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Abstract

Cell adhesion molecules (CAMs) have been implicated in the control of a wide
variety of cellular processes, such as cell adhesion, polarization, survival, movement,
and proliferation. Nectins have emerged as immunoglobulin-like CAMs that
participate in calcium-independent cell-cell adhesion by homophilic and heterophilic
trans-interactions with nectins and nectin-like molecules. Nectin-based cell-cell
adhesion exerts its function independently or in cooperation with other CAMs
including cadherins, and is essential for the formation of intercellular junctions,
including adherens junctions, tight junctions, and puncta adherentia junctions.
Nectins cis-interact with integrin a3 and platelet-derived growth factor receptor,
and facilitate their signals to regulate the formation and integrity of intercellular
junctions and cell survival. Nectins intracellularly associate with peripheral
membrane proteins, including afadin and Par-3. This review will focus on recent
progress in understanding the interactions of nectins with other transmembrane and

peripheral membrane proteins to exert pleiotropic functions.
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Introduction

Cell adhesion molecules (CAMs) have been implicated in the regulation of a wide
variety of fundamental cellular processes; not only cell adhesion, but also cell
polarization, survival, movement, and proliferation. Nectins have emerged as
Ca’*-independent immunoglobulin (Ig)-like CAMs with three extracellular Ig-like
domains, a single transmembrane region, and a cytoplasmic tail (Fig. 1a). Nectins
consist of a family with four members (nectin-1 to nectin-4) and each member has
splicing variants, such as nectin-1la, nectin-1f, nectin-1y, nectin-2o, nectin-29,
nectin-3a., nectin-3, and nectin-3y, together with two splicing isoforms of nectin-4
whose names have yet to be determined [1-5]. Nectin-1, nectin-2, and nectin-3 are
widely distributed in embryos and adult tissues, whereas nectin-4 is expressed
mainly in placenta in human, despite a broad expression in mouse tissues [1].
Nectins initially form homophilic cis-dimers through the second Ig-like domain on
the cell surface and then these dimers trans-interact to form homophilic and/or
heterophilic trans-dimers through the first Ig-like domain at cell-cell adhesion sites.
All nectins are able to form homophilic trans-interactions; that is, a subset of nectin
on one cell binds to the same molecule on opposing cells (Fig. 2a). In addition,
nectins can heterophilically trans-interact with other subsets of nectins; nectin-1
trans-interacts with nectin-3 and nectin-4 while nectin-2 trans-interacts with nectin-3
(Fig. 2a). Heterophilic trans-interactions of nectins exhibit higher affinity than
homophilic trans-interactions, and the difference in affinity between heterophilic and
homophilic trans-interactions actually determines the type of cell-cell adhesion.
Nectin-based cell-cell adhesion plays an essential role in the formation of

intercellular junctions, such as adherens junctions (AJs), tight junctions (TJs), and



puncta adherentia junctions, and exerts its function independently or in cooperation
with other CAMs including cadherins. Nectin-based cell-cell adhesion initiates AJ
formation in epithelial cells and fibroblasts and puncta adherentia junction formation
in neurons in cooperation with cadherins, while it controls TJ formation in epithelial
cells in cooperation with TJ transmembrane proteins, such as junctional adhesion
molecules (JAMs), claudins, and occludin [6,7].  Nectins directly interact with the
actin filament (F-actin)-binding protein afadin and the cell polarity protein Par-3
through the cytoplasmic tail (Fig. 1a) and also associate indirectly with a diverse set
of peripheral membrane proteins, such as afadin DIL domain-interacting protein
(ADIP), LIM domain only 7 (LMQ7), ZO proteins, ponsin, o-catenin, p120°",
annexin 1l, and IQGAP1. Large complex formation resulting from interactions of
nectins with these peripheral membrane proteins is critical for the formation and
integrity of AJs and TJs.

Nectin-1 and nectin-3 interact in cis with integrin o,f3 and these
interactions between nectins and integrin o, 33 facilitate their signals to the cytoplasm
to mediate the reorganization of the actin cytoskeleton required for the formation of
AJs and TJs [8,9]. In addition, nectin-3 cis-interacts with platelet-derived growth
factor (PDGF) receptor (PDGFR) (Fig. 2b), thereby regulating a cell survival
signaling (unpublished data). On the other hand, nectin-3 trans-interacts with
nectin-like molecule-5 (Necl-5), which is implicated in the regulation of cell
movement and proliferation [6-11]. This review will focus on recent progress in
understanding the interactions of nectins with other transmembrane and peripheral
membrane proteins to exert pleiotropic functions. Other aspects of the biology of

nectins have been comprehensively reviewed elsewhere [6-11].



Regulation of Cell Adhesion

Nectin-based cell-cell adhesion has emerged as the initial step of intercellular
junction formation in epithelial cells and non-epithelial cells. Nectins
homophilically and/or heterophilically trans-interact with nectins at cell-cell
adhesion sites. It has been shown that nectins through their cytoplasmic tails
possessing a PDZ-domain-binding motif directly or indirectly interact with a variety
of peripheral membrane proteins and these interactions are implicated in the
formation of intercellular junctions. For example, nectins directly bind the PDZ
domain of the F-actin-binding protein afadin, which links nectins to the actin
cytoskeleton; nectin-1, nectin-2, and nectin-3 bind afadin through a C-terminal
conserved motif with four amino acids (Glu/Ala-X-Tyr-Val; X is any amino acid),
whereas nectin-4, albeit the absence of the C-terminal conserved motif, also binds
afadin through its C-terminus (Fig. la) [6-8,12]. Afadin has multiple
protein-interaction domains, including two Ras-association (RA) domains, a
forkhead-associated (FHA) domain, a DIL domain, a PDZ domain, three proline-rich
(PR) domains, and an F-actin-binding domain (Fig. 1a), and associates with a variety
of cytoplasmic proteins, such as Rapl, ADIP, LMO7, ZO-1, ponsin, p120°", and
a-catenin [6-13]. ADIP and LMO7 connect afadin to a-actinin while ponsin
connects afadin to vinculin. ZO-1 binds TJ transmembrane proteins, such as
junctional adhesion molecules (JAMSs), occludin, and claudins, besides afadin
[14-16]. By virtue of the interactions with these proteins, nectins can associate with

cadherins, key Ca®*-dependent CAMs and the associations between nectins and



cadherins have been defined to be essential for the formation and integrity of cell-cell
adhesion in epithelial cells, fibroblasts, and neurons [17,18]. Nectin-1 and nectin-3
can cis-interact with integrin o3 through their extracellular regions (Fig. 2b) [19].
Discovery of associations between nectins and integrin o3 has provided a new
perspective to our understanding of an association between cell-cell and cell-matrix

junctions.

Implication of interactions of nectins with cadherins through the cytoplasmic tail
in the formation of AJs

The function of nectins in the intercellular junction formation has been best
characterized in the epithelial AJ formation [6-12]. Accumulating evidence
indicates that nectins create the initial cell-cell adhesion and then recruit E-cadherin
to the nectin-based cell-cell adhesion sites, forming AJs. Although the molecular
mechanisms underlying the physical associations between nectins and E-cadherin are
not completely understood, both afadin and o-catenin are essential for their
interactions [6-12]. The interactions of nectins with afadin play an important role in
the interaction of the nectin-afadin system with the cadherin—catenin system,
however, the interactions of nectins with afadin alone are not sufficient for the
formation of AJs [20,21]. A cell polarity protein Par-3, that directly associates with
nectins [22], promotes the interactions of nectins with afadin, and both Par-3 and
afadin cooperatively regulate the formation of AJs [20]. In addition, three putative
connector units have been implicated so far in the interactions between nectins and
E-cadherin: a ponsin-vinculin unit, an ADIP-a-actinin unit, and an LMO7-a-actinin

unit [6-12]. Ponsin apparently interacts with cadherin through vinculin, which



connects a-catenin to F-actin, while ADIP and LMO?7 are likely to associate with
cadherin through a- actinin, which binds a-catenin.  However, because ponsin does
not form a ternary complex with afadin and vinculin probably due to the competitive
interaction of ponsin with afadin or vinculin [23], ponsin is unlikely to play a major
role in the recruitment of the cadherin-catenin system to the nectin-based cell-cell
adhesion sites. Ponsin might regulate the linkage between afadin and vinculin to
promote the connection between nectin and cadherin. In addition, since the binding
region of a-actinin with a-catenin overlaps with its binding region with ADIP and
LMO?7, it is unclear whether ADIP or LMO7 form a ternary complex with a-actinin
and a-catenin.  LMO?7 does not appear to function as a molecule that recruits the
cadherin-catenin system to the nectin-afadin system; it may, rather, stabilize both
systems at the cell-cell adhesion sites by connecting them because LMO7 is
assembled at AJs after the nectin-induced formation of cadherin-based AJs is
established at the cell-cell adhesion sites. Further studies are needed to explain how
these connector units organize the nectin-afadin and cadherin-catenin systems.

On the other hand, nectin-based cell-cell adhesion recruits intracellular
signaling molecules to the adhesion sites and modulates their activities, which allow
for the reorganization of the actin cytoskeleton and the integrity of the intercellular
junctions required for the establishment of cell-cell adhesion. The formation of
nectin-based cell-cell adhesion, for example, induces the activation of Rapl, Cdc4z2,
and Rac small G proteins through activation of c-Src [24-26]. Activated Rapl
binds to afadin, which strengthens the binding of p120°" to non-trans-interacting
E-cadherin [27].  This association of the Rapl-afadin complex with the

p120°"—E-cadherin complex inhibits endocytosis of non-trans-interacting E-cadherin



and thereby enhances the accumulation of non-trans-interacting E-cadherin at the
nectin-based cell-cell adhesion sites and cell-cell adhesion activity of E-cadherin,
eventually forming AJs at the nectin-based cell-cell adhesion sites [21,27].
Activated Cdc42 and Rac induce the reorganization of the actin cytoskeleton through
an  F-actin-crosslinking  protein  IQGAP1 [28], which then recruits
non-trans-interacting E-cadherin to the nectin-based cell-cell adhesion sites [6-11].
In addition, activated Cdc42 induces filopodia formation and increases cell-cell
contacts between apposing cells, whereas activated Rac promotes lamellipodia
formation, thereby closing the gaps between cell-cell contact sites [6-11].
Collectively, nectin-based cell-cell adhesion regulates the reorganization of the actin
cytoskeleton by two mechanisms: one mechanism is the recruitment of
F-actin-binding proteins associated with nectins and/or E-cadherin, such as afadin,
a-catenin, a-actinin, and vinculin; the other is the activation of Rapl-, Cdc42-, and
Rac-dependent signaling pathways. Thus, the nectin-induced actin cytoskeletal
reorganization results from exerting its function in cooperation with a wide variety of
proteins, which accelerates AJ formation and increases cell-cell adhesion activity at
Als.

In addition, nectins indirectly associate with a Ca®*- and
phospholipid-binding protein annexin Il and IQGAP1 that link cell membrane to the
actin cytoskeleton [29-31]. In annexin IlI-knockdown MDCK cells, the assembly of
E-cadherin and its associating proteins is not observed at the nectin-based cell-cell
adhesion sites and the formation of AJs is impaired in the Ca®" switch experiment
[29]. Annexin Il cooperates with other actin-binding proteins such as IQGAP1 and

a-catenin during the formation of AJs [29]. Thus, annexin |1 is essentially involved



in the formation of AJs.

Implication of cis-interactions of nectins with integrin 8 through the
extracellular regions in the formation of AJs

Integrin has at least two forms, an inactive low-affinity form with a weaker adhesion
activity for extracellular matrix (ECM) and an active high-affinity form with a
stronger adhesion activity for ECM [32]. Nectins are capable of physically
associating with both forms of integrin ayBs. It has been reported that there is a
cross-talk between cell-cell and cell-matrix junctions [33,34]. Integrin-mediated
cell-matrix junctions positively or negatively regulate the formation and integrity of
cell-cell junctions through the integrin-initiated outside-in signaling pathway,
including protein kinase C (PKC), focal adhesion kinase (FAK), and c-Src [35,36].
Nectins initially associate with the high-affinity form of integrin oyvBs at the
primordial nectin-based cell-cell adhesion sites during AJ formation. As AJ
formation is established, the high-affinity form of integrin o3 is gradually
converted to the low-affinity form, which still associates with nectins at AJs [19,37].
Nectin-mediated signals involve the activation of integrin op3 as well as the
integrin-initiated PKC-FAK-c-Src signaling pathway, which is necessary for the
nectin-mediated signals to AJ formation [19,37]. Indeed, the interactions of nectins
with integrin o3 are involved in the nectin-mediated activation of Cdc42 and Rac,
which locate downstream of c-Src and are involved in the recruitment of E-cadherin
to the nectin-based cell-cell adhesion sites to form AJs. Hence, the interactions of
nectins and integrin o,f3 play a pivotal role in a cross-talk between cell-matrix and

cell-cell junctions and in the formation of AJs. Activation of PKC is also required



for the recruitment of TJ transmembrane proteins to the apical side of AJs [38-40].

Implication of interactions of nectins with cadherins through the cytoplasmic tails
in the formation of puncta adherentia junctions

When neurons extend axons to dendrites to create interneuronal connections during
the development of neural networks, axons selectively identify their appropriate
partners. For example, axons in hippocampal pyramidal neurons bind dendrites to
establish a stable synapse, whereas dendrites do not form stable contacts with
dendrites. There are at least two types of interneuronal junctions between axon
terminals and their targets at synapses: synaptic and puncta adherentia junctions [41].
Synaptic junctions act as sites for neurotransmission, consisting of active zones
where Ca®* channels localize and synaptic vesicles are docked and fused, and
postsynaptic densities where neurotransmitter receptors localize. Puncta adherentia
junctions serve as mechanical adhesion sites with symmetrical paramembranous
dense materials and no association with synaptic vesicles or postsynaptic densities,
and appear to be ultrastructurally similar to adherens junctions of epithelial cells. In
cultured rat hippocampal neurons, axons express nectin-1 and nectin-3 while
dendrites express nectin-3 [42,43]. Since the binding affinity of heterophilic
trans-interaction between nectin-1 and nectin-3 is stronger than that of either
homophilic trans-interaction [2], the heterophilic trans-interaction between nectin-1
on axons and nectin-3 on dendrites predominantly occurs when axons and dendrites
create initial contacts. In cultured neurons, abnormal localization of nectin-1 to
dendrites besides axons by ectopic overexpression of nectin-1 results in the

formation of atypical dendrodendritic and excessive axodendritic interactions [42],
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indicating that the controlled trans-interaction of nectin-1 on axons and nectin-3 on
dendrites is critical for the well-ordered interaction between axons and dendrites.
Nectin-based initial contacts recruit specific axonal and dendritic protein components
including N-cadherin to this initial contact site, forming a functional synapse [42].
Consistently, despite that N-cadherin is symmetrically localized, nectin-1 and
nectin-3 are localized asymmetrically on presynaptic and postsynaptic sides,
respectively, of the plasma membranes of puncta adherentia junctions between the
mossy fiber terminals and the pyramidal cell dendrites in the CA3 area of
hippocampus, and both nectins and N-cadherin are involved in the formation of
puncta adherentia junctions [44]. Indeed, nectin-1-knockout mice as well as
nectin-3-knockout mice show a decrease in puncta adherentia junctions at the
synapses in the CA3 area of the hippocampus [45]. In summary, nectins play a role

in the formation of puncta adherentia junctions in cooperation with N-cadherin.

Implication of nectin-based cell-cell adhesion in morphogenesis: lessons from
knockout mice

Nectin-knockout mice are viable presumably owing to the functional redundancy
within nectins and/or compensation by other CAMs for the absence of nectins. No
compensatory up-regulation is observed in nectin-knockout mice. Nevertheless,
nectin-1-knockout mice and nectin-3-knockout mice show a developmental defect of
the vitreous body [46], besides a decreased formation of puncta adherentia junctions
at the synapses in the CA3 area of the hippocampus [45]. This phenotype called
microphthalmia is characterized as malfunction of the ciliary body associated with a

separation of the apex-apex adhesion between the pigment and non-pigment epithelia
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of the ciliary body. In addition, nectin-2-knockout mice and nectin-3-knockout
mice show male-specific infertility due to differentiation abnormalities in the later
stages of spermatogenesis, resulting from the structural disturbance of Sertoli
cell-spermatid junctions by mislocalization of nectin-3 and nectin-2, respectively
[47-49]. These observations indicate the essential role of the heterophilic
interactions between nectin-2 on Sertoli cell and nectin-3 on spermatid. Hence,
evidence gained from in vivo studies utilizing knockout mice shows that the
heterophilic interactions between these nectins are particularly important in the

integrity of these cell-cell adhesions.

Regulation of Cell Polarity

Nectins regulate not only AJ formation but also TJ formation; however, because the
molecular mechanisms involved in the formation of TJs are apparently quite
complicated, the role of nectins for TJ formation has not been completely elucidated.
Nectins recruit TJ constituents such as JAMs, claudins, and occludin to the apical
side of the nectin-based cell-cell adhesion sites, in cooperation with afadin, cell
polarity proteins, cadherin, annexin Il, IQGAPL, and ZO proteins [6-12]. Nectin-1
and nectin-3 directly bind the PDZ domain of Par-3 through the C-terminal four
amino acids (Fig. 1a), which is implicated in the establishment of epithelial cell
polarization [22]. Par-3 forms a complex with other cell polarity protein Par-6 and
atypical PKC (aPKC) [50,51]. In addition, actin-binding proteins such as annexin Il
and ZO proteins are reported to be critically involved in the formation of TJs.
[29,52,53]. Thus, by forming large complexes at the cell membrane, nectins can

function as organizers of membrane domains and membrane-recruitment platforms
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for diverse proteins with which they interact.

Implication of interactions of nectins with TJ proteins through the cytoplasmic
tails in the formation of TJs
In polarized epithelial cells, TJs are formed at the apical side of AJs, and appear to
serve as a barrier preventing solutes and water from passing across the intercellular
gaps, and function as a fence between apical and basolateral plasma membranes.
So far, several kinds of TJ transmembrane proteins have been identified. Among
them, the major constituents of TJs, such as JAMs, claudins, and occludin, are
Ca’*-independent CAMs and have been most intensively characterized [14-16].
During or after AJ formation, nectins initially recruit JAMs to the adhesion sites,
followed by the recruitment of claudins and occludin to the apical side of AJs in
cooperation with E-cadherin, resulting in the formation of TJs [6-11]. Nectin-1 and
nectin-3, but not nectin-2, directly interact with Par-3 through the C-terminal four
amino acids of the cytoplasmic tail [22]. It is conceivable that the
Par-3-Par-6—-aPKC complex plays a central role in the formation of TJs [50,51].
The concomitant activation of Cdc42 in response to nectin-mediated cell-cell
adhesion results in the activation of the complex-associated aPKC activity through
the binding of activated Cdc42 to Par-6. In addition to the formation of TJs, the
Par-3—Par-6—aPKC complex is necessary for the formation of AJs [20,54,55]. This
complex seems to be required for the associations of nectins with afadin, but it is
dispensable for the formation of nectin-based cell-cell adhesion [20].

On the other hand, it is conceivable that the associations of nectins with

actin-binding proteins such as annexin Il and ZO proteins are also involved in the
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formation of TJs [29,52,53]. In annexin ll-knockdown MDCK cells, although
E-cadherin-based cell-cell adhesion is not formed, TJs and nectin-based cell-cell
adhesion are formed. In other words, TJs can be formed in annexin Il1-knockdown
MDCK cells even in the absence of E-cadherin-based AJs, suggesting an inhibitory
role of annexin Il for TJ formation [29]. By binding to afadin, nectins indirectly
associate with ZO proteins, which interact with JAMSs, claudins, and occludin, and
link these TJ transmembrane proteins to the actin cytoskeleton [6-12]. Taken
together, nectins recruit TJ constituents through the associations with afadin and ZO

proteins.

Regulation of Cell Survival

Once cells become confluent and intercellular junctions are established, cells
terminate movement and proliferation, and tend to maintain cellular homeostasis for
survival [56,57]. Nectin-based cell-cell adhesion plays an important role in the
PDGF-induced cell survival by preventing apoptosis through the activation of the
phosphatidylinositol 3-kinase (P13K)-Akt signaling pathway (unpublished data)

[58,59].

Implication of the interaction of nectin-3 with PDGFR in the regulation of
apoptosis

At cell-cell adhesion sites in NIH3T3 cells, nectin-3 interacts with PDGFR through
the extracellular regions (Fig. 2b) (unpublished data). Serum depletion or Fas

ligand can induce apoptosis in NIH3T3 cells and knockdown of nectin-3 or afadin in
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NIH3T3 cells increases apoptotic cell numbers (unpublished data). PDGF can
inhibit apoptosis in control NIH3T3 cells, whereas PDGF fails to prevent apoptosis
in afadin-knockdown NIH3T3 cells, indicating the critical role of afadin in the
anti-apoptotic effect of PDGF (unpublished data). In line with this, knockdown of
nectin-3 or afadin results in the inhibition of the PDGF-induced activation of the
PI3K-Akt signaling pathway, demonstrating the critical role of the nectin-afadin
system for the PDGF-induced survival signals (unpublished data). The linkage of
nectin-3 with afadin is necessary for the activation of the PI3K-Akt signaling
pathway, because the transfection of the nectin-3 mutant that is unable to bind afadin
in NIH3T3 cells fails to mediate the PDGF-induced phosphorylation of Akt
(unpublished data). Indeed, embryoid bodies derived from afadin-null embryonic
stem (ES) cells display an enormous number of apoptotic cells in their cavity in
comparison with those from wild-type ES cells, indicating the anti-apoptotic effect of
afadin (unpublished data). Thus, the nectin-afadin system regulates cell survival in

cooperation with PDGFR.

Regulation of Cell Movement and Proliferation

Nectins can trans-interact not only with nectins, but also with Necls [6-12]. Necls
comprise a family of five members (Necl-1 to Necl-5), and unlike nectins, Necls do
not bind afadin. In addition to the formation of homophilic dimer complexes,
Necl-1, Necl-2, and Necl-5 can heterophilically trans-interact with other Necls and
nectins. Nectin-1 binds Necl-1 while nectin-3 associates with Necl-1, Necl-2, and

Necl-5 (Fig. 2a). The functional importance of interactions of nectins with Necls
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remains largely undetermined, however, studies to explore the role of the interaction
of nectin-3 with Necl-5 have provided new insights into the molecular processes that

regulate contact inhibition of cell movement and proliferation.

Implication of the interaction of nectin-3 with Necl-5 in the regulation of cell
movement and proliferation

Cells in culture continuously move and proliferate until they become confluent.
Once cells become confluent and form intercellular junctions, cells terminate both
movement and proliferation [56,57]. This phenomenon has been known for a long
time as contact inhibition of cell movement and proliferation. However, the
molecular mechanisms involved in contact inhibition of cell movement and
proliferation have not vyet been fully clarified. Presumably, cell-cell
contact-induced trans-interaction of nectin-3 with Necl-5 (also termed as
PVR/CD155/Tage4) and subsequent down-regulation of Necl-5 is one of the
mechanisms involved in contact inhibition of cell movement and proliferation [60].
In moving NIH3T3 cells (in which Necl-5 does not trans-interact with nectin-3),
Necl-5 localizes at the leading edges of the cells, where integrin o3 and PDGFR
co-localize [61,62]. Necl-5, integrin a,f3, and PDGFR function in cooperation
with one another and promote signals, including Rac and Ras signalings [62,63].
When two moving cells meet, Necl-5 heterophilically trans-interacts with nectin-3
on the adjacent cell surface to initiate the formation of intercellular junctions. The
trans-interaction between Necl-5 and nectin-3 induces the activation of Cdc42 and
Rac, leading to the reorganization of the actin cytoskeleton and to increasing cell-cell

adhesion sites [64]. The trans-interaction of Necl-5 with nectin-3 is transient, and

16



Necl-5 is then down-regulated from the cell surface by clathrin-dependent
endocytosis [60], which leads to inhibition of cell movement and proliferation. On
the other hand, nectin-3 dissociated from Necl-5 is retained on the cell surface and
subsequently trans-interacts with nectin-1 [6-11]. The trans-interaction between
nectin-1 and nectin-3 induces E-cadherin recruitment to the nectin-based cell-cell
adhesion sites, eventually establishing AJs.  Hence, nectin-3 regulates cell
movement and proliferation by interacting with Necl-5.

Microtubules (MTs) are implicated in directional cell movement as their
networks are re-oriented and directed toward leading edges during directional cell
movement [65]. The re-orientation of the MT networks is regulated by the
activation of Cdc42, Rac, and cell polarity proteins, such as Par-3, aPKC, and Par-6
[65,66], and also depends on the processes of searching for a membrane cue and
capturing of the plus ends of MTs at leading edges [67]. The activation of Rac at
leading edges leads growing/pioneering MTs during the searching process [68].
Many proteins localize as plus-end-binding proteins (+TIPs): these include
cytoplasmic dynein/dynactin, cytoplasmic linker proteins (CLIPs), and EB1 [67].
When the plus ends of MTs find a membrane cue, they are captured and stabilized at
the rear sites of the leading edges. The capturing and stabilization are regulated by
the complex formation of CLIP-associating proteins (CLASPs), ELKSs, and LL5p,
which are also +TIPs [69]. Necl-5 functions as a membrane cue for attracting
growing MTs at the leading edges of moving NIH3T3 cells in the processes of
searching and capturing of the plus ends of MTs (unpublished data). Necl-5
directly interacts with Tctex-1 (Fig. 1b), a light chain subunit of cytoplasmic dynein

that binds to growing plus ends of MTs, and recruits MTs to the leading edges. The
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interaction of Necl-5 with the dynein/dynactin complex regulates the searching of
MTs at the leading edges. Thus, the interaction of Necl-5 and Tctex-1 plays a key
role in the searching process of growing MTs in moving NIH3T3 cells.
Consistently, it was reported that the cytoplasmic domain of human
Necl-5/PVR/CD155 directly interacts with Tctex-1 in neurons [70,71]. Since the
dynein motor complex creates the major driving force for minus end-directed
transport along MTs, the direct interaction between the Necl-5/PVR/CD155 and
Tctex-1 appears to be essential for the axonal retrograde transport of
poliovirus-containing vesicles.

Sprouty (Spry) is a novel family of negative regulators of growth
factor-induced signals [72]. Spry is directly tyrosine-phosphorylated by c-Src and
activated in response to various growth factors [72]. Active Spry inhibits the
growth factor-induced activation of Ras, thereby inhibiting the activation of
Raf-mitogen activated protein kinase kinase (MEK)-extracellular signal-regulated
kinase (ERK) signaling pathway, but affects neither phosphorylation of growth factor
receptor nor activation of c-Src and PI3K [73]. Necl-5 physically and functionally
associates with Spry2 (Fig. 1b) and the association of Necl-5 with Spry2 is involved
in the regulation of the PDGF-induced Ras signaling and proliferation [74]. When
cells do not contact other cells, Necl-5 interacts with Spry2, thereby preventing it
from inhibiting the PDGF-induced activation of Ras. On the other hand, when cells
contact other cells, Necl-5 is down-regulated by interacting with nectin-3, thereby
releasing Spry2 from Necl-5. Released active Spry2 subsequently inhibits the
PDGF-induced activation of Ras. Collectively, it is likely that the suppression of

the PDGF-induced Ras signaling by Necl-5-regulated Spry2 is involved in contact
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inhibition of cell proliferation.

Regulation of Other Cellular Functions

Nectin-2 trans-interacts with CD226/DNAX accessory molecule-1 (DNAM-1), an
Ig-like CAM broadly expressed on the surface of peripheral leukocytes including T
cells, natural killer (NK) cells, monocytes, and a subset of B cells as well as platelets
(Fig. 2a) [75-77]. So far, several lines of evidence have indicated that the
interaction of nectin-2 with DNAM-1 contributes to the T cell- and NK-mediated
cytotoxity, immune response, and tumor immunity [78,79]. A recent report
demonstrates that human mast cells and eosinophils express nectin-2 and
CD226/DNAM-1 and suggests that the interaction between nectin-2 and
CD226/DNAM-1 can allow allergic reactions through costimulatory receptor/ligand
interactions, because blocking nectin-2 expressed on eosinophils by neutralizing
antibodies normalizes the hyperactivation in mast cells resulting from IgE-dependent
activation of mast cells co-cultured with eosinophils [80]. This finding implies that
blocking this interaction might potentially be a novel therapeutic strategy of allergic
diseases.

Nectin-1 regulates the expression of loricrin, a major constituent of the
cornified cell envelope of the epidermis, in keratinocytes, demonstrating a novel role
of nectin-1 in gene expression [81]. Nectin-1 induces the activation of Rapl-ERK
signaling pathway, which mediates the up-regulation of loricrin, while expression of
loricrin is down-regulated in nectin-1-null keratinocytes. Thus, nectin-1 plays a

critical role for loricrin expression in the skin.
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Conclusions and Future Directions

In this review, we summarized recent progress in our understanding of the
implication of interactions of nectins with transmembrane and peripheral membrane
proteins to exert pleiotropic functions. Evidence obtained from in vitro experiments
and in vivo studies utilizing animal models including knockout mice has
demonstrated that nectins play a variety of cellular functions, such as cell adhesion,
polarization, survival, movement, and proliferation (Fig. 3). However, in vivo
evidence concerning the associations of nectins with integrin o3 and PDGFR is
still missing.  Further studies are needed to clarify whether nectins can interact with
other integrins and/or growth factor receptors, and if so, the roles of these
interactions should be elucidated.

Moreover, the data concerning implications of nectins in human disorders
are scanty. Nectins are known to serve as viral entry receptors for alpha-herpes
viruses including herpes simplex viruses (HSV-1 and HSV-2), pseudorabies virus,
and bovine herpesvirus type 1 [82-84]. Mutations of the nectin-1 gene are observed
in Zlotogora-Ogtr syndrome and Margarita Island ectodermal dysplasia, which are
characterized by an unusual face, dental anomalies, hypotrichosis, palmoplantar
hyperkeratosis and onychodysplasia, syndactyly, cleft lip/palate, and in some cases,
mental retardation [85,86]. In addition, the potential role of nectin-4 as a novel
histological and serological tumor-associated marker for breast cancer has been
proposed [87,88]. Nectin-4 is not expressed in normal breast epithelial cells, but

highly expressed both in breast cancer and tumor cell lines. Since it was reported
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that other nectins, including nectin-1, are overexpressed in squamous cell carcinomas
[89], nectins might be potentially utilized as a serum marker for patients with cancer.
The diagnostic and prognostic significance of nectin expression in leukemia was also
reported [90]. Analysis of nectin-1 and nectin-2 expressions on bone marrow cells
from patients with acute myeloid leukemia yields important information about
diagnostic criteria as well as prognosis.  Studies to explore the pathological roles of
nectins, particularly in the fields of oncology, neuroscience, and cardiovascular
diseases, using epidemiologic, genetic, genomic, and proteomic approaches will
therefore provide further information to identify whether nectins could be a
diagnostic marker and/or a potential therapeutic target for human diseases, and if so,

may guide the development of new strategies for diagnosis and therapy.

21



Acknowledgements

This work was supported by grants-in-aid for Scientific Research and for Cancer

Research from the Ministry of Education, Culture, Sports, Science and Technology,

Japan (2006, 2007).

22



References

1

Reymond, N., Fabre, S., Lecocq, E., Adelaide, J., Dubreuil, P. and Lopez, M.
(2001) Nectin4/PRR4, a new afadin-associated member of the nectin family
that trans-interacts with nectinl/PRR1 through V domain interaction. J Biol
Chem. 276, 43205-43215.

Satoh-Horikawa, K., Nakanishi, H., Takahashi, K., Miyahara, M., Nishimura,
M., Tachibana, K., Mizoguchi, A. and Takai, Y. (2000) Nectin-3, a new
member of immunoglobulin-like cell adhesion molecules that shows
homophilic and heterophilic cell-cell adhesion activities. J Biol Chem. 275,
10291-10299.

Takahashi, K., Nakanishi, H., Miyahara, M., Mandai, K., Satoh, K., Satoh, A.,
Nishioka, H., Aoki, J., Nomoto, A., Mizoguchi, A. and Takai, Y. (1999)
Nectin/PRR: an immunoglobulin-like cell adhesion molecule recruited to
cadherin-based adherens junctions through interaction with Afadin, a PDZ
domain-containing protein. J Cell Biol. 145, 539-549.

Cocchi, F., Menotti, L., Mirandola, P., Lopez, M. and Campadelli-Fiume, G.
(1998) The ectodomain of a novel member of the immunoglobulin subfamily
related to the poliovirus receptor has the attributes of a bona fide receptor for
herpes simplex virus types 1 and 2 in human cells. J Virol. 72, 9992-10002.
Lopez, M., Cocchi, F., Avitabile, E., Leclerc, A., Adelaide, J.,
Campadelli-Fiume, G. and Dubreuil, P. (2001) Novel, soluble isoform of the
herpes simplex virus (HSV) receptor nectinl (or PRR1-HIgR-HveC)
modulates positively and negatively susceptibility to HSV infection. J Virol.

75, 5684-5691.

23



10

11

12

13

14

15

Takal, Y., Irie, K., Shimizu, K., Sakisaka, T. and Ikeda, W. (2003) Nectins and
nectin-like molecules: roles in cell adhesion, migration, and polarization.
Cancer Sci. 94, 655-667.

Nakanishi, H. and Takai, Y. (2004) Roles of nectins in cell adhesion,
migration and polarization. Biol Chem. 385, 885-892.

Ogita, H. and Takai, Y. (2006) Nectins and nectin-like molecules: Roles in
cell adhesion, polarization, movement, and proliferation. IUBMB Life. 58,
334-343.

Shimizu, K. and Takai, Y. (2003) Roles of the intercellular adhesion molecule
nectin in intracellular signaling. J Biochem. 134, 631-636.

Sakisaka, T. and Takali, Y. (2004) Biology and pathology of nectins and
nectin-like molecules. Curr Opin Cell Biol. 16, 513-521.

Irie, K., Shimizu, K., Sakisaka, T., Ikeda, W. and Takali, Y. (2004) Roles and
modes of action of nectins in cell-cell adhesion. Semin Cell Dev Biol. 15,
643-656.

Takai, Y. and Nakanishi, H. (2003) Nectin and afadin: novel organizers of
intercellular junctions. J Cell Sci. 116, 17-27.

Pokutta, S., Drees, F., Takai, Y., Nelson, W.J. and Weis, W.I. (2002)
Biochemical and structural definition of the I-afadin- and actin-binding sites
of alpha-catenin. J Biol Chem. 277, 18868-18874.

Tsukita, S. and Furuse, M. (1999) Occludin and claudins in tight-junction
strands: leading or supporting players? Trends Cell Biol. 9, 268-273.
Tsukita, S., Furuse, M. and Itoh, M. (2001) Multifunctional strands in tight

junctions. Nat Rev Mol Cell Biol. 2, 285-293.

24



16

17

18

19

20

21

22

23

Dejana, E. (2004) Endothelial cell-cell junctions: happy together. Nat Rev
Mol Cell Biol. 5, 261-270.

Takeichi, M. (1991) Cadherin cell adhesion receptors as a morphogenetic
regulator. Science. 251, 1451-1455.

Yagi, T. and Takeichi, M. (2000) Cadherin superfamily genes: functions,
genomic organization, and neurologic diversity. Genes Dev. 14, 1169-1180.
Sakamoto, Y., Ogita, H., Hirota, T., Kawakatsu, T., Fukuyama, T., Yasumi, M.,

Inagaki, M. and Takai, Y. (2006) Interaction of integrin « 3 3 with nectin.

Implication in cross-talk between cell-matrix and cell-cell junctions. J Biol
Chem. 281, 19631-19644.

Ooshio, T., Fujita, N., Yamada, A., Sato, T., Kitagawa, Y., Okamoto, R.,
Nakata, S., Miki, A., Irie, K. and Takai, Y. (2007) Cooperative roles of Par-3
and afadin in the formation of adherens and tight junctions. J. Cell Sci. 120,
2352-2365.

Sato, T., Fujita, N., Yamada, A., Ooshio, T., Okamoto, R., Irie, K. and Takai,
Y. (2006) Regulation of the assembly and adhesion activity of E-cadherin by
nectin and afadin for the formation of adherens junctions in Madin-Darby
canine kidney cells. J Biol Chem. 281, 5288-5299.

Takekuni, K., Ikeda, W., Fujito, T., Morimoto, K., Takeuchi, M., Monden, M.
and Takai, Y. (2003) Direct binding of cell polarity protein PAR-3 to cell-cell
adhesion molecule nectin at neuroepithelial cells of developing mouse. J Biol
Chem. 278, 5497-5500.

Mandai, K., Nakanishi, H., Satoh, A., Takahashi, K., Satoh, K., Nishioka, H.,

Mizoguchi, A. and Takali, Y. (1999) Ponsin/SH3P12: an l-afadin- and

25



24

25

26

27

28

29

vinculin-binding protein localized at cell-cell and cell-matrix adherens
junctions. J Cell Biol. 144, 1001-1017.

Fukuyama, T., Ogita, H., Kawakatsu, T., Fukuhara, T., Yamada, T., Sato, T.,
Shimizu, K., Nakamura, T., Matsuda, M. and Takai, Y. (2005) Involvement of
the c-Src-Crk-C3G-Rapl signaling in the nectin-induced activation of Cdc42
and formation of adherens junctions. J Biol Chem. 280, 815-825.

Fukuhara, T., Shimizu, K., Kawakatsu, T., Fukuyama, T., Minami, Y., Honda,
T., Hoshino, T., Yamada, T., Ogita, H., Okada, M. and Takai, Y. (2004)
Activation of Cdc42 by trans interactions of the cell adhesion molecules
nectins through c-Src and Cdc42-GEF FRG. J Cell Biol. 166, 393-405.
Kawakatsu, T., Ogita, H., Fukuhara, T., Fukuyama, T., Minami, Y., Shimizu,
K. and Takali, Y. (2005) Vav2 as a Rac-GDP/GTP exchange factor responsible
for the nectin-induced, c-Src- and Cdc42-mediated activation of Rac. J Biol
Chem. 280, 4940-4947.

Hoshino, T., Sakisaka, T., Baba, T., Yamada, T., Kimura, T. and Takali, Y.
(2005) Regulation of E-cadherin Endocytosis by Nectin through Afadin,
Rap1, and p120ctn. J Biol Chem. 280, 24095-24103.

Noritake, J., Fukata, M., Sato, K., Nakagawa, M., Watanabe, T., Izumi, N.,
Wang, S., Fukata, Y. and Kaibuchi, K. (2004) Positive role of IQGAPL, an
effector of Racl, in actin-meshwork formation at sites of cell-cell contact.
Mol Biol Cell. 15, 1065-1076.

Yamada, A., Fujita, N., Sato, T., Okamoto, R., Ooshio, T., Hirota, T.,
Morimoto, K., Irie, K. and Takali, Y. (2006) Requirement of nectin, but not

cadherin, for formation of claudin-based tight junctions in annexin

26



30

31

32

33

34

35

36

37

38

I1-knockdown MDCK cells. Oncogene. 25, 5085-5102.

Yamada, A., Irie, K., Hirota, T., Ooshio, T., Fukuhara, A. and Takali, Y. (2005)
Involvement of the annexin 11-S100A10 complex in the formation of
E-cadherin-based adherens junctions in Madin-Darby canine kidney cells. J
Biol Chem. 280, 6016-6027.

Katata, T., Irie, K., Fukuhara, A., Kawakatsu, T., Yamada, A., Shimizu, K.
and Takai, Y. (2003) Involvement of nectin in the localization of IQGAP1 at
the cell-cell adhesion sites through the actin cytoskeleton in Madin-Darby
canine kidney cells. Oncogene. 22, 2097-21009.

Calderwood, D.A. (2004) Integrin activation. J Cell Sci. 117, 657-666.
Pignatelli, M. (1998) Integrins, cadherins, and catenins: molecular cross-talk
in cancer cells. J Pathol. 186, 1-2.

Siu, M.K. and Cheng, C.Y. (2004) Dynamic cross-talk between cells and the
extracellular matrix in the testis. Bioessays. 26, 978-992.

Geiger, B., Bershadsky, A., Pankov, R. and Yamada, K.M. (2001)
Transmembrane crosstalk between the extracellular matrix--cytoskeleton
crosstalk. Nat Rev Mol Cell Biol. 2, 793-805.

Parsons, J.T. (2003) Focal adhesion kinase: the first ten years. J Cell Sci. 116,
1409-1416.

Ozaki, M., Ogita, H. and Takali, Y. (2007) Involvement of integrin-induced
activation of protein kinase C in the formation of adherens junctions. Genes
Cells. 12, 651-662.

Balda, M.S., Gonzalez-Mariscal, L., Matter, K., Cereijido, M. and Anderson,

J.M. (1993) Assembly of the tight junction: the role of diacylglycerol. J Cell

27



39

40

41

42

43

44

45

Biol. 123, 293-302.

Fukuhara, A., Irie, K., Yamada, A., Katata, T., Honda, T., Shimizu, K.,
Nakanishi, H. and Takai, Y. (2002) Role of nectin in organization of tight
junctions in epithelial cells. Genes Cells. 7, 1059-1072.

Okamoto, R., Irie, K., Yamada, A., Katata, T., Fukuhara, A. and Takai, Y.
(2005) Recruitment of E-cadherin associated with alpha- and beta-catenins
and p120ctn to the nectin-based cell-cell adhesion sites by the action of
12-O-tetradecanoylphorbol-13-acetate in MDCK cells. Genes Cells. 10,
435-445.

Spacek, J. and Lieberman, A.R. (1974) Ultrastructure and three-dimensional
organization of synaptic glomeruli in rat somatosensory thalamus. J Anat. 117,
487-516.

Togashi, H., Miyoshi, J., Honda, T., Sakisaka, T., Takai, Y. and Takeichi, M.
(2006) Interneurite affinity is regulated by heterophilic nectin interactions in
concert with the cdherin machinery. J Cell Biol. 174, 141-151.
Martinez-Rico, C., Pincet, F., Perez, E., Thiery, J.P., Shimizu, K., Takai, Y.
and Dufour, S. (2005) Separation force measurements reveal different types
of modulation of E-cadherin-based adhesion by nectin-1 and -3. J Biol Chem.
280, 4753-4760.

Mizoguchi, A., Nakanishi, H., Kimura, K., Matsubara, K., Ozaki-Kuroda, K.,
Katata, T., Honda, T., Kiyohara, Y., Heo, K., Higashi, M., Tsutsumi, T.,
Sonoda, S., Ide, C. and Takal, Y. (2002) Nectin: an adhesion molecule
involved in formation of synapses. J Cell Biol. 156, 555-565.

Honda, T., Sakisaka, T., Yamada, T., Kumazawa, N., Hoshino, T., Kajita, M.,

28



46

47

48

49

50

51

Kayahara, T., Ishizaki, H., Tanaka-Okamoto, M., Mizoguchi, A., Manabe, T.,
Miyoshi, J. and Takai, Y. (2006) Involvement of nectins in the formation of
puncta adherentia junctions and the mossy fiber trajectory in the mouse
hippocampus. Mol Cell Neurosci. 31, 315-325.

Inagaki, M., Irie, K., Ishizaki, H., Tanaka-Okamoto, M., Morimoto, K., Inoue,
E., Ohtsuka, T., Miyoshi, J. and Takai, Y. (2005) Roles of cell-adhesion
molecules nectin 1 and nectin 3 in ciliary body development. Development.
132, 1525-1537.

Inagaki, M., Irie, K., Ishizaki, H., Tanaka-Okamoto, M., Miyoshi, J. and
Takai, Y. (2006) Role of cell adhesion molecule nectin-3 in spermatid
development. Genes Cells. 11, 1125-1132.

Mueller, S. and Wimmer, E. (2003) Recruitment of nectin-3 to cell-cell
junctions through trans-heterophilic interaction with CD155, a vitronectin and
poliovirus receptor that localizes to alpha(v)beta3 integrin-containing
membrane microdomains. J Biol Chem. 278, 31251-31260.

Ozaki-Kuroda, K., Nakanishi, H., Ohta, H., Tanaka, H., Kurihara, H., Mueller,
S., Irie, K., Ikeda, W., Sakai, T., Wimmer, E., Nishimune, Y. and Takali, Y.
(2002) Nectin couples cell-cell adhesion and the actin scaffold at heterotypic
testicular junctions. Curr Biol. 12, 1145-1150.

Ohno, S. (2001) Intercellular junctions and cellular polarity: the PAR-aPKC
complex, a conserved core cassette playing fundamental roles in cell polarity.
Curr Opin Cell Biol. 13, 641-648.

Roh, M.H. and Margolis, B. (2003) Composition and function of PDZ protein

complexes during cell polarization. Am J Physiol Renal Physiol. 285,

29



52

53

54

55

56

57

58

59

F377-387.

Umeda, K., Ikenouchi, J., Katahira-Tayama, S., Furuse, K., Sasaki, H.,
Nakayama, M., Matsui, T., Tsukita, S., Furuse, M. and Tsukita, S. (2006)
Z0-1 and ZO-2 independently determine where claudins are polymerized in
tight-junction strand formation. Cell. 126, 741-754.

Wittchen, E.S., Haskins, J. and Stevenson, B.R. (2000) Exogenous expression
of the amino-terminal half of the tight junction protein ZO-3 perturbs
junctional complex assembly. J Cell Biol. 151, 825-836.

Pinheiro, E.M. and Montell, D.J. (2004) Requirement for Par-6 and Bazooka
in Drosophila border cell migration. Development. 131, 5243-5251.

Mizuno, K., Suzuki, A., Hirose, T., Kitamura, K., Kutsuzawa, K., Futaki, M.,
Amano, Y. and Ohno, S. (2003) Self-association of PAR-3-mediated by the
conserved N-terminal domain contributes to the development of epithelial
tight junctions. J Biol Chem. 278, 31240-31250.

Abercrombie, M. and Heaysman, J.E. (1953) Observations on the social
behaviour of cells in tissue culture. I. Speed of movement of chick heart
fibroblasts in relation to their mutual contacts. Exp Cell Res. 5, 111-131.
Fisher, H.W. and Yeh, J. (1967) Contact inhibition in colony formation.
Science. 155, 581-582.

Burgering, B.M. and Coffer, P.J. (1995) Protein kinase B (c-Akt) in
phosphatidylinositol-3-OH kinase signal transduction. Nature. 376, 599-602.
Franke, T.F., Yang, S.1., Chan, T.O., Datta, K., Kazlauskas, A., Morrison,
D.K., Kaplan, D.R. and Tsichlis, P.N. (1995) The protein kinase encoded by

the Akt proto-oncogene is a target of the PDGF-activated

30



60

61

62

63

64

65

phosphatidylinositol 3-kinase. Cell. 81, 727-736.

Fujito, T., Ikeda, W., Kakunaga, S., Minami, Y., Kajita, M., Sakamoto, Y.,
Monden, M. and Takai, Y. (2005) Inhibition of cell movement and
proliferation by cell-cell contact-induced interaction of Necl-5 with nectin-3.
J Cell Biol. 171, 165-173.

Ikeda, W., Kakunaga, S., Takekuni, K., Shingai, T., Satoh, K., Morimoto, K.,
Takeuchi, M., Imai, T. and Takali, Y. (2004) Nectin-like molecule-5/Tage4
enhances cell migration in an integrin-dependent, nectin-3-independent
manner. J Biol Chem. 279, 18015-18025.

Minami, Y., Ikeda, W., Kajita, M., Fujito, T., Amano, H., Tamaru, Y.,
Kuramitsu, K., Sakamoto, Y., Monden, M. and Takai, Y. (2007)
Necl-5/poliovirus receptor interacts in cis with integrin alphaVbeta3 and
regulates its clustering and focal complex formation. J Biol Chem. 282,
18481-18496.

Kakunaga, S., Ikeda, W., Shingai, T., Fujito, T., Yamada, A., Minami, Y., Imai,
T. and Takai, Y. (2004) Enhancement of serum- and platelet-derived growth
factor-induced cell proliferation by Necl-5/Tage4/poliovirus receptor/CD155
through the Ras-Raf-MEK-ERK signaling. J Biol Chem. 279, 36419-36425.
Sato, T., Irie, K., Okamoto, R., Ooshio, T., Fujita, N. and Takai, Y. (2005)
Common signaling pathway is used by the trans-interaction of
Necl-5/Tage4/PVR/CD155 and nectin, and of nectin and nectin during the
formation of cell-cell adhesion. Cancer Sci. 96, 578-589.

Wittmann, T. and Waterman-Storer, C.M. (2001) Cell motility: can Rho

GTPases and microtubules point the way? J Cell Sci. 114, 3795-3803.

31



66

67

68

69

70

71

72

73

Humbert, P.O., Dow, L.E. and Russell, S.M. (2006) The Scribble and Par
complexes in polarity and migration: friends or foes? Trends Cell Biol. 16,
622-630.

Mimori-Kiyosue, Y. and Tsukita, S. (2003) "Search-and-capture™ of
microtubules through plus-end-binding proteins (+TIPs). J. Biochem. 134,
321-326.

Wittmann, T., Bokoch, G.M. and Waterman-Storer, C.M. (2003) Regulation
of leading edge microtubule and actin dynamics downstream of Rac1l. J. Cell
Biol. 161, 845-851.

Lansbergen, G., Grigoriev, ., Mimori-Kiyosue, Y., Ohtsuka, T., Higa, S.,
Kitajima, I., Demmers, J., Galjart, N., Houtsmuller, A.B., Grosveld, F. and
Akhmanova, A. (2006) CLASPs attach microtubule plus ends to the cell
cortex through a complex with LL5beta. Dev. Cell. 11, 21-32.

Mueller, S., Cao, X., Welker, R. and Wimmer, E. (2002) Interaction of the
poliovirus receptor CD155 with the dynein light chain Tctex-1 and its
implication for poliovirus pathogenesis. J Biol Chem. 277, 7897-7904.
Ohka, S., Matsuda, N., Tohyama, K., Oda, T., Morikawa, M., Kuge, S. and
Nomoto, A. (2004) Receptor (CD155)-dependent endocytosis of poliovirus
and retrograde axonal transport of the endosome. J Virol. 78, 7186-7198.
Kim, H.J. and Bar-Sagi, D. (2004) Modulation of signalling by Sprouty: a
developing story. Nat Rev Mol Cell Biol. 5, 441-450.

Hanafusa, H., Torii, S., Yasunaga, T. and Nishida, E. (2002) Sproutyl and
Sprouty2 provide a control mechanism for the Ras/MAPK signalling pathway.

Nat Cell Biol. 4, 850-858.

32



74

75

76

77

78

79

Kajita, M., Ikeda, W., Tamaru, Y. and Takai, Y. (2007) Regulation of
platelet-derived growth factor-induced Ras signaling by poliovirus receptor
Necl-5 and negative growth regulator Sprouty2. Genes Cells. 12, 345-357.
Bottino, C., Castriconi, R., Pende, D., Rivera, P., Nanni, M., Carnemolla, B.,
Cantoni, C., Grassi, J., Marcenaro, S., Reymond, N., Vitale, M., Moretta, L.,
Lopez, M. and Moretta, A. (2003) Identification of PVR (CD155) and
nectin-2 (CD112) as cell surface ligands for the human DNAM-1 (CD226)
activating molecule. J Exp Med. 198, 557-567.

Shibuya, A., Campbell, D., Hannum, C., Yssel, H., Franz-Bacon, K.,
McClanahan, T., Kitamura, T., Nicholl, J., Sutherland, G.R., Lanier, L.L. and
Phillips, J.H. (1996) DNAM-1, a novel adhesion molecule involved in the
cytolytic function of T lymphocytes. Immunity. 4, 573-581.

Kojima, H., Kanada, H., Shimizu, S., Kasama, E., Shibuya, K., Nakauchi, H.,
Nagasawa, T. and Shibuya, A. (2003) CD226 mediates platelet and
megakaryocytic cell adhesion to vascular endothelial cells. J Biol Chem. 278,
36748-36753.

Tahara-Hanaoka, S., Shibuya, K., Onoda, Y., Zhang, H., Yamazaki, S.,
Miyamoto, A., Honda, S., Lanier, L.L. and Shibuya, A. (2004) Functional
characterization of DNAM-1 (CD226) interaction with its ligands PVR
(CD155) and nectin-2 (PRR-2/CD112). Int Immunol. 16, 533-538.
Tahara-Hanaoka, S., Shibuya, K., Kai, H., Miyamoto, A., Morikawa, Y.,
Ohkochi, N., Honda, S. and Shibuya, A. (2006) Tumor rejection by the
poliovirus receptor family ligands of the DNAM-1 (CD226) receptor. Blood.

107, 1491-1496.

33



80

81

82

83

84

85

86

Bachelet, I., Munitz, A., Mankutad, D. and Levi-Schaffer, F. (2006) Mast cell
costimulation by CD226/CD112 (DNAM-1/Nectin-2): a novel interface in the
allergic process. J Biol Chem. 281, 27190-27196.

Wakamatsu, K., Ogita, H., Okabe, N., Irie, K., Tanaka-Okamoto, M., Ishizaki,
H., Ishida-Yamamoto, A., lizuka, H., Miyoshi, J. and Takai, Y. (2007)
Up-regulation of loricrin expression by cell adhesion molecule nectin-1
through Rapl1-ERK signaling in keratinocytes. J Biol Chem. 282,
18173-18181.

Spear, P.G. and Longnecker, R. (2003) Herpesvirus entry: an update. J Virol.
77,10179-10185.

Warner, M.S., Geraghty, R.J., Martinez, W.M., Montgomery, R.1., Whitbeck,
J.C., Xu, R., Eisenberg, R.J., Cohen, G.H. and Spear, P.G. (1998) A cell
surface protein with herpesvirus entry activity (HveB) confers susceptibility
to infection by mutants of herpes simplex virus type 1, herpes simplex virus
type 2, and pseudorabies virus. Virology. 246, 179-189.

Geraghty, R.J., Krummenacher, C., Cohen, G.H., Eisenberg, R.J. and Spear,
P.G. (1998) Entry of alphaherpesviruses mediated by poliovirus
receptor-related protein 1 and poliovirus receptor. Science. 280, 1618-1620.
Sozen, M.A., Suzuki, K., Tolarova, M.M., Bustos, T., Fernandez Iglesias, J.E.
and Spritz, R.A. (2001) Mutation of PVRL1 is associated with sporadic,
non-syndromic cleft lip/palate in northern Venezuela. Nat Genet. 29, 141-142.
Suzuki, K., Hu, D., Bustos, T., Zlotogora, J., Richieri-Costa, A., Helms, J.A.
and Spritz, R.A. (2000) Mutations of PVRL1, encoding a cell-cell adhesion

molecule/herpesvirus receptor, in cleft lip/palate-ectodermal dysplasia. Nat

34



87

88

89

90

Genet. 25, 427-430.

Fabre-Lafay, S., Garrido-Urbani, S., Reymond, N., Goncalves, A., Dubreuil, P.
and Lopez, M. (2005) Nectin-4, a new serological breast cancer marker, is a
substrate for tumor necrosis factor-alpha-converting enzyme
(TACE)/ADAM-17. J Biol Chem. 280, 19543-19550.

Fabre-Lafay, S., Monville, F., Garrido-Urbani, S., Berruyer-Pouyet, C.,
Ginestier, C., Reymond, N., Finetti, P., Sauvan, R., Adelaide, J., Geneix, J.,
Lecocq, E., Popovici, C., Dubreuil, P., Viens, P., Goncalves, A.,
Charafe-Jauffret, E., Jacquemier, J., Birnbaum, D. and Lopez, M. (2007)
Nectin-4 is a new histological and serological tumor associated marker for
breast cancer. BMC Cancer. 7, 73.

Yu, Z., Chan, M.K., O-charoenrat, P., Eisenberg, D.P., Shah, J.P., Singh, B.,
Fong, Y. and Wong, R.J. (2005) Enhanced nectin-1 expression and herpes
oncolytic sensitivity in highly migratory and invasive carcinoma. Clin Cancer
Res. 11, 4889-4897.

Graf, M., Reif, S., Hecht, K., Kroell, T., Nuessler, V. and Schmetzer, H.
(2005) Expression of poliovirus receptor-related proteins PRR1 and PRR2 in
acute myeloid leukemia: first report of surface marker analysis, contribution
to diagnosis, prognosis and implications for future therapeutical strategies.

Eur J Haematol. 75, 477-484.

35



Figure Legends

Figure 1. Molecular structures of nectins and Necl-5, and their interactions with
peripheral membrane proteins. Nectins and Necl-5 form cis-dimers. Nectins and
Necls consist of three extracellular Ig-like domains, a single transmembrane (TM)
region, and a cytoplasmic tail. (@) Interactions of nectins with afadin and Par-3.
Nectin-1, nectin-2, and nectin-3 possess a conserved motif with four amino acids
(Glu/Ala-X-Tyr-Val) for interaction with afadin, while nectin-4 binds afadin through
another C-terminal motif. Afadin has two Ras-association (RA) domains, a
forkhead-associated (FHA) domain, a DIL domain, a PDZ domain, three proline-rich
(PR) domains and an F-actin-binding domain. Nectins directly bind the PDZ
domain of afadin. Par-3 has three conserved regions (CR): CR1, CR2, and CRS.
CR2 contains three PDZ domains.  Nectin-1 and nectin-3 directly bind the first PDZ
domain (PDZ1) of Par-3. (b) Interactions of Necl-5 with Tctex-1 and Sprouty?2.
Unlike nectins, Necl-5 lacks the C-terminal PDZ domain-binding motif. The
cytoplasmic domain of Necl-5 interacts with Tctex-1, a light chain subunit of
cytoplasmic dyneins, and Sprouty2, a negative regulator of growth factor-induced

signals inhibiting the activation of Ras.

Figure 2. Interactions of nectins with other transmembrane proteins. (a)
Trans-interactions among nectins, Necls, and CD226/DNAM-1. Only known
homophilic (looped arrows) and heterophilic (bidirectional arrows) interactions are

indicated. (b) Cis-interactions of nectins with integrin a,33 and PDGFR. Nectin-1

and nectin-3 individually cis-interact with integrin o3 and form a binary complex.
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Nectin-3 but not nectin-1 cis-interacts with PDGFR and forms a binary complex.

Integrin aBs and PDGFR form a binary complex as well.

Figure 3. Pleiotropic functions of nectins. Nectins regulate a variety of cellular

functions, including virus entry, cadherin-dependent and —independent cell-cell

adhesion, polarization, survival, differentiation, movement, and proliferation.
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