correlated with more advanced and extensive disease at diagnosis [62].

3.2 Binding partners/cellular mechanics

Central to MDA-9/Syntenin’s ability to induce invasive behavior in tumor cells is its
interaction with key binding partners. Among these are known oncogenic proteins as well as
those that have well-demonstrated activity in cell motility and invasion patterns. Studying
the mechanisms of these interactions will allow us to understand the full scope of MDA-9/
Syntenin’s involvement in tumor invasion (Figure 3).

3.2.1 Src—c-Src is a member of the Src family tyrosine kinases (SFKSs), known to have
fundamental roles in cell motility, invasiveness and survival and have been implicated in the
pathology and progression of numerous cancer types including breast, prostate, glioma and
melanoma [63-66]. MDA-9/Syntenin co-localizes with Src in metastatic melanoma,
especially in areas corresponding to focal adhesion [67], and interacts with c-Src in glioma
[50]. MDA-9/Syntenin-Src complexes have also been found diffusely within the cytoplasm
as well as in and near the nucleus [3,4,68], suggesting a heterogeneity of complexes in
which they participate and that MDA-9/Syntenin-Src may be involved in promoting
transcriptional activities [3,4,20,68]. c-Src is a crucial component of MDA-9/Syntenin-
induced invasion. Overexpression of MDA-9/Syntenin can induce invasion in normal or
weakly metastatic tumor cell types of diverse tissue origins, yet these invasion gains are lost
when c-Src is inhibited either genetically or pharmacologically [50,67].

c-Src interaction is mediated through the PDZ domains of MDA-9/Syntenin, as deletion
mutants lacking PDZ1 or PDZ2 dramatically reduce c-Src binding [25]. PDZ-2 was found to
be essential for c-Src binding, whereas PDZ-1 was not [19,69]. This is consistent with
experimental data that describe PDZ functional units mutually chaperoning each other,
enabling the full function of tandem PDZ domains that are necessary to mediate specific
interactions with binding partners [3,24,70]. The PDZ1 and PDZ2 domains of MDA-9/
Syntenin have been shown to be structurally associated and undergo cooperative
denaturation [22]. Thus, PDZ-2 can primarily bind c-Src, whereas PDZ-1 promotes proper
folding such that MDA-9/Syntenin successfully assembles into a more stable, multimeric
complex [20].

3.2.2 Focal adhesion stimulation—Integrin stimulation leads to the
autophosphorylation of FAK at Tyr397, which creates a binding site for SFKs. This leads to
the formation of FAK-c-Src dual kinase complexes, further phosphorylating FAK and
resulting in the coordination of signaling through multiple pathways that influence the
regulation of migration, tumor growth and invasion [65,71]. Increased MDA-9/Syntenin
expression correlates with higher levels of FAK-c-Src complexes as well as active,
phosphorylated FAK in melanoma cells [15]. Following MDA-9/Syntenin small interfering
RNA (siRNA) treatment in highly invasive melanoma cells, p-FAK levels are decreased
[3,4,15,25,67]. DN FAK expression significantly reduces the MDA-9/Syntenin-induced
migration of weakly metastatic melanoma cells on FN-coated plates [15].
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Another protein involved in focal adhesion activation, PKCa, plays important roles in
migration and is essential for integrin-mediated signaling, especially through association
with integrin f1-associated complexes [71-73]. For example, integrin a5B1 binding to FN
activates PKC-a. Inhibiting PKC-a, in this scenario suppresses focal adhesion formation and
cell migration, critical steps in cancer cell invasion. Both knockdown of MDA-9/Syntenin or
DN PKC-a expression abrogates FN-induced FAK phosphorylation in metastatic breast and
melanoma cells [37]. Additionally, FN-stimulation also increases FAK association with p1
integrins, ¢c-Src and MDA-9/Syntenin, which can be abrogated by MDA-9/-Syntenin siRNA
treatment or PKC-a DN expression [37]. Furthermore, FN stimulation led to increased
plasma membrane association of MDA-9/Syntenin and PKCa, whereas knockdown of
MDA-9/Syntenin reduced membrane targeting of PKCa [37]. As MDA-9/Syntenin also
binds recognized membrane occupants such as syndecan-4 [24] and PIP2 [74] through its
PDZ domains, it may be responsible for facilitating binding of PKC-a to PIP2 by forming a
complex at the plasma membrane following FN attachment.

3.2.3 Downstream effectors—c-Src/FAK signaling leads to the activation of the NF-«xB
pathway, which has been repeatedly demonstrated to be involved in invasion-related
transcription activity. The NF-xB p50-p65 complex is normally maintained in an inactive
state bound to IxBa in the cytoplasm. Upstream activation leads to 1xB-kinase (IKK)-
mediated phosphorylation of 1xBa, targeting it for degradation. Thus, liberated NF-xB
translocates to the nucleus, where it binds target DNA sequences in the promoter of an array
of genes, enhancing their transcription [75]. The p38MAPK pathway is a known activator of
NF-xB, and MDA-9/Syntenin inhibition can reduce the levels of phosphorylated p38MAPK
in melanoma and glioma [25,50].

A key step in tumor cell invasion is degradation of the ECM via MMPs, and MDA-9/
Syntenin-related signaling has been shown to lead to such expression in multiple cancer
indications. MMP-2 is a crucial member of the MMP family often involved in tumor cell
invasion [76]. MDA-9/Syntenin signaling leads to enhanced MMP?2 transcript and protein
expression in melanoma and glioblastoma (GBM) [15,50]. MMP2 activation occurs through
the activity of MT1-MMP, a transmembrane-bound MMP that cleaves and activates pro-
MMP?2 in conjunction with the activity of tissue inhibitor of metalloproteinase-2 [15,20].
Both these processes can be initiated by NF-xB signaling downstream of MDA-9/Syntenin-
c-Src activation and p38MAPK signaling in multiple tumor types [15,50]. Nonetheless,
there is evidence that MDA-9/Syntenin can be involved in additional tissue-specific
signaling.

Although FN engagement and integrin stimulation were found to be important for MDA-9/
Syntenin activation of invasion in melanoma and glioma [15,50], Ras, Rho, Rac and
PI3K/Akt signaling mediates MDA-9/Syntenin actions in HEK293T cells [20]. In SCLC,
MDA-9/Syntenin led to the activation of p38MAPK and Akt and production of MT1-MMP
and MMP2. Additionally, the transcription factor SP1, which can promote MT1-MMP and
MMP2 production, was activated by MDA-9/Syntenin, adding to the growing number of
pathways that MDA-9/Syntenin influences [62].
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Collagen binding in breast cancer cells was also found to prompt MDA-9/Syntenin-related
signaling events. MDA-9/Syntenin was shown to regulate the action of Akt by facilitating
integrin-linked kinase (ILK) adapter function during breast cancer cell adhesion to type-I
collagen [77]. Inhibition of MDA-9/Syntenin abrogated the translocation of both ILK and
Akt to the plasma membrane, while collagen-1 stimulation increased the association of ILK
and MDA-9/Syntenin at the plasma membrane. Thus, MDA-9/Syntenin was found to control
the membrane targeting of the ILK-Akt complex, thus mediating the activation of Akt
during collagen-I adhesion [77]. Further, ILK is also involved in a signaling platform for
integrins along with PINCH1 and a-parvin (making up the IPP complex) [78]. Inhibiting
MDA-9/Syntenin led to a decrease in plasma membrane translocation of the IPP complex
upon collagen-1 binding, leading to decreased assembly of integrin f1-1PP signaling
complexes [77]. MDA-9/Syntenin-related effects on transmembrane proteins and Akt
activation was also found in UCC cells, where MDA-9/Syntenin inhibition led to decreased
EGFR and Akt activation as well as reduced expression of epithelial to mesenchymal
transition markers [49].

4. Directing cellular traffic: role as intracellular adapter

Adaptor molecules are often involved in crucial protein—protein interactions that lead to the
assembly of multimeric complexes, which can play key roles in propagating extracellular
signals to their designated intracellular targets [79]. The PDZ family of proteins is known to
control diverse, centrally important physiological processes [80], and MDA-9/Syntenin is no
exception. It interacts with an impressive host of binding partners, regulating a plethora of
molecular outcomes, which often can be related directly or indirectly to invasion signaling
[20].

4.1 Syndecans

Syndecans are a family of abundant type | transmembrane proteins with heparan sulfate side
chains on their extracellular domains. The MDA-9/Syntenin—-syndecan interaction was the
first characterized functional interaction of this protein [14] and was further defined when
studies demonstrated MDA-9/ Syntenin altered PIP2 binding led to trapping of syndecans in
the perinuclear recycling endosomes. This highlights the importance of MDA-9/Syntenin in
syndecan trafficking and recycling back to the plasma membrane [80]. Syndecans can bind
and influence the actions of numerous extracellular receptors, influencing their expression
through regulation of uptake and trafficking. For example, integrin trafficking was
influenced by the phosphorylation of syndecan-4 at Tyr180 by Src [81]. This enhanced
MDA-9/Syntenin binding, increased Arf6 suppression, stabilized focal adhesions and
promoted recycling of a VB3 integrin to the plasma membrane at the expense of a5B1. Since
the Tyr180 residue and the ability to bind MDA-9/Syntenin are conserved among syndecans,
similar processes could be utilized in many cell contexts by any of the numerous syndecan-
cell surface receptor interactions [81]. A similar interaction is employed in the recycling of
fibroblast growth factor receptor, as it has been shown to accumulate in syndecan-MDA-9/
Syntenin-PIP2 endosomes in an FGF-dependent fashion [82].

MDA-9/Syntenin’s interaction with the cytoplasmic domain of syndecan-2 leads to
increases in cell migration. When this interaction is abolished, or MDA-9/Syntenin
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expression is inhibited, cell migration is reduced. Furthermore, MDA-9/Syntenin was shown
to mediate Rac activation induced by syndecan-2 [83]. Heparanase can cleave heparan
sulfate and is shown to be involved in cancer invasion, angiogenesis and metastasis [84,85].
Its processing and activation is dependent on MDA-9/Syntenin’s interaction with
syndecan-1, and knockdown of MDA-9/Syntenin can inhibit heparanase processing by >
50% [86].

4.2 Exosomes

An emerging role for MDA-9/Syntenin function is a role in the regulation of exosome
biology. Recent work has shown that syntenin can form a complex with ALIX, which can be
recruited to the cytoplasmic tails of syndecans and subsequently support membrane budding
[21]. This leads to the formation of early endosomes, which can themselves undergo
invaginations that lead to intraluminal vesicles (ILVs) in what are then termed
multivesicular bodies (MVBSs). These ILVs can be released as exosomes upon fusion of
MVBs to the plasma membrane. MDA-9/Syntenin knockdown led to both reduced numbers
and average size of exosomes detected, while overexpression of MDA-9/Syntenin could
increase the number of exosomes approximately twofold in breast cancer cells. Formation of
MDA-9/Syntenin exosomes requires ESCRTs (endosomal-sorting complexes required for
transport), as well as syndecan oligomerization and cleavage [21]. Exosome biology has
wide applicability and can have implications in numerous processes that utilize extracellular
signaling, including inflammation, cancer biology and tumor invasion.

CD63 is a tetraspannin that is abundantly expressed on the plasma membrane and in late
endocytic organelles [35] as well as a marker for exosomes [21]. Tetraspannins are found in
the plasma membrane and can associate with numerous receptors and cell-surface
molecules, including RTKs and integrins, and regulate their maturation, activity and
processing. MDA-9/ Syntenin has been shown to bind the cytoplasmic tail of CD63 using
biochemical and NMR, indicating that the interaction occurs through its PDZ domains [35].
When MDA-9/Syntenin is overexpressed, the constitutive rapid internalization of CD63 is
slowed, and an N-terminal-lacking deletion mutant of MDA-9/Syntenin blocked the
internalization of CD63. Additionally, MDA-9/Syntenin can inhibit AP-2 dependent
internalization by competing for binding in the CD63-AP-2 interaction [87]. This
demonstrates yet another role of MDA-9/Syntenin activity at membrane-associated
structures within the cell.

In comparing exosomes of melanoma cells to normal melanocytes, MDA-9/Syntenin was
reduced about twofold in exosomes from melanoma cells [88]. This is a similar finding to
that shown in analysis of melanoma secretomes, showing that MDA-9/Syntenin was
downregulated in the secreted profile of more metastatic B16 melanoma cells compared to
those that did not form lung metastases [89]. Taken together, these findings suggest
differential roles for intracellular versus secreted MDA-9/Syntenin.

4.3 Notch signaling and regulation of stemness

Analysis of human epidermal stem cells revealed that a more proliferative and adhesive
population of stem cells marked by high delta-like 1, a binding partner of MDA-9/Syntenin,
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had over 13-fold higher MDA-9/Syntenin expression. Consistent with MDA-9/Syntenin’s
known actions, this group had a transcriptional profile that associated with active
endocytosis, integrin-mediated adhesion and receptor tyrosine kinase signaling [90].
Research conducted in keratinocytes show that MDA-9/Syntenin interacts near cell—cell
borders with deltal, a ligand of Notch that leads to Notch cleavage and translocation to the
nucleus. In the mammalian epidermis, Notch signaling can have a tumor suppressor function
that prompts adjacent cell differentiation [91]. When the C-terminal of Deltal is mutated in
the region of its PDZ-binding motif, or if MDA-9/Syntenin expression is downregulated,
Notch-driven transcriptional activation was dramatically increased [82]. Both these
approaches decreased plasma membrane expression of deltal, thus indicating that normal
MDA-9/Syntenin activity promotes a less differentiated state [82]. This is consistent with
the finding that MDA-9/Syntenin is highly expressed in the reservoir of interfollicular stem
cells [82]. However, the relationship between MDA-9/Syntenin and Notch signaling has not
been fully explored in other settings, including breast cancer, in which this pathway can be a
promoter of tumor stem cell activity and invasion [92,93].

4.4 Ephrin family interactions

Ephrin receptors and their respective ligands have been characterized as crucial regulators of
neuronal development. Moreover, they have been shown to be involved in cell—cell
repulsion both in the developmental environment regulating axons [94] and in cancer cell
repulsion, a first step in invasion [95]. Additionally, ephrins are involved in the motility of
neural crest cells, fusion of epithelial sheets that close the palate, as well as angiogenesis
[96,97].

During synaptic development, Ephrins can recruit a variety of adaptor and signaling
complexes that support normal synaptic function, including SFKs, guanine nucleotide
exchange factors and PDZ proteins [98]. Ephrin-B is a transmembrane-bound ligand for
EphB, and this pair can signal between dendrites and axons in a forward (in the receptor
[EphB]-expressing cell) or in reverse (the ligand [ephrin-B]-expressing cell). These signals
are important for promoting assembly, maturation and plasticity, as well as axon guidance,
pruning and presynaptic development. MDA-9/Syntenin and another PDZ protein, PICK1,
were implicated in regulating the number of functional synapses. MDA-9/Syntenin was
shown to be expressed in the developing hippocampus and was involved in ephrinB3-related
reverse signaling that enabled dendrite pruning, synaptic maturation and formation of neural
circuits [99]. Other reports support this role for MDA-9/Syntenin as EphB1 and EphB2 have
been shown to bind the PDZ domains of MDA-9/Syntenin to enable synaptic development
and inhibition of this partnership prevents presynaptic development [98].

4.5 Sox4 activity

Sox4 is aberrantly expressed in many human tumors, but generally has a short half-life of <
1 h, being degraded by the proteasome in a polyubiquitin-independent fashion. MDA-9/
Syntenin binds to the C-terminal of Sox4 and stabilizes its expression, providing a
mechanism for the observation that DNA damage increases Sox4 protein expression
independently of Sox4 mRNA levels [100]. P53 binds to the C-terminal of Sox4, and Sox4
is critical for p53 stabilization. It is unknown if Sox4 C-terminal binding proteins, including
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p53, may act in parallel or compete with MDA-9/Syntenin in regulating stability or
functions [100].

Furthermore, IL-5 interaction with its receptor, IL-5R, can result in Sox4 activation,
regulating the development and differentiation of B cells [101]. The IL-5Ra subunit
interacts with MDA-9/Syntenin and mediates I1L-5-induced Sox4 activation [101], yet
another demonstration of the wide variety of -cell-specific actions that can be modulated
through this important adapter protein.

4.6 Immune cell modulation and viral trafficking

MDA-9/Syntenin has especially high expression in the germinal centers of normal lymph
nodes and is robust in follicular dendritic cells (FDCs). An in vitro proxy of FDC cells
derived from tonsil tissue (the HK cell line) showed that knockdown of MDA-9/Syntenin
reduced FAK activation, similar to observations in cancer-derived cell lines [102].

During dendritic cell-T-cell interactions, MDA-9/Syntenin was shown to be responsible for
linking activated leukocyte cell adhesion molecule (ALCAM) to the actin cytoskeleton,
stabilizing it as part of a supramolecular complex engaged to CD6 [103]. Interestingly,
ALCAM has also been shown to be involved in a multitude of interactions including neural
and hematopoietic development, immune responses and osteogenesis. Further, ALCAM has
been implicated in the progression of breast cancer, bladder cancer, colorectal cancer and
melanoma. It is also involved in GBM tumor invasion and is expressed on GBM progenitor
cells [104].

MDA-9/Syntenin is recruited to the plasma membrane during HIV-1 attachment and
associates with CD4, the main HIV-1 receptor. When MDA-9/Syntenin is knocked down in
T cells, actin polymerization is decreased, while PIP2 production is increased along with
HIV-1 entry. Conversely, MDA-9/Syntenin overexpression reduces HIV-1 production and
HIV-mediated cell fusion [105]. Additionally, Nef, an HIV-1 accessory protein, was
demonstrated to reduce the expression of MDA-9/Syntenin [106].

5. Angiogenesis and inflammation

In addition to numerous examples of MDA-9/Syntenin as a mediator of invasive pathways,
this protein has also been shown to be involved in inflammation and angiogenesis, a process
that overlaps with invasion in numerous respects. In both melanoma and glioma, MDA-9/
Syntenin was shown to increase angiogenic potential in tumor cells [50,107]. In melanoma,
MDA-9/Syntenin was found to induce angiogenesis by activating Akt, leading to hypoxia
inducible factor-1a induction and transcription of IGF binding protein — 2 (IGFBP-2).
Subsequent secretion of IGFBP-2 induces endothelial cell production of VEGF-A and
angiogenesis [107]. In glioma, MDA-9/Syntenin induced NF-«B activation and the
production of the prominent angiogenic chemokine IL-8 at both the transcript and protein
expression levels. Furthermore, knockdown of MDA-9/Syntenin reduced microvessel
branching in in vivo assays, and reduced tumor vascularity in an orthotopic xenograft mouse
model [50]. MDA-9/Syntenin was also shown to help maintain the blood-brain barrier
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(BBB) integrity, as miR-155 targeting of MDA-9/Syntenin can lead to downregulation and
higher measures of BBB permeability [108].

Inflammatory pathways can be important for numerous normal and pathogenic states, and
MDA-9/Syntenin’s role in regulating these processes could prove that it represents a highly
useful therapeutic target. MDA-9/Syntenin partners with syndecan-4 regulating exosome-
dependent secretion of angiopoietin-2 (Ang2), a crucial Tie2 ligand that influences vascular
integrity and inflammation. A recent study demonstrated that excessive Ang2 secretion
could be rescued by syndecan-4 knockout or syntenin inhibition. Notably, knockdown of
MDA-9/Syntenin, which can bind all syndecans, had a larger reductive effect in Ang2
secretion than single syndecan knockdown [109]. MDA-9/Syntenin was found to be
significantly elevated in the plasma of diabetic patients compared to healthy donors as well
as upregulated in liver cells cultured in high-glucose media [110].

6. Conclusions

MDA-9/Syntenin displays an impressive diversity of interacting partners, indicating it has a
number of flexible roles within the cell. It forms a variety of complexes, some specific to a
particular cell type and others to a subcellular compartment, and is involved in numerous
intracellular pathways. As noted, MDA-9/Syntenin is frequently identified as being integral
in regulating cell migration, invasion and metastasis in a variety of cancer types. This
presents the unique opportunity of developing novel and worthwhile cancer therapeutics that
target MDA-9/Syntenin.

7. Expert opinion

A continued focus of the cancer field on invasion research is evident as numerous studies
pursue the underlying mechanisms of cellular pathways commandeered by tumors. This
effort will have a significant impact in enhancing the quality and quantity of life in patients
because tumor progression and invasion lead to the deadliest sequelae of cancer: damage of
nearby normal tissue and the formation of distant metastases. MDA-9/Syntenin is now
widely recognized to be a significant lynchpin in invasive pathways. As more is uncovered
about the mechanics of tumor invasion, the more these pathways overlap with crucial
developmental programs, which are normally under tight regulation in stem and progenitor
cells. Cancer cells successful in invasion have circumvented the regulatory pathways
preventing this process and utilize relevant molecules to break away from the primary
tumor. The involvement of MDA-9/Syntenin as a facilitator of key developmental processes
in a range of tissues thus supports its role observed in invasive cancer cells.

Early studies of MDA-9/Syntenin focused on its interaction partners, mainly through its
PDZ domains. Recent data has shed light on the structure and function of its N- and C-
terminal domains and on the roles they play in regulating conformation and binding patterns.
This provides much needed information on how MDA-9/Syntenin is regulated post-
transcriptionally. However, the details of transcriptional regulation have not yet been
elucidated. Continued work into that area will be especially useful as we learn more about
this versatile cellular adapter. To gain a more complete understanding of MDA-9/Syntenin’s
functions and relationships within different cellular contexts, the development and
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evaluation of transgenic and knockout mice will prove highly useful. Crossing these mice
with spontaneous models of tumor formation could prove particularly beneficial for
analyzing the role of MDA-9/Syntenin in early tumorigenesis. Even combination with
syngeneic models could be valuable as this could isolate effects on tumor growth and
pathogenesis inside a tumor microenvironment lacking or overexpressing MDA-9/Syntenin.

Ultimately, MDA-9/Syntenin could prove to be a valuable target for inhibiting invasion and
metastasis in a wide variety of cancer indications. Published results in numerous tumors
utilizing genetic inhibition of MDA-9/Syntenin have thus far supported this view.
Nonetheless, pharmacological inhibition of MDA-9/Syntenin’s invasion-promoting
attributes would be ideal. To date, the targeting of pharmaceuticals to PDZ domains has not
been widely successful. However, newer methods in generating inhibitors capable of
targeting specific protein domains have made advances in recent years. Approaches that
enable probing of large libraries of potential molecules, such as MRNA display [111,112]
and fragment-based drug discovery coupled with NMR analysis [113-119], will aid in the
quest to inhibit difficult structures like the PDZ domain. Initial molecules can then be altered
in a series of rational approaches to targeting that could yield promising candidates for drug
design. Of course, a challenge during this process will be the relatively slower pace of in
vitro and in vivo validation of these candidates compared to timeline of their development.
Another significant hurdle will be identifying molecules that avoid rapid clearance from the
body, are sufficiently distributed to tumor cells and have minimal observed toxicities.

Notably, the recent observations of a role of MDA-9/Syntenin in exosome biology could be
an area of focus in the near future. Tumor cells have been shown to induce invasion through
secreted factors, and some cancer therapies, including radiation, can enhance the release of
exosomes. This can be through targeting both adjacent tumor cell populations, or
influencing the behavior of the surrounding microenvironment. Uncovering related roles of
MDA-9/Syntenin in the context of different cancers will be useful in understanding the full
extent of this protein’s influence on invasion.

As is evident by the results of years of cancer drug discovery and development, there is
unlikely to be a single ‘magic bullet’ that can completely eliminate aggressive tumors.
Nonetheless, targeting MDA-9/Syntenin could serve as an ideal complement to many
conventional and newer therapy strategies. While inhibiting MDA-9/Syntenin can reduce the
proliferation rate of some cancer types, the level to which it slows growth is not nearly as
dramatic as true cytotoxic therapies. Therefore, MDA-9/Syntenin targeting could be part of
a combination approach that utilizes chemotherapy or radiotherapy. It could be particularly
well suited to this task in light of the observation that some current treatments, such as
radiation and bevacizumab, can actually enhance the invasive potential of surviving cells. In
both cases, key MDA-9/Syntenin interacting partners, such as c-Src and FAK, are activated
in these invasive cells.

Due to the overlapping nature of angiogenesis and invasion, it is not surprising that MDA-9/
Syntenin can be involved in this crucial tumor phenotype as well. Further investigation of
MDA-9/Syntenin’s role in upregulating pro-angiogenic factors, and its influence on tumor
endothelial cells and vasculature could prove valuable in this respect. Furthermore, the role
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of MDA-9/Syntenin in regulating cancer stem cell populations in the heterogeneous tumor
environment requires investigation. Targeting this population is the focus of numerous
current efforts, as these cells are often responsible for recurrence and metastatic events.
Further investigation into the plasticity of tumor cells, or their ability to de-differentiate, and
how MDA-9/Syntenin may play a decisive role could yield another aspect of this protein
that makes it an attractive focus for drug development.

Overall, MDA-9/Syntenin is an emerging protein in the world of cancer biology. It is unique
in its involvement in facilitating both intracellular and extracellular effectors of invasion.
This, coupled with its expression and function in numerous cancer types, makes it an
exciting potential therapeutic target that warrants further in-depth study. The use of anti-
invasive agents combined with cytotoxic therapies may provide a novel approach for
effectively treating both primary tumors and metastases. In these contexts, inhibitors of
MDA-9/Syntenin, both direct and those that block its interaction with partner proteins, or its
critical downstream pathways may usher in new approaches for successfully treating and
potentially preventing tumor spread and metastasis.
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Article highlights

» Melanoma differentiation-associated gene — 9 (MDA-9)/ Syntenin displays
myriad roles in development and cellular function, often involving cell motility
and adhesion.

»  Cancers with reported MDA-9/Syntenin overexpression include: melanoma,
glioma, breast cancer, urothelial cell carcinoma, small cell lung carcinoma,
uveal melanoma and gastric cancer.

» MDA-9/Syntenin has significant effects on invasion, and inhibiting its
expression decreases invasion in multiple cancer types.

»  Numerous binding partners and downstream effectors have been identified,
many known to be involved in cancer progression including: c-Src, focal
adhesion kinase, Akt, p38MAPK, NF-xB and MMPs.

»  Exosomes are a growing frontier in cancer progression and MDA-9/Syntenin is
a crucial part of exosome biology.

e Targeting inhibition of MDA-9/Syntenin expression has significant effects on
cancer cells, supporting the development of pharmacological inhibitors that may
display profound therapeutic activity.

This box summarizes key points contained in the article.
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turned off by Tyr5®
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Figure 1. MDA-9/Syntenin domain structure
Recent studies have shed light on the various activities and functions of the domains

comprising MDA-9/Syntenin. Domain structure is depicted and select activities listed
beneath each.
MDA-9: Melanoma differentiation-associated gene — 9.
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Figure 2. MDA-9/Syntenin-Ubiquitin binding

The N-terminal of MDA-9/Syntenin has been shown to bind a unique site on ubiquitin (Ub)
[29]. As described in this work, the dimerization of MDA-9/Syntenin enhances Ub binding.
The possible ramification of this insight is another method by which MDA-9 can facilitate
interactions, now between two Ub-bound proteins.

Expert Opin Ther Targets. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kegelman et al.

Page 26

Figure 3. MDA-9/Syntenin invasion signaling
A summary of important signaling pathways affected by MDA-9/Syntenin that impact

cancer progression, particularly motility, invasion and angiogenesis.

ECM: Extracellular matrix; FAK: Focal adhesion kinase; GSK3p: Glycogen synthase kinase
3pB; HIF-1a: Hypoxia inducible factor-1a; IGFBP-2: Insulin-like growth factor binding
protein — 2; IKK: 1kB-kinase; MDA-9: Melanoma differentiation-associated gene — 9;
PKCa: Protein kinase C — a.
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