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Abstract: Junctional adhesion molecules (JAMs) are cell surface adhesion receptors of the
immunoglobulin superfamily. JAMs are involved in a variety of biological processes both in the adult
organism but also during development. These include processes such as inflammation, angiogenesis,
hemostasis, or epithelial barrier formation, but also developmental processes such as hematopoiesis,
germ cell development, and development of the nervous system. Several of these functions of JAMs
depend on a physical and functional interaction with integrins. The JAM – integrin interactions in
trans regulate cell-cell adhesion, their interactions in cis regulate signaling processes originating at
the cell surface. The JAM – integrin interaction can regulate the function of the JAM as well as the
function of the integrin. Beyond the physical interaction with integrins, JAMs can regulate integrin
function through intracellular signaling indicating an additional level of JAM – integrin cross-talk.
In this review, we describe the various levels of the functional interplay between JAMs and integrins
and the role of this interplay during different physiological processes.

Keywords: cis-interaction; integrin; junctional adhesion molecule (JAM); JAM-A; trans-interaction;
leukocyte adhesion; signaling complex; tetraspanin; tetraspanin-enriched microdomain

1. Introduction

Junctional adhesion molecules (JAMs) belong to the immunoglobulin superfamily (IgSF) of cell
adhesion receptors. The founding member JAM-A was originally identified in platelets [1]. Molecular
cloning revealed a much broader tissue distribution of JAM-A [2–6] and led to the identification of
JAM-A-related proteins such as JAM-B [7–10] and JAM-C [9,11,12], as well as of the more distantly
related JAM4 [13] and JAM-L [14]. It is now clear that JAMs are expressed by a large variety of
cell types and tissues, including epithelial cells and endothelial cells, leukocytes, cells of the male
reproductive system, cells of the central and peripheral nervous systems, and fibroblasts [15–17].

One feature of JAMs is their ability to undergo homophilic interactions with JAMs expressed by
the connected cell. However, JAMs can also undergo heterophilic interactions, and these interactions
can occur both in cis and in trans [18]. Cis interactions are referred to as lateral associations with other
integral membrane proteins expressed by the same cell, which can be mediated by the extracellular
domains or by the cytoplasmic domains of the partners. Trans interactions are referred to as
interactions which involve the extracellular domains of two proteins that are expressed by two different
cells [19,20]. More recent findings revealed members of the integrin superfamily as major partners of
JAM heterophilic interactions in both cis and trans. Integrins are heterodimeric cell surface proteins
which are expressed by all multicellular organisms [21,22] and which mediate cell-matrix as cell-cell
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interactions. The adhesive activity of integrins is regulatable by cell surface receptor-initiated signals
which trigger a switch from an inactive to an active conformation able to interact with ligands [21,23].
On the other hand, ligand occupation of integrins activates intracellular signaling cascades through a
diverse set of proteins associated with the cytoplasmic tails of integrins [24]. The identified physical
interactions of JAMs with integrins as well as the functional crosstalk that occurs between JAMs and
integrins suggest an important role of JAMs in influencing integrin-mediated processes and vice versa.
In this review, article, we summarize the recent observations which indicate a mutual functional
regulation of JAMs and integrins.

2. JAM-Integrin Interactions in Trans

All trans-interactions of JAMs with integrins identified so far occur during inflammation and
mediate the transient interactions between leukocytes and various target cells such as epithelial cells,
endothelial cells, or platelets [15,17,25,26] (Figure 1). Leukocytes can express either a JAM family
member or a member of the integrin family, and the activity of both the JAM molecule and the
integrin molecule can be regulated by exogenous factors. This ensures fine tuning of the cellular
interactions, which is necessary for leukocytes to extravasate and migrate through tissues to reach the
sites of inflammation.

Figure 1. Heterophilic JAM-integrin interactions in trans. (A) Trans interactions between JAMs
expressed by endothelial cells and integrins on leukocytes. Note that the interaction of αLβ2 integrin
with JAM-A involves the membrane-proximal Ig domain of JAM-A. The interactions between JAM-B
and α4β1 integrin, and between JAM-C and αMβ2 integrin have not been mapped in detail. (B) Trans
interaction between JAM-C expressed by platelets and αMβ2 integrin on leukocytes.

During inflammation, leukocytes are recruited to sites of injury through a multi-step process that
involves leukocyte tethering to and rolling along the luminal endothelial cell surface, the activation of
leukocyte integrins which triggers firm adhesion of the leukocyte to the endothelium, and finally the
transendothelial migration of leukocyte and their migration within the tissue [27,28]. The presence
of multiple steps in this process helps to prevent unwanted tissue infiltration of leukocytes and
also to guide specific immune cells to secondary lymphoid organs [29]. During all steps, from the
initial tethering until their release into the connective tissue, leukocytes are in intimate contact with
endothelial cells. The JAM-integrin-mediated interactions in trans seem to contribute to several steps
during this process.

2.1. JAM-A and αLβ2 Integrin

αLβ2 integrin (lymphocyte function-associated antigen 1 (LFA-1), CD11a/CD18) is a
leukocyte-specific integrin that is predominantly expressed by T cells [30]. Similar to other integrins,
αLβ2 integrin exists in a state of low affinity. Signals through agonists such as chemokines or selectin
ligands switch the integrin conformation to a high affinity state that allows αLβ2 integrin to interact in
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trans with its natural ligands such as intercellular cell adhesion molecules (ICAMs) [23], an interaction
that contributes to the firm adhesion of activated T cells to the endothelium.

A screen searching for cytoplasmic binding partners of the αL integrin chain identified JAM-A as
ligand for αLβ2 integrin [31]. The interaction, however, occurs predominantly in trans through the
extracellular domains of the two proteins. The trans interaction of αLβ2 with JAM-A is strong enough
to mediate cell adhesion in static adhesion assays on immobilized ligands [31], which suggests that
the heterophilic JAM-A – αLβ2 integrin is stronger than the homophilic JAM-A – JAM-A interaction,
the latter of which cannot be demonstrated under analogous assay conditions [8]. The αLβ2 – JAM-A
integrin interaction cooperates with the αLβ2 – ICAM-1 interaction to mediate T cell adhesion
to inflamed endothelium in an additive manner. Interestingly, when JAM-A function is blocked,
T cells are also impaired in undergoing cell spreading and transendothelial migration, suggesting
that the αLβ2 – JAM-A integrin interaction feeds back into leukocytes to regulate post-adhesive
events [31]. As an additional evidence for a functional role of the αLβ2 integrin – JAM-A interaction
in vivo, the inhibition of this interaction attenuates the trafficking of leukocytes into the brain after
hypoxia-reperfusion-triggered brain inflammation [32].

Endothelial JAM-A shows a unique behavior that accounts for the ability of JAM-A to contribute to
a process that occurs at the apical membrane domain. JAM-A as a classical cell-cell adhesion molecule
is enriched at cell-cell contacts of epithelial cells and endothelial cells [2]. However, in endothelial cells
pro-inflammatory stimuli, such as a combination of TNF-α and IFNγ or the chemokine CCL2, trigger a
redistribution of JAM-A from cell-cell junctions to the apical membrane domain, thus making JAM-A
available at the luminal surface for leukocyte interactions [33,34].

The biochemical interaction of JAM-A with αLβ2 integrin is mediated by the membrane-proximal
Ig-like domain (D1 domain) of JAM-A and the inserted domain (I domain) of the αLβ2 integrin,
which is present in the αL subunit [31,35] and which is the principal ligand-binding domain for the
trans-interaction with ICAM-1 [30]. The interaction with the D1 domain of JAM-A has important
implications. The dimerization of JAM-A in cis and trans-homophilic interactions are both mediated
by the membrane-distal (D1) domain of JAM-A [20,36,37]. Importantly, however, the D2 domain
contributes to the strength of the trans-homophilic interaction, probably by stabilizing the JAM-A
cis dimer [38]. Moreover, the binding of αLβ2 integrin to the D2 domain of JAM-A destabilizes
the trans-homophilic interaction of JAM-A [38]. The αLβ2 integrin-mediated binding of leukocytes
to endothelial cell-expressed JAM-A therefore most likely influences the state of dimerization of
JAM-A. Since recent evidence suggests a role of JAM-A monomers in endothelial signaling through
cis-heterophilic interactions with tetraspanins and integrins [39] (see also above), any changes in
the state of dimerization could result in altered endothelial signaling, which is required for the
opening of endothelial cell-cell contacts during leukocyte extravasation [40]. These JAM-A-triggered
signaling events could be initiated at the apical domain during leukocyte firm adhesion and further
sustained during leukocyte transendothelial migration, when migrating leukocyte may disrupt the
trans-homophilic interaction of JAM-A between adjacent endothelial cells. Indeed, αLβ2 integrin
and JAM-A co-localize in ring-like structures around the sites of penetration of transmigrating
leukocytes [41].

2.2. JAM-C and αMβ2 Integrin

αMβ2 integrin (macrophage antigen 1 (MAC-1), CD11b/CD18) is the second leukocyte-specific
integrin which interacts in trans with a JAM family member. αMβ2 integrin is predominantly expressed
by monocytes/macrophages and neutrophils but also by dendritic cells (DC) [23]. Its major ligands
are the inactivated complement component C3b (iC3b), which acts as opsonin for pathogens, as well
as fibrinogen and heparin [23]. αMβ2 integrin thus helps phagocytes to engulf bacterial pathogens
and to boost the inflammatory response by the fibrinogen and/or heparin binding-triggered release
of cytokines.
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αMβ2 integrin interacts in trans with JAM-C [42,43]. Similar to the JAM-A – αLβ2 integrin
interaction, the JAM-C – αMβ2 integrin interaction is stronger than the homophilic JAM-C – JAM-C
interaction, as the former interaction supports cell adhesion on immobilized ligands whereas the latter
one does not [42]. Since JAM-C is expressed by platelets and T lymphocytes (in humans) as well as by
endothelial cells (in humans and mice) [17], the JAM-C – αMβ2 interaction most likely regulates various
aspects of the inflammatory response. Strong evidence has been provided for a role in neutrophil
adhesion to platelets which is mediated by αMβ2 integrin on neutrophils and JAM-C on platelets [42],
and which helps to recruit neutrophils to surface-adherent platelets and assists their transmigration
across the vessel wall [44]. DC adhesion to platelet deposits has been found to be mediated by αMβ2
integrin on DCs and JAM-C on platelets, and this interaction seems to activate DCs resulting in
increased DC activities such as phagocytic activity and cytokine release [45]. Endothelial cell-expressed
JAM-C is localized at intercellular cell-cell junctions through a trans-homophilic interaction [43],
suggesting that the interaction with leukocyte αMβ2 integrin occurs during leukocyte transendothelial
migration. Interestingly, JAM-C interacts with endothelial cell-expressed JAM-B in a trans-heterophilic
manner, and this interaction is stronger than the homophilic JAM-C – JAM-C interaction [43]. Thus,
JAM-C expressed by transmigrating T lymphocytes could disrupt the heterophilic JAM-B – JAM-C
interaction thereby liberating JAM-C from endothelial cell-cell junctions and making it accessible
at the luminal surface to support leukocyte adhesion to the inflamed endothelium. In support of
this, JAM-C antibodies result in a relocalization of JAM-C [43,46], and a redistribution of JAM-C to
the non-junctional membranes was observed during ischemia/reperfusion injury [47]. A role for
JAM-C in regulating the inflammatory response has been demonstrated in various pathophysiological
settings [46–55].

The biochemical interaction of JAM-C with αMβ2 integrin has not been characterized in detail.
Most likely, it involves the I-domain of the αMβ2 integrin [42]. The interaction interface in JAM-C
has not been determined yet. If the αMβ2 integrin binding to JAM-C disrupts the JAM-C dimer as
described for the JAM-A – αLβ2 integrin interaction [38] is unclear.

2.3. JAM-C and αXβ2 Integrin

The leukocyte specific αXβ2 integrin (p150/95, CD11c/CD18) is also a ligand for JAM-C, and this
interaction also supports cell adhesion [42]. The αXβ2 integrin has a similar expression profile to αMβ2
integrin and the two integrins share most of their ligands [23]. However, the JAM-C – αXβ2 interaction
seems to play a less prominent role than the JAM-C – αMβ2 interaction, since several JAM-C – β2
integrin mediated functions such as neutrophil adhesion to platelets or neutrophil adhesion to purified
JAM-C are blocked by anti-αMβ2 antibodies but not by anti-αXβ2 antibodies [42].

2.4. JAM-B and α4β1 Integrin

The α4β1 integrin (very late antigen (VLA)-4, CD49d/CD29) is not leukocyte-specific but is
expressed at high levels by various leukocyte subsets such as lymphocytes or monocytes [23,56]. It is
primarily involved in the initial steps of the leukocyte adhesion cascade, i.e., in the tethering/rolling of
leukocytes and their firm adhesion to the endothelial surface [57].

α4β1 integrin interacts in trans with JAM-B [58]. This interaction is enhanced upon integrin
activation and requires the co-expression of JAM-C on the leukocyte surface [58]. This unusual finding
could suggest that JAM-C is required for α4β1 integrin to adopt its fully active conformation allowing
its interaction with JAM-B, or alternatively, that the JAM-C – JAM-B interaction contributes to the
interaction between the two cell types, perhaps after an α4β1 integrin conformation-dependent release
of monomeric JAM-C from the integrin, allowing its dimerization and trans-heterophilic interaction
with JAM-B. A similar mechanism has been described for leukocyte-specific JAML, which is retained
in a complex with α4β1 integrin as adhesion-incompetent monomer, and which is released from
this complex upon integrin activation to undergo cis-dimerization followed by trans-heterophilic
interaction with CAR [59]. Consistent, however, with a role for the heterophilic α4β1 integrin – JAM-B
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interaction is the observation that T cell rolling and adhesion to immobilized JAM-B is blocked by anti
α4β1 integrin antibodies but not by anti JAM-C antibodies [60].

The interaction of α4β1 integrin on leukocytes to endothelial JAM-B has been shown to require
the membrane-distal Ig domain of JAM-B [58]. As a deletion of this domain most likely prevents
cis-dimerization which is mediated by R59L60E61 motif present in the membrane-distal Ig-like domain,
an interaction with the membrane-proximal Ig domain through a motif that depends on cis-dimer
formation cannot be excluded.

3. JAM-Integrin Interactions in Cis

Cis interactions of JAMs with integrins have so far been found to exist on endothelial cells,
leukocytes, and platelets [17] (Figure 2). It is thus not surprising that these lateral associations are
involved in processes such as angiogenesis, vascular permeability, hemostasis, or inflammation. It is
common to all lateral associations between JAMs and integrins that these interactions are coupled to
intracellular signaling cascades, in which the JAM family member can act both as an upstream initiator
and as a downstream recipient of a signaling cascade.

Figure 2. Heterophilic JAM-integrin interactions in cis. (A) Cis interactions between JAMs and αVβ3
integrin in endothelial cells. The interaction between JAM-A and αVβ3 integrin is mediated by
tetraspanin CD9. The interaction between JAM-A and CD9 requires the PDZ domain binding motive of
JAM-A and is therefore most likely mediated by an unidentified cytoplasmic protein. (B) Cis interaction
between JAM-A and αIIbβ3 integrin in platelets. Similar to endothelial cells, JAM-A interacts with both
CD9 and the β3 integrin (αVβ3 integrin in endothelial cells, αIIbβ3 integrin in platelets), suggesting the
JAM-A – αIIbβ3 integrin is mediated by CD9. (C): Cis interaction between JAM-L and α4β1 integrin in
T-lymphocytes. Note that in unstimulated T-lymphocytes, α4β1 integrin is associated with monomeric
JAM-L. Stimulation by SDF-1α releases JAM-L monomers from α4β1 integrin, allowing cis dimer
formation followed by trans interaction with CAR on endothelial cells.

3.1. JAM-A and JAM-C Interact with αVβ3 Integrin in Endothelial Cells

αVβ3 integrin and αVβ5 integrin are the two vitronectin receptors expressed by endothelial
cells [24]. Although both bind to vitronectin, they promote distinct growth factor-dependent signaling
pathways: mitogen-activated kinase (MAPK)—extracellular signal-regulated kinase (ERK) pathway
stimulation by bFGF requires αVβ3 integrin whereas stimulation by VEGF requires αVβ5 integrin [61].

In endothelial cells JAM-A interacts with αVβ3 integrin but not with αVβ5 integrin [39,62,63].
In accordance with this selective interaction of JAM-A with αVβ3 integrin, JAM-A-regulated migration
on vitronectin can be blocked with αVβ3 integrin antagonists or αVβ3 integrin-specific antibodies
but not with αVβ5 integrin antibodies [63]. In addition, depletion of JAM-A prevents bFGF- but not
VEGF-triggered activation of the MAPK-ERK pathway [39]. These observations thus indicate a role
of JAM-A specifically in the bFGF-stimulated MAPK-ERK pathway activation, which is most likely
mediated through its association with αVβ3 integrin. The mechanism underlying the role of JAM-A
in bFGF-triggered MAPK-ERK activation is still unclear. JAM-A’s association with αVβ3 integrin is
mediated by the tetraspanin family member CD9 [39]. As observed for JAM-A, CD9 is required for
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bFGF- but not VEGF-triggered activation of the MAPK-ERK pathway, strongly suggesting that CD9
forms an essential link between JAM-A and αVβ3 integrin. bFGF triggers the dissociation of JAM-A
from CD9 and αVβ3 integrin [39,62]. Since JAM-A associated with CD9 and αVβ3 integrin exists
predominantly as monomer, it is conceivable that a release of monomeric JAM-A from the complex
results in the formation of a signaling-competent and active JAM-A dimer which initiates signaling
from the membrane [39]. The functional relevance of the JAM-A – αVβ3 integrin association has
been confirmed in mice. JAM-A-deficient mice fail to mount an angiogenic response both in aortic
ring sprouting assays and Matrigel plug assays in response to bFGF [64]. Of note, JAM-A has also
been found to regulate wound healing-associated neoangiogenesis by negatively regulating VEGF
signaling [65]. The mechanism underlying this negative regulatory function is still unclear.

Besides JAM-A, JAM-C has also been described to interact with αVβ3 integrin in endothelial
cells [66]. Although the nature of the interaction has not been examined in detail, it is likely that the
association occurs in cis. The functional relevance of the JAM-C – αVβ3 integrin association, however,
is unclear. The junctional levels of the β1- and β3 integrin chains as well as β1- or β3-integrin-mediated
adhesion to various extracellular matrix components negatively correlate with JAM-C expression
levels. Similarly, the levels of active Rap1 negatively correlate with JAM-C expression [66]. JAM-C
has been implicated in vascular permeability by regulating the levels of vascular-endothelial cadherin
(VE-cadherin) at endothelial cell-to-cell contacts through Rap1 [67]. If this activity of JAM-C depends
on its association with αVβ3 integrin has not been studied yet.

3.2. JAM-A and αIIbβ3 Integrin in Platelets

Integrin αIIbβ3 is the major integrin expressed at the surface of platelets and is essential for
hemostasis by mediating platelet aggregation and platelet spreading [68]. Activated integrin αIIbβ3
binds extracellular ligands such as fibrinogen, resulting in integrin αIIbβ3 microclustering and
assembly of intracellular signaling complexes involving tyrosine kinases c-Src and Syk and subsequent
platelet activation [69].

In platelets, JAM-A interacts with αIIbβ3 integrin [70,71]. This association is likely to be indirect
and mediated by CD9, since similar to what was observed in endothelial cells, CD9 has also been
identified to be associated with JAM-A in platelets [70]. However, as opposed to endothelial cells
in which JAM-A positively regulates intracellular signaling in response to bFGF, JAM-A prevents
intracellular signaling in platelets [71,72]. This function of JAM-A as negative regulator of intracellular
signaling is mediated by c-Src kinase (Csk), which binds to the JAM-A cytoplasmic domain in
resting platelets [71] thereby inhibiting activation of αIIbβ3-associated c-Src in the absence of
agonists. Platelet activation with thrombin, fibrinogen, or ADP results in the release of JAM-A from
αIIbβ3 integrin and at the same time in JAM-A dephosphorylation by protein phosphatase PTPN1,
resulting in the dissociation of Csk from the complex thus allowing activation of αIIbβ3-associated
c-Src [71,72]. This mechanism is highly relevant in vivo as indicated by a hyperreactivity of platelets
in JAM-A-deficient mice, which is accompanied by enhanced thrombus formation and increased
predisposition to atherosclerosis [72,73].

3.3. JAM-L and α4β1 Integrin in Leukocytes

As mentioned before, α4β1 integrin is expressed at high levels by various leukocyte subsets
such as lymphocytes and monocytes and is involved in the tethering/rolling of leukocytes and their
firm adhesion to the endothelial surface [57]. JAM-L is a JAM family member that is less closely
related to JAM-A, -B, and -C than the three JAMs to each other [14]. It interacts in trans with another
distantly related JAM family, i.e., coxsackie and adenovirus receptor (CAR) [74]. The JAM-L – CAR
trans-heterophilic interaction has so far been described to mediate the interaction of leukocytes with
epithelial cells, endothelial cells, and keratinocytes [14,59,74–76],

JAM-L is expressed by various types of leukocyte including neutrophils, monocytes and specific
subsets of T cells [59,75]. Interestingly, in leukocytes such as neutrophils which do not express α4β1
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integrin, JAM-L is constitutively active, whereas in α4β1 integrin-expressing leukocytes such as
monocytes or T lymphocytes, JAM-L trans-interaction with CAR requires integrin activation [59].
In these cells, JAM-L is associated with α4β1 integrin as monomer. Integrin stimulation by the
chemokine SDF-1α releases JAM-L from α4β1 integrin allowing the formation of cis dimers. As also
shown for JAM-A, -B, and -C, the cis dimeration is the prerequisite for interactions in trans. In the case
of JAM-L, the dimer interacts in trans with CAR to strengthen the interaction between T lymphocytes
and endothelial cells [59]. It is likely that monomeric JAM-L has a high affinity to the inactive integrin
and that this affinity is strongly reduced upon integrin activation, which is accompanied by an upright
conformation [23]. The JAM-L – α4β1 integrin association provides a unique example of a regulation
of JAM binding activity by a lateral association with an integrin family member.

4. JAM-Integrin Crosstalk

Apart from interacting directly or indirectly with integrins JAMs can also regulate the levels of
integrin expression. In SK-CO15 colonic epithelial cells and in MCF7 breast carcinoma cells, the protein
levels of β1 integrin are reduced after depletion of JAM-A [77–79]. Consequently, JAM-A knockdown
cells fail to spread, adhere, and migrate properly on ECM proteins in a β1 integrin-dependent manner.
The regulation of β1 integrin expression levels has been attributed to the ability of JAM-A to activate
Rap1 by recruiting Afadin, a scaffolding protein for Rap1, and PDZ-GEF2, a guanine nucleotide
exchange factor for Rap1 [78,80]. The close spatial proximity generated by JAM-A allows the functional
interaction of PDZ-GEF2 with Rap1. In neutrophils, the absence of JAM-A results in a reduced ability
to migrate through the interstitial tissue [81]. Interestingly, however, the reduced migratory capacity
of JAM-A-deficient neutrophils is not caused by reduced β1 integrin expression but is due to an
impaired β1 integrin recycling. At the molecular level, JAM-A is recruited to cell surface-expressed
β1 integrins and through an as yet unknown mechanism induces their internalization, which is
a prerequisite for efficient uropod retraction during migration [81]. A role in the regulation of
integrin-mediated processes such as cell adhesion and cell migration has also been identified for JAM-C
in the epithelia-derived tumor cell line KLN205 [82]. Ectopic expression of a phosphorylation-deficient
mutant of JAM-C decreases cell spreading but increases cell adhesion and migration. This function of
JAM-C is mediated through phosphorylation at Ser281, which regulates the activities of β1 and β3
integrins in a reciprocal manner [82]. In contrast to the regulation of β1 integrin expression in SK-CO15
colonic epithelial cells and the β1 integrin surface exposure in neutrophils by JAM-A, JAM-C regulates
the binding activities of β1 and β3 integrins in these cells [82]. Together, these findings indicate an
intimate crosstalk between JAMs and integrins and highlight the versatility of JAMs in the regulation
of integrin-mediated processes.

5. Concluding Remarks

Many functions of JAMs depend on a physical and/or functional interaction with integrins.
Physical interaction in trans involve integrins on leukocytes and regulate the adhesion of leukocytes
to endothelial cells or platelets. Physical interactions in cis involve β3 integrins in endothelial cells
and in platelets and most likely regulate integrin-mediated signaling processes, as shown in platelets
where JAM-A regulates the activity of αIIbβ3 integrin-associated c-Src [71]. The cis-interaction with
integrins are indirect and mediated by tetraspanins [39,70], suggesting that tetraspanins play a major
role in connecting JAMs to integrins and allowing their functional interaction. In general, JAM-integrin
interactions can regulate the function of each partner. For example, the integrin can regulate the
adhesive activity of a JAM family member by keeping it in a non-functional, monomeric state [59].
Alternatively, the JAM family member can regulate the activity of the integrin by stimulating integrin
internalization and cell surface turnover [81], or by regulating small GTPases upstream of integrin
expression and activity [83]. The JAM-integrin trans interactions probably signal back into the two
cell types involved, as for example indicated by a reduced ability of T lymphocytes to spread and
transmigrate after inhibition of JAM-A function [31], or by the disruption of the JAM-A dimer upon
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αLβ2 integrin interaction, which most likely affects the signaling activity of JAM-A [38]. It is to be
expected that more aspects of the JAM-integrin connection will be discovered in the future.

Acknowledgments: We wish to thank Volker Gerke for continuous support. We also wish to thank all members
of the “Institute-Associated Research Group: Cell Adhesion and Cell Polarity” for helpful discussions. This work
is supported by grants from the German Research Foundation to Klaus Ebnet (EB 160/5-1, EB160/7-1, EXC-1003
FF-2016-01) and from the Medical Faculty of the University Münster to Klaus Ebnet (IZKF Eb2/020/14).

Author Contributions: Daniel Kummer and Klaus Ebnet wrote the paper.

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

References

1. Kornecki, E.; Walkowiak, B.; Naik, U.P.; Ehrlich, Y.H. Activation of human platelets by a stimulatory
monoclonal antibody. J. Biol. Chem. 1990, 265, 10042–10048. [PubMed]

2. Martin-Padura, I.; Lostaglio, S.; Schneemann, M.; Williams, L.; Romano, M.; Fruscella, P.; Panzeri, C.;
Stoppacciaro, A.; Ruco, L.; Villa, A.; et al. Junctional adhesion molecule, a novel member of
the immunoglobulin superfamily that distributes at intercellular junctions and modulates monocyte
transmigration. J. Cell Biol. 1998, 142, 117–127. [CrossRef] [PubMed]

3. Malergue, F.; Galland, F.; Martin, F.; Mansuelle, P.; Aurrand-Lions, M.; Naquet, P. A novel immunoglobulin
superfamily junctional molecule expressed by antigen presenting cells, endothelial cells and platelets.
Mol. Immunol. 1998, 35, 1111–1119. [CrossRef]

4. Williams, L.A.; Martin-Padura, I.; Dejana, E.; Hogg, N.; Simmons, D.L. Identification and characterisation of
human junctional adhesion molecule (jam). Mol. Immunol. 1999, 36, 1175–1188. [CrossRef]

5. Liu, Y.; Nusrat, A.; Schnell, F.J.; Reaves, T.A.; Walsh, S.; Pochet, M.; Parkos, C.A. Human junction adhesion
molecule regulates tight junction resealing in epithelia. J. Cell Sci. 2000, 113, 2363–2374. [PubMed]

6. Liang, T.W.; DeMarco, R.A.; Mrsny, R.J.; Gurney, A.; Gray, A.; Hooley, J.; Aaron, H.L.; Huang, A.; Klassen, T.;
Tumas, D.B.; et al. Characterization of hujam: Evidence for involvement in cell-cell contact and tight junction
regulation. Am. J. Physiol. Cell Physiol. 2000, 279, C1733–C1743. [CrossRef] [PubMed]

7. Palmeri, D.; van Zante, A.; Huang, C.C.; Hemmerich, S.; Rosen, S.D. Vascular endothelial junction-associated
molecule, a novel member of the immunoglobulin superfamily, is localized to intercellular boundaries of
endothelial cells. J. Biol. Chem. 2000, 275, 19139–19145. [CrossRef] [PubMed]

8. Cunningham, S.A.; Arrate, M.P.; Rodriguez, J.M.; Bjercke, R.J.; Vanderslice, P.; Morris, A.P.; Brock, T.A. A
novel protein with homology to the junctional adhesion molecule: Characterization of leukocyte interactions.
J. Biol. Chem. 2000, 275, 34750–34756. [CrossRef] [PubMed]

9. Aurrand-Lions, M.A.; Duncan, L.; Du Pasquier, L.; Imhof, B.A. Cloning of jam-2 and jam-3: An emerging
junctional adhesion molecular family? Curr. Top. Microbiol. Immunol. 2000, 251, 91–98. [PubMed]

10. Liang, T.W.; Chiu, H.H.; Gurney, A.; Sidle, A.; Tumas, D.B.; Schow, P.; Foster, J.; Klassen, T.; Dennis, K.;
DeMarco, R.A.; et al. Vascular endothelial-junctional adhesion molecule (ve-jam)/jam 2 interacts with t, nk,
and dendritic cells through jam 3. J. Immunol. 2002, 168, 1618–1626. [CrossRef] [PubMed]

11. Aurrand-Lions, M.A.; Duncan, L.; Ballestrem, C.; Imhof, B.A. Jam-2, a novel immunoglobulin superfamily
molecule, expressed by endothelial and lymphatic cells. J. Biol. Chem. 2001, 276, 2733–2741. [CrossRef]
[PubMed]

12. Arrate, M.P.; Rodriguez, J.M.; Tran, T.M.; Brock, T.A.; Cunningham, S.A. Cloning of human junctional
adhesion molecule 3 (jam3) and its identification as the jam2 counter-receptor. J. Biol. Chem. 2001, 276,
45826–45832. [CrossRef] [PubMed]

13. Hirabayashi, S.; Tajima, M.; Yao, I.; Nishimura, W.; Mori, H.; Hata, Y. Jam4, a junctional cell adhesion
molecule interacting with a tight junction protein, magi-1. Mol. Cell. Biol. 2003, 23, 4267–4282. [CrossRef]
[PubMed]

14. Moog-Lutz, C.; Cave-Riant, F.; Guibal, F.C.; Breau, M.A.; Di Gioia, Y.; Couraud, P.O.; Cayre, Y.E.;
Bourdoulous, S.; Lutz, P.G. Jaml, a novel protein with characteristics of a junctional adhesion molecule, is
induced during differentiation of myeloid leukemia cells. Blood 2003, 102, 3371–3378. [CrossRef] [PubMed]

15. Weber, C.; Fraemohs, L.; Dejana, E. The role of junctional adhesion molecules in vascular inflammation.
Nat. Rev. Immunol. 2007, 7, 467–477. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/2351647
http://dx.doi.org/10.1083/jcb.142.1.117
http://www.ncbi.nlm.nih.gov/pubmed/9660867
http://dx.doi.org/10.1016/S0161-5890(98)00102-3
http://dx.doi.org/10.1016/S0161-5890(99)00122-4
http://www.ncbi.nlm.nih.gov/pubmed/10852816
http://dx.doi.org/10.1152/ajpcell.2000.279.6.C1733
http://www.ncbi.nlm.nih.gov/pubmed/11078687
http://dx.doi.org/10.1074/jbc.M003189200
http://www.ncbi.nlm.nih.gov/pubmed/10779521
http://dx.doi.org/10.1074/jbc.M002718200
http://www.ncbi.nlm.nih.gov/pubmed/10945976
http://www.ncbi.nlm.nih.gov/pubmed/11036763
http://dx.doi.org/10.4049/jimmunol.168.4.1618
http://www.ncbi.nlm.nih.gov/pubmed/11823489
http://dx.doi.org/10.1074/jbc.M005458200
http://www.ncbi.nlm.nih.gov/pubmed/11053409
http://dx.doi.org/10.1074/jbc.M105972200
http://www.ncbi.nlm.nih.gov/pubmed/11590146
http://dx.doi.org/10.1128/MCB.23.12.4267-4282.2003
http://www.ncbi.nlm.nih.gov/pubmed/12773569
http://dx.doi.org/10.1182/blood-2002-11-3462
http://www.ncbi.nlm.nih.gov/pubmed/12869515
http://dx.doi.org/10.1038/nri2096
http://www.ncbi.nlm.nih.gov/pubmed/17525755


Cells 2018, 7, 25 9 of 12

16. Reglero-Real, N.; Colom, B.; Bodkin, J.V.; Nourshargh, S. Endothelial cell junctional adhesion molecules:
Role and regulation of expression in inflammation. Arterioscler. Thromb. Vasc. Biol. 2016, 36, 2048–2057.
[CrossRef] [PubMed]

17. Ebnet, K. Junctional adhesion molecules (jams): Cell adhesion receptors with pleiotropic functions in cell
physiology and development. Physiol. Rev. 2017, 97, 1529–1554. [CrossRef] [PubMed]

18. Ebnet, K.; Kummer, D.; Steinbacher, T.; Singh, A.; Nakayama, M.; Matis, M. Regulation of cell polarity by cell
adhesion receptors. Semin. Cell Dev. Biol. 2017. [CrossRef] [PubMed]

19. Brasch, J.; Harrison, O.J.; Honig, B.; Shapiro, L. Thinking outside the cell: How cadherins drive adhesion.
Trends Cell Biol. 2012, 22, 299–310. [CrossRef] [PubMed]

20. Steinbacher, T.; Kummer, D.; Ebnet, K. Junctional adhesion molecule-a: Functional diversity through
molecular promiscuity. Cell. Mol. Life Sci. 2018, 75, 1393–1409. [CrossRef] [PubMed]

21. Hynes, R.O. Integrins: Bidirectional, allosteric signaling machines. Cell 2002, 110, 673–687. [CrossRef]
22. Campbell, I.D.; Humphries, M.J. Integrin structure, activation, and interactions. Cold Spring Harb.

Perspect. Biol. 2011, 3, a004994. [CrossRef] [PubMed]
23. Luo, B.H.; Carman, C.V.; Springer, T.A. Structural basis of integrin regulation and signaling.

Annu. Rev. Immunol. 2007, 25, 619–647. [CrossRef] [PubMed]
24. Horton, E.R.; Humphries, J.D.; James, J.; Jones, M.C.; Askari, J.A.; Humphries, M.J. The integrin adhesome

network at a glance. J. Cell Sci. 2016, 129, 4159–4163. [CrossRef] [PubMed]
25. Bradfield, P.F.; Nourshargh, S.; Aurrand-Lions, M.; Imhof, B.A. Jam family and related proteins in leukocyte

migration (vestweber series). Arterioscler. Thromb. Vasc. Biol. 2007, 27, 2104–2112. [CrossRef] [PubMed]
26. Luissint, A.C.; Nusrat, A.; Parkos, C.A. Jam-related proteins in mucosal homeostasis and inflammation.

Semin. Immunopathol. 2014, 36, 211–226. [CrossRef] [PubMed]
27. Springer, T.A. Traffic signals for lymphocyte recirculation and leukocyte emigration: The multistep paradigm.

Cell 1994, 76, 301–314. [CrossRef]
28. Ley, K.; Laudanna, C.; Cybulsky, M.I.; Nourshargh, S. Getting to the site of inflammation: The leukocyte

adhesion cascade updated. Nat. Rev. Immunol. 2007, 7, 678–689. [CrossRef] [PubMed]
29. Kunkel, E.J.; Butcher, E.C. Chemokines and the tissue-specific migration of lymphocytes. Immunity 2002, 16,

1–4. [CrossRef]
30. Hogg, N.; Patzak, I.; Willenbrock, F. The insider’s guide to leukocyte integrin signalling and function.

Nat. Rev. Immunol. 2011, 11, 416–426. [CrossRef] [PubMed]
31. Ostermann, G.; Weber, K.S.; Zernecke, A.; Schroder, A.; Weber, C. Jam-1 is a ligand of the beta(2) integrin lfa-1

involved in transendothelial migration of leukocytes. Nat. Immunol. 2002, 3, 151–158. [CrossRef] [PubMed]
32. Sladojevic, N.; Stamatovic, S.M.; Keep, R.F.; Grailer, J.J.; Sarma, J.V.; Ward, P.A.; Andjelkovic, A.V. Inhibition

of junctional adhesion molecule-a/lfa interaction attenuates leukocyte trafficking and inflammation in brain
ischemia/reperfusion injury. Neurobiol. Dis. 2014, 67, 57–70. [CrossRef] [PubMed]

33. Ozaki, H.; Ishii, K.; Horiuchi, H.; Arai, H.; Kawamoto, T.; Okawa, K.; Iwamatsu, A.; Kita, T. Cutting edge:
Combined treatment of tnf-alpha and ifn-gamma causes redistribution of junctional adhesion molecule in
human endothelial cells. J. Immunol. 1999, 163, 553–557. [PubMed]

34. Stamatovic, S.M.; Sladojevic, N.; Keep, R.F.; Andjelkovic, A.V. Relocalization of junctional adhesion molecule
a during inflammatory stimulation of brain endothelial cells. Mol. Cell. Biol. 2012, 32, 3414–3427. [CrossRef]
[PubMed]

35. Fraemohs, L.; Koenen, R.R.; Ostermann, G.; Heinemann, B.; Weber, C. The functional interaction of the beta2
integrin lymphocyte function-associated antigen-1 with junctional adhesion molecule-a is mediated by the i
domain. J. Immunol. 2004, 173, 6259–6264. [CrossRef] [PubMed]

36. Kostrewa, D.; Brockhaus, M.; D’Arcy, A.; Dale, G.E.; Nelboeck, P.; Schmid, G.; Mueller, F.; Bazzoni, G.;
Dejana, E.; Bartfai, T.; et al. X-ray structure of junctional adhesion molecule: Structural basis for homophilic
adhesion via a novel dimerization motif. EMBO J. 2001, 20, 4391–4398. [CrossRef] [PubMed]

37. Monteiro, A.C.; Luissint, A.C.; Sumagin, R.; Lai, C.; Vielmuth, F.; Wolf, M.F.; Laur, O.; Reiss, K.; Spindler, V.;
Stehle, T.; et al. Trans-dimerization of jam-a regulates rap2 and is mediated by a domain that is distinct from
the cis-dimerization interface. Mol. Biol. Cell 2014, 25, 1574–1585. [CrossRef] [PubMed]

38. Wojcikiewicz, E.P.; Koenen, R.R.; Fraemohs, L.; Minkiewicz, J.; Azad, H.; Weber, C.; Moy, V.T. Lfa-1 binding
destabilizes the jam-a homophilic interaction during leukocyte transmigration. Biophys. J. 2009, 96, 285–293.
[CrossRef] [PubMed]

http://dx.doi.org/10.1161/ATVBAHA.116.307610
http://www.ncbi.nlm.nih.gov/pubmed/27515379
http://dx.doi.org/10.1152/physrev.00004.2017
http://www.ncbi.nlm.nih.gov/pubmed/28931565
http://dx.doi.org/10.1016/j.semcdb.2017.07.032
http://www.ncbi.nlm.nih.gov/pubmed/28739340
http://dx.doi.org/10.1016/j.tcb.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22555008
http://dx.doi.org/10.1007/s00018-017-2729-0
http://www.ncbi.nlm.nih.gov/pubmed/29238845
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://dx.doi.org/10.1101/cshperspect.a004994
http://www.ncbi.nlm.nih.gov/pubmed/21421922
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141618
http://www.ncbi.nlm.nih.gov/pubmed/17201681
http://dx.doi.org/10.1242/jcs.192054
http://www.ncbi.nlm.nih.gov/pubmed/27799358
http://dx.doi.org/10.1161/ATVBAHA.107.147694
http://www.ncbi.nlm.nih.gov/pubmed/17615384
http://dx.doi.org/10.1007/s00281-014-0421-0
http://www.ncbi.nlm.nih.gov/pubmed/24667924
http://dx.doi.org/10.1016/0092-8674(94)90337-9
http://dx.doi.org/10.1038/nri2156
http://www.ncbi.nlm.nih.gov/pubmed/17717539
http://dx.doi.org/10.1016/S1074-7613(01)00261-8
http://dx.doi.org/10.1038/nri2986
http://www.ncbi.nlm.nih.gov/pubmed/21597477
http://dx.doi.org/10.1038/ni755
http://www.ncbi.nlm.nih.gov/pubmed/11812992
http://dx.doi.org/10.1016/j.nbd.2014.03.010
http://www.ncbi.nlm.nih.gov/pubmed/24657919
http://www.ncbi.nlm.nih.gov/pubmed/10395639
http://dx.doi.org/10.1128/MCB.06678-11
http://www.ncbi.nlm.nih.gov/pubmed/22733993
http://dx.doi.org/10.4049/jimmunol.173.10.6259
http://www.ncbi.nlm.nih.gov/pubmed/15528364
http://dx.doi.org/10.1093/emboj/20.16.4391
http://www.ncbi.nlm.nih.gov/pubmed/11500366
http://dx.doi.org/10.1091/mbc.E14-01-0018
http://www.ncbi.nlm.nih.gov/pubmed/24672055
http://dx.doi.org/10.1529/biophysj.108.135491
http://www.ncbi.nlm.nih.gov/pubmed/18849408


Cells 2018, 7, 25 10 of 12

39. Peddibhotla, S.S.; Brinkmann, B.F.; Kummer, D.; Tuncay, H.; Nakayama, M.; Adams, R.H.; Gerke, V.; Ebnet, K.
Tetraspanin cd9 links junctional adhesion molecule-a to alphavbeta3 integrin to mediate basic fibroblast
growth factor-specific angiogenic signaling. Mol. Biol. Cell 2013, 24, 933–944. [CrossRef] [PubMed]

40. Van Buul, J.D.; Hordijk, P.L. Endothelial adapter proteins in leukocyte transmigration. Thromb. Haemost.
2009, 101, 649–655. [CrossRef] [PubMed]

41. Shaw, S.K.; Ma, S.; Kim, M.B.; Rao, R.M.; Hartman, C.U.; Froio, R.M.; Yang, L.; Jones, T.; Liu, Y.;
Nusrat, A.; et al. Coordinated redistribution of leukocyte lfa-1 and endothelial cell icam-1 accompany
neutrophil transmigration. J. Exp. Med. 2004, 200, 1571–1580. [CrossRef] [PubMed]

42. Santoso, S.; Sachs, U.J.; Kroll, H.; Linder, M.; Ruf, A.; Preissner, K.T.; Chavakis, T. The junctional adhesion
molecule 3 (jam-3) on human platelets is a counterreceptor for the leukocyte integrin mac-1. J. Exp. Med.
2002, 196, 679–691. [CrossRef] [PubMed]

43. Lamagna, C.; Meda, P.; Mandicourt, G.; Brown, J.; Gilbert, R.J.; Jones, E.Y.; Kiefer, F.; Ruga, P.; Imhof, B.A.;
Aurrand-Lions, M. Dual interaction of jam-c with jam-b and {alpha}m{beta}2 integrin: Function in junctional
complexes and leukocyte adhesion. Mol. Biol. Cell 2005, 16, 4992–5003. [CrossRef] [PubMed]

44. Diacovo, T.G.; Roth, S.J.; Buccola, J.M.; Bainton, D.F.; Springer, T.A. Neutrophil rolling, arrest, and
transmigration across activated, surface-adherent platelets via sequential action of p-selectin and the beta
2-integrin cd11b/cd18. Blood 1996, 88, 146–157. [PubMed]

45. Langer, H.F.; Daub, K.; Braun, G.; Schonberger, T.; May, A.E.; Schaller, M.; Stein, G.M.; Stellos, K.;
Bueltmann, A.; Siegel-Axel, D.; et al. Platelets recruit human dendritic cells via mac-1/jam-c interaction and
modulate dendritic cell function in vitro. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 1463–1470. [CrossRef]
[PubMed]

46. Ballet, R.; Emre, Y.; Jemelin, S.; Charmoy, M.; Tacchini-Cottier, F.; Imhof, B.A. Blocking junctional adhesion
molecule c enhances dendritic cell migration and boosts the immune responses against leishmania major.
PLoS Pathog. 2014, 10, e1004550. [CrossRef] [PubMed]

47. Scheiermann, C.; Colom, B.; Meda, P.; Patel, N.S.; Voisin, M.B.; Marrelli, A.; Woodfin, A.; Pitzalis, C.;
Thiemermann, C.; Aurrand-Lions, M.; et al. Junctional adhesion molecule-c mediates leukocyte infiltration
in response to ischemia reperfusion injury. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 1509–1515. [CrossRef]
[PubMed]

48. Johnson-Leger, C.A.; Aurrand-Lions, M.; Beltraminelli, N.; Fasel, N.; Imhof, B.A. Junctional adhesion
molecule-2 (jam-2) promotes lymphocyte transendothelial migration. Blood 2002, 100, 2479–2486. [CrossRef]
[PubMed]

49. Chavakis, T.; Keiper, T.; Matz-Westphal, R.; Hersemeyer, K.; Sachs, U.J.; Nawroth, P.P.; Preissner, K.T.;
Santoso, S. The junctional adhesion molecule-c promotes neutrophil transendothelial migration in vitro and
in vivo. J. Biol. Chem. 2004, 279, 55602–55608. [CrossRef] [PubMed]

50. Aurrand-Lions, M.; Lamagna, C.; Dangerfield, J.P.; Wang, S.; Herrera, P.; Nourshargh, S.; Imhof, B.A.
Junctional adhesion molecule-c regulates the early influx of leukocytes into tissues during inflammation.
J. Immunol. 2005, 174, 6406–6415. [CrossRef] [PubMed]

51. Keiper, T.; Al-Fakhri, N.; Chavakis, E.; Athanasopoulos, A.N.; Isermann, B.; Herzog, S.; Saffrich, R.;
Hersemeyer, K.; Bohle, R.M.; Haendeler, J.; et al. The role of junctional adhesion molecule-c (jam-c) in
oxidized ldl-mediated leukocyte recruitment. FASEB J. 2005, 19, 2078–2080. [CrossRef] [PubMed]

52. Bradfield, P.F.; Scheiermann, C.; Nourshargh, S.; Ody, C.; Luscinskas, F.W.; Rainger, G.E.; Nash, G.B.;
Miljkovic-Licina, M.; Aurrand-Lions, M.; Imhof, B.A. Jam-c regulates unidirectional monocyte
transendothelial migration in inflammation. Blood 2007, 110, 2545–2555. [CrossRef] [PubMed]

53. Imhof, B.A.; Zimmerli, C.; Gliki, G.; Ducrest-Gay, D.; Juillard, P.; Hammel, P.; Adams, R.; Aurrand-Lions, M.
Pulmonary dysfunction and impaired granulocyte homeostasis result in poor survival of jam-c-deficient
mice. J. Pathol. 2007, 212, 198–208. [CrossRef] [PubMed]

54. Shagdarsuren, E.; Djalali-Talab, Y.; Aurrand-Lions, M.; Bidzhekov, K.; Liehn, E.A.; Imhof, B.A.; Weber, C.;
Zernecke, A. Importance of junctional adhesion molecule-c for neointimal hyperplasia and monocyte
recruitment in atherosclerosis-prone mice-brief report. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 1161–1163.
[CrossRef] [PubMed]

55. Woodfin, A.; Voisin, M.B.; Beyrau, M.; Colom, B.; Caille, D.; Diapouli, F.M.; Nash, G.B.; Chavakis, T.;
Albelda, S.M.; Rainger, G.E.; et al. The junctional adhesion molecule jam-c regulates polarized
transendothelial migration of neutrophils in vivo. Nat. Immunol. 2011, 12, 761–769. [CrossRef] [PubMed]

http://dx.doi.org/10.1091/mbc.E12-06-0481
http://www.ncbi.nlm.nih.gov/pubmed/23389628
http://dx.doi.org/10.1160/TH08-11-0714
http://www.ncbi.nlm.nih.gov/pubmed/19350107
http://dx.doi.org/10.1084/jem.20040965
http://www.ncbi.nlm.nih.gov/pubmed/15611287
http://dx.doi.org/10.1084/jem.20020267
http://www.ncbi.nlm.nih.gov/pubmed/12208882
http://dx.doi.org/10.1091/mbc.E05-04-0310
http://www.ncbi.nlm.nih.gov/pubmed/16093349
http://www.ncbi.nlm.nih.gov/pubmed/8704169
http://dx.doi.org/10.1161/ATVBAHA.107.141515
http://www.ncbi.nlm.nih.gov/pubmed/17379836
http://dx.doi.org/10.1371/journal.ppat.1004550
http://www.ncbi.nlm.nih.gov/pubmed/25474593
http://dx.doi.org/10.1161/ATVBAHA.109.187559
http://www.ncbi.nlm.nih.gov/pubmed/19574560
http://dx.doi.org/10.1182/blood-2001-11-0098
http://www.ncbi.nlm.nih.gov/pubmed/12239159
http://dx.doi.org/10.1074/jbc.M404676200
http://www.ncbi.nlm.nih.gov/pubmed/15485832
http://dx.doi.org/10.4049/jimmunol.174.10.6406
http://www.ncbi.nlm.nih.gov/pubmed/15879142
http://dx.doi.org/10.1096/fj.05-4196fje
http://www.ncbi.nlm.nih.gov/pubmed/16195363
http://dx.doi.org/10.1182/blood-2007-03-078733
http://www.ncbi.nlm.nih.gov/pubmed/17625065
http://dx.doi.org/10.1002/path.2163
http://www.ncbi.nlm.nih.gov/pubmed/17455169
http://dx.doi.org/10.1161/ATVBAHA.109.187898
http://www.ncbi.nlm.nih.gov/pubmed/19520977
http://dx.doi.org/10.1038/ni.2062
http://www.ncbi.nlm.nih.gov/pubmed/21706006


Cells 2018, 7, 25 11 of 12

56. Mitroulis, I.; Alexaki, V.I.; Kourtzelis, I.; Ziogas, A.; Hajishengallis, G.; Chavakis, T. Leukocyte integrins:
Role in leukocyte recruitment and as therapeutic targets in inflammatory disease. Pharmacol. Ther. 2015, 147,
123–135. [CrossRef] [PubMed]

57. Herter, J.; Zarbock, A. Integrin regulation during leukocyte recruitment. J. Immunol. 2013, 190, 4451–4457.
[CrossRef] [PubMed]

58. Cunningham, S.A.; Rodriguez, J.M.; Arrate, M.P.; Tran, T.M.; Brock, T.A. Jam2 interacts with alpha4beta1.
Facilitation by jam3. J. Biol. Chem. 2002, 277, 27589–27592. [CrossRef] [PubMed]

59. Luissint, A.C.; Lutz, P.G.; Calderwood, D.A.; Couraud, P.O.; Bourdoulous, S. Jam-l-mediated leukocyte
adhesion to endothelial cells is regulated in cis by alpha4beta1 integrin activation. J. Cell Biol. 2008, 183,
1159–1173. [CrossRef] [PubMed]

60. Ludwig, R.J.; Hardt, K.; Hatting, M.; Bistrian, R.; Diehl, S.; Radeke, H.H.; Podda, M.; Schon, M.P.;
Kaufmann, R.; Henschler, R.; et al. Junctional adhesion molecule (jam)-b supports lymphocyte rolling
and adhesion through interaction with alpha4beta1 integrin. Immunology 2009, 128, 196–205. [CrossRef]
[PubMed]

61. Weis, S.M.; Cheresh, D.A. Alphav integrins in angiogenesis and cancer. Cold Spring Harb. Perspect. Med. 2011,
1, a006478. [CrossRef] [PubMed]

62. Naik, M.U.; Mousa, S.A.; Parkos, C.A.; Naik, U.P. Signaling through jam-1 and {alpha}v{beta}3 is required
for the angiogenic action of bfgf: Dissociation of the jam-1 and {alpha}v{beta}3 complex. Blood 2003, 102,
2108–2114. [CrossRef] [PubMed]

63. Naik, M.U.; Naik, U.P. Junctional adhesion molecule-a-induced endothelial cell migration on vitronectin is
integrin avb3 specific. J. Cell Sci. 2006, 119, 490–499. [CrossRef] [PubMed]

64. Cooke, V.G.; Naik, M.U.; Naik, U.P. Fibroblast growth factor-2 failed to induce angiogenesis in junctional
adhesion molecule-a-deficient mice. Arterioscler. Thromb. Vasc. Biol. 2006, 26, 2005–2011. [CrossRef]
[PubMed]

65. Chatterjee, S.; Wang, Y.; Duncan, M.K.; Naik, U.P. Junctional adhesion molecule-a regulates vascular
endothelial growth factor receptor-2 signaling-dependent mouse corneal wound healing. PLoS ONE 2013, 8,
e63674. [CrossRef] [PubMed]

66. Li, X.; Stankovic, M.; Lee, B.P.; Aurrand-Lions, M.; Hahn, C.N.; Lu, Y.; Imhof, B.A.; Vadas, M.; Gamble, J.
Jam-c induces endothelial cell permeability through its association and regulation of {beta}3 integrins.
Arterioscler. Thromb. Vasc. Biol. 2009, 29, 1200–1206. [CrossRef] [PubMed]

67. Orlova, V.V.; Economopoulou, M.; Lupu, F.; Santoso, S.; Chavakis, T. Junctional adhesion molecule-c regulates
vascular endothelial permeability by modulating ve-cadherin-mediated cell-cell contacts. J. Exp. Med. 2006,
203, 2703–2714. [CrossRef] [PubMed]

68. Shattil, S.J. Signaling through platelet integrin alpha iib beta 3: Inside-out, outside-in, and sideways.
Thromb. Haemost. 1999, 82, 318–325. [PubMed]

69. Shattil, S.J.; Newman, P.J. Integrins: Dynamic scaffolds for adhesion and signaling in platelets. Blood 2004,
104, 1606–1615. [CrossRef] [PubMed]

70. Sobocka, M.B.; Sobocki, T.; Babinska, A.; Hartwig, J.H.; Li, M.; Ehrlich, Y.H.; Kornecki, E. Signaling pathways
of the f11 receptor (f11r; a.K.A. Jam-1, jam-a) in human platelets: F11r dimerization, phosphorylation and
complex formation with the integrin gpiiia. J. Recept. Signal Transduct. Res. 2004, 24, 85–105. [CrossRef]
[PubMed]

71. Naik, M.U.; Caplan, J.L.; Naik, U.P. Junctional adhesion molecule-a suppresses platelet integrin alphaiibbeta3
signaling by recruiting csk to the integrin-c-src complex. Blood 2014, 123, 1393–1402. [CrossRef] [PubMed]

72. Karshovska, E.; Zhao, Z.; Blanchet, X.; Schmitt, M.M.; Bidzhekov, K.; Soehnlein, O.; von Hundelshausen, P.;
Mattheij, N.J.; Cosemans, J.M.; Megens, R.T.; et al. Hyperreactivity of junctional adhesion molecule a-deficient
platelets accelerates atherosclerosis in hyperlipidemic mice. Circ. Res. 2015, 116, 587–599. [CrossRef]
[PubMed]

73. Naik, M.U.; Stalker, T.J.; Brass, L.F.; Naik, U.P. Jam-a protects from thrombosis by suppressing integrin
alphaiibbeta3-dependent outside-in signaling in platelets. Blood 2012, 119, 3352–3360. [CrossRef] [PubMed]

74. Zen, K.; Liu, Y.; McCall, I.C.; Wu, T.; Lee, W.; Babbin, B.A.; Nusrat, A.; Parkos, C.A. Neutrophil migration
across tight junctions is mediated by adhesive interactions between epithelial coxsackie and adenovirus
receptor and a junctional adhesion molecule-like protein on neutrophils. Mol. Biol. Cell 2005, 16, 2694–2703.
[CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.pharmthera.2014.11.008
http://www.ncbi.nlm.nih.gov/pubmed/25448040
http://dx.doi.org/10.4049/jimmunol.1203179
http://www.ncbi.nlm.nih.gov/pubmed/23606722
http://dx.doi.org/10.1074/jbc.C200331200
http://www.ncbi.nlm.nih.gov/pubmed/12070135
http://dx.doi.org/10.1083/jcb.200805061
http://www.ncbi.nlm.nih.gov/pubmed/19064666
http://dx.doi.org/10.1111/j.1365-2567.2009.03100.x
http://www.ncbi.nlm.nih.gov/pubmed/19740376
http://dx.doi.org/10.1101/cshperspect.a006478
http://www.ncbi.nlm.nih.gov/pubmed/22229119
http://dx.doi.org/10.1182/blood-2003-04-1114
http://www.ncbi.nlm.nih.gov/pubmed/12750158
http://dx.doi.org/10.1242/jcs.02771
http://www.ncbi.nlm.nih.gov/pubmed/16418218
http://dx.doi.org/10.1161/01.ATV.0000234923.79173.99
http://www.ncbi.nlm.nih.gov/pubmed/16809549
http://dx.doi.org/10.1371/journal.pone.0063674
http://www.ncbi.nlm.nih.gov/pubmed/23667656
http://dx.doi.org/10.1161/ATVBAHA.109.189217
http://www.ncbi.nlm.nih.gov/pubmed/19461049
http://dx.doi.org/10.1084/jem.20051730
http://www.ncbi.nlm.nih.gov/pubmed/17116731
http://www.ncbi.nlm.nih.gov/pubmed/10605720
http://dx.doi.org/10.1182/blood-2004-04-1257
http://www.ncbi.nlm.nih.gov/pubmed/15205259
http://dx.doi.org/10.1081/RRS-120034252
http://www.ncbi.nlm.nih.gov/pubmed/15344881
http://dx.doi.org/10.1182/blood-2013-04-496232
http://www.ncbi.nlm.nih.gov/pubmed/24300854
http://dx.doi.org/10.1161/CIRCRESAHA.116.304035
http://www.ncbi.nlm.nih.gov/pubmed/25472975
http://dx.doi.org/10.1182/blood-2011-12-397398
http://www.ncbi.nlm.nih.gov/pubmed/22271446
http://dx.doi.org/10.1091/mbc.E05-01-0036
http://www.ncbi.nlm.nih.gov/pubmed/15800062


Cells 2018, 7, 25 12 of 12

75. Witherden, D.A.; Verdino, P.; Rieder, S.E.; Garijo, O.; Mills, R.E.; Teyton, L.; Fischer, W.H.; Wilson, I.A.;
Havran, W.L. The junctional adhesion molecule jaml is a costimulatory receptor for epithelial gammadelta t
cell activation. Science 2010, 329, 1205–1210. [CrossRef] [PubMed]

76. Guo, Y.L.; Bai, R.; Chen, C.X.; Liu, D.Q.; Liu, Y.; Zhang, C.Y.; Zen, K. Role of junctional adhesion molecule-like
protein in mediating monocyte transendothelial migration. Arterioscler. Thromb. Vasc. Biol. 2009, 29, 75–83.
[CrossRef] [PubMed]

77. Mandell, K.J.; Babbin, B.A.; Nusrat, A.; Parkos, C.A. Junctional adhesion molecule 1 regulates epithelial
cell morphology through effects on beta1 integrins and rap1 activity. J. Biol. Chem. 2005, 280, 11665–11674.
[CrossRef] [PubMed]

78. Severson, E.A.; Jiang, L.; Ivanov, A.I.; Mandell, K.J.; Nusrat, A.; Parkos, C.A. Cis-dimerization mediates
function of junctional adhesion molecule a. Mol. Biol. Cell 2008, 19, 1862–1872. [CrossRef] [PubMed]

79. McSherry, E.A.; Brennan, K.; Hudson, L.; Hill, A.D.; Hopkins, A.M. Breast cancer cell migration is regulated
through junctional adhesion molecule-a-mediated activation of rap1 gtpase. Breast Cancer Res. 2011, 13, R31.
[CrossRef] [PubMed]

80. Ebnet, K.; Schulz, C.U.; Meyer Zu Brickwedde, M.K.; Pendl, G.G.; Vestweber, D. Junctional adhesion molecule
interacts with the pdz domain-containing proteins af-6 and zo-1. J. Biol. Chem. 2000, 275, 27979–27988.
[CrossRef] [PubMed]

81. Cera, M.R.; Fabbri, M.; Molendini, C.; Corada, M.; Orsenigo, F.; Rehberg, M.; Reichel, C.A.; Krombach, F.;
Pardi, R.; Dejana, E. Jam-a promotes neutrophil chemotaxis by controlling integrin internalization and
recycling. J. Cell Sci. 2009, 122, 268–277. [CrossRef] [PubMed]

82. Mandicourt, G.; Iden, S.; Ebnet, K.; Aurrand-Lions, M.; Imhof, B.A. Jam-c regulates tight junctions and
integrin-mediated cell adhesion and migration. J. Biol. Chem. 2007, 282, 1830–1837. [CrossRef] [PubMed]

83. Severson, E.A.; Lee, W.Y.; Capaldo, C.T.; Nusrat, A.; Parkos, C.A. Junctional adhesion molecule a interacts
with afadin and pdz-gef2 to activate rap1a, regulate beta1 integrin levels, and enhance cell migration.
Mol. Biol. Cell 2009, 20, 1916–1925. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.1192698
http://www.ncbi.nlm.nih.gov/pubmed/20813954
http://dx.doi.org/10.1161/ATVBAHA.108.177717
http://www.ncbi.nlm.nih.gov/pubmed/18948633
http://dx.doi.org/10.1074/jbc.M412650200
http://www.ncbi.nlm.nih.gov/pubmed/15677455
http://dx.doi.org/10.1091/mbc.E07-09-0869
http://www.ncbi.nlm.nih.gov/pubmed/18272784
http://dx.doi.org/10.1186/bcr2853
http://www.ncbi.nlm.nih.gov/pubmed/21429211
http://dx.doi.org/10.1074/jbc.M002363200
http://www.ncbi.nlm.nih.gov/pubmed/10856295
http://dx.doi.org/10.1242/jcs.037127
http://www.ncbi.nlm.nih.gov/pubmed/19118219
http://dx.doi.org/10.1074/jbc.M605666200
http://www.ncbi.nlm.nih.gov/pubmed/17099249
http://dx.doi.org/10.1091/mbc.E08-10-1014
http://www.ncbi.nlm.nih.gov/pubmed/19176753
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	JAM-Integrin Interactions in Trans 
	JAM-A and L2 Integrin 
	JAM-C and M2 Integrin 
	JAM-C and X2 Integrin 
	JAM-B and 41 Integrin 

	JAM-Integrin Interactions in Cis 
	JAM-A and JAM-C Interact with V3 Integrin in Endothelial Cells 
	JAM-A and IIb3 Integrin in Platelets 
	JAM-L and 41 Integrin in Leukocytes 

	JAM-Integrin Crosstalk 
	Concluding Remarks 
	References

