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Abstract: Syntenin acts as an adaptor and scaffold protein through its two PSD-95, Dlg, and ZO-1
(PDZ) domains, participating in multiple signaling pathways and modulating cellular physiology. It
has been identified as an oncogene, promoting cancer development, metastasis, and angiogenesis
in various carcinomas. Syntenin-1 is also associated with the production and release of exosomes,
small extracellular vesicles that play a significant role in intercellular communication by containing
bioactive molecules such as proteins, lipids, and nucleic acids. The trafficking of exosomes involves
a complex interplay of various regulatory proteins, including syntenin-1, which interacts with
its binding partners, syndecan and activated leukocyte cell adhesion molecule (ALIX). Exosomal
transfer of microRNAs, a key cargo, can regulate the expression of various cancer-related genes,
including syntenin-1. Targeting the mechanism involving the regulation of exosomes by syntenin-
1 and microRNAs may provide a novel treatment strategy for cancer. This review highlights the
current understanding of syntenin-1’s role in regulating exosome trafficking and its associated cellular
signaling pathways.
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1. Introduction

Intercellular communication is a physiological function for cell-to-cell signal sharing
caused by ligand-receptor interaction, junctions, synapses, extracellular vesicles, etc. [1].
Extracellular vesicles (EVs) surrounded by lipid layers are known to transport various
cargoes such as lipids, nucleic acids, and proteins to local and distant cells. EVs are classified
into four categories according to size and biogenesis, or release pathways [2]. The largest
EVs, the oncosomes, are 1-10 um in size, are released from cancer cells, and generally
transport large molecules such as oncogenes [3,4]. The apoptotic bodies are specifically
released from dying cells and refer to an EV measuring 50 nm-2 pm [5]. Microvesicles are
100 nm-1 pm sized EVs that carry cytoplasmic molecules and are shed directly from the cell
membrane [6]. Exosomes are the smallest EVs, with a size of 40-120 nm, and are produced
and released by the fusion of multivesicular bodies and cell membranes [7]. Exosomes
are generated in the form of intraluminal vesicles (ILVs) within the multivesicular body
(MVB) of the late endosome and released into the extracellular space [8,9]. Among the
endosomal sorting complex required for transport (ESCRT) that acts on the formation of
ILVs, ESCRT-0, -1, and -II proteins promote the formation and bud of vesicles in MVB, and
ESCRT-III induces secretion into extracellular space by cutting off buds and separating them
from MVB [10]. Exosomes are transferred to recipient cells and affect target cells through
binding to receptors or internalization [11]. As a result, exosomes play an important role in
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signaling to surrounding or distant cells, and studies of exosome formation and secretion
regulators are significant for understanding intercellular communication. Syntenin is a
protein that has been identified as a key player in exosome biogenesis, which is the process
by which exosomes are formed and released from cells [12].

Syntenin-1 has been shown to interact with several binding partners that are involved
in exosome biogenesis [13-15]. The combination of partner proteins activated leukocyte
cell adhesion molecule (ALIX) and ESCRT-III is involved in the sorting of exosome cargo
and the secretion of exosomes, respectively [16]. Syntenin-1 has also been shown to interact
with syndecans, which are transmembrane proteoglycans that regulate the secretion of
exosomes from cells [17]. In addition to its binding partners, syntenin-1 has been found to
regulate various signaling pathways that play important roles in exosome biogenesis [12].
For instance, syntenin-1 regulates the FAK-Src signaling pathway, which is important for
cell adhesion and growth regulation, through interaction with integrin [18,19]. Moreover,
syntenin-1 regulates the mTOR signaling pathway, which is involved in the regulation of
cell proliferation and may also play a role in exosome biogenesis [20,21]. Additionally, the
Wnt/ -catenin pathway, which plays a crucial role in cell differentiation and proliferation,
has been reported to be regulated by syntenin-1 and may also contribute to exosome
biogenesis and release [22].

Furthermore, recent studies have suggested that syntenin-1 can transport specific
miRNAs, which are small non-coding RNAs that regulate gene expression [23]. Specific
miRNAs have been shown to be selectively packaged into exosomes, and syntenin-1 may
play a role in the sorting and transport of these miRNAs into exosomes [24]. This suggests
that syntenin-1 may have an important role in regulating intercellular communication
through the transfer of specific miRNAs via exosomes.

Exosomes are an important factor in intercellular communication and have recently
been attracting attention due to their influence on cancer cells and surrounding cells in the
cancer microenvironment. Syntenin acts as a major regulator of exosome synthesis, and
it is overexpressed in various tumors. Therefore, understanding the role of syntenin-1 in
exosome biogenesis and its interactions with binding partners, signaling pathways, and
miRNAs may provide important insights into the mechanisms of intercellular communi-
cation, and could lead to the development of novel therapeutic strategies targeting this
process.

2. Syntenin Structure

Syntenin was first identified as a binding partner of the C-terminal cytoplasmic domain
of syndecan, so it was also called syndecan binding protein (SDCBP). In addition, it is also
called melanoma differentiation-associated gene-9 (MDA-9) because it has been confirmed
that syntenin expression is regulated by the treatment of mezerein and interferon-gamma in
human melanoma cells [25]. Human syntenin is composed of 298 amino acid residues, and
the sequence is well preserved across all species. Syntenin is composed of four domains:
the N-terminal domain (NTD), the first PSD-95, Dlg, and ZO-1 (PDZ) domain (PDZ1), the
second PDZ domain (PDZ2), and the C-terminal domain (CTD) (Figure 1). Typically, the
PDZ domain is located in the intracellular or plasma membrane and binds to the C-terminal
peptide of the partner protein.

Although few studies have focused on the NTD and CTD regions, the NTD, consisting
of 100 amino acids, holds autoinhibitory sites, recruits Sox4, and interacts with ubiqui-
tin [26]. PDZ1 and PDZ2 have differences in binding partners and recognize and bind
the c-terminal sequence motif of the target protein. In the case of PDZ1, the binding site
is surrounded by Lys124, Arg128, Lys130, His175, and Lys179 to exhibit positive charges,
whereas in the case of PDZ2, it does not have positive charges [27]. Because PDZ1 has
weak binding affinity to target proteins, PDZ2 is the preferred binding site for most part-
ner proteins. PDZ1i, which binds to the PDZ1 domain of syntenin to prevent binding
to other proteins, acts as an antagonist of syntenin [28]. In prostate cancer, glioblastoma,
and neuroblastoma, cancer metastasis is reduced by PDZ1i, which is caused by inhibition
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of insulin-like growth factor-1 (IGF-1), FAK, and integrin signaling, respectively [29-31].
Although research on syntenin inhibitors has not yet been actively conducted, further
research is needed as syntenin is a major protein in cancer metastasis.
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Figure 1. The four domains that compose syntenin and the proteins that bind to each domain. Each
domain consists of the size up to the amino acid (aa) indicated (1-109 aa for NTD, 110-193 aa for
PDZ1, 194-274 aa for PDZ2 and 275-298 aa for CTD).

3. Binding Partners

Syntenin-1 is a protein that interacts with various proteins to regulate cellular functions,
including exosome production, cell motility, tumor metastasis, neurotransmitter transport,
and immune response (Figure 2). The following proteins are known to interact with
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Figure 2. The binding partners of syntenin-1. (a) The combination of ALIX, c-Src, and syntenin-1
promotes the biogenesis and release of exosomes. (b) Arf6, a GTPase, interacts with syntenin-1
to help syndecan membrane trafficking or promotes exosome budding through the formation of
PLD2-PIP2. (c) Merlin combines with syntenin-1 to move to the filopodia extension region and
increases cell mobility and metastasis in cancer cells. (d) GlyT2 transports synaptic vesicles to the cell
membrane through binding to syntaxin and helps release glycine. However, binding of syntenin-1
inhibits the combination of syntaxin and GlyT2, and the vesicles are internalized. (e) CD63 combines
with HPV’s capsid protein to mediate endocytosis and promote trafficking and capsid disassembly
through complex formation with syntenin-1. (f) The binding between syntenin-1 and IL5Ra promotes
a signaling cascade and activates SOX4, a transcription factor. SOX4 avoids the degradation process
and promotes gene transcription through direct binding to syntenin-1.
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3.1. ALIX and c-Src

Exosome production by syntenin-1 depends on its PDZ domain interaction with
ALIX, a component of the ESCRT that facilitates membrane budding and scission for
exosome generation. The three LYPX(n)L motifs in syntenin-1’s PDZ domain directly
bind with ALIX to regulate exosome biogenesis [16,32-34]. In addition, recent studies
have identified endoglycosidase heparanase as a stimulator for the syndecan-syntenin-
1-ALIX pathway. Endoglycosidase heparanase increases endosomal syndecan levels by
promoting internalization, leading to syndecan clustering and the increased formation of
syntenin-1-ALIX-ESCRT complexes [35].

The exosome formation by the syntenin-ALIX complex is promoted by phosphoryla-
tion, and c-Src is known as the controlling kinase of this process. c-Src is a proto-oncogene
tyrosine-protein kinase that binds to syntenin-1, and the reduction in c-Src inhibits exo-
some synthesis [14]. c-Src phosphorylates Y46 of syntenin-1, and the phosphomimetic
form of syntenin-1 increases the production of exosomes. c-Src-mediated phosphorylation
indicates the need for exosome synthesis because endosomal budding is retained when
both syndecan and syntenin-1 are phosphomimetic forms, while it is reduced by c-Src
inhibition. The study by Hikita et al. has shown that c-Src binds to ALIX to promote exo-
some synthesis, confirming that c-Src is a crucial regulator for exosome synthesis through
syndecan-syntenin-1-ALIX signaling [36]. The interaction of syntenin, ALIX, and c-Src is a
major step in regulating the formation of exosomes in cells.

3.2. GTPase

GTPases are hydrolase enzymes that bind to the nucleotide guanosine triphosphate
(GTP) and hydrolyze it to guanosine diphosphate (GDP), and they act as regulators of
various cellular processes [37,38]. Syntenin-1 induces the proteasomal degradation of the
Ras homolog enriched in the brain (Rheb) through interaction, which promotes spin synapse
formation [39]. Another GTPase, ADP Ribosylation Factor 6 (Arf6), acts as an important
regulator at the stage of releasing vesicles formed within cells into the extracellular space.
Arf6 can form complexes with syntenin-1 through phosphatidylinositol 4,5-bisphosphate
(PIP2), and this complex acts as an essential factor in epiboly and the early development
of zebrafish [40]. In addition, the activity of Arf6 by syntenin-1 and the PIP2 complex
regulates cell membrane dynamics [41]. Arf6 and its effector phospholipase D2 (PLD2) act
as regulators of exosome biogenesis by controlling the budding of intraluminal vesicles
(ILVs) through the syntenin-1-ALIX pathway [15].

3.3. Merlin

Merlin, also known as neurofibromatosis 2 (NF2) or schwannomin, is a cytosolic tumor
suppressor that can cause NF type II when mutated [42]. Its structure is similar to that
of Ezin, Radixin, and Moesin (ERM), which is a member of the protein 4.1 superfamily
(erythrocyte membrane skeleton) [43]. The ERM protein acts as a molecular adaptor that
connects integral membrane proteins to the cytoskeleton and is involved in regulating cell
shape, membrane specialization, and the distribution of adhesion molecules to the cell
surface [44,45]. Syntenin-1 binds to merlin’s c-terminal, and when this interaction occurs,
merlin is observed in the plasma membrane and cytoplasm of the filopodia’s extension
region in Hela cells. Conversely, when syntenin-1 levels decrease, cells show a flat shape,
and merlin decreases in the plasma membrane [46]. The syntenin-1-mediated changes
in the plasma membrane indicate that cell motility can be regulated in tumor metastasis.
Although it has been confirmed through protein analysis that merlin is released through
exosomes from brain cancer cells, the exact release mechanism has not yet been studied [47].

3.4. Glycine Transpoter Subtype 2 (GlyT2) and Syntaxin

Glycine is a major neurotransmitter in inhibitory synapses of the brainstem, and its
transport is facilitated by glycine transporters present in the plasma membrane [48]. The C-
terminal region of GlyT2 contains TQCs, which are required for binding to syntenin-1 [49].
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Both PDZ domains of syntenin-1 are essential for the transmission of signals from GlyT2,
and the binding force of each domain is different. PDZ2 is crucial for the binding of
syntenin-1 to GlyT2C, and PDZ1 and PDZ2 must be present together for a complete
interaction to occur [49]. When GlyT2 is in synaptic vesicles and syntaxin is present, the
vesicles are trafficked to the plasma membrane [50]. However, since syntenin-1 cannot bind
to syntaxin and GlyT2 simultaneously, it is believed that syntaxin reduces the interaction
between syntenin-1 and GlyT2, resulting in vesicle internalization of GlyT2.

3.5. CD63

Tetraspanin, a protein that consists of various families involved in various functions
such as immune responses, tumor cell migration, and exosome abundance, binds directly
to syntenin-1 through the cytoplasmic tail of the C-terminal [51,52]. CD63 belonging to
Tetraspanin binds directly through the cytoplasmic tail of the C-terminal when binding
with syntenin-1 [53]. The interaction is possible for both PDZ1 and PDZ2 of syntenin-1,
but chemical shift perturbations occur mainly in Arg119, Asp120, Vall41, Alal43, Argl76,
Leul27, Argl28, and Argl79 of PDZ1. In addition, a C-terminus mutation of syntenin-1
reduces binding stability with CD63 [53]. CD63 also plays a role in disease by binding
to the capsid protein of human papillomaviruses (HPV) and trafficking to multivesicular
endosomes, but this function is impaired when the combination of CD63 and syntenin-1 is
reduced [54].

3.6. Interleukin-5 Receptor a (IL5Ra)

IL5Ra functions as a regulator of myeloid cell differentiation and leukocyte func-
tion [55]. Syntenin-1 interacts with the C-terminus of IL5Ra through its PDZ domain, which
can bind to IL5Ra with similar affinity [26]. The combination of the two PDZ domains of
syntenin-1 facilitates the formation of the IL5Ra signaling complex [56]. SOX4, a transcrip-
tion factor activated by IL5, is protected from proteasomes and increases in expression
due to its direct binding to syntenin-1, which regulates its activity [26,57]. Computational
analysis revealed that 31 genes, including IL-13 and IL-5Ra, are putative targets of the
miRNAs up-regulated in airway-secreted EVs (AEVs) but down-regulated in lung tissues
after house dust mite (HDM) exposure [58].

4. Cellular Signaling Pathways

Syntenin-1 has been implicated in various cellular signaling pathways associated with
exosome biogenesis, trafficking, cell motility, and adhesion (Figure 3). In the Wnt signaling
pathway, syntenin-1 interacts with Wnt receptors and facilitates their internalization into
endosomes. Syntenin-1 serves as an adaptor protein for integrin 31 in integrin signaling,
activating integrin linked kinase (ILK)-mediated signaling and modulating the formation
of integrins $1-FAK-Src, thereby enhancing cell mobility and invasion. In CD98 signaling,
CD98hc binds to integrins 31 and (33 to activate signaling that promotes cell proliferation
and migration. The binding of syntenin-1 and PKC is critical for the activation of FAK by
integrin signaling. Conversely, CD99 disrupts the PKC«x-syntenin-1-FAK complex, thereby
reducing the formation of focal adhesions. Syntenin-1 also interacts with transforming
growth factor (TGF)-BL; in TGF- signaling, stabilizing signaling and promoting metastasis
and invasion in cancer cells. Syntenin-1 activates Smad by TGF-31, leading to epithelial-
mesenchymal transition (EMT), invasion, and metastasis.

4.1. Wnt Signaling

Wnt signaling is involved in cell proliferation, motility, and embryonic development,
and its activation is based on the binding of Wnt proteins to Frizzled receptors [59,60]. This
signaling cascade is divided into a canonical pathway ([3-catenin-dependent) and a non-
canonical pathway (f3-catenin-independent) through Dishevelled (Dsh) activation [61]. The
canonical pathway of Wnt activates (3-catenin-dependent transcription and regulates cell
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Figure 3. The signaling pathways regulated by combination with syntenin-1. (a) The non-canonical
pathway of Wnt signaling is mediated by syntenin-1. The combination of syntenin-1 and the
Frizzled 7 receptor increases membrane trafficking and promotes the activity of c-Jun and Cdc42.
(b) The binding of the integrin receptor to syntenin-1 mediates the formation of the IPP complex and
promotes cell motility and invasion through AKT activation. (¢) CD98 activates the PKCo-FAK-Src-
AKT signaling through binding with syntenin-1. CD99 inhibits syntenin-1-PKCo signaling via SHP2.
(d) The binding of TGF-BR and syntenin-1 increases the activity of smad2/3-GTPase and inhibits the
internalization of TGF-R, which induces the metastatic ability of cancer cells.

The binding of Frizzled 7 and syntenin induces PKCo/Cdc42 noncanonical Wnt
signaling cascades and extension movements in Xenopus [22]. In human cells, syntenin-1
interacts with c-terminal Frizzled 7 and PIP2. The complex of syntenin-1-PIP2-Frizzled 7
mediates Frizzled 7 trafficking to the plasma membrane through an ARF6/PIP2-dependent
pathway [64]. These studies suggest that syntenin-1 selects intracellular molecules as cargo
through binding and plays a pivotal role in trafficking.

4.2. Integrin Signaling

Integrin is a cell-surface receptor that mediates cell-extracellular matrix proteins
consisting of & and 3 subunits [65]. The receptor exists in a bent form with low binding
force to the ligand, but inside-out signaling exposes the binding site to the ligand. Talin,
belonging to inside-out signaling, promotes binding to ECM molecules by exposing the
binding site of the integrin receptor [66]. This signaling induces binding to cytoplasmic
focal-adhesion proteins, including ILK, PINCH, and Parvin, to form the IPP complex [67].
ILK is a major member of the IPP complex and activates signaling that induces gene
expression related to cell adhesion and growth.

Syntenin-1 acts as an adaptor protein for integrin 31 and regulates the formation of
the IPP complex and activation of ILK-mediated signaling. It acts as a scaffold protein to
mediate the activation of AKT through phosphorylation by ILK and induce activation of
integrin 31 and the downstream factor FAK [18,68]. Expression of syntenin-1 by the pro-
teinoglycan co-receptor syndecan 4 is essential in this process [69]. Syntenin-1-fibronectin
binding modulates the formation of integrin $1-FAK-Src, thereby enabling signaling to
improve cell mobility and invasion capabilities [19].
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4.3. CD98, 99-Mediated Signaling
4.3.1. CD98

CD98 is a 125-kDa heterodimeric type II transmembrane glycoprotein that consists of
an 85-kDa glycosylated heavy chain (CD98hc) and a non-glycosylated 40-kDa light chain,
which plays a crucial role in amino acid transport and integrin signaling [70]. CD98hc
activates signaling pathways involved in cell proliferation and migration by binding to
integrins 31 and 33 [71]. The activation of FAK by integrin signaling requires the critical
interaction between syntenin-1 and PKCx. CD98 promotes the phosphorylation of Y397
in FAK, which enhances the interaction of PKC«x-syntenin-1-FAK, focal adhesion, and the
formation of the IPP-AKT-syntenin-1 complex [19,72]. The phosphorylation of FAK by
CD98 forms SH2-mediated binding sites that bind Src-family tyrosine kinases, leading
to the formation of the FAK-Src-integrin 31 complex [72,73]. Syntenin-1 facilitates the
interaction between ILK and AKT, and in this process, CD98-induced phosphorylation
of PKCa promotes the complex formation of integrin and IPP, thereby transmitting sub-
signals [18].

4.3.2. CD99

CD99, a transmembrane glycoprotein highly expressed in various cell types such
as peripheral T cells and hematopoietic cells, has been shown to play a crucial role in
lymphocyte differentiation, activation, and proliferation [74-76]. It acts as a modulator of
cellular processes by recruiting SHP2, a phosphatase, to the plasma membrane, leading to
its activation. SHP2 subsequently dephosphorylates FAK, disrupts the PKCax-syntenin-1-
FAK complex, and reduces the formation of focal adhesions [77-79]. By interfering with
the formation of syntenin-1-activated complexes, CD99 exerts a negative regulatory effect
on cell adhesion and migration.

4.4. TGF-pB Signaling

Mammalian TGF-3 comprises three isoforms (TGF-f1, 2, and 3) and serves as a
multifunctional cytokine that participates in various physiological processes, including
cell growth, differentiation, death, and migration [80]. TGF-§ signals through its binding
to TGF-BR, which has two isoforms, TGF-BRI; and TGF-BRII, and contains a terminal,
transmembrane, and kinase domain [81].

The canonical pathway of TGF-f signaling commences with the phosphorylation
of SMAD2 and SMAD3 by TGF-fR, which is activated by the binding of TGF-f ligand.
SMAD4 is subsequently recruited and translocated into the nucleus. On the other hand,
SMAD? binds to activated TGF-R or phosphorylated SMAD2/3 and induces degradation
via SMAD-specific E3 ligase. In this process, syntenin-1 interacts with TGF-1; to stabilize
signaling and promote metastasis and invasion in cancer cells through activation of the
GTPases RhoA and Cdc42 [82]. The combination of syntenin-1 and TGF-31 disrupts the
interaction between caveolin-1 and TGF-fRI, leading to an increase in SMAD2/3 activation
and inhibition of caveolin-1 internalization. TGF-f3 signaling is inhibited by the internal-
ization of TGF-f31 using flotillin-rich lipid rafts and caveolin-rich caveolae. However, the
combination of syntenin-1 and TGF-{31 inhibits the interaction with caveolin-1 and TGF-
BRI, disrupting the internalization via caveolin and increasing the phosphorylation and
activation of SMAD2. The activation of TGF-f signaling by syntenin-1 increases EMT in
cancer cells [83]. Hence, syntenin-1 activates SMAD by TGE-{31, resulting in EMT, invasion,
and metastasis [84].

5. Function of Syntenin

Syntenin-1 is a protein that plays important roles in various cellular processes such
as protein trafficking, cell motility, and exosome formation. Syntenin-1 also interacts with
deltal and regulates its localization on the cell surface, which is important for the activation
of the Notch pathway. In cell motility, syntenin-1 interacts with c-Src and phosphorylated-
FAK (p-FAK) to promote cell migration through the activation of the NF-kB pathway
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and MMP2 gene expression. Syntenin-1 is also involved in the organization of adherens
and the regulation of membrane dynamics. In exosome formation, syntenin-1 interacts
with syndecan and ALIX to promote the formation of ILVs and the release of exosomes.
Syntenin-1 plays a crucial role in regulating intercellular communication and cellular
functions through these various cellular processes.

5.1. Protein Trafficking

Syntenin-1 has been reported to bind with syndecan, a heparan sulfate proteoglycan
that regulates various growth factors and cell adhesion molecules and is involved in the
endosomal recycling process [85]. Ptdlns (4)P 5-kinase activity and the rotation rate of
PtdIns (4,5)P2 are crucial for endosome trafficking to the plasma membrane in the endoso-
mal recycling pathway. The accumulation of syntenin-1 and syndecan in the endosome is
induced by an increase in PtdIns(4)P 5-kinase and PtdIns(4,5)P2, leading to their binding to
the perinuclear recycling component. This signaling pathway is essential for the recycling
of syndecan, and the increase in PtdIns(4,5)P2 is critical for the accumulation process [41].

Notch receptor, upon binding with ligands such as Deltal, undergoes cleavage, leading
to the translocation of the intracellular domain of the notch protein (NICD) to the nucleus,
where it acts as a transcription activator, regulating the cell differentiation process [86,87].
Deltal has a PDZ-binding motif in its C-terminal and has been identified as a binding
partner of syntenin-1 through two-hybrid screening [88]. Syntenin-1 plays a crucial role in
intracellular protein trafficking, including membrane targeting and recycling, by promoting
the accumulation of Deltal at the plasma membrane. Knockdown of syntenin-1 reduces
Deltal on the cell surface, indicating its crucial role in protein trafficking.

5.2. Cell Motility and Membrane Organization

c-Src is a kinase known to promote cell motility, invasiveness, and malignant pro-
gression in diverse types of cancer cells [89]. The induction of cell migration by c-Src is
facilitated by its binding with phosphorylated focal adhesion kinase (p-FAK), and this
migratory capacity is reduced by knockdown of syntenin-1 or overexpression of dominant-
negative FAK [68]. c-Src and FAK signaling activate the NF-kB pathway involved in the
transcriptional activity of invasion-related genes [90]. NF-kB acts as a transcription ac-
tivator and regulates the expression of the MMP2 gene involved in cell migration and
invasion [68]. MMP2 has been shown to increase invasion and metastasis in various types
of cancer, including small cell lung cancer, melanoma, and hepatoma cells [91-93]. Because
c-Src regulates cell mobility, cytoskeletal rearrangement, and membrane architecture via
various signaling pathways, interaction between c-Src and syntenin-1 is likely to regulate
cell movement and invasion through different pathways [73,94].

Syntenin-1 is known to co-localize with syndecan-1, e-cadherin, x-catenin, and f3-
catenin in filopodia, which are actin-rich plasma membrane protrusions of epithelial cells.
Through its interaction and localization, syntenin-1 can act as a potential regulator of the
organization of adherens and the regulation of membrane dynamics [95]. In addition,
syntenin-1 in zegrafish plays an important role in the early development process by regu-
lating epiboly progression through interactions with PIP2, Arf6, and syndecan [40]. These
findings suggest that syntenin-1 plays a major role in cell motility and membrane formation
not only in various cells but also in cancer cells.

5.3. Autophagy

Autophagy is a system that breaks down unnecessary substances to maintain the
homeostasis of cells under stress conditions such as starvation and hypoxia [96]. Au-
tophagy and exosome production control each other through various processes and can
compensate each other in cell stress conditions [97]. Down-regulation of autophagy-related
proteins 16-like 1 (ATG16L1) and autophagy-related proteins 5 (ATG5), the main regulators
of autophagy, inhibits exosome synthesis and reduces metastasis in breast cancer [98].
In addition, the reduction in the ATG12-ATG3 complex involved in late autophagosome
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formation decreased the formation of exosomes [99]. Conversely, autophagy and exo-
some formation can act as antagonists through amphisomes [100]. Amphisomes formed
through fusion between autophagosomes and MVBs reduce exosome release [101]. In
addition, autophagy can inhibit exosome biogenesis by promoting the lysosome-dependent
decomposition of MVB [102].

Syntenin-1 has been reported to regulate anokis resistance and cell death through
protective autophagy regulation in glioma stem cells (GSCs) [103]. The activity of PKC,
epidermal growth factor receptor (EGFR), and B-cell lymphoma 2 (BCL2) through the
binding between FAK and syntenin maintains protective autophagy and prevents cell
death in anoikis. Syntenin-1 can act as a factor that regulates autophagy, and autophagy
is an important phenomenon that can control the production and secretion of exosomes.
Further research is needed on the role of syntenin-1 in the regulation of exosomes through
autophagy, which can identify the new role of syntenin-1 in the cancer microenvironment.

5.4. Exosome
5.4.1. Exosome Synthesis

Exosomes are small extracellular vesicles, ranging from 40 to 120 nm, that are produced
by all cell types and contain nucleic acid in the form of DNA/RNA, protein, and microRNA,
which can regulate various cellular functions [12,104,105]. As secretory vesicles, exosomes
play a critical role in intercellular communication, including neuron—-neuron communica-
tion, and are involved in physiological processes such as inflammation, angiogenesis, and
neurodegenerative diseases [106-108]. The exosomes or microvesicles secreted by tumor
cells have the ability to induce an immunosuppressive microenvironment, encourage tumor
cell migration, and aid in metastasis [109].

When quantitative proteomic analysis was performed on exosomes separated from
various cell lines, it was confirmed that the expression of syntenin-1 was the highest [110].
Syntenin-1, along with syndecan and ALIX, has been identified as an important protein
in the formation of exosomes [16,111]. Syndecan is a type-1 membrane-spanning protein
with an intracellular domain (ICD) and heparan sulfate (HS) chains, which can bind to
ligands such as FGF2 and fibronectin on the cell surface and regulate the intracellular
environment and migration according to the ligand [112-114]. The interaction of syntenin-
1’s PDZ domain with PIP2, regulated by Arf6 and PIPK activation, induces intracellular
recycling of syndecan and the FGF2-FGFR1 complex to the cell surface via the late recycling
endosome [41]. The syntenin-1-syndecan-ALIX complex promotes the formation of ILVs
and facilitates the budding and release of endosomes for the sorting of specific cargo [34].
Overall, the FGF2-syndecan-syntenin-1-ALIX complex promotes the release of FGFR1
through the generation of exosomes. Through these signaling pathways, syntenin-1 serves
as a regulator in the formation of syndecan-associated exosomes (Figure 4).

5.4.2. Exosome Endocytosis

The internalization of exosomes occurs via recognition by heparan sulfate proteo-
glycans (HSPG) or receptors and is similar to the pathway of virus infection [115,116].
Syntenin-1 knockout decreases HSPG levels, leading to reduced viral transduction and
exosome uptake [117,118]. Furthermore, reduced levels of syntenin-1 inhibit the virus
endocytosis pathway by impeding the formation of ILVs. Syntenin-1 has been shown to
bind to nectin-1, a receptor for herpes simplex virus (HSV), but further investigation is
required to determine its intracellular effects [119].
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Figure 4. Syntenin-1 regulates the production and secretion of exosomes through interactions with
ALIX, ESCRT, and GTPase. First, syntenin-1 forms ILVs with cargo through binding with ALIX and
synthecan. It moves to the cell membrane through Arf6/PLD2, and buds are cut by ESCRT, which
releases it into the extracellular space in the form of exosomes.

6. Relationship between Syntenin and microRNA

MicroRNAs (miRNAs or miRs) are small, non-coding RNA molecules consisting of
21-25 nucleotides involved in various cellular signaling processes [120,121]. miRNA binds
to a sequence in the 3" untranslated region (UTR) of mRNA or non-coding RNA to induce
degradation [122]. miRNA is first transcribed by RNA polymerase II as a pre-miRNA with
a hairpin structure, 5’-cap, and poly(A)-tail. Then, the pre-miRNA is processed by the
Drosha/DGCr8/Pasha complex and transported out of the nucleus via Exportin-5/Ran-
GTP [123]. In the cytoplasm, the pre-miRNA is cleaved by Dicer (RNase III) to generate
mature miRNA, which then binds to RNA through the RNA-induced silencing complex
(RISC) and inhibits translation [124,125].

6.1. The Regulation Mechanism of Syntenin by miRNA

SDCBP is a coding gene for syntenin-1 and is highly expressed in various types of
cancer [126]. The expression of syntenin-1 is regulated by the silencing of the SDCBP gene
by various miRNAs (Table 1).

Table 1. List of miRNAs that regulate syntenin.

Micro RNA Region Cancer Reference
miR-135-5p 3’'UTR breast cancer [127]
miR-216b 3'UTR breast cancer [128]
miR-216b 3'UTR pancreatic cancer [129]
miR-1273a 3'UTR Lung cancer [130]
miR-361-5p 3'UTR gastric carcinoma [131]
miR-23a 3'UTR Melanoma [132]
miR-139-3p 3'UTR Gliomas [133]
miR-135a-5pmiR-124-3p 3'UTR Glioblastoma [134]
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6.1.1. Breast Cancer

In breast cancer, syntenin-1 is overexpressed [122,135,136]. Syntenin-1 interacts with
TGEF-f1 via its PDZ1 domain, which activates small GTPases such as RhoA and Cdc42,
leading to EMT in breast cancer [82]. The expression of syntenin-1 in breast cancer is
known to be controlled by two types of miRNAs. miR-135-5p inhibits the expression of
syntenin-1 by directly binding to SDCBP, but its expression decreases in metastatic breast
cancer, increasing migration and invasion by upregulating syntenin-1 expression [127].
miR-216b also inhibits syntenin-1 expression through direct interaction, and the migration
and invasion abilities of breast cancer cells are reduced when miR-216b is overexpressed.
The negative correlation between the expression levels of syntenin-1 and miR-216b was
confirmed through patient sample analysis [128].

6.1.2. Pancreatic Cancer

The expression of miR-216b is downregulated in pancreatic cancer compared to normal
cells, leading to increased tumor size and tumor node metastasis progression [137]. miR-
216b is also known to reduce the expression of KRAS, thereby inhibiting the progression
of pancreatic cancer and inducing apoptosis [138]. In addition, miR-216b directly targets
SDCBP to inhibit its expression, thereby regulating the EMT of pancreatic cancer through
the inhibition of the PI3K pathway [129].

6.1.3. Lung Cancer

Syntenin-1 expression is upregulated in lung cancer, and its overexpression is associ-
ated with poor prognosis in lung cancer patients [91,139]. miR-1273a enhances cisplatin
sensitivity by directly targeting SDCBP to inhibit syntenin expression in lung cancer [130].

6.1.4. Gastric Cancer

Syntenin-1 expression is also increased in gastric cancer compared to normal cells [122].
miR-361-5p is a cancer-suppressing miRNA that is inhibited during cancer develop-
ment [140-142]. It inhibits syntenin-1 expression by binding with SDCBP, thereby promot-
ing cancer growth and inhibiting apoptosis in gastric cancer. Additionally, a negative corre-
lation between syntenin-1 and miR-361-5p was confirmed in gastric cancer patients [131].

6.1.5. Melanoma

Syntenin-1 overexpression in melanoma cells induces a metastatic phenotype [55],
while miR-23a is downregulated in metastatic melanoma cells, and its overexpression
reduces migration and invasion ability [68,143]. Enhanced syntenin-1 levels in melanoma
cells promote metastasis via c-Src activity [144]. miR-23a reduces syntenin-1 expression
by binding to SDCBP, thereby inhibiting the progression and migration of melanoma cells
through MAPK/ERK pathway inhibition [132].

6.1.6. Gliomas and Glioblastoma

In contrast to syntenin-1, which is upregulated in glioma cells, miR-139-3p expression
is reduced, and its reduction inhibits the growth, migration, and invasion of cancer cells
by targeting syntenin-1 [133]. In glioblastoma, miR-135a-5p and miR-124-3p interact
with SDCBP to inhibit syntenin-1 expression, thereby obstructing growth, migration, and
infiltration [134].

6.2. The Regulation of miRNA by Syntenin

Syntenin-1 plays a crucial role in exosome formation and cargo sorting through synde-
can and ALIX binding [34,111]. Exosomal microRNA, transmitted via exosomes, regulates
essential processes such as cancer initiation, development, and metastasis in the tumor
microenvironment [145]. One such cargo, onco-miRNA miR-494-3p, found in various
cancers, targets the PI3K/AKT signaling pathway to promote lung cancer progression and
regulates CXCR5 to promote cancer growth and EMT in glioblastoma, prostate cancer, and
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hepatocellular carcinoma [146-150]. Syntenin-1 expression in lung cancer cells increases
the amount of exosome released, altering the delivery of miR-494-3p, a critical factor in
regulating angiogenesis, tumor growth, and metastasis [23]. These studies suggest that
syntenin-1-mediated exosome control plays a crucial role in cancer progression.

7. Conclusions

Syntenin, a scaffold protein containing two PDZ domains, plays a crucial role in
various intracellular functions, depending on the binding partner. This review highlights
the essential signaling pathways and functions of syntenin-1, with a specific focus on its
involvement in exosome-mediated microRNA regulation. Exosomes are responsible for
releasing cargoes such as microRNA, DNA, and proteins outside of the cell and delivering
them to nearby cells. Syntenin-1 is involved in the formation and release of exosomes,
which can cause changes in the surrounding cells. Recently, cell-to-cell communication
through exosomes in the tumor microenvironment has been recognized as an important
factor in the growth and EMT of cancer cells and is attracting attention as a new target for
cancer treatment. Syntenin-1 is overexpressed in various tumors and acts as a crucial factor
in cancer growth and metastasis. In addition to its direct impact on cancer development,
syntenin-1 also induces mechanisms of metastasis and angiogenesis by altering other cells
in the cancer microenvironment through exosomes. The relationship between syntenin-
1 and microRNA, which act as oncogenes or tumor suppressors, offers potential new
targets for cancer treatment and vesicle-based therapies. This review provides an overall
understanding of syntenin-1’s function and summarizes recent studies on its role in cancer
cells, suggesting various directions for future research.

Author Contributions: Conceptualization, H.-].K. and C.H.; writing—original draft preparation,
K-M.L, E.-CS. and H.-] K,; writing—review and editing, K-M.L., ].-H.L., H.-].K. and C.H.; visualiza-
tion, E.-C.S. and H.-].K,; supervision, C.H.; funding acquisition, H.-J.K. and C.H. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by grants from the National Research Foundation (NRF) of Korea
(NRF-2021R1C1C1006516 and NRF-2020R111A1A01072377).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.

Raposo, G.; Stoorvogel, W. Extracellular vesicles: Exosomes, microvesicles, and friends. J. Cell Biol. 2013, 200, 373-383. [CrossRef]
[PubMed]

Zaborowski, M.P; Balaj, L.; Breakefield, X.O.; Lai, C.P. Extracellular Vesicles: Composition, Biological Relevance, and Methods of
Study. Bioscience 2015, 65, 783-797. [CrossRef] [PubMed]

Di Vizio, D.; Morello, M.; Dudley, A.C.; Schow, PW.; Adam, R.M.; Morley, S.; Mulholland, D.; Rotinen, M.; Hager, M.H.; Insabato,
L.; et al. Large Oncosomes in Human Prostate Cancer Tissues and in the Circulation of Mice with Metastatic Disease. Am. J.
Pathol. 2012, 181, 1573-1584. [CrossRef] [PubMed]

Di Vizio, D.; Kim, J.; Hager, M.H.; Morello, M.; Yang, W.; Lafargue, C.J.; True, L.D.; Rubin, M.A.; Adam, R.M.; Beroukhim, R ; et al.
Oncosome formation in prostate cancer: Association with a region of frequent chromosomal deletion in metastatic disease. Cancer
Res. 2009, 69, 5601-5609. [CrossRef]

Théry, C.; Boussac, M.; Véron, P; Ricciardi-Castagnoli, P.; Raposo, G.; Garin, J.; Amigorena, S. Proteomic Analysis of Dendritic
Cell-Derived Exosomes: A Secreted Subcellular Compartment Distinct from Apoptotic Vesicles. |. Immunol. 2001, 166, 7309-7318.
[CrossRef]

Heijnen, H.F,; Schiel, A.E.; Fijnheer, R.; Geuze, H.J.; Sixma, ]J.J. Activated platelets release two types of membrane vesicles:
Microvesicles by surface shedding and exosomes derived from exocytosis of multivesicular bodies and alpha-granules. Blood
1999, 94, 3791-3799. [CrossRef]

Cocucci, E.; Meldolesi, J. Ectosomes and exosomes: Shedding the confusion between extracellular vesicles. Trends Cell Biol. 2015,
25,364-372. [CrossRef] [PubMed]


https://doi.org/10.1083/jcb.201211138
https://www.ncbi.nlm.nih.gov/pubmed/23420871
https://doi.org/10.1093/biosci/biv084
https://www.ncbi.nlm.nih.gov/pubmed/26955082
https://doi.org/10.1016/j.ajpath.2012.07.030
https://www.ncbi.nlm.nih.gov/pubmed/23022210
https://doi.org/10.1158/0008-5472.CAN-08-3860
https://doi.org/10.4049/jimmunol.166.12.7309
https://doi.org/10.1182/blood.V94.11.3791
https://doi.org/10.1016/j.tcb.2015.01.004
https://www.ncbi.nlm.nih.gov/pubmed/25683921

Int. . Mol. Sci. 2023, 24, 9418 13 0f 18

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

Sahu, R.; Kaushik, S.; Clement, C.C.; Cannizzo, E.S.; Scharf, B.; Follenzi, A ; Potolicchio, I.; Nieves, E.; Cuervo, A.M.; Santambrogio,
L. Microautophagy of Cytosolic Proteins by Late Endosomes. Dev. Cell 2011, 20, 131-139. [CrossRef]

Record, M. Intercellular communication by exosomes in placenta: A possible role in cell fusion? Placenta 2014, 35, 297-302.
[CrossRef]

Henne, W.M.; Buchkovich, N.J.; Emr, S.D. The ESCRT pathway. Dev. Cell 2011, 21, 77-91. [CrossRef]

Khalyfa, A.; Gozal, D. Exosomal miRNAs as potential biomarkers of cardiovascular risk in children. J. Transl. Med. 2014, 12, 162.
[CrossRef] [PubMed]

Friand, V;; David, G.; Zimmermann, P. Syntenin and syndecan in the biogenesis of exosomes. Biol. Cell 2015, 107, 331-341.
[CrossRef] [PubMed]

Cone, A.S.; Hurwitz, S.N.; Lee, G.S.; Yuan, X.; Zhou, Y.; Li, Y.; Meckes, D.G., Jr. Alix and Syntenin-1 direct amyloid precursor
protein trafficking into extracellular vesicles. BMC Cell Biol. 2020, 21, 58. [CrossRef] [PubMed]

Imjeti, N.S.; Menck, K.; Egea-Jimenez, A.L.; Lecointre, C.; Lembo, F.; Bouguenina, H.; Badache, A.; Ghossoub, R.; David, G;
Roche, S.; et al. Syntenin mediates SRC function in exosomal cell-to-cell communication. Proc. Natl. Acad. Sci. USA 2017, 114,
12495-12500. [CrossRef] [PubMed]

Ghossoub, R.; Lembo, E; Rubio, A.; Gaillard, C.B.; Bouchet, J.; Vitale, N.; Slavik, J.; Machala, M.; Zimmermann, P. Syntenin-ALIX
exosome biogenesis and budding into multivesicular bodies are controlled by ARF6 and PLD2. Nat. Commun. 2014, 5, 3477.
[CrossRef]

Baietti, M.F,; Zhang, Z.; Mortier, E.; Melchior, A.; Degeest, G.; Geeraerts, A.; Ivarsson, Y.; Depoortere, F.; Coomans, C.; Vermeiren,
E.; et al. Syndecan—syntenin—ALIX regulates the biogenesis of exosomes. Nat. Cell Biol. 2012, 14, 677-685. [CrossRef]

Grootjans, J.J.; Zimmermann, P.; Reekmans, G.; Smets, A.; Degeest, G.; Diirr, J.; David, G. Syntenin, a PDZ protein that binds
syndecan cytoplasmic domains. Proc. Natl. Acad. Sci. USA 1997, 94, 13683-13688. [CrossRef]

Hwangbo, C.; Park, J.; Lee, J.-H. mda-9/Syntenin protein positively regulates the activation of Akt protein by facilitating
integrin-linked kinase adaptor function during adhesion to type I collagen. J. Biol. Chem. 2011, 286, 33601-33612. [CrossRef]
Hwangbo, C.; Kim, J.; Lee, ].].; Lee, ].H. Activation of the integrin effector kinase focal adhesion kinase in cancer cells is regulated
by crosstalk between protein kinase Coc and the PDZ adapter protein mda-9/Syntenin. Cancer Res. 2010, 70, 1645-1655. [CrossRef]
Qian, B.; Yao, Z.; Yang, Y,; Li, N.; Wang, Q. Downregulation of SDCBP inhibits cell proliferation and induces apoptosis by
regulating PI3K/AKT/mTOR pathway in gastric carcinoma. Biotechnol. Appl. Biochem. 2021, 69, 240-247. [CrossRef]

Zou, W.; Lai, M,; Zhang, Y.; Zheng, L.; Xing, Z.; Li, T.; Zou, Z.; Song, Q.; Zhao, X.; Xia, L.; et al. Exosome release is regulated by
mTORCI1. Adv. Sci. 2018, 6, 1801313. [CrossRef]

Luyten, A.; Mortier, E.; Van Campenhout, C.; Taelman, V.; Degeest, G.; Wuytens, G.; Lambaerts, K.; David, G.; Bellefroid, E.J ;
Zimmermann, P. The postsynaptic density 95/disc-large/zona occludens protein syntenin directly interacts with frizzled 7 and
supports noncanonical Wnt signaling. Mol. Biol. Cell 2008, 19, 1594-1604. [CrossRef] [PubMed]

Kim, O.; Hwangbo, C.; Tran, P.T.; Lee, ].H. Syntenin-1-mediated small extracellular vesicles promotes cell growth, migration, and
angiogenesis by increasing onco-miRNAs secretion in lung cancer cells. Cell Death Dis. 2022, 13, 122. [CrossRef] [PubMed]
Zhang, ].; Li, S.; Li, L.; Li, M.; Guo, C.; Yao, J.; Mi, S. Exosome and Exosomal MicroRNA: Trafficking, Sorting, and Function.
Genom. Proteom. Bioinform. 2015, 13, 17-24. [CrossRef]

Lin, J.].; Jiang, H.; Fisher, P.B. Melanoma differentiation associated gene-9, mda-9, is a human gamma interferon responsive gene.
Gene 1998, 207, 105-110. [CrossRef] [PubMed]

Geijsen, N.; Uings, L].; Pals, C.; Armstrong, J.; McKinnon, M.; Raaijmakers, J.A.M.; Lammers, ].-W.].; Koenderman, L.; Coffer, PJ.
Cytokine-specific transcriptional regulation through an IL-5R« interacting protein. Science 2001, 293, 1136-1138. [CrossRef]
Kang, B.S.; Cooper, D.R; Jelen, F,; Devedjiev, Y.; Derewenda, U.; Dauter, Z.; Otlewski, J.; Derewenda, Z.S. PDZ tandem of human
syntenin: Crystal structure and functional properties. Structure 2003, 11, 459-468. [CrossRef] [PubMed]

Liu, J.; Qu, J.; Zhou, W.; Huang, Y.; Jia, L.; Huang, X.; Qian, Z.; Xia, ].; Yu, Y. Syntenin-targeted peptide blocker inhibits progression
of cancer cells. Eur. J. Med. Chem. 2018, 154, 354-366. [CrossRef]

Das, S.K.; Kegelman, T.P.; Pradhan, A.K.; Shen, X.N.; Bhoopathi, P.; Talukdar, S.; Maji, S.; Sarkar, D.; Emdad, L.; Fisher, P.B.
Suppression of Prostate Cancer Pathogenesis Using an MDA-9/Syntenin (SDCBP) PDZ1 Small-Molecule Inhibitor. Mol. Cancer
Ther. 2019, 18, 1997-2007. [CrossRef]

Kegelman, T.P.; Wu, B,; Das, S.K,; Talukdar, S.; Beckta, ]. M.; Hu, B.; Emdad, L.; Valerie, K.; Sarkar, D.; Furnari, EB.; et al. Inhibition
of radiation-induced glioblastoma invasion by genetic and pharmacological targeting of MDA-9/Syntenin. Proc. Natl. Acad. Sci.
USA 2017, 114, 370-375. [CrossRef]

Bhoopathi, P.; Pradhan, A K.; Bacolod, M.D.; Emdad, L.; Sarkar, D.; Das, S.K.; Fisher, P.B. Regulation of neuroblastoma migration,
invasion, and in vivo metastasis by genetic and pharmacological manipulation of MDA-9/Syntenin. Oncogene 2019, 38, 6781-6793.
[CrossRef] [PubMed]

Odorizzi, G. The multiple personalities of Alix. J. Cell Sci. 2006, 119, 3025-3032. [CrossRef]

Fujii, K.; Hurley, ].H.; Freed, E.O. Beyond Tsg101: The role of Alix in ‘ESCRTing” HIV-1. Nat. Rev. Genet. 2007, 5, 912-916.
[CrossRef] [PubMed]

Hurley, ].H.; Odorizzi, G. Get on the exosome bus with ALIX. Nature 2012, 14, 654-655. [CrossRef] [PubMed]

Roucourt, B.; Meeussen, S.; Bao, J.; Zimmermann, P.; David, G. Heparanase activates the syndecan-syntenin-ALIX exosome
pathway. Cell Res. 2015, 25, 412-428. [CrossRef] [PubMed]


https://doi.org/10.1016/j.devcel.2010.12.003
https://doi.org/10.1016/j.placenta.2014.02.009
https://doi.org/10.1016/j.devcel.2011.05.015
https://doi.org/10.1186/1479-5876-12-162
https://www.ncbi.nlm.nih.gov/pubmed/24912806
https://doi.org/10.1111/boc.201500010
https://www.ncbi.nlm.nih.gov/pubmed/26032692
https://doi.org/10.1186/s12860-020-00302-0
https://www.ncbi.nlm.nih.gov/pubmed/32731849
https://doi.org/10.1073/pnas.1713433114
https://www.ncbi.nlm.nih.gov/pubmed/29109268
https://doi.org/10.1038/ncomms4477
https://doi.org/10.1038/ncb2502
https://doi.org/10.1073/pnas.94.25.13683
https://doi.org/10.1074/jbc.M110.206789
https://doi.org/10.1158/0008-5472.CAN-09-2447
https://doi.org/10.1002/bab.2103
https://doi.org/10.1002/advs.201801313
https://doi.org/10.1091/mbc.e07-08-0832
https://www.ncbi.nlm.nih.gov/pubmed/18256285
https://doi.org/10.1038/s41419-022-04594-2
https://www.ncbi.nlm.nih.gov/pubmed/35136055
https://doi.org/10.1016/j.gpb.2015.02.001
https://doi.org/10.1016/S0378-1119(97)00562-3
https://www.ncbi.nlm.nih.gov/pubmed/9511750
https://doi.org/10.1126/science.1059157
https://doi.org/10.1016/S0969-2126(03)00052-2
https://www.ncbi.nlm.nih.gov/pubmed/12679023
https://doi.org/10.1016/j.ejmech.2018.05.015
https://doi.org/10.1158/1535-7163.MCT-18-1019
https://doi.org/10.1073/pnas.1616100114
https://doi.org/10.1038/s41388-019-0920-5
https://www.ncbi.nlm.nih.gov/pubmed/31406249
https://doi.org/10.1242/jcs.03072
https://doi.org/10.1038/nrmicro1790
https://www.ncbi.nlm.nih.gov/pubmed/17982468
https://doi.org/10.1038/ncb2530
https://www.ncbi.nlm.nih.gov/pubmed/22743708
https://doi.org/10.1038/cr.2015.29
https://www.ncbi.nlm.nih.gov/pubmed/25732677

Int. . Mol. Sci. 2023, 24, 9418 14 0f 18

36.

37.
38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Hikita, T.; Kuwahara, A.; Watanabe, R.; Miyata, M.; Oneyama, C. Src in endosomal membranes promotes exosome secretion and
tumor progression. Sci. Rep. 2019, 9, 3265. [CrossRef]

Gilman, A.G. G proteins: Transducers of receptor-generated signals. Annu. Rev. Biochem. 1987, 56, 615-649. [CrossRef]

Stouten, P.F,; Sander, C.; Wittinghofer, A.; Valencia, A. How does the switch II region of G-domains work? FEBS Lett. 1993, 320,
1-6. [CrossRef]

Sugiura, H.; Yasuda, S.; Katsurabayashi, S.; Kawano, H.; Endo, K.; Takasaki, K.; Iwasaki, K.; Ichikawa, M.; Kobayashi, T.; Hino, O.;
et al. Rheb activation disrupts spine synapse formation through accumulation of syntenin in tuberous sclerosis complex. Nat.
Commun. 2015, 6, 6842. [CrossRef]

Lambaerts, K.; Van Dyck, S.; Mortier, E.; Ivarsson, Y.; Degeest, G.; Luyten, A.; Vermeiren, E.; Peers, B.; David, G.; Zimmermann, P.
Syntenin, a syndecan adaptor and an Arf6 phosphatidylinositol 4,5-bisphosphate effector, is essential for epiboly and gastrulation
cell movements in zebrafish. J. Cell Sci. 2012, 125, 1129-1140. [CrossRef]

Zimmermann, P.; Zhang, Z.; Degeest, G.; Mortier, E.; Leenaerts, I.; Coomans, C.; Schulz, ].; N’kuli, E; Courtoy, PJ.; David, G.
Syndecan recyling is controlled by syntenin-PIP2 interaction and Arf6. Dev. Cell 2005, 9, 377-388. [CrossRef]

Gusella, ].E; Ramesh, V.; MacCollin, M.; Jacoby, L.B. Merlin: The neurofibromatosis 2 tumor suppressor. Biochim. Biophys. Acta
1999, 1423, M29-M36. [CrossRef] [PubMed]

Pearson, M. A ; Reczek, D.; Bretscher, A.; Karplus, P. Structure of the ERM protein moesin reveals the FERM domain fold masked
by an extended actin binding tail domain. Cell 2000, 101, 259-270. [CrossRef] [PubMed]

Vaheri, A.; Carpén, O.; Heiska, L.; Helander, T.S.; Jadskeldinen, J.; Majander-Nordenswan, P.; Sainio, M.; Timonen, T.; Turunen, O.
The ezrin protein family: Membrane-cytoskeleton interactions and disease associations. Curr. Opin. Cell Biol. 1997, 9, 659-666.
[CrossRef]

Lamb, R.F,; Ozanne, B.W.; Roy, C.; McGarry, L.; Stipp, C.; Mangeat, P.; Jay, D.G. Essential functions of ezrin in maintenance of cell
shape and lamellipodial extension in normal and transformed fibroblasts. Curr. Biol. 1997, 7, 682-688. [CrossRef]

Jannatipour, M.; Dion, P.; Khan, S; Jindal, H.; Fan, X.; Laganiére, J.; Chishti, A.H.; Rouleau, G.A. Schwannomin isoform-1 interacts
with syntenin via PDZ domains. J. Biol. Chem. 2001, 276, 33093-33100. [CrossRef] [PubMed]

Camacho, L.; Guerrero, P.; Marchetti, D. MicroRNA and protein profiling of brain metastasis competent cell-derived exosomes.
PLoS ONE 2013, 8, €73790. [CrossRef]

Betz, H. Structure and function of inhibitory glycine receptors. Q. Rev. Biophys. 1992, 25, 381-394. [CrossRef]

Ohno, K.; Koroll, M.; El Far, O.; Scholze, P.; Gomeza, |.; Betz, H. The neuronal glycine transporter 2 interacts with the PDZ domain
protein syntenin-1. Mol. Cell. Neurosci. 2004, 26, 518-529. [CrossRef]

Geerlings, A.; Nufiez, E.; Lépez-Corcuera, B.; Aragon, C. Calcium-and syntaxin 1-mediated trafficking of the neuronal glycine
transporter GLYT?2. J. Biol. Chem. 2001, 276, 17584-17590. [CrossRef]

Escola, J.-M.; Kleijmeer, M.].; Stoorvogel, W.; Griffith, ].M.; Yoshie, O.; Geuze, H.]. Selective enrichment of tetraspan proteins on
the internal vesicles of multivesicular endosomes and on exosomes secreted by human B-lymphocytes. J. Biol. Chem. 1998, 273,
20121-20127. [CrossRef] [PubMed]

Vences-Catalan, F.; Levy, S. Immune Targeting of Tetraspanins Involved in Cell Invasion and Metastasis. Front. Immunol. 2018, 9,
1277. [CrossRef]

Latysheva, N.; Muratov, G.; Rajesh, S.; Padgett, M.; Hotchin, N.A.; Overduin, M.; Berditchevski, E. Syntenin-1 is a new component
of tetraspanin-enriched microdomains: Mechanisms and consequences of the interaction of syntenin-1 with CD63. Mol. Cell. Biol.
2006, 26, 7707-7718. [CrossRef]

Grifel, L.; Fast, L.A.; Scheffer, K.D.; Boukhallouk, F; Spoden, G.A ; Tenzer, S.; Boller, K.; Bago, R.; Rajesh, S.; Overduin, M.; et al.
The CD63-syntenin-1 complex controls post-endocytic trafficking of oncogenic human papillomaviruses. Sci. Rep. 2016, 6, 32337.
[CrossRef]

Shearer, W.T.; Rosenwasser, L.J.; Bochner, B.S.; Martinez-Moczygemba, M.; Huston, D.P. Biology of common {3 receptor-signaling
cytokines: IL-3, IL-5, and GM-CSE. J. Allergy Clin. Immunol. 2003, 112, 653-665. [CrossRef]

Beekman, ].M.; Verhagen, L.P.; Geijsen, N.; Coffer, PJ. Regulation of myelopoiesis through syntenin-mediated modulation of IL-5
receptor output. Blood 2009, 114, 3917-3927. [CrossRef]

Beekman, ].M.; Vervoort, S.J.; Dekkers, F.; van Vessem, M.E.; Vendelbosch, S.; Brugulat-Paneés, A.; van Loosdregt, J.; Braat, A K,;
Coffer, PJ. Syntenin-mediated regulation of Sox4 proteasomal degradation modulates transcriptional output. Oncogene 2012, 31,
2668-2679. [CrossRef] [PubMed]

Gon, Y.; Maruoka, S.; Inoue, T.; Kuroda, K.; Yamagishi, K.; Kozu, Y.; Shikano, S.; Soda, K.; Lotvall, J.; Hashimoto, S. Selective
release of miRNAs via extracellular vesicles is associated with house-dust mite allergen-induced airway inflammation. Clin. Exp.
Allergy 2017, 47, 1586-1598. [CrossRef]

Yang-Snyder, J.; Miller, ].R.; Brown, ].D.; Lai, C.-J.; Moon, R.T. A frizzled homolog functions in a vertebrate Wnt signaling pathway.
Curr. Biol. 1996, 6, 1302-1306. [CrossRef]

Logan, C.Y,; Nusse, R. The Wnt signaling pathway in development and disease. Annu. Rev. Cell Dev. Biol. 2004, 20, 781-810.
[CrossRef]

Boutros, M.; Mlodzik, M. Dishevelled: At the crossroads of divergent intracellular signaling pathways. Mech. Dev. 1999, 83, 27-37.
[CrossRef] [PubMed]


https://doi.org/10.1038/s41598-019-39882-z
https://doi.org/10.1146/annurev.bi.56.070187.003151
https://doi.org/10.1016/0014-5793(93)81644-F
https://doi.org/10.1038/ncomms7842
https://doi.org/10.1242/jcs.089987
https://doi.org/10.1016/j.devcel.2005.07.011
https://doi.org/10.1016/S0304-419X(99)00005-0
https://www.ncbi.nlm.nih.gov/pubmed/10214350
https://doi.org/10.1016/S0092-8674(00)80836-3
https://www.ncbi.nlm.nih.gov/pubmed/10847681
https://doi.org/10.1016/S0955-0674(97)80119-6
https://doi.org/10.1016/S0960-9822(06)00295-8
https://doi.org/10.1074/jbc.M105792200
https://www.ncbi.nlm.nih.gov/pubmed/11432873
https://doi.org/10.1371/journal.pone.0073790
https://doi.org/10.1017/S0033583500004340
https://doi.org/10.1016/j.mcn.2004.04.007
https://doi.org/10.1074/jbc.M010602200
https://doi.org/10.1074/jbc.273.32.20121
https://www.ncbi.nlm.nih.gov/pubmed/9685355
https://doi.org/10.3389/fimmu.2018.01277
https://doi.org/10.1128/MCB.00849-06
https://doi.org/10.1038/srep32337
https://doi.org/10.1016/j.jaci.2003.08.015
https://doi.org/10.1182/blood-2009-03-208850
https://doi.org/10.1038/onc.2011.445
https://www.ncbi.nlm.nih.gov/pubmed/21986941
https://doi.org/10.1111/cea.13016
https://doi.org/10.1016/S0960-9822(02)70716-1
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1016/S0925-4773(99)00046-5
https://www.ncbi.nlm.nih.gov/pubmed/10507837

Int. . Mol. Sci. 2023, 24, 9418 150f18

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

Strutt, D. Frizzled signalling and cell polarisation in Drosophila and vertebrates. Development 2003, 130, 4501-4513. [CrossRef]
[PubMed]

Sheldahl, L.C.; Slusarski, D.C.; Pandur, P; Miller, J.R.; Kiihl, M.; Moon, R.T. Dishevelled activates Ca2+ flux, PKC, and CamKII in
vertebrate embryos. J. Cell Biol. 2003, 161, 769-777. [CrossRef]

Egea-Jimenez, A.L.; Gallardo, R.; Garcia-Pino, A.; Ivarsson, Y.; Wawrzyniak, A.M.; Kashyap, R.; Loris, R.; Schymkowitz, J.;
Rousseau, F.; Zimmermann, P. Frizzled 7 and PIP2 binding by syntenin PDZ2 domain supports Frizzled 7 trafficking and
signalling. Nat. Commun. 2016, 7, 12101. [CrossRef] [PubMed]

Lu, E; Zhu, L.; Bromberger, T.; Yang, ].; Yang, Q.; Liu, J.; Plow, E.F,; Moser, M.; Qin, ]. Mechanism of integrin activation by talin
and its cooperation with kindlin. Nat. Commun. 2022, 13, 2362. [CrossRef] [PubMed]

Haydari, Z.; Shams, H.; Jahed, Z.; Mofrad, M.R.K. Kindlin Assists Talin to Promote Integrin Activation. Biophys. J. 2020, 118,
1977-1991. [CrossRef]

Zhang, Y.; Chen, K,; Tu, Y,; Velyvis, A.; Yang, Y.; Qin, ].; Wu, C. Assembly of the PINCH-ILK-CH-ILKBP complex precedes and is
essential for localization of each component to cell-matrix adhesion sites. J. Cell Sci. 2002, 115 Pt 24, 4777-4786. [CrossRef]
Boukerche, H.; Su, Z.Z.; Emdad, L.; Sarkar, D.; Fisher, P.B. mda-9/Syntenin: A positive regulator of melanoma metastasis. Cancer
Res. 2005, 65, 10901-10911. [CrossRef]

Morgan, M.R.; Humphries, M.].; Bass, M.D. Synergistic control of cell adhesion by integrins and syndecans. Nat. Rev. Mol. Cell
Biol. 2007, 8, 957-969. [CrossRef]

Deves, R.; Boyd, C. Surface antigen CD98 (4F2): Not a single membrane protein, but a family of proteins with multiple functions.
J. Membr. Biol. 2000, 173, 165-177. [CrossRef]

Feral, C.C; Nishiya, N.; Fenczik, C.A.; Stuhlmann, H.; Slepak, M.; Ginsberg, M.H. CD98hc (SLC3A2) mediates integrin signaling.
Proc. Natl. Acad. Sci. USA 2005, 102, 355-360. [CrossRef] [PubMed]

Lee, K.J.; Yoo, YH.; Kim, M.S.; Yadav, B.K.; Kim, Y,; Lim, D.; Hwangbo, C.; Moon, KW.; Kim, D.; Jeoung, D.; et al. CD99 inhibits
CD98-mediated betal integrin signaling through SHP2-mediated FAK dephosphorylation. Exp. Cell Res. 2015, 336, 211-222.
[CrossRef] [PubMed]

Mitra, S.K.; Schlaepfer, D.D. Integrin-regulated FAK-Src signaling in normal and cancer cells. Curr. Opin. Cell Biol. 2006, 18,
516-523. [CrossRef] [PubMed]

Goodfellow, PN.; Pym, B.; Pritchard, C.; Ellis, N.; Palmer, M.; Smith, M.; Goodfellow, PJ. MIC2: A human pseudoautosomal gene.
Philos. Trans. R. Soc. Lond. B Biol. Sci. 1988, 322, 145-154. [PubMed]

Lee, K.-].; Lee, S.-H.; Yadav, B.K,; Ju, H.-M.; Kim, M.-S; Park, ].-H.; Jeoung, D.-I.; Lee, H.-S.; Hahn, J.-H. The activation of CD99
inhibits cell-extracellular matrix adhesion by suppressing 3jintegrin affinity. BMB Rep. 2012, 45, 159-164. [CrossRef] [PubMed]
Sohn, H.W.,; Shin, YK; Lee, I.-S.; Bae, Y.M.; Suh, YH.; Kim, M.K,; Kim, TJ; Jung, K.C.; Park, W.S,; Park, C.-S.; et al. CD99 regulates
the transport of MHC class I molecules from the Golgi complex to the cell surface. J. Immunol. 2001, 166, 787-794. [CrossRef]
Feng, G.-S.; Pawson, T. Phosphotyrosine phosphatases with SH2 domains: Regulators of signal transduction. Trends Genet. 1994,
10, 54-58. [CrossRef]

Araki, T.; Nawa, H.; Neel, B.G. Tyrosyl phosphorylation of Shp2 is required for normal ERK activation in response to some, but
not all, growth factors. J. Biol. Chem. 2003, 278, 41677-41684. [CrossRef]

Timmerman, I.; Hoogenboezem, M.; Bennett, A.M.; Geerts, D.; Hordijk, P.L.; van Buul, ].D. The tyrosine phosphatase SHP2
regulates recovery of endothelial adherens junctions through control of 3-catenin phosphorylation. Mol. Biol. Cell 2012, 23,
4212-4225. [CrossRef]

Batlle, E.; Massague, J. Transforming Growth Factor-beta Signaling in Immunity and Cancer. Immunity 2019, 50, 924-940.
[CrossRef]

Dijke, P.T.; Hansen, P; Iwata, K.K; Pieler, C.; Foulkes, ].G. Identification of another member of the transforming growth factor
type beta gene family. Proc. Natl. Acad. Sci. USA 1988, 85, 4715-4719. [CrossRef]

Menezes, M.E.; Shen, X.N.; Das, S.K.; Emdad, L.; Sarkar, D.; Fisher, P.B. MDA-9/Syntenin (SDCBP) modulates small GTPases
RhoA and Cdc42 via transforming growth factor 31 to enhance epithelial-mesenchymal transition in breast cancer. Oncotarget
2016, 7, 80175. [CrossRef]

Hwangbo, CK,; Tae, N,; Lee, S.; Kim, O.; Park, O.K,; Kim, J.; Kwon, S.-H.; Lee, ].-H. Syntenin regulates TGF-31-induced Smad
activation and the epithelial-to-mesenchymal transition by inhibiting caveolin-mediated TGF-§ type I receptor internalization.
Oncogene 2016, 35, 389-401. [CrossRef] [PubMed]

Lee, S.H.; Kim, O.; Kim, H.].; Hwangbo, C.; Lee, ] H. Epigenetic regulation of TGF-3-induced EMT by JMJD3/KDM6B histone
H3K27 demethylase. Oncogenesis 2021, 10, 17. [CrossRef]

Ren, Z.; Spaargaren, M.; Pals, S.T. Syndecan-1 and stromal heparan sulfate proteoglycans: Key moderators of plasma cell biology
and myeloma pathogenesis. Blood 2021, 137, 1713-1718. [CrossRef] [PubMed]

Guruharsha, K.G.; Kankel, M.W.,; Artavanis-Tsakonas, S. The Notch signalling system: Recent insights into the complexity of a
conserved pathway. Nat. Rev. Genet. 2012, 13, 654—-666. [CrossRef]

Sprinzak, D.; Blacklow, S.C. Biophysics of Notch Signaling. Annu. Rev. Biophys. 2021, 50, 157-189. [CrossRef] [PubMed]
Estrach, S.; Legg, J.; Watt, EM. Syntenin mediates Deltal-induced cohesiveness of epidermal stem cells in culture. . Cell Sci. 2007,
120, 2944-2952. [CrossRef] [PubMed]

Ishizawar, R.; Parsons, S.J. ¢-Src and cooperating partners in human cancer. Cancer Cell 2004, 6, 209-214. [CrossRef]


https://doi.org/10.1242/dev.00695
https://www.ncbi.nlm.nih.gov/pubmed/12925579
https://doi.org/10.1083/jcb.200211094
https://doi.org/10.1038/ncomms12101
https://www.ncbi.nlm.nih.gov/pubmed/27386966
https://doi.org/10.1038/s41467-022-30117-w
https://www.ncbi.nlm.nih.gov/pubmed/35488005
https://doi.org/10.1016/j.bpj.2020.02.023
https://doi.org/10.1242/jcs.00166
https://doi.org/10.1158/0008-5472.CAN-05-1614
https://doi.org/10.1038/nrm2289
https://doi.org/10.1007/s002320001017
https://doi.org/10.1073/pnas.0404852102
https://www.ncbi.nlm.nih.gov/pubmed/15625115
https://doi.org/10.1016/j.yexcr.2015.07.010
https://www.ncbi.nlm.nih.gov/pubmed/26172215
https://doi.org/10.1016/j.ceb.2006.08.011
https://www.ncbi.nlm.nih.gov/pubmed/16919435
https://www.ncbi.nlm.nih.gov/pubmed/2907798
https://doi.org/10.5483/BMBRep.2012.45.3.159
https://www.ncbi.nlm.nih.gov/pubmed/22449702
https://doi.org/10.4049/jimmunol.166.2.787
https://doi.org/10.1016/0168-9525(94)90149-X
https://doi.org/10.1074/jbc.M306461200
https://doi.org/10.1091/mbc.e12-01-0038
https://doi.org/10.1016/j.immuni.2019.03.024
https://doi.org/10.1073/pnas.85.13.4715
https://doi.org/10.18632/oncotarget.13373
https://doi.org/10.1038/onc.2015.100
https://www.ncbi.nlm.nih.gov/pubmed/25893292
https://doi.org/10.1038/s41389-021-00307-0
https://doi.org/10.1182/blood.2020008188
https://www.ncbi.nlm.nih.gov/pubmed/33512430
https://doi.org/10.1038/nrg3272
https://doi.org/10.1146/annurev-biophys-101920-082204
https://www.ncbi.nlm.nih.gov/pubmed/33534608
https://doi.org/10.1242/jcs.016253
https://www.ncbi.nlm.nih.gov/pubmed/17666427
https://doi.org/10.1016/j.ccr.2004.09.001

Int. . Mol. Sci. 2023, 24, 9418 16 of 18

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.
115.

116.

117.

Boukerche, H.; Aissaoui, H.; Prévost, C.; Hirbec, H.; Das, S.K.; Su, Z.Z.; Sarkar, D.; Fisher, P.B. Src kinase activation is mandatory
for MDA-9/syntenin-mediated activation of nuclear factor-«B. Oncogene 2010, 29, 3054-3066. [CrossRef]

Kim, W.Y,; Jang, J.-Y.; Jeon, Y.K,; Chung, D.H.; Kim, Y.G.; Kim, C.-W. Syntenin increases the invasiveness of small cell lung cancer
cells by activating p38, AKT, focal adhesion kinase and SP1. Exp. Mol. Med. 2014, 46, €90. [CrossRef] [PubMed]

Liu, X.; Zhang, X; Lv, Y.; Xiang, J.; Shi, ]. Overexpression of syntenin enhances hepatoma cell proliferation and invasion: Potential
roles in human hepatoma. Oncol. Rep. 2014, 32, 2810-2816. [CrossRef] [PubMed]

Aissaoui, H.; Prévost, C.; Boucharaba, A.; Sanhadji, K.; Bordet, ].C.; Négrier, C.; Boukerche, H. MDA-9/syntenin is essential for
factor VIla-induced signaling, migration, and metastasis in melanoma cells. J. Biol. Chem. 2015, 290, 3333-3348. [CrossRef]
Patel, A.; Sabbineni, H.; Clarke, A.; Somanath, P.R. Novel roles of Src in cancer cell epithelial-to-mesenchymal transition, vascular
permeability, microinvasion and metastasis. Life Sci. 2016, 157, 52-61. [CrossRef]

Zimmermann, P.; Tomatis, D.; Rosas, M.; Grootjans, J.; Leenaerts, I.; Degeest, G.; Reekmans, G.; Coomans, C.; David, G.
Characterization of syntenin, a syndecan-binding PDZ protein, as a component of cell adhesion sites and microfilaments. Mol.
Biol. Cell 2001, 12, 339-350. [CrossRef]

Parzych, K.R.; Klionsky, D.]. An overview of autophagy: Morphology, mechanism, and regulation. Antioxidants Redox Signal.
2014, 20, 460-473. [CrossRef] [PubMed]

Kumar, D.; Gupta, D.; Shankar, S.; Srivastava, R.K. Biomolecular characterization of exosomes released from cancer stem cells:
Possible implications for biomarker and treatment of cancer. Oncotarget 2015, 6, 3280-3291. [CrossRef]

Nishimura, T.; Tooze, S.A. Emerging roles of ATG proteins and membrane lipids in autophagosome formation. Cell Discov. 2020,
6, 32. [CrossRef]

Murrow, L.; Malhotra, R.; Debnath, J. ATG12-ATG3 interacts with Alix to promote basal autophagic flux and late endosome
function. Nature 2015, 17, 300-310. [CrossRef]

Liou, W.; Geuze, H.J.; Geelen, M.].; Slot, ] W. The autophagic and endocytic pathways converge at the nascent autophagic
vacuoles. J. Cell Biol. 1997, 136, 61-70. [CrossRef]

Fader, C.M.; Sanchez, D.; Furlan, M.; Colombo, M.I. Induction of autophagy promotes fusion of multivesicular bodies with
autophagic vacuoles in k562 cells. Traffic 2008, 9, 230-250. [CrossRef] [PubMed]

Villarroya-Beltri, C.; Baixauli, F.; Mittelbrunn, M.; Fernandez-Delgado, I.; Torralba, D.; Moreno-Gonzalo, O.; Baldanta, S.; Enrich,
C.; Guerra, S.; Sanchez-Madrid, F. ISGylation controls exosome secretion by promoting lysosomal degradation of MVB proteins.
Nat. Commun. 2016, 7, 13588. [CrossRef] [PubMed]

Talukdar, S.; Pradhan, A.K.; Bhoopathi, P.; Shen, X.N.; August, L.A.; Windle, ].].; Sarkar, D.; Furnari, F.B.; Cavenee, W.K,; Das,
S.K,; et al. MDA-9/Syntenin regulates protective autophagy in anoikis-resistant glioma stem cells. Proc. Natl. Acad. Sci. USA
2018, 115, 5768-5773. [CrossRef]

Doyle, L.; Wang, M. Overview of extracellular vesicles, their origin, composition, purpose, and methods for exosome isolation
and analysis. Cells 2019, 8, 727. [CrossRef] [PubMed]

Kahlert, C.; Kalluri, R. Exosomes in tumor microenvironment influence cancer progression and metastasis. J. Mol. Med. 2013, 91,
431-437. [CrossRef]

Friihbeis, C.; Frohlich, D.; Kuo, W.P,; Kramer-Albers, E.-M. Extracellular vesicles as mediators of neuron-glia communication.
Front. Cell. Neurosci. 2013, 7, 182. [CrossRef]

Peferoen, L.; Kipp, M.; van der Valk, P.; van Noort, ].M.; Amor, S. Oligodendrocyte-microglia cross-talk in the central nervous
system. Immunology 2014, 141, 302-313. [CrossRef]

Higa, G.5.V.; De Sousa, E.; Walter, L.T.; Kinjo, E.; Resende, R.R.; Kihara, A.H. MicroRNAs in neuronal communication. MOL.
Neurobiol. 2014, 49, 1309-1326. [CrossRef]

Zhang, H.-G.; Grizzle, W.E. Exosomes: A novel pathway of local and distant intercellular communication that facilitates the
growth and metastasis of neoplastic lesions. Am. |. Pathol. 2014, 184, 28-41. [CrossRef]

Kugeratski, F.G.; Hodge, K,; Lilla, S.; McAndrews, K.M.; Zhou, X.; Hwang, R.F,; Zanivan, S.; Kalluri, R. Quantitative proteomics
identifies the core proteome of exosomes with syntenin-1 as the highest abundant protein and a putative universal biomarker.
Nat. Cell Biol. 2021, 23, 631-641. [CrossRef]

Kegelman, T.P,; Das, S.K.; Hu, B.; Bacolod, M.D.; Fuller, C.E.; Menezes, M.E.; Emdad, L.; Dasgupta, S.; Baldwin, A.S.; Bruce, ].N.;
et al. MDA-9/syntenin is a key regulator of glioma pathogenesis. Neuro-oncology 2014, 16, 50-61. [CrossRef]

Fuster, M.M.; Esko, ].D. The Sweet and Sour of Cancer: Glycans As Novel Therapeutic Targets. Nat. Rev. Cancer 2005, 5, 526-542.
[CrossRef] [PubMed]

Lambaerts, K.A.; Wilcox-Adelman, S.; Zimmermann, P. The signaling mechanisms of syndecan heparan sulfate proteoglycans.
Curr. Opin. Cell Biol. 2009, 21, 662-669. [CrossRef] [PubMed]

Sarrazin, S.; Lamanna, W.C.; Esko, ].D. Heparan sulfate proteoglycans. Cold Spring Harb. Perspect. Biol. 2011, 3, a004952. [CrossRef]
Christianson, H.C.; Belting, M. Heparan sulfate proteoglycan as a cell-surface endocytosis receptor. Matrix Biol. 2014, 35, 51-55.
[CrossRef]

Connell, B.J.; Lortat-Jacob, H. Human immunodeficiency virus and heparan sulfate: From attachment to entry inhibition. Front.
Immunol. 2013, 4, 385. [CrossRef]

Caccuri, F,; Marsico, S.; Fiorentini, S.; Caruso, A.; Giagulli, C. HIV-1 matrix protein p17 and its receptors. Curr. Drug Targets 2015,
17,23-32. [CrossRef]


https://doi.org/10.1038/onc.2010.65
https://doi.org/10.1038/emm.2014.1
https://www.ncbi.nlm.nih.gov/pubmed/24722482
https://doi.org/10.3892/or.2014.3498
https://www.ncbi.nlm.nih.gov/pubmed/25242117
https://doi.org/10.1074/jbc.M114.606913
https://doi.org/10.1016/j.lfs.2016.05.036
https://doi.org/10.1091/mbc.12.2.339
https://doi.org/10.1089/ars.2013.5371
https://www.ncbi.nlm.nih.gov/pubmed/23725295
https://doi.org/10.18632/oncotarget.2462
https://doi.org/10.1038/s41421-020-0161-3
https://doi.org/10.1038/ncb3112
https://doi.org/10.1083/jcb.136.1.61
https://doi.org/10.1111/j.1600-0854.2007.00677.x
https://www.ncbi.nlm.nih.gov/pubmed/17999726
https://doi.org/10.1038/ncomms13588
https://www.ncbi.nlm.nih.gov/pubmed/27882925
https://doi.org/10.1073/pnas.1721650115
https://doi.org/10.3390/cells8070727
https://www.ncbi.nlm.nih.gov/pubmed/31311206
https://doi.org/10.1007/s00109-013-1020-6
https://doi.org/10.3389/fncel.2013.00182
https://doi.org/10.1111/imm.12163
https://doi.org/10.1007/s12035-013-8603-7
https://doi.org/10.1016/j.ajpath.2013.09.027
https://doi.org/10.1038/s41556-021-00693-y
https://doi.org/10.1093/neuonc/not157
https://doi.org/10.1038/nrc1649
https://www.ncbi.nlm.nih.gov/pubmed/16069816
https://doi.org/10.1016/j.ceb.2009.05.002
https://www.ncbi.nlm.nih.gov/pubmed/19535238
https://doi.org/10.1101/cshperspect.a004952
https://doi.org/10.1016/j.matbio.2013.10.004
https://doi.org/10.3389/fimmu.2013.00385
https://doi.org/10.2174/1389450116666150825110840

Int. . Mol. Sci. 2023, 24, 9418 17 of 18

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

Kashyap, R.; Balzano, M.; Lechat, B.; Lambaerts, K.; Egea-Jimenez, A.L.; Lembo, F; Fares, J.; Meeussen, S.; Kiigler, S.; Roebroek,
A.; et al. Syntenin-knock out reduces exosome turnover and viral transduction. Sci. Rep. 2021, 11, 4083. [CrossRef] [PubMed]
Garrido-Urbani, S.; Garg, P.; Ghossoub, R.; Arnold, R.; Lembo, F.; Sundell, G.N.; Kim, PM.; Lopez, M.; Zimmermann, P.; Sidhu,
S.S.; et al. Proteomic peptide phage display uncovers novel interactions of the PDZ1-2 supramodule of syntenin. FEBS Lett. 2016,
590, 3-12. [CrossRef]

Osada, H.; Takahashi, T. MicroRNAs in biological processes and carcinogenesis. Carcinogenesis 2007, 28, 2-12. [CrossRef]
Saliminejad, K.; Khorram Khorshid, H.R.; Soleymani Fard, S.; Ghaffari, S.H. An overview of microRNAs: Biology, functions,
therapeutics, and analysis methods. J. Cell. Physiol. 2019, 234, 5451-5465. [CrossRef]

Koo, TH.; Lee, J.-J.; Kim, E.-M.; Kim, K.-W.; Kim, H.D.; Lee, J.-H. Syntenin is overexpressed and promotes cell migration in
metastatic human breast and gastric cancer cell lines. Oncogene 2002, 21, 4080—4088. [CrossRef]

Landthaler, M.; Yalcin, A.; Tuschl, T. The human DiGeorge syndrome critical region gene 8 and Its D. melanogaster homolog are
required for miRNA biogenesis. Curr. Biol. 2004, 14, 2162-2167. [CrossRef]

Hutvagner, G.; Mclachlan, J.; Pasquinelli, A.E.; Balint, E.; Tuschl, T.; Zamore, P.D. A cellular function for the RNA-interference
enzyme Dicer in the maturation of the let-7 small temporal RNA. Science 2001, 293, 834-838. [CrossRef] [PubMed]

Filipowicz, W.; Bhattacharyya, S.N.; Sonenberg, N. Mechanisms of post-transcriptional regulation by microRNAs: Are the
answers in sight? Nat. Rev. Genet. 2008, 9, 102-114. [CrossRef] [PubMed]

Das, S.K.; Maji, S.; Wechman, S.L.; Bhoopathi, P.; Pradhan, A K; Talukdar, S.; Sarkar, D.; Landry, J.; Guo, C.; Wang, X.Y.; et al.
MDA-9/Syntenin (SDCBP): Novel gene and therapeutic target for cancer metastasis. Pharmacol. Res. 2020, 155, 104695. [CrossRef]
Pu, T; Shen, M,; Li, S.; Yang, L.; Gao, H.; Xiao, L.; Zhong, X.; Zheng, H; Liu, Y.; Ye, F; et al. Repression of miR-135b-5p promotes
metastasis of early-stage breast cancer by regulating downstream target SDCBP. Lab. Investig. 2019, 99, 1296-1308. [CrossRef]
[PubMed]

Jana, S.; Sengupta, S.; Biswas, S.; Chatterjee, A.; Roy, H.; Bhattacharyya, A. miR-216b suppresses breast cancer growth and
metastasis by targeting SDCBP. Biochem. Biophys. Res. Commun. 2017, 482, 126-133. [CrossRef] [PubMed]

Zu, E; Chen, H,; Liu, Q.; Zang, H.; Li, Z; Tan, X. Syntenin Regulated by miR-216b Promotes Cancer Progression in Pancreatic
Cancer. Front. Oncol. 2022, 12, 790788. [CrossRef]

Zhao, X.; Li, M,; Dai, X,; Yang, Y.; Peng, Y.; Xu, C.; Dai, N.; Wang, D. Downregulation of exosomal miR-1273a increases cisplatin
resistance of non-small cell lung cancer by upregulating the expression of syndecan binding protein. Oncol. Rep. 2020, 44,
2165-2173. [CrossRef]

Qian, B.; Zhang, D.; Tao, R,; Yu, G.; Jia, B.; Ye, K.; Ma, L.; Wan, S.; Wu, W. MiR-361-5p exerts tumor-suppressing functions in
gastric carcinoma by targeting syndecan-binding protein. Anti-Cancer Drugs 2020, 31, 131-140. [CrossRef] [PubMed]

Lu, S.; Xu, Q. MicroRNA-23a inhibits melanoma cell proliferation, migration, and invasion in mice through a negative feedback
regulation of sdcbp and the MAPK/ERK signaling pathway. IUBMB Life 2019, 71, 587-600. [CrossRef] [PubMed]

Tian, W.; Wu, W,; Li, X.; Rui, X.; Wu, Y. MiRN A-139-3p inhibits the proliferation, invasion, and migration of human glioma cells
by targeting MDA-9/syntenin. Biochem. Biophys. Res. Commun. 2019, 508, 295-301. [CrossRef]

Lin, J.; Wen, X.; Zhang, X.; Sun, X.; Yunzhi, L.; Peng, R.; Zhu, M.; Wang, M.; Zhang, Y.; Luo, W.; et al. miR-135a-5p and miR-124-3p
inhibit malignancy of glioblastoma by downregulation of syndecan binding protein. J. Biomed. Nanotechnol. 2018, 14, 1317-1329.
[CrossRef] [PubMed]

Qian, X.-L.; Li, Y.-Q.; Yu, B.; Gu, F; Liu, E-F; Li, W.-D.; Zhang, X.-M.; Fu, L. Syndecan binding protein (SDCBP) is overexpressed
in estrogen receptor negative breast cancers, and is a potential promoter for tumor proliferation. PLoS ONE 2013, 8, e60046.
[CrossRef]

Yang, Y.; Hong, Q.; Shi, P,; Liu, Z.; Luo, J.; Shao, Z. Elevated expression of syntenin in breast cancer is correlated with lymph node
metastasis and poor patient survival. Breast Cancer Res. 2013, 15, R50. [CrossRef]

You, Y.; Tan, J.; Gong, Y.; Dai, H.; Chen, H.; Xu, X.; Yang, A.; Zhang, Y.; Bie, P. MicroRNA-216b-5p Functions as a Tumor-
suppressive RNA by Targeting TPT1 in Pancreatic Cancer Cells. J. Cancer 2017, 8, 2854. [CrossRef]

Wu, X.; Chen, W.; Cai, H.; Hu, J.; Wu, B; Jiang, Y.; Chen, X.; Sun, D.; An, Y. MiR-216b inhibits pancreatic cancer cell progression
and promotes apoptosis by down-regulating KRAS. Arch. Med. Sci. 2018, 14, 1321-1332. [CrossRef]

Luo, P; Yang, X.; Huang, S.; Feng, S.; Ou, Z. Syntenin overexpression in human lung cancer tissue and serum is associated with
poor prognosis. BMC Cancer 2020, 20, 159. [CrossRef]

Liu, J.; Yang, J.; Yu, L.; Rao, C.; Wang, Q.; Sun, C.; Shi, C.; Hua, D.; Zhou, X.; Luo, W.; et al. miR-361-5p inhibits glioma migration
and invasion by targeting SND1. OncoTargets Ther. 2018, 11, 5239-5252. [CrossRef]

Han, J.; Yu, J; Dai, Y,; Li, ].; Guo, M.; Song, J.; Zhou, X. Overexpression of miR-361-5p in triple-negative breast cancer (TNBC)
inhibits migration and invasion by targeting RQCD1 and inhibiting the EGFR/PI3K/ Akt pathway. Bosn. |. Basic Med. Sci. 2019,
19, 52. [CrossRef] [PubMed]

Hou, X.W,; Sun, X; Yu, Y.; Zhao, HM.; Yang, Z.].; Wang, X.; Cao, X.C. miR-361-5p suppresses lung cancer cell lines progression
by targeting FOXM1. Neoplasma 2017, 64, 526-534. [CrossRef]

Guo, W.;; Wang, H.; Yang, Y,; Guo, S.; Zhang, W.; Liu, Y.; Chunying, L.; Ma, J.; Zhao, T.; Liu, L.; et al. Down-regulated miR-23a
Contributes to the Metastasis of Cutaneous Melanoma by Promoting Autophagy. Theranostics 2017, 7, 2231-2249. [CrossRef]
[PubMed]


https://doi.org/10.1038/s41598-021-81697-4
https://www.ncbi.nlm.nih.gov/pubmed/33602969
https://doi.org/10.1002/1873-3468.12037
https://doi.org/10.1093/carcin/bgl185
https://doi.org/10.1002/jcp.27486
https://doi.org/10.1038/sj.onc.1205514
https://doi.org/10.1016/j.cub.2004.11.001
https://doi.org/10.1126/science.1062961
https://www.ncbi.nlm.nih.gov/pubmed/11452083
https://doi.org/10.1038/nrg2290
https://www.ncbi.nlm.nih.gov/pubmed/18197166
https://doi.org/10.1016/j.phrs.2020.104695
https://doi.org/10.1038/s41374-019-0258-1
https://www.ncbi.nlm.nih.gov/pubmed/31024042
https://doi.org/10.1016/j.bbrc.2016.10.003
https://www.ncbi.nlm.nih.gov/pubmed/27720715
https://doi.org/10.3389/fonc.2022.790788
https://doi.org/10.3892/or.2020.7753
https://doi.org/10.1097/CAD.0000000000000846
https://www.ncbi.nlm.nih.gov/pubmed/31850945
https://doi.org/10.1002/iub.1979
https://www.ncbi.nlm.nih.gov/pubmed/30589231
https://doi.org/10.1016/j.bbrc.2018.11.144
https://doi.org/10.1166/jbn.2018.2579
https://www.ncbi.nlm.nih.gov/pubmed/29944105
https://doi.org/10.1371/journal.pone.0060046
https://doi.org/10.1186/bcr3442
https://doi.org/10.7150/jca.18931
https://doi.org/10.5114/aoms.2018.72564
https://doi.org/10.1186/s12885-020-6653-6
https://doi.org/10.2147/OTT.S171539
https://doi.org/10.17305/bjbms.2018.3399
https://www.ncbi.nlm.nih.gov/pubmed/29924958
https://doi.org/10.4149/neo_2017_406
https://doi.org/10.7150/thno.18835
https://www.ncbi.nlm.nih.gov/pubmed/28740547

Int. . Mol. Sci. 2023, 24, 9418 18 of 18

144.

145.

146.

147.

148.

149.

150.

Boukerche, H.; Su, Z.Z.; Prévot, C.; Sarkar, D.; Fisher, P.B. mda-9/Syntenin promotes metastasis in human melanoma cells by
activating c-Src. Proc. Natl. Acad. Sci. USA 2008, 105, 15914-15919. [CrossRef]

Li, C.; Zhou, T.; Chen, J.; Li, R.; Chen, H.; Luo, S.; Chen, D.; Cai, C.; Li, W. The role of Exosomal miRNAs in cancer. J. Transl. Med.
2022, 20, 6. [CrossRef] [PubMed]

Faversani, A.; Amatori, S.; Augello, C.; Colombo, F.; Porretti, L.; Fanelli, M.; Ferrero, S.; Palleschi, A.; Pelicci, P.G.; Belloni, E.; et al.
miR-494-3p is a novel tumor driver of lung carcinogenesis. Oncotarget 2017, 8, 7231. [CrossRef]

Wu, C;; Yang, J.; Li, R.; Lin, X.; Wu, J.; Wy, J. LncRNA WT1-AS/miR-494-3p regulates cell proliferation, apoptosis, migration and
invasion via PTEN/PI3K/AKT signaling pathway in non-small cell lung cancer. OncoTargets Ther. 2021, 14, 891. [CrossRef]
Shen, P.F,; Chen, X.Q,; Liao, Y.C.; Chen, N.; Zhou, Q.; Wei, Q.; Li, X.; Wang, J.; Zeng, H. MicroRNA-494-3p targets CXCR4 to
suppress the proliferation, invasion, and migration of prostate cancer. Prostate 2014, 74, 756-767. [CrossRef]

Li, X.-T.; Wang, H.-Z.; Wu, Z.-W.; Yang, T.-Q.; Zhao, Z.-H.; Chen, G.-L.; Xie, X.-S.; Li, B.; Wei, Y.-X.; Huang, Y.-L.; et al. miR-494-3p
regulates cellular proliferation, invasion, migration, and apoptosis by PTEN/AKT signaling in human glioblastoma cells. Cell.
Mol. Neurobiol. 2015, 35, 679-687. [CrossRef]

Lin, H.; Huang, Z.-P,; Liu, J.; Qiu, Y.; Tao, Y.-P.; Wang, M.-C.; Yao, H.; Hou, K.-Z.; Gu, F-M.; Xu, X.-F. MiR-494-3p promotes
PI3K/AKT pathway hyperactivation and human hepatocellular carcinoma progression by targeting PTEN. Sci. Rep. 2018, §,
10461. [CrossRef]

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


https://doi.org/10.1073/pnas.0808171105
https://doi.org/10.1186/s12967-021-03215-4
https://www.ncbi.nlm.nih.gov/pubmed/34980158
https://doi.org/10.18632/oncotarget.13933
https://doi.org/10.2147/OTT.S278233
https://doi.org/10.1002/pros.22795
https://doi.org/10.1007/s10571-015-0163-0
https://doi.org/10.1038/s41598-018-28519-2

	Introduction 
	Syntenin Structure 
	Binding Partners 
	ALIX and c-Src 
	GTPase 
	Merlin 
	Glycine Transpoter Subtype 2 (GlyT2) and Syntaxin 
	CD63 
	Interleukin-5 Receptor a (IL5Ra) 

	Cellular Signaling Pathways 
	Wnt Signaling 
	Integrin Signaling 
	CD98, 99-Mediated Signaling 
	CD98 
	CD99 

	TGF- Signaling 

	Function of Syntenin 
	Protein Trafficking 
	Cell Motility and Membrane Organization 
	Autophagy 
	Exosome 
	Exosome Synthesis 
	Exosome Endocytosis 


	Relationship between Syntenin and microRNA 
	The Regulation Mechanism of Syntenin by miRNA 
	Breast Cancer 
	Pancreatic Cancer 
	Lung Cancer 
	Gastric Cancer 
	Melanoma 
	Gliomas and Glioblastoma 

	The Regulation of miRNA by Syntenin 

	Conclusions 
	References

