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Abstract: Connexins and integrins, the two structurally and functionally distinct families of
transmembrane proteins, have been shown to be inter-connected by various modes of cross-talk
in cells, such as direct physical coupling via lateral contact, indirect physical coupling via actin
and actin-binding proteins, and functional coupling via signaling cascades. This connexin-integrin
cross-talk exemplifies a biologically important collaboration between channels and adhesion receptors
in cells. Exosomes are biological lipid-bilayer nanoparticles secreted from virtually all cells via
endosomal pathways into the extracellular space, thereby mediating intercellular communications
across a broad range of health and diseases, including cancer progression and metastasis, infection and
inflammation, and metabolic deregulation. Connexins and integrins are embedded in the exosomal
membranes and have emerged as critical regulators of intercellular communication. This concise
review article will explain and discuss recent progress in better understanding the roles of connexins,
integrins, and their cross-talk in cells and exosomes.
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1. Introduction

Connexins (Cxs) [1-3] and integrins [4-6] are two structurally and functionally distinct families of
membrane proteins that have been shown to play apparently different biological roles in intercellular
communications, as detailed in the sections that follow. Briefly, Cxs primarily function as an integral
component of channels at the gap junctions, where they mediate inter-cellular exchanges of small
molecules [1-3], whereas integrins primarily function as cell-adhesion molecules that mediate cell-
to-cell and/or cell-to-extracellular matrix adhesive interactions [4-6]. Several important modes
of crosstalk between integrins and Cxs have been identified [7-9], underscoring the important
collaborations between these two distinct membrane proteins in regulating cellular functions in both
health and diseases, including cancers. Recently, investigations of Cxs and integrins have expanded
to exosomes, the lipid bi-layered nanoparticles secreted from cells that are now recognized as a new
biological means for intercellular communications under normal physiological and many patho-
physiological conditions, such as cancers [10]. Exosomes display many membrane proteins—including
Cxs [11] and integrins [12]—that originate from source cells. However, the functions and biological
implications of exosomal Cxs and integrins remain little understood. Here, we aim to review recent
progress in understanding how Cxs and integrins function in exosomes, and will then theorize how
they might crosstalk in exosomes.
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1.1. Connexins

Cxs are the family of channel-building proteins that span the membrane four times and that consist
of two extracellular loops and one cytoplasmic loop, thereby comprising both the amino and carboxyl
termini in the cytoplasm [1,2]. In humans and mice, more than 20 Cx proteins have been identified [2].
Cxs are assembled with hexamers, allowing the formation of Cx-containing gap junction channels
and hemichannels. In this way, they are involved in the transmembrane transport of ions and small
molecules between the cytoplasm of two attaching cells in the case of the Cx-containing gap junction
channels, and between the cytoplasm and the extracellular space in the case of hemichannels [2,3].
Cxs also carry out biological functions independent of the Cx-containing gap junction channels and
hemichannels [13]. For example, the ectopic expression of the connexin 43 (Cx43) carboxy-terminal
cytoplasmic tail has been shown to be sufficient to mediate, through the Cx interactome, some
of the Cx-mediated cellular functions, such as the regulation of cell growth [13,14]. The ability of
Cx-containing channels to dynamically open and close is regulated by several distinct mechanisms,
including protein phosphorylation, divalent cations, membrane potentials, and redox molecules [15].
In addition, several cytoplasmic proteins (e.g., Ezrin, x-tubulin, zona occludens-1 (ZO-1)) directly
interact with Cxs, thereby regulating the activities of both channel and non-channel functions [1,13].

The diverse and complex biological functions of Cxs in cancers have been demonstrated [3,13].
Cxs exhibit either anti-tumorigenic or pro-tumorigenic activities, depending on the Cx subtypes, cancer
origins, and cancer progression stages [3,13]. The anti-tumorigenic activities of Cxs are explained
at least partly through the suppression of the cell cycle, whereas the pro-tumorigenic activities are
explained through the promotion of cell migration [3,13]. The crosstalk with integrins and exosomal
Cxs would provide a clue to better-explain the diverse activities of Cx in cancers.

1.2. Integrins

Integrins comprise the family of cell adhesion molecules that mediate cell-to-cell and cell-to-
extracellular matrix interactions across a wide range of physiological and pathophysiological settings,
such as cell adhesion and migration [4], cell differentiation and proliferation [16], organ development
and tissue regeneration [17], mechano-transduction [18], inflammation [19], and cancer metastasis [20].
Integrins are heterodimeric membrane proteins consisting of « and (3 subunits [4,5] and comprise
an integral component of integrin-adhesion complexes at focal adhesions, in which they play a key
role in mediating bi-directional transmembrane signals [18,21]. Both integrin subunits are type I
transmembrane proteins that span the membrane, with the extracellular amino terminus and the
cytoplasmic carboxyl terminus. The amino termini of the o and 3 subunits are non-covalently
associated with each other, thereby forming o3 integrin heterodimers [4,5]. In humans and mice,
18 integrin o subunits and eight integrin 3 subunits have been identified, thus comprising at least 24
different integrin heterodimers [4,5]. The most prominent feature of integrins is their ability to transmit
bi-directional transmembrane signals via global conformational changes [5,18]. The extracellular
domains of integrins undergo global conformational changes that lead to a rapid increase in
ligand-binding affinity [5]. This occurs in response to intracellular signals elicited by the activation
of other receptors, such as chemokine receptors and growth factor receptors [4-6,22]. Conversely,
ligand binding to the extracellular domains of integrins enforces the stabilization of high-affinity
conformations that sustain signaling to the cytoplasm, thereby modifying cellular functions including
proliferation, metabolism, and migration [4-6,22]. Integrin-mediated modifications of cellular functions
play an important role in many pathologies, such as in the chemo-resistance of cancer cells [23].

1.3. Exosomes

Exosomes are nano-sized biological particles secreted from virtually all cells, and constitute a
subset of extracellular vesicles. As exosomes carry various bioactive molecules, such as enzymes,
cytokines, eicosanoids, and small RNAs, they play critical roles in intercellular communications,
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both in healthy individuals and in those afflicted with diseases [10]. Among the various types of
extracellular vesicles, exosomes are unique in that they are formed and secreted by the cellular
endosomal pathway [24]. Of note, parts of internalized integrins [25] and Cxs [26] are directed to
early endosomes in the endosomal pathway. They are subsequently sorted into different membrane
trafficking routes to include the following: recycling back to the plasma membrane; forming late
endosomes followed by degradation in lysosomes; and forming late endosomes followed by integration
into exosomes in the multi-vesicular body. The latter are eventually fused to the plasma membrane,
resulting in the release of exosomes into the extracellular space.

2. Integrin-Connexin Cross-Talk in Cells

The Cx-mediated cell-to-cell interaction that occurs via gap junction-mediated intercellular
communications (GJIC) is known to be affected by integrin-mediated cell-to-extracellular matrix
interactions [27], which serves as a good example of Cx-integrin crosstalk. To date, several studies have
shown multiple cases of Cx-integrin crosstalk in various contexts. The mechanistic basis underlying
the crosstalk between the two membrane proteins has been classified into at least three distinct modes,
as shown in the following sections.

2.1. Direct Physical Coupling Via Lateral Contact

The activities of integrins are regulated not only by their interactions with cytoplasmic adaptor
proteins, such as talin and kindlin [28], but also by their lateral associations with other membrane
proteins, such as members of the tetraspan superfamily of membrane proteins (e.g., CD9, CD151,
Tspanl2) [29]. Cx43 has been added as a new member of the membrane proteins that directly and
laterally associate with integrins [7]. Jiang and colleagues have shown in osteocytes that the Cx43
hemichannels directly interact with integrin a531 [7] (Figure 1A). Notably, the presence of shear stress
elicits intracellular PI3K signaling, thereby leading to integrin activation. Activated integrin o531
undergoes conformational changes, which enhances its physical interactions with Cx43. Enhanced
physical interaction between the integrin and the Cx induces the opening of the hemichannels. A sequel
study by the same group has shown that shear stress-induced AKT activation phosphorylates both
Cx43 and integrin o501, thereby further facilitating not only the physical interaction between Cx43
and the integrin, but also the opening of the Cx43 hemichannels [30]. This physical coupling of
integrins and Cxs suggests an underlying structural mechanism by which shear stress induces the
transmembrane communication of small molecules, including anabolic factors [7]. Physical association
with integrin «5031 could stabilize the Cx protein, which may explain why transgenic mice expressing
mutant-truncated integrin o5 lacking the specific residues to interact with Cx43 exhibit a reduced
expression of this Cx [31]. However, a contrasting result was reported in cardiomyocytes that were
differentiated in vitro from (31 integrin-deficient ES cells; in this setting, Cx43 expression was enhanced
in the absence of 31 integrin [32]. It remains to be seen whether these contradictory results stem from
different integrin manipulations (i.e., partial deletion vs. complete deletion), although Wnt signaling,
activated secondarily to the 31 integrin deficiency, might be involved in the upregulation of Cx43
expression [32].
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Figure 1. Different modes of cross-talk between integrins and Cxs. Three different mechanisms
have been reported that explain how the activation-dependent conformational changes observed in
integrins regulate the opening/closing of Cx channels: (A) direct physical coupling via lateral contact,
(B) indirect physical coupling via actin and actin-binding proteins, and (C) functional coupling via
signaling cascades. SFK: Src-family kinases; PLCy: Phospholipase Cy; IP3: Inositol-1,4,5-triphosphate.

2.2. Indirect Physical Coupling Via Actin and Actin-Binding Proteins

In addition to the direct lateral interaction of Cxs with integrins, these two families of membrane
molecules are inter-connected via the network of the actin cytoskeleton and actin-binding proteins
(Figure 1B). Integrins are connected to actin via several different actin-binding proteins (e.g., talin and
vinculin), which directly bind to cytoplasmic integrin domains [33]. By contrast, Cxs are connected to
actin via the ZO-1-vinculin complex, in which ZO-1 and vinculin bind to Cx and actin, respectively.
In this way, vinculin is involved in both integrin-actin and Cx-actin interactions, thereby playing a
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pivotal role in the cytoskeletal linkage that inter-connects Cxs and integrins [8]. This suggests a model
in which gap junction Cxs at the intercalated discs are mechanically linked to integrins at the focal
adhesions via the actin cytoskeleton and actin-biding proteins, such as vinculin, ZO-1, and talin [8].
Cx and integrin protein expression has been shown to be reduced during the conditional deletion of
vinculin in cardiomyocytes [8]. In addition, pharmacological inhibition of a microtubule cytoskeleton
that supports an indirect linkage between Cxs and integrins was shown to alter the distribution and
expression of Cx43 [34]. Therefore, the cytoskeletal connections between Cxs and integrins are thought
to be important for the maintenance of normal protein distribution, expression, and/or functions of
both groups of membrane molecules [8,34].

2.3. Functional Coupling Via Signaling Cascades

In contrast to the direct and indirect “physical” connections between Cxs and integrins,
integrin-mediated signaling cascades are “chemically” coupled to the Cx opening via signaling
cascades such as protein phosphorylation (Figure 1C). A good example of such chemical coupling has
been observed in macrophages infected by the parasite Entamoeba histolytica, which activates integrin
a531 [9]. Integrin activation in macrophages was associated with NLRP3 inflammasome activation
and subsequent opening of the hemichannels comprised of pannexin-1, another channel-forming
protein that shows a similar membrane topology to Cxs despite the lack of any sequence homologies
between the two channel proteins [2]. The opening of the pannexin-1-containing hemichannel,
which leads to ATP release into the extracellular space, was induced by the chemical modification
(i.e., phosphorylation) of the pannexin-1 C-terminus via the integrin-mediated activation of the
Src-family kinase. An alternative signaling cascade that links integrin activation to the opening
of the hemichannel has been identified and involves integrin «V33. Ligand-induced activation of
integrin «V33 induces the opening of Cx43 and pannexin-1 hemichannels, thereby giving rise to
ATP release [35]. The integrin oV 33-mediated PI3K-PLCy-IP3R pathway eventually gives rise to Ca?*
release from the ER to the cytoplasm, triggering the opening of the hemichannel that, in turn, induces
ATP release. Integrin-mediated ATP release via the hemichannel transactivates the P2X7 adenosine
receptor, by which it is implicated in directed cell migration.

Several signaling cascades downstream of integrins have been shown to regulate Cx localization,
membrane trafficking [27], and mRNA expression [32,36]. Integrin a331-mediated adhesion of
keratinocytes to laminin, a major component of the basement membrane, not only strongly induced
the formation of Cx43-containing gap junctions, but also promoted GJIC [27]. This integrin-mediated
promotion of GJIC was shown to be mediated by RhoA signaling, which mediates intracellular
Cx trafficking to support assembly of the gap junctions [27]. Integrin-linked kinase is one of the
important adaptor proteins that mediates the downstream signaling following integrin-dependent cell
adhesion [36]. Integrin-linked kinase activation in hepatocytes has been shown to induce the nuclear
translocation of AKT, thereby leading to the suppression of Cx32 mRNA expression [36].

3. Connexins and Integrins in Exosomes

Exosomes are taken up by target cells, by which they are internalized in order to deliver any
exosomal contents, including small molecules and small RNAs, to the cytoplasm [37,38]. Two major
mechasnisms of exosomal uptake have been proposed: fusion to the cellular plasma membrane
and endocytosis via several different modes (e.g., macropinocytosis, phagocytosis, clathrin-mediated
endocytosis, caveolin-mediated endocytosis, and lipid-raft-mediated endocytosis) [37,38]. As described
in the sections that follow, exosomal Cxs and integrins have been shown to play important roles in
exosomal binding to, uptake by, and/or delivery of contents to, target cells.
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3.1. Connexins in Exosomes

3.1.1. Exosomal Connexin-Mediated Molecular Transfer to Target Cells

Girao and colleagues have demonstrated the presence of the Cx43 protein in the membranes of
exosomes secreted by several cultured cell lines that express Cx43 on the cell surface [11]. Exosomes
isolated from biological fluids and human plasma also contain the Cx43 protein. Exosomal Cx43
has been shown to assemble and attach to intact oligomers, thereby surviving to form hexameric
hemichannels. Of note, exosomal Cx43-based hemichannels have been shown to be functionally active
in their ability to transfer small molecules to target cells [11]. Exosomes expressing Cx43 exhibited the
capability to transfer, to target cells, a dye luciferin (molecular weight 280) known to penetrate gap
junction channels. The transfer of luciferin happens instantaneously, requiring only a few seconds.
As the instantaneous nature of the transfer phenomenon is probably dissimilar to the mechanism
underlying exosomal internalization, the transfer most likely occurs through a channel pore. Exosomal
transfer of luciferin was inhibited by a peptide gap 26 that blocked Cx43-based channel functions [11].
In addition, exosomes containing mutant Cx43 (S368A), which inhibited serine phosphorylation, and
thereby facilitated the formation of a constitutively open hemichannel, exhibited higher levels of
instantaneous exosomal luciferin transfer [11]. By contrast, exosomes containing another mutant Cx43
(5368D), one that mimics serine phosphorylation at residue 368 and thereby facilitates the formation of a
constitutively closed hemichannel, exhibited reduced levels of exosomal luciferin transfer. These results
confirmed the Cx channel-dependent exosomal transfer of luciferin [11]. This transfer appears to take
place through the docking of the exosomal hemichannel and via targeting of the cellular hemichannel,
thus constituting a gap junction-like functional channel between exosomes and target cells [11]. The
blocking peptide gap 26, which would disrupt the proper formation of Cx43-based hemichannels,
inhibited the channel docking between exosomes and target cells [11].

In addition to the internalization of exosomes via fusion to the plasma membrane and
endocytosis [37,38], this gap junction-like Cx channel-mediated mechanism might represent a novel
alternative method for instantaneously delivering at least parts of the exosomal contents to target
cells [11]. Cx channel-mediated transfer would precede, and/or simultaneously occur in tandem
with, the uptake of exosomes via internalization. Thus, it is interesting to speculate that those small
molecules instantaneously delivered via Cx channels might alter the metabolism of target cells, thereby
preconditioning them to either promote or suppress subsequent exosomal uptake.

Another interesting point of speculation concerns the possibility that exosomes might form
Cx43-based channels not only with target cells that endogenously express Cx43, but also with those
cells that do not. As shown by the exosomal transfer of integrin proteins to target cells [22,39],
the membrane fusion of Cx43-containig exosomes to target cells could lead to the incorporation of
(Cx43 into the plasma membranes of target cells. Therefore, the ability of exosomes to transfer the Cx43
protein could enable Cx43 channel-mediated exosomal delivery to virtually any target cell population,
regardless of the endogenous expression of target cellular Cx43. This might entail a generalized model
in which the Cx channel-mediated instantaneous delivery of exosomal contents occurs in tandem with
exosomal uptake via internalization and membrane fusion during the course of ongoing intercellular
exosomal communication.

3.1.2. Cx-Mediated Transfer of Therapeutically and Biologically Active Exosomal Contents

Using a model involving molecular luciferin dye, Cx channel-mediated transfer of exosomal
contents was shown to occur with proof-of-principal validity [11]. However, it remains to be elucidated
exactly what type of therapeutically and/or biologically active exosomal contents would be delivered
via the Cx channels to target cells.

A sequel study conducted by Girao and colleagues aimed to investigate the ability of exosomal
Cx43 to enhance the delivery of the chemotherapeutic drug doxorubicin to tumors [40]. Although
the presence of Cx43 on doxorubicin-loaded exosomes did not enhance the anti-tumor effects in vivo,
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exosomal Cx43 ameliorated the cardiotoxicity of doxorubicin [40]. Whereas the heart expresses Cx43,
cardiac Cx43 is thought to locate mainly at the intercalated discs, forming gap junctions therein. Thus,
cardiac Cx43 is not readily available for exosomal Cx43 to dock, thereby partly illustrating the
molecular mechanism underlying exosomal Cx43-mediated amelioration of doxorubicin-induced
cardiotoxicity, which remains unclear [40]. A possible additional explanation could be that Cx43-
positive, doxorubicin-loaded exosomes are taken up by non-cardiac organs that express high levels of
Cx43, such as the bone marrow, endocrine tissues, and skin [41].

MicroRNAs (miRNAs) are among the most biologically active components of exosomes,
and have been extensively studied in terms of the exosome-induced functional alteration of target
cells [42]. Notably, two RNA-binding motifs were predicted in the sequence of Cx43; specifically,
at the cytoplasmic loop and C-terminal cytoplasmic regions [43]. Although the functions of RNA-
binding motifs still await experimental testing, they are believed to facilitate the packing of small
RNAs, including miRNAs, into Cx43-containing exosomes. Currently, the “gap junction-like” Cx
channel-mediated exosomal miRNA transfer to target cells remains an attractive idea lacking
experimental verification. By contrast, miRNA transfer through an authentic gap junction between
cells has been demonstrated [44,45]. Mature miRNAs were transferred and exchanged via gap
junctions between the cytoplasmic spaces of adjacent cells [45]. Gap junction-mediated exchange of
mature miRNAs has been observed both between homotypic cells and between heterotypic cells [44].
For example, the miRNA exchange that occurs between endothelial cells and cancer cells has been
demonstrated in vitro [44]. The physiological significance of gap junction-mediated miRNA exchanges
between cells has yet to be elucidated; however, it may trigger bystander effects in gene therapy
settings. In such cases, synthetic miRNA mimetics would be delivered not only onto the target cells,
but also onto adjacent non-target cells [44]. The miRNA mimetics initially delivered to adjacent
non-target cells could subsequently spread, reaching target cells through the gap junctions between
adjacent and target cells [44]. In this way, gap-function-mediated bystander effects would enhance the
therapeutic effects of miRNA mimetic treatments.

Kalluri and colleagues have demonstrated that cancer exosomes contain all of the necessary
components for gene silencing to include miRNAs along with the RNA-induced silencing complexes
(RISCs), which contain Dicer, Ago2, and trans-activating response RNA-binding proteins [46]. Thus,
miRNA biogenesis (i.e., pri-miRNA processing by Dicer to transform into mature miRNA) [42]
could occur within exosomes, which suggests they function somewhat like miRNA factories [47].
The simultaneous transfer of mature miRNAs into RISCs would enable gene silencing as soon as
the exosomes were delivered to the target cells, independently of target cellular RISC components.
These results need to be reproduced independently and the detailed nature of miRNA processing
during exosomal biogenesis requires further and extensive investigation.

3.1.3. Regulation of Exosome Release by Cellular Connexin

Several types of cellular stress (e.g., cellular senescence by irradiation [48]; endoplasmic reticulum
stress by cisplatin [49]; and tunicamycin [50]) have been shown to increase the release of exosomes from
cells. The regulatory role of Cx43 in exosome release has been shown in traumatic brain injury [51].
Cx43 in astroglias in the hippocampus has been implicated in propagating damage into surrounding
brain tissues [51]. Using a rat model, Tong and colleagues have demonstrated that traumatic brain
injury induced at the hippocampus results in the release of exosomes, which attempted to restore the
injury-induced functional memory defects then present in the hippocampus neurons (i.e., long-term
potentiation) [51]. Of note, Cx43 is responsible for promoting injury-induced exosomal release from
the hippocampus [51], indicating its important role in both propagating and dampening neuronal
damage in traumatic brain injury.
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3.2. Integrins in Exosomes

3.2.1. Integrin-Directed Exosomal Homing to Tissues and Remodeling of the Homing Niche

Integrins on leukocytes, such as a437 and «L32, support the critical adhesive interactions with
their ligands MAdCAM-1 (Mucosal Addressin Cell Adhesion Molecule-1) and ICAM-1 (Intercellular
Adhesion Molecule-1), respectively, on endothelial cells, thereby mediating migration to specific
tissues [52]. This trafficking process is known as tissue-specific leukocyte migration (or homing).
It constitutes an integral part of an effective adoptive immune response and of eliciting immune cell
accumulation at the site of inflammation [52]. The concept of integrin-mediated cell migration to
specific tissues, wherein endothelial cells express corresponding integrin ligands, can be generalized
to the metastatic spread of cancer [53,54]. Some cancer cells are known to upregulate the expression of
aVPB3, aVP36, o531, and/or x634 [54]. These cancer-upregulated integrins bind to specific extracellular
matrix protein ligands, such as vitronectin, fibronectin, laminin, and collagens, that are deposited in
the cancer microenvironment, thereby promoting the metastatic dissemination of primary cancer cells
to distant organs [54].

Exosomes express integrin on the surface. Consistent with the function of cellular integrins to
guide cells to specific organs, exosomal integrins have been shown to be capable of guiding exosomes
to specific tissues, as was originally shown in cancer exosomes. Using breast cancer and pancreatic
cancer exosomes, Lyden and colleagues have shown that those exosomes expressing integrin a634
were preferentially distributed to the lung, whereas those expressing integrin «V (35 were preferentially
distributed to the liver [12]. It has been suggested that preferential exosomal distribution to the lung
was mediated by the interaction of integrin «634 with laminin in the lung, whereas that to the liver
was mediated by the interaction of integrin «V (35 with fibronectin [12]. Interestingly, cancer exosomal
homing to the lung and the liver does not simply precede the metastatic dissemination of primary
breast and pancreatic tumors to these distant organs, but also preconditions the lung and liver to
form pre-metastatic niches, a specialized microenvironment that promotes the homing, retention,
and subsequent proliferation of disseminated cancer cells (Figure 2A). The proposed mechanism
underlying pre-metastatic niche formation involves the activation of proinflammatory S100 genes
in lung and liver tissue cells [12,55]. This process is elicited by the Src activation activity carried out
by exosomal integrin proteins transferred to target cells. Integrins themselves do not conduct kinase
activities; instead, they associate with Src-family kinases, thereby acting as a hub for establishing
signaling complexes [12]. While exosomal transfer of the intact integrin-signaling complex remains to
be demonstrated, exosomally transferred integrin proteins could trigger the signals that lead to 5100
activation by using Src kinases derived from either exosomes or target cells [12]. In this way, cancer
exosomes establish the organotropism driving metastasis.

Building upon and extending the study of cancer exosomes to non-cancerous cells (i.e.,
T-lymphocytes), our group has utilized the concept of integrin-mediated exosomal homing to
remodel the microenvironment of target tissues [22] (Figure 2B). Upon activation via contact with
antigen-presenting dendritic cells residing in the gut, T-lymphocytes acquire gut-tropism—i.e.,
the ability to preferentially home to the gut by upregulating integrin 0437 [56]. Integrin «4(37 binds to
its endothelial ligand MAdCAM-1, which is exclusively and constitutively expressed in the gut, thereby
playing a central role in gut-specific lymphocyte homing [56]. We have demonstrated that gut-trophic
lymphocytes secrete exosomes expressing high levels of integrin o437, which guide the exosomes to
the gut via binding to MAdACAM-1 [22]. In contrast to cancer exosomes, which promote the formation
of pre-homing (or pre-metastatic) niches, gut-tropic T-lymphocytic exosomes diminish gut-homing
niches by suppressing the expression of MAdACAM-1 and other homing-supporting molecules [22].
The ability of T-lymphocytic exosomes to diminish gut-homing niches has been attributed to several
specific exosomal miRNAs that target those molecules, as well as the transcription factor that controls
MAdCAM-1 expression [22]. These results underscore the significance of exosomal regulation to cell
homing by modifying the microenvironments of destination tissues [22]. We propose that in certain
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physiological settings (i.e., non-cancerous cells), this exosomal regulation acts suppressively to balance
the excessive accumulation of homed cells. However, in malignantly transformed cells, aberrant
exosomal regulation could act in a promotive-like manner, thereby contributing to the pathogenesis of
cancer metastasis.
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Figure 2. Exosomal remodeling of cancer metastatic (A) and lymphocyte homing (B) niches.

(A) Integrin «6p4"8" exosomes secreted by breast or pancreatic cancers preferentially distribute
to the lung, wherein they remodel to promote metastatic niche formation via the activation of Src
family kinases and S100 proinflammatory genes. (B) Integrin a4 718" exosomes secreted by gut-tropic
T-lymphocytes preferentially distribute to the gut, wherein they remodel to suppress homing niche
formation by the down-regulation of the MAdACAM-1 gene via an miRNA-mediated epigenetic
mechanism. HEV: High endothelial venules; RA: Retinoic acid; DC: Dendritic cells.

3.2.2. Integrin Protein Exosomal Transfer

Integrin-expressing exosomes have been shown to transfer integrin proteins to target cells [22,39].
Integrins exosomally transferred to target cells are found on the cell surface, possibly either via the
direct membrane fusion of exosomes or via the internalization of exosomes that recycle integrins
back to the membrane through early endosomes [22,39]. Prostate cancer cells express high levels
of integrin aV(33 and V36, whereas normal prostate cells do not. In addition, the former secrete
exosomes that express high levels of integrin «V{33 and «V 36, which facilitate the delivery of those
integrins to other prostate cancer cells [22,39]. Target cells that take up the cancer exosomes may
upregulate the cell-surface expression of integrin aV33 and aV36 [22,39]. Integrin upregulation in
target cells was induced without any increase in mRNA levels in the case of «V integrins, evidence
that supports the direct transfer of exosomal integrin proteins to target cells [22,39]. The resultant
integrin upregulation leads to the enhancement of cell adhesion and migration on those substrates
containing «V integrin ligands [22,39]. When the exosomal «V integrin transfer occurs from oV
high

integrinM8h aggressive cancer cells to «V integrins""!! benign hyperplasic cells, the latter acquire
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the capability to exhibit «V integrin-mediated aggressive migratory behavior. Thus, an important
functional consequence of the exosomal transfer of aV integrins is the horizontal transmission of the
ability to migrate aggressively [22,39].

Another important functional consequence of the exosomal transfer of oV integrins is the
horizontal transmission of the ability to activate TGF-f3 signaling. TGF-f3 is a cytokine that demonstrates
an array of immunosuppressive, anti-inflammatory, and pro-fibrotic activities. The biogenesis of
active TGF-f is unique in its requirement for integrin-mediated force [57]. TGF-§ is produced and
secreted to the extracellular space as an inactive precursor in which mature TGF- 3 is caged in LAP
(latency-associated protein), thereby confining its bioactivities [57]. LAP contains an integrin-binding
RGD motif, which allows «V integrins (e.g., «V{33, V5, aV36, and «V[38) to bind and impose a
mechanical force to open the LAP cage. This leads to the freeing of the mature active TGF-f into
the microenvironment, which increases the local concentration of TGF-f3 and enables its binding to
TGEF-f3 receptors expressed on neighboring cells [57]. The exosomally transferred «V[36 protein has
been shown to activate TGF-f3 in target cells [58]. In this study, the exosomal transfer of integrin
aV 6 and the resulting horizontal transmission of TGF-p-activating ability was investigated in the
context of immune response regulation, specifically immune tolerance to food antigens in the gut [58].
Gut epithelial cells secrete exosomes containing «V[36 and cognate intestinal food antigens, by which
the V36 integrin and antigen are transferred to mucosal dendritic cells. This enables dendritic cells
to express aV 36, and thereby activate TGF-{3 in the surrounding microenvironment. These actions
allow the T cell-dendritic cell interactions to occur while being exposed to TGF-{3 [58]. T-cell activation
in the presence of TGF-f3 induces the differentiation to regulatory T cells, which induces tolerogenic
responses to food antigens.

In addition, intracellular signaling proteins associated with integrin cytoplasmic domains in
parent source cells might be contained in exosomes, and could thereby be transferred to target cells.
As mentioned earlier in this section [12], certain Src-family kinases associated with cytoplasmic integrin
domains are believed to undergo co-transference with «V-integrins by exosomes to target tissues,
thus giving rise to the Src-dependent induction of proinflammatory S100 genes [12,55]. However,
it remains to be elucidated whether such Src-family kinases are physically complexed with integrins
in exosomes, or if kinases and integrins merely co-exist therein. The co-existence of integrins and
important integrin adopter proteins, such as talin and vinculin, has already been demonstrated [59],
whereas the physical association with integrins in exosomes has yet to be reported. We have recently
shown functional evidence that talin physically associates with integrins in exosomes, in this way
regulating the activity of exosomal integrins to bind ligands. How well the integrin signaling adaptor
protein complexes formed in the cell are maintained in exosomes; whether the complexes are
successfully transferred to target cells; and, if transferred, what functional roles they might play
in target cells, remain significant questions to be addressed in the future.

3.2.3. Autocrine Roles Played by Exosomes in the Regulation of Cell Migration

In addition to being involved in intercellular communication with neighboring and distant cells,
exosomes also act in an autocrine signaling-like manner, in which cellular and exosomal integrins
cooperate in a very precise regulation of directional cell movement within the interstitial space [60].
Integrin o531 expressed on fibrosarcoma cells takes up and internalizes soluble fibronectin from the
extracellular space [60,61]. Internalized fibronectin is processed in the endosomal pathway and then
transferred to the exosome biogenesis pathway, in which fibronectin is captured by the exosomal
integrin «5p31 [60]. In this way, fibronectin-bound integrin «5(31-expressing exosomes are produced,
before being secreted to the extracellular space surrounding the cell. These fibronectin-bound integrin
a5p1-expressing exosomes are then locally deposited on collagen fibers in the interstitial space, thereby
paving the way, with fibronectin, for cellular integrin «531-mediated adhesion and the migration of
fibrosarcoma cells [60]. The plasma-membrane microregion, where exosomes are secreted, establishes
a point of stable integrin-mediated adhesion to the fibronectin deposited in the interstitial space, which



Cancers 2019, 11, 106 11 of 15

determines the direction of cell migration [60]. The region that is home to this exosome secretion
subsequently becomes a part of the protruding leading edge (i.e., front) of migrating cells, while
enhancing the secretion of exosomes from nearby regions. This positive feedback loop, which involves
the autocrine effects of integrin-expressing exosomes, supports persistent directional cell migration [60].

3.2.4. Exosomal Integrin as a Biomarker

Altered expression of integrin subsets on exosomes circulating in the blood has been reported
in cancer and non-cancerous inflammatory disorders. In patients suffering from metastatic lung
cancers, the levels of 34 integrin in exosomes in the plasma were significantly elevated, regardless
of the origin of their cancers [12]. In contrast, in patients who have liver metastasis, the levels of
aV integrin in exosomes in the plasma were significantly elevated. These results were in good
agreement with the in vivo results showing that a634- and ocV35-expressing cancer exosomes were
preferentially distributed to the lung and the liver, respectively, wherein the remodeling of tissues to
form premetastatic niches occurs.

We have studied the levels of integrin expression on exosomes in the plasma of sepsis patients
admitted to an ICU (Intensive Care Unit) [62]. Sepsis is a type of life-threatening generalized
inflammation induced by aberrantly activated immune responses to infection [63]. Whereas the
exosomal expression levels of 1 and 33 integrins were comparable between sepsis patients and
healthy subjects, that of 32 integrin was significantly increased in sepsis patients [62]. In addition,
levels of exosomal 32 integrin expression in sepsis patients correlated well with the severity of
circulatory collapse and kidney failure. As 32 integrins are only expressed in leukocytes, increased
exosomal 32 integrin expression is thought to reflect the enhanced systemic activation of leukocytes,
which could lead to inflammatory tissue injury [62].

4. Potential Cross-Talk of Integrins with Connexins in Exosomes

As it is assumed that integrins and Cxs are simultaneously present in at least some exosomes,
we decided to discuss the potential cross-talk between integrins and Cxs in exosomes, as has been
described in cells [7-9]. First, a direct physical association of integrins with Cxs in the membrane
might be maintained in some exosomes (Figure 1A). As is shown in cells [7], this direct coupling of
integrin conformational changes to the Cx opening might enable Cx channel openings upon ligand
binding by integrin. Such integrin-Cx couplings would allow for the rapid transfer of exosomal
contents through Cx channels to target cells upon the integrin-mediated binding of exosomes to
the surface of target cells. Secondly, integrins and Cxs might be physically inter-connected via actin
in exosomes (Figure 1B). In cells, integrins are connected to actin via talin or vinculin, while Cxs
are connected to actin via the ZO-1 and vinculin complex, thereby supporting the inter-connection
of integrins and Cxs by actin [8]. These proteins, which are essential to inter-connect integrins and
Cxs, are assumed to be incorporated through the endosomal pathway to exosomes. The association
of talin with integrins in exosomes is thought to up-regulate both ligand binding and subsequent
integrin-mediated internalization to target cells. Therefore, actin-mediated coupling of Cxs with
integrins might be involved in the regulation of exosomal functionalities related to adhesion and
internalization by target cells. Third, integrin-mediated signaling might modify the opening of Cx
channels in exosomes (Figure 1C). Exosomal integrins have been shown to carry Src-family kinases,
which might induce the phosphorylation of a key tyrosine residue of Cxs, thereby modifying the
opening/closing mechanism of Cx channels in exosomes. Alternatively, Src might be associated with
exosomal Cxs, as Src has been shown to bind to, and induce the tyrosine phosphorylation of, Cx43,
thereby disrupting the Cx43-mediated GJIC in transformed cells [64]. This process might alter the
efficacy of the instantaneous exosomal transfer of bioactive molecules through Cx channels to target
cells. These intriguing possibilities surrounding the cross-talk between integrins and Cxs in exosomes
warrant future experimental study.
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5. Conclusions

Recent investigations have begun to reveal the important roles of Cxs and integrins in exosomes.
Exosomal Cxs support docking to target cells, thus aiding a novel mechanism to transfer exosomal
contents to the cells. Exosomal integrins support targeted tissue distributions, and in this manner,
remodel the microenvironment following the migration of cancer and immune cells. In addition,
the exosomal transfer of Cxs, integrins, and their associated proteins such as Src, could alter the
functions and metabolism of target cells. Furthermore, Cx-integrin crosstalk, which has been shown
to occur in at least three different mechanisms in cells, might operate in exosomes, potentially
orchestrating the pathogenesis of cancer and inflammation.

Author Contributions: Conceptualization, M.S.; Writing—Review & Editing, M.S., EK., A.G., T.O. and EJ.P.;
Supervision, M.S.; Funding Acquisition, M.S., EK., A.G., T.O. and EJ.P.

Funding: This work was supported by Kaken grants (Grants-in-Aid for Scientific Research) from the Japanese
government. This research was funded by “Japan Society for the Promotion of Science”, grant number: 16K15759,
18H02622, 16K08581, 16K09513 and 18K08917.

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

References

1. Sorgen, PL.; Trease, A .J.; Spagnol, G.; Delmar, M.; Nielsen, M.S. Protein—Protein Interactions with Connexin
43: Regulation and Function. Int. . Mol. Sci. 2018, 19, 1428. [CrossRef]

2. Maes, M.; Decrock, E.; Cogliati, B.; Oliveira, A.G.; Marques, P.E; Dagli, M.L.; Menezes, G.B.; Mennecier, G.;
Leybaert, L.; Vanhaecke, T.; et al. Connexin and pannexin (hemi)channels in the liver. Front. Physiol. 2014,
4,405. [CrossRef] [PubMed]

3.  Jiang, ].X.; Penuela, S. Connexin and pannexin channels in cancer. BMC Cell Biol. 2016, 17 (Suppl. 1), 12.
[CrossRef]

4. Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673-687. [CrossRef]

5. Shimaoka, M.; Takagi, J.; Springer, T.A. Conformational regulation of integrin structure and function.
Annu. Rev. Biophys. Biomol. Struct. 2002, 31, 485-516. [CrossRef] [PubMed]

6. Shattil, S.J.; Kim, C.; Ginsberg, M.H. The final steps of integrin activation: The end game. Nat. Rev. Mol.
Cell Biol. 2010, 11, 288-300. [CrossRef] [PubMed]

7. Batra, N.; Burra, S.; Siller-Jackson, A.J.; Gu, S.; Xia, X.; Weber, G.F,; DeSimone, D.; Bonewald, L.F,; Lafer, E.M.;
Sprague, E.; et al. Mechanical stress-activated integrin o531 induces opening of connexin 43 hemichannels.
Proc. Natl. Acad. Sci. USA 2012, 109, 3359-3364. [CrossRef] [PubMed]

8.  Zemljic-Harpf, A.E.; Godoy, J.C.; Platoshyn, O.; Asfaw, E.K.; Busija, A.R.; Domenighetti, A.A.; Ross, R.S.
Vinculin directly binds zonula occludens-1 and is essential for stabilizing connexin-43-containing gap
junctions in cardiac myocytes. J. Cell Sci. 2014, 127, 1104-1116. [CrossRef]

9.  Mortimer, L.; Moreau, F; Cornick, S.; Chadee, K. The NLRP3 Inflammasome Is a Pathogen Sensor for
Invasive Entamoeba histolytica via Activation of «531 Integrin at the Macrophage-Amebae Intercellular
Junction. PLoS Pathog. 2015, 11, €1004887. [CrossRef]

10. Tkach, M.; Théry, C. Communication by Extracellular Vesicles: Where We Are and Where We Need to Go.
Cell 2016, 164, 1226-1232. [CrossRef]

11.  Soares, A.R.; Martins-Marques, T.; Ribeiro-Rodrigues, T.; Ferreira, J.V.; Catarino, S.; Pinho, M.].; Zuzarte, M.;
Isabel Anjo, S.; Manadas, B.; P G Sluijter, J.; et al. Gap junctional protein Cx43 is involved in the
communication between extracellular vesicles and mammalian cells. Sci. Rep. 2015, 5, 13243. [CrossRef]
[PubMed]

12.  Hoshino, A.; Costa-Silva, B.; Shen, T.L.; Rodrigues, G.; Hashimoto, A.; Tesic Mark, M.; Molina, H.; Kohsaka, S.;
Di Giannatale, A.; Ceder, S.; et al. Tumour exosome integrins determine organotropic metastasis. Nature
2015, 527, 329-335. [CrossRef] [PubMed]

13. Aasen, T.; Mesnil, M.; Naus, C.C.; Lampe, P.D.; Laird, D.W. Gap junctions and cancer: Communicating for 50
years. Nat. Rev. Cancer 2016, 16, 775-788. [CrossRef] [PubMed]

14. Leithe, E.; Mesnil, M.; Aasen, T. The connexin 43 C-terminus: A tail of many tales. Biochim. Biophys.
Acta Biomembr. 2018, 1860, 48-64. [CrossRef]


http://dx.doi.org/10.3390/ijms19051428
http://dx.doi.org/10.3389/fphys.2013.00405
http://www.ncbi.nlm.nih.gov/pubmed/24454290
http://dx.doi.org/10.1186/s12860-016-0094-8
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://dx.doi.org/10.1146/annurev.biophys.31.101101.140922
http://www.ncbi.nlm.nih.gov/pubmed/11988479
http://dx.doi.org/10.1038/nrm2871
http://www.ncbi.nlm.nih.gov/pubmed/20308986
http://dx.doi.org/10.1073/pnas.1115967109
http://www.ncbi.nlm.nih.gov/pubmed/22331870
http://dx.doi.org/10.1242/jcs.143743
http://dx.doi.org/10.1371/journal.ppat.1004887
http://dx.doi.org/10.1016/j.cell.2016.01.043
http://dx.doi.org/10.1038/srep13243
http://www.ncbi.nlm.nih.gov/pubmed/26285688
http://dx.doi.org/10.1038/nature15756
http://www.ncbi.nlm.nih.gov/pubmed/26524530
http://dx.doi.org/10.1038/nrc.2016.105
http://www.ncbi.nlm.nih.gov/pubmed/27782134
http://dx.doi.org/10.1016/j.bbamem.2017.05.008

Cancers 2019, 11, 106 13 of 15

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Retamal, M.A,; Garcia, LE; Pinto, B.I; Pupo, A.; Baez, D.; Stehberg, J.; Del Rio, R.; Gonzélez, C. Extracellular
Cysteine in Connexins: Role as Redox Sensors. Front. Physiol. 2016, 7, 1. [CrossRef]

Moreno-Layseca, P.; Streuli, C.H. Signalling pathways linking integrins with cell cycle progression.
Matrix Biol. 2014, 34, 144-153. [CrossRef]

Margadant, C.; Sonnenberg, A. Integrin-TGF-beta crosstalk in fibrosis, cancer and wound healing. EMBO Rep.
2010, 11, 97-105. [CrossRef]

Sun, Z.; Guo, S.S.; Fassler, R. Integrin-mediated mechanotransduction. |. Cell Biol. 2016, 215, 445-456.
[CrossRef]

Shimaoka, M.; Salas, A.; Yang, W.; Weitz-Schmidt, G.; Springer, T.A. Small molecule integrin antagonists that
bind to the beta2 subunit I-like domain and activate signals in one direction and block them in the other.
Immunity 2003, 19, 391-402. [CrossRef]

Seguin, L.; Desgrosellier, ].S.; Weis, S.M.; Cheresh, D.A. Integrins and cancer: Regulators of cancer stemness,
metastasis, and drug resistance. Trends Cell Biol. 2015, 25, 234-240. [CrossRef]

Horton, E.R.; Byron, A.; Askari, J.A.; Ng, D.H.J.; Millon-Frémillon, A.; Robertson, J.; Koper, EJ.; Paul, N.R,;
Warwood, S.; Knight, D.; et al. Definition of a consensus integrin adhesome and its dynamics during
adhesion complex assembly and disassembly. Nat. Cell Biol. 2015, 17, 1577-1587. [CrossRef] [PubMed]
Park, E.J.; Prajuabjinda, O.; Soe, Z.Y.; Darkwah, S.; Appiah, M.G.; Kawamoto, E.; Momose, F.; Shiku, H.;
Shimaoka, M. Exosomal regulation of lymphocyte homing to the gut. Blood Adv. 2019, 3, 1-11. [CrossRef]
[PubMed]

Zutter, M.M. Integrin-mediated adhesion: Tipping the balance between chemosensitivity and chemoresistance.
Adv. Exp. Med. Biol. 2007, 608, 87-100. [PubMed]

Hessvik, N.P; Llorente, A. Current knowledge on exosome biogenesis and release. Cell. Mol. Life Sci. 2018,
75,193-208. [CrossRef] [PubMed]

De Franceschi, N.; Hamidi, H.; Alanko, ].; Sahgal, P.; Ivaska, J. Integrin traffic—The update. J. Cell Sci. 2015,
128, 839-852. [CrossRef]

Leithe, E.; Sirnes, S.; Fykerud, T.; Kjenseth, A.; Rivedal, E. Endocytosis and post-endocytic sorting of
connexins. Biochim. Biophys. Acta 2012, 1818, 1870-1879. [CrossRef] [PubMed]

Lampe, P.D.; Nguyen, B.P,; Gil, S.; Usui, M.; Olerud, ].; Takada, Y.; Carter, W.G. Cellular interaction of integrin
alpha3betal with laminin 5 promotes gap junctional communication. J. Cell Biol. 1998, 143, 1735-1747.
[CrossRef] [PubMed]

Ye, F.; Snider, A K.; Ginsberg, M.H. Talin and kindlin: The one-two punch in integrin activation. Front. Med.
2014, 8, 6-16. [CrossRef]

Wang, H.X,; Li, Q.; Sharma, C.; Knoblich, K.; Hemler, M.E. Tetraspanin protein contributions to cancer.
Biochem. Soc. Trans. 2011, 39, 547-552. [CrossRef]

Batra, N.; Riquelme, M.A ; Burra, S.; Kar, R.; Gu, S.; Jiang, ].X. Direct regulation of osteocytic connexin 43
hemichannels through AKT kinase activated by mechanical stimulation. J. Biol. Chem. 2014, 289, 10582-10591.
[CrossRef]

Valencik, M.L.; Zhang, D.; Punske, B.; Hu, P.; McDonald, J.A.; Litwin, S.E. Integrin activation in the heart:
A link between electrical and contractile dysfunction? Circ. Res. 2006, 99, 1403-1410. [CrossRef] [PubMed]
Czyz, ].; Guan, K.; Zeng, Q.; Wobus, A.M. Loss of beta 1 integrin function results in upregulation of connexin
expression in embryonic stem cell-derived cardiomyocytes. Int. J. Dev. Biol. 2005, 49, 33—41. [CrossRef]
Calderwood, D.A.; Campbell, 1.D.; Critchley, D.R. Talins and kindlins: Partners in integrin-mediated
adhesion. Nat. Rev. Mol. Cell Biol. 2013, 14, 503-517. [CrossRef] [PubMed]

Guo, Y.; Martinez-Williams, C.; Rannels, D.E. Gap junction-microtubule associations in rat alveolar epithelial
cells. Am. J. Physiol. Lung Cell. Mol. Physiol. 2003, 285, L1213-L1221. [CrossRef] [PubMed]

Alvarez, A.; Lagos-Cabré, R.; Kong, M.; Cardenas, A.; Burgos-Bravo, F; Schneider, P.; Quest, A.F.; Leyton, L.
Integrin-mediated transactivation of P2X7R via hemichannel-dependent ATP release stimulates astrocyte
migration. Biochim. Biophys. Acta 2016, 1863, 2175-2188. [CrossRef] [PubMed]

Plante, I.; Charbonneau, M.; Cyr, D.G. Activation of the integrin-linked kinase pathway downregulates
hepatic connexin32 via nuclear Akt. Carcinogenesis 2006, 27, 1923-1929. [CrossRef] [PubMed]

Abels, E.R.; Breakefield, X.O. Introduction to Extracellular Vesicles: Biogenesis, RNA Cargo Selection,
Content, Release, and Uptake. Cell. Mol. Neurobiol. 2016, 36, 301-312. [CrossRef]


http://dx.doi.org/10.3389/fphys.2016.00001
http://dx.doi.org/10.1016/j.matbio.2013.10.011
http://dx.doi.org/10.1038/embor.2009.276
http://dx.doi.org/10.1083/jcb.201609037
http://dx.doi.org/10.1016/S1074-7613(03)00238-3
http://dx.doi.org/10.1016/j.tcb.2014.12.006
http://dx.doi.org/10.1038/ncb3257
http://www.ncbi.nlm.nih.gov/pubmed/26479319
http://dx.doi.org/10.1182/bloodadvances.2018024877
http://www.ncbi.nlm.nih.gov/pubmed/30591532
http://www.ncbi.nlm.nih.gov/pubmed/17993234
http://dx.doi.org/10.1007/s00018-017-2595-9
http://www.ncbi.nlm.nih.gov/pubmed/28733901
http://dx.doi.org/10.1242/jcs.161653
http://dx.doi.org/10.1016/j.bbamem.2011.09.029
http://www.ncbi.nlm.nih.gov/pubmed/21996040
http://dx.doi.org/10.1083/jcb.143.6.1735
http://www.ncbi.nlm.nih.gov/pubmed/9852164
http://dx.doi.org/10.1007/s11684-014-0317-3
http://dx.doi.org/10.1042/BST0390547
http://dx.doi.org/10.1074/jbc.M114.550608
http://dx.doi.org/10.1161/01.RES.0000252291.88540.ac
http://www.ncbi.nlm.nih.gov/pubmed/17095723
http://dx.doi.org/10.1387/ijdb.041835jc
http://dx.doi.org/10.1038/nrm3624
http://www.ncbi.nlm.nih.gov/pubmed/23860236
http://dx.doi.org/10.1152/ajplung.00066.2003
http://www.ncbi.nlm.nih.gov/pubmed/14604851
http://dx.doi.org/10.1016/j.bbamcr.2016.05.018
http://www.ncbi.nlm.nih.gov/pubmed/27235833
http://dx.doi.org/10.1093/carcin/bgl059
http://www.ncbi.nlm.nih.gov/pubmed/16679308
http://dx.doi.org/10.1007/s10571-016-0366-z

Cancers 2019, 11, 106 14 of 15

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gonda, A.; Kabagwira, J.; Senthil, G.N.; Wall, N.R. Internalization of Exosomes through Receptor-Mediated
Endocytosis. Mol. Cancer Res. 2018. [CrossRef]

Singh, A.; Fedele, C.; Lu, H.; Nevalainen, M.T.; Keen, ].H.; Languino, L.R. Exosome-mediated Transfer of
av33 Integrin from Tumorigenic to Nontumorigenic Cells Promotes a Migratory Phenotype. Mol. Cancer Res.
2016, 14, 1136-1146. [CrossRef]

Martins-Marques, T.; Pinho, M.J.; Zuzarte, M.; Oliveira, C.; Pereira, P; Sluijter, ].P.; Gomes, C.; Girao, H.
Presence of Cx43 in extracellular vesicles reduces the cardiotoxicity of the anti-tumour therapeutic approach
with doxorubicin. J. Extracell. Vesicles 2016, 5, 32538. [CrossRef]

Thul, PJ.; Lindskog, C. The human protein atlas: A spatial map of the human proteome. Protein Sci. 2018, 27,
233-244. [CrossRef]

Hata, A.; Lieberman, J. Dysregulation of microRNA biogenesis and gene silencing in cancer. Sci. Signal. 2015,
8, re3. [CrossRef] [PubMed]

Varela-Eirin, M.; Varela-Vazquez, A.; Rodriguez-Candela Mateos, M.; Vila-Sanjurjo, A.; Fonseca, E.;
Mascarefias, J.L.; Eugenio Vazquez, M.; Mayan, M.D. Recruitment of RNA molecules by connexin
RNA-binding motifs: Implication in RNA and DNA transport through microvesicles and exosomes.
Biochim. Biophys. Acta Mol. Cell. Res. 2017, 1864, 728-736. [CrossRef] [PubMed]

Thuringer, D.; Jego, G.; Berthenet, K.; Hammann, A.; Solary, E.; Garrido, C. Gap junction-mediated transfer
of miR-145-5p from microvascular endothelial cells to colon cancer cells inhibits angiogenesis. Oncotarget
2016, 7, 28160-28168. [CrossRef] [PubMed]

Lemcke, H.; Steinhoff, G.; David, R. Gap junctional shuttling of miRNA—A novel pathway of intercellular
gene regulation and its prospects in clinical application. Cell. Signal. 2015, 27, 2506-2514. [CrossRef]
[PubMed]

Melo, S.A.; Sugimoto, H.; O’Connell, J.T.; Kato, N.; Villanueva, A.; Vidal, A.; Qiu, L.; Vitkin, E,;
Perelman, L.T.; Melo, C.A; et al. Cancer exosomes perform cell-independent microRNA biogenesis and
promote tumorigenesis. Cancer Cell 2014, 26, 707-721. [CrossRef] [PubMed]

Tran, N. Cancer Exosomes as miRNA Factories. Trends Cancer 2016, 2, 329-331. [CrossRef]

Lehmann, B.D.; Paine, M.S.; Brooks, A.M.; McCubrey, J.A.; Renegar, RH.; Wang, R.; Terrian, D.M.
Senescence-associated exosome release from human prostate cancer cells. Cancer Res. 2008, 68, 7864-7871.
[CrossRef]

Xiao, X,; Yu, S.; Li, S.; Wu, J.; Ma, R,; Cao, H.; Zhu, Y.; Feng, J. Exosomes: Decreased sensitivity of lung cancer
Ab49 cells to cisplatin. PLoS ONE 2014, 9, e89534. [CrossRef]

Kanemoto, S.; Nitani, R.; Murakami, T.; Kaneko, M.; Asada, R.; Matsuhisa, K.; Saito, A.; Imaizumi, K.
Multivesicular body formation enhancement and exosome release during endoplasmic reticulum stress.
Biochem. Biophys. Res. Commun. 2016, 480, 166-172. [CrossRef]

Chen, W,; Guo, Y.; Yang, W.; Chen, L.; Ren, D.; Wu, C.; He, B.; Zheng, P.; Tong, W. Phosphorylation of
connexin 43 induced by traumatic brain injury promotes exosome release. J. Neurophysiol. 2018, 119, 305-311.
[CrossRef] [PubMed]

Habtezion, A.; Nguyen, L.P.; Hadeiba, H.; Butcher, E.C. Leukocyte Trafficking to the Small Intestine and
Colon. Gastroenterology 2016, 150, 340-354. [CrossRef]

Burger, J.A.; Biirkle, A. The CXCR4 chemokine receptor in acute and chronic leukaemia: A marrow homing
receptor and potential therapeutic target. Br. J. Haematol. 2007, 137, 288-296. [CrossRef] [PubMed]

Hamidi, H.; Ivaska, J. Every step of the way: Integrins in cancer progression and metastasis. Nat. Rev. Cancer
2018, 18, 533-548. [CrossRef]

Lukanidin, E.; Sleeman, J.P. Building the niche: The role of the S100 proteins in metastatic growth.
Semin. Cancer Biol. 2012, 22, 216-225. [CrossRef] [PubMed]

Mora, J.R.; Iwata, M.; von Andrian, U.H. Vitamin effects on the immune system: Vitamins A and D take
centre stage. Nat. Rev. Immunol. 2008, 8, 685-698. [CrossRef]

Travis, M.A.; Sheppard, D. TGF-f3 activation and function in immunity. Annu. Rev. Immunol. 2014, 32, 51-82.
[CrossRef]

Chen, X,; Song, C.H.; Feng, B.S,; Li, T.L.; Li, P; Zheng, PY.; Chen, X.M.; Xing, Z.; Yang, P.C. Intestinal
epithelial cell-derived integrin a36 plays an important role in the induction of regulatory T cells and inhibits
an antigen-specific Th2 response. J. Leukoc. Biol. 2011, 90, 751-759. [CrossRef]


http://dx.doi.org/10.1158/1541-7786.MCR-18-0891
http://dx.doi.org/10.1158/1541-7786.MCR-16-0058
http://dx.doi.org/10.3402/jev.v5.32538
http://dx.doi.org/10.1002/pro.3307
http://dx.doi.org/10.1126/scisignal.2005825
http://www.ncbi.nlm.nih.gov/pubmed/25783160
http://dx.doi.org/10.1016/j.bbamcr.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28167212
http://dx.doi.org/10.18632/oncotarget.8583
http://www.ncbi.nlm.nih.gov/pubmed/27058413
http://dx.doi.org/10.1016/j.cellsig.2015.09.012
http://www.ncbi.nlm.nih.gov/pubmed/26391653
http://dx.doi.org/10.1016/j.ccell.2014.09.005
http://www.ncbi.nlm.nih.gov/pubmed/25446899
http://dx.doi.org/10.1016/j.trecan.2016.05.008
http://dx.doi.org/10.1158/0008-5472.CAN-07-6538
http://dx.doi.org/10.1371/journal.pone.0089534
http://dx.doi.org/10.1016/j.bbrc.2016.10.019
http://dx.doi.org/10.1152/jn.00654.2017
http://www.ncbi.nlm.nih.gov/pubmed/29046426
http://dx.doi.org/10.1053/j.gastro.2015.10.046
http://dx.doi.org/10.1111/j.1365-2141.2007.06590.x
http://www.ncbi.nlm.nih.gov/pubmed/17456052
http://dx.doi.org/10.1038/s41568-018-0038-z
http://dx.doi.org/10.1016/j.semcancer.2012.02.006
http://www.ncbi.nlm.nih.gov/pubmed/22381352
http://dx.doi.org/10.1038/nri2378
http://dx.doi.org/10.1146/annurev-immunol-032713-120257
http://dx.doi.org/10.1189/jlb.1210696

Cancers 2019, 11, 106 15 of 15

59.

60.

61.

62.

63.

64.

Kawakami, K.; Fuyjita, Y.; Kato, T.; Mizutani, K.; Kameyama, K.; Tsumoto, H.; Miura, Y.; Deguchi, T.; Ito, M.
Integrin 34 and vinculin contained in exosomes are potential markers for progression of prostate cancer
associated with taxane-resistance. Int. . Oncol. 2015, 47, 384-390. [CrossRef]

Sung, B.H.; Ketova, T.; Hoshino, D.; Zijlstra, A.; Weaver, A.M. Directional cell movement through tissues is
controlled by exosome secretion. Nat. Commun. 2015, 6, 7164. [CrossRef]

Chanda, D.; Otoupalova, E.; Hough, K.P; Locy, M.L.; Bernard, K.; Deshane, J.S.; Sanderson, R.D.; Mobley, ].A.;
Thannickal, V.J. Fibronectin on the Surface of Extracellular Vesicles Mediates Fibroblast Invasion. Am. .
Respir. Cell Mol. Biol. 2018. [CrossRef] [PubMed]

Kawamoto, E.; Masui-Ito, A.; Eguchi, A.; Soe, Z.Y.; Prajuabjinda, O.; Darkwah, S.; Park, E.J.; Imai, H.;
Shimaoka, M. Integrin and PD-1 Ligand Expression on Circulating Extracellular Vesicles in Systemic
Inflammatory Response Syndrome and Sepsis. Shock 2018. [CrossRef] [PubMed]

Shimaoka, M.; Park, E.J. Advances in understanding sepsis. Eur. |. Anaesthesiol. Suppl. 2008, 42, 146-153.
[CrossRef] [PubMed]

Lin, R.; Warn-Cramer, B.J.; Kurata, W.E.; Lau, A.F. v-Src phosphorylation of connexin 43 on Tyr247 and
Tyr265 disrupts gap junctional communication. J. Cell Biol. 2001, 154, 815-827. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

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


http://dx.doi.org/10.3892/ijo.2015.3011
http://dx.doi.org/10.1038/ncomms8164
http://dx.doi.org/10.1165/rcmb.2018-0062OC
http://www.ncbi.nlm.nih.gov/pubmed/30321056
http://dx.doi.org/10.1097/SHK.0000000000001228
http://www.ncbi.nlm.nih.gov/pubmed/30036273
http://dx.doi.org/10.1017/S0265021507003389
http://www.ncbi.nlm.nih.gov/pubmed/18289433
http://dx.doi.org/10.1083/jcb.200102027
http://www.ncbi.nlm.nih.gov/pubmed/11514593
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Connexins 
	Integrins 
	Exosomes 

	Integrin-Connexin Cross-Talk in Cells 
	Direct Physical Coupling Via Lateral Contact 
	Indirect Physical Coupling Via Actin and Actin-Binding Proteins 
	Functional Coupling Via Signaling Cascades 

	Connexins and Integrins in Exosomes 
	Connexins in Exosomes 
	Exosomal Connexin-Mediated Molecular Transfer to Target Cells 
	Cx-Mediated Transfer of Therapeutically and Biologically Active Exosomal Contents 
	Regulation of Exosome Release by Cellular Connexin 

	Integrins in Exosomes 
	Integrin-Directed Exosomal Homing to Tissues and Remodeling of the Homing Niche 
	Integrin Protein Exosomal Transfer 
	Autocrine Roles Played by Exosomes in the Regulation of Cell Migration 
	Exosomal Integrin as a Biomarker 


	Potential Cross-Talk of Integrins with Connexins in Exosomes 
	Conclusions 
	References

