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Abstract

Integrin, cadherin, and growth factor receptor are key molecules for fundamen-
tal cellular functions including cell movement, proliferation, differentiation,
adhesion, and survival. These cell surface molecules cross-talk with each other
in the regulation of such cellular functions. Nectin and nectin-like molecule
(Necl) have been identified as cell adhesion molecules that belong to the immu-
noglobulin superfamily. Nectin and Necl play important roles in the integration of
integrin, cadherin, and growth factor receptor at the cell-cell adhesion sites of
contacting cells and at the leading edges of moving cells, and thus are also
involved in the fundamental cellular functions together with integrin, cadherin,
and growth factor receptor. This chapter describes how newly identified cell
adhesion molecules, nectin and Necl, modulate the cross-talk among integrin,
cadherin, and growth factor receptor and how these integrated molecules act in
the regulation of fundamental cellular functions.

Key Words: Cadherin, Cell functions, Growth factor receptor, Integrin, Necl,
Nectin.  © 2008 Elsevier Inc.

1. INTRODUCTION

Cell movement, proliferation, adhesion, differentiation, and survival
are fundamental cellular functions in multicellular organisms (Gumbiner,
1996; Guo and Hay, 1999; Lauffenburger and Horwitz, 1996; Lin and
Bissell, 1993; Perez-Moreno et al., 2003; Vaux and Korsmeyer, 1999).
Cell adhesion molecules (CAMs) including integrin and cadherin and
growth factor receptors such as platelet-derived growth factor (PDGF)
receptor play pivotal roles in these cellular functions. In addition to these
CAMs and growth factor receptors localized at the surface of cells, a number
of intracellular signaling molecules, which are positively and negatively
controlled by extracellular stimuli through these CAMs and receptors, are
also involved in the regulation of the cellular functions. The roles of CAMs
and receptors and their related intracellular signalings are mutually well
organized to maintain the cellular functions and are thus essential for
living of not only the cells but also multicellular organisms. The disruption
of the organized functions of CAMs and receptors causes the cellular
dysfunction and may lead to pathological, even more life-threatening,
disorders of individuals.
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On the other hand, cell differentiation and survival are directly related to
the cell fate. These phenomena are known to be mainly regulated by the
growth factor-induced signals (Birling and Price, 1995; Pettmann and
Henderson, 1998). However, it has been demonstrated that integrin is
also involved in the differentiation of certain tissues such as the epidermis
(Watt, 2002). Moreover, cell adhesion to the substratum is indispensable for
the survival of cells, and in turn, loss of cell-matrix or cell-cell adhesion
causes cell death by apoptosis or anoikis (Bergin ef al., 2000; Fouquet et al.,
2004; Hofmann et al., 2007; Ruoslahti and Reed, 1994). Thus, cell differ-
entiation and survival are also correlated with the relationship between
growth factors and CAMs.

Cultured normal cells move and proliferate until they become confluent
and form cell—cell junctions. After the establishment of cell—cell junctions,
they arrest cell movement and proliferation. This phenomenon was identified
over a half century ago as contact inhibition of cell movement and prolifera-
tion (Abercrombie and Heaysman, 1953; Farquhar and Palade, 1963).
In contrast, transformed cells abnormally continue to move and proliferate
even after they contact each other, and thus contact inhibition of transformed
cells is disrupted, resulting in the enhancement of their invasiveness into
neighboring tissues and metastasis to other organs. Although CAMs and
receptors essentially act in cell movement and proliferation and their contribu-
tions to cell movement and proliferation have been extensively studied for
a long time (Benito and Lorenzo, 1993; Lauffenburger and Horwitz, 1996),
the molecular mechanism for contact inhibition of cell movement and
proliferation has been poorly elucidated to date.

Cell adhesion includes cell—cell and cell-matrix junctions. At cell-matrix
junctions, integrin is a key CAM and comprises heterodimers with o and f§
subunits (Geiger et al., 2001). To date, 18 a subunits and 8 f§ subunits have
been identified and 25 of their combinations were reported (Kinbara et al.,
2003). It is involved in the formation of focal adhesions and focal complexes,
which are specialized subcellular apparatuses including several signaling
molecules that transduce integrin-initiated outside-in signals and also mod-
ulate the affinity of integrin to the extracellular matrix (inside-out signals).
Integrin is also reported to be important for cell movement, proliferation,
and differentiation as well as cell adhesion (Geiger ef al., 2001; Kinbara ef al.,
2003; Watt, 2002). On the other hand, the molecular mechanism of cell-
cell junctions has been well characterized in epithelial cells. Epithelial cells
contain at least four types of junctional apparatuses: tight junctions (TJs),
adherens junctions (AJs), desmosomes, and gap junctions, all of which
collectively form junctional complexes at the intercellular adhesion sites.
TJs are localized at the most apical side of cell—cell junctions. Two major
functions of TJs are to act as a barrier, preventing the passage of soluble
molecules through the gaps between cells, and as a fence, keeping the cell
surface proteins and lipids in the basolateral region separate from those in the
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apical region (Tsukita and Furuse, 2002; Tsukita et al., 1999). However, the
fence function of TJs is controversial, because the apical marker proteins and
the basolateral ones are normally distributed on the plasma membrane even
in the epithelial cells in which TJs are completely disrupted (Umeda et al.,
2006). AJs serve as a mechanically adhesive apparatus between neighboring
cells. The functions of AJs and TJs are mainly regulated by several CAMs
and their related peripheral membrane proteins. Claudin, occludin, and
junctional adhesion molecule (JAM) are major Ca®>*-independent CAMs
located at TJs (Tsukita et al., 1999), while at AJs, E-cadherin and nectin are
major Ca?"-dependent and -independent CAMs, respectively (Takai and
Nakanishi, 2003; Takeichi, 1991). The claudin and cadherin families consist
of a large number of members: more than 20 and 80 members, respectively
(Mitic ef al., 2000; Yagi and Takeichi, 2000). The JAM family is also
composed of four members and JAM-like molecule (Ebnet et al., 2004),
but occludin-related genes have not been identified yet (Tsukita et al.,
2001). There is a cross-talk between cell—cell and cell-matrix junctions
and the formations of both types of junctions are mutually regulated
(Pignatelli, 1998; Siu and Cheng, 2004). We mainly describe the features
of AJs and TJs in this chapter. For the concerns on desmosomes and gap
junctions, other excellent reviews would be helpful (Garrod et al., 2002;
Kumar and Gilula, 1996).

Although the molecular mechanisms of the cellular functions including
cell movement, proliferation, adhesion, difterentiation, and survival have
been individually studied, the integrated investigation of these cellular
functions is quite important to understand the whole cell architecture.
Moreover, the integrated and harmonized regulation of these cellular
functions is indispensable for living of multicellular organisms. Thus, in
this chapter, we focus on the newly identified CAMs nectin and nectin-like
molecule (Necl), of which the molecular structure is similar to that of
nectin, and describe the molecular mechanism of the cross-talk between
CAMs and growth factor receptors.

2. MOLECULAR AND STRUCTURAL FEATURES OF
NECTIN AND NECTIN-LIKE MOLECULE

Nectin is a Ca?>T-independent cell—cell adhesion molecule with three
immunoglobulin (Ig)-like loops at its extracellular region, single transmem-
brane segment, and one intracellular region (Takai ef al., 2003; Takai and
Nakanishi, 2003) (Fig. 1.1A). To date the nectin family consists of four
members: nectin-1, nectin-2, nectin-3, and nectin-4. The genetic distance
of the nectin and Necl (see later) family members is estimated by construc-
tion of a phylogenetic tree (Fig. 1.1B). Each nectin member has two or
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Figure 1.1 Molecular structures of nectins, Necls, and afadin and their interactions.
(A) Schematic representatives of molecular structures of nectins, Necls, and afadin.
Nectins and Necls both contains three immunoglobulin-like loops in their extracellular
region, one membrane-spanning region, and one cytoplasmic region. Nectin family
members, except nectin-4, possess a consensus motif of four amino acids (E/A-X-Y-V)
for interaction with afadin. Nectin-4 has another C-terminal motif, but also binds afa-
din. 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. Direct binding between nectins and afadin is conducted
through the C-terminal motif of nectins and the PDZ domain of afadin, which
links nectin to the actin cytoskeleton. (B) Phylogenetic analysis of nectins and Necls.
The nectin and Necl amino acid sequences were aligned using the CLASTALW program
and a phylogenetic tree was constructed using tree-drawing software (TreeViewPPC).
Branch lengths are drawn to scale and the longer branches represent more genetic
changes. (C) Homophilic and heterophilic transinteractions among nectins, Necls, and
other immunoglobulin-like molecules. Only known homophilic (looped arrows)
and heterophilic (double arrows) interactions are indicated in this figure.

three alternative splicing isoforms. For nectin-1, there are three isoforms:
nectin-1a, nectin-1p, and nectin-17; nectin-2 is composed of two isoforms:
nectin-20; and nectin-20; nectin-3 has three isoforms: nectin-30, nectin-3f,
and nectin-37; and nectin-4 also contains two splicing isoforms, whose
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name has not yet been determined (Reymond ef al., 2001; Satoh-Horikawa
et al., 2000; Takahashi ef al., 1999). Among these isoforms, only nectin-1y
lacks the transmembrane and cytoplasmic regions and is secreted from its
producing cells.

Nectin-1o¢ and nectin-2a were originally isolated as the poliovirus
receptor-related proteins, PRR-1 and PRR-2, respectively (Aoki ef al.,
1997; Eberle et al., 1995; Lopez et al., 1995; Morrison and Racaniello, 1992).
Actually, neither of them functions as a receptor for poliovirus entry, and
later, they have been identified as receptors for a-herpes virus (HSV-1,
HSV-2, and pseudorabies virus) entry, helping its infection into animal cells
and tissues (Geraghty ef al., 1998; Warner et al., 1998). Thus, they were
renamed herpes virus entry mediator C (HveC) and B (HveB), respectively.
Nectin-1, nectin-2, and nectin-3 are widely expressed in adult tissues and
various kinds of cells including fibroblasts, epithelial cells, and neurons,
together with another cell-cell adhesion molecule cadherin. Nectin-2 and
nectin-3 are also expressed in cells that lack cadherin, such as hematopoietic
cells and cells in the testis (Lopez ef al., 1998; Ozaki-Kuroda ef al., 2002).
On the other hand, nectin-4 is expressed mainly in placenta in humans,
while it is broadly expressed in mouse tissues and is also detected in mouse
embryo (Reymond ef al., 2001). Moreover, the production of nectin-4 is
highly upregulated in breast cancer (Fabre-Lafay ef al., 2005). The functions
of nectins are represented in Table 1.1.

Each nectin first forms homo-cis-dimers similar to cadherin, and then
makes the formation of homophilic or heterophilic frans-dimers (trans-inter-
action) in contrast to cadherin, which frans-interacts only homophilically
(Fig. 1.1C). Nectin-1 heterophilically frans-interacts with nectin-3 and
nectin-4, and nectin-2 also trans-interacts with nectin-3. These heterophilic
frans-interactions exhibit a significantly higher affinity than the homo-
philic trans-interactions. For example, the Ky values of nectin-3 for nectin-1
and nectin-2 are 2.3 nM and 360 nM, respectively, as estimated by surface
plasmon resonance analysis (Ikeda ef al., 2003). Nectin-2 also frans-interacts
with CD226/DNAM-1 in addition to the nectin family members. CD226/
DNAM-1 is a single membrane-spanning molecule possessing two Ig-like
loops at its extracellular region and it supports the differentiation and
proliferation of T cells in which this molecule is mainly expressed (Chen
et al., 2003; Shibuya ef al., 2003). The first Ig-like loop at the extracellular
region of nectin is necessary for the formation of the frans-dimers, but not
for cis-dimers, whereas the second Ig-like loop contributes to the formation
of cis-dimers (Momose et al., 2002; Yasumi et al., 2003). The function of the
third Ig-like loop is currently unknown. Intermolecular force microscopy
(IFM) measurement has revealed that these multiple tandem aligned Ig-like
loops of nectin act uncooperatively, as a zipper-like multiply bonded
system, whereas five-tandemly-repeated ectodomains of cadherin act coop-
eratively, as a parallel-like multiply bonded system (Tsukasaki et al., 2007).
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Table 1.1 Roles of nectin and Necl family members

Nectin-1

Nectin-2

Nectin-3

Nectin-4

Necl-1

Necl-2

Necl-3

Necl-4

Necl-5

Old nomenclature

PRR-1/HveC

PRR-2/HveB

PRR-3

TSLL1/
SynCAM3

IGSF4/RA175/
SgIGSF/
TSLC1/
SynCAM1

Similar to Necl3/
SynCAM2

TSLL2/
SynCAM4

Tage4/PVR/
CD155

Functions

Cell—cell adhesion molecule

Receptor for a-herpes virus (HSV-1,
HSV-2, and pseudorabies virus) entry
into cells

Defects in humans: cleft lip/palate-
ectodermal dysplasia syndrome, also
known as Zlotogora—Ogur syndrome

Knockout mice: microphthalmia, skin
abnormalities, and abnormal mossy
fiber trajectories in the hippocampus

Cell—cell adhesion molecule

Receptor for a-herpes virus entry into
cells

Knockout mice: male-specific infertility

Cell—cell adhesion molecule

Knock-out mice: male-specific
infertility, microphthalmia, and
abnormal mossy fiber trajectories in
the hippocampus

Cell—cell adhesion molecule

Overexpressed in breast carcinoma

Cell—cell adhesion molecule

Neural tissue-specific expression

Localized at contact sites between axons
and glial cells or Schwann cells, not at
synaptic junctions

Cell—cell adhesion molecule

Localized on the basolateral membranes
in epithelia

Involved in spermatogenesis and synapse
formation

Tumor suppressor in lung carcinoma

Putative cell—cell adhesion molecule

Cell—cell adhesion molecule

Possible involvement in tumor
suppression

Enhancement of cell movement and
proliferation cooperatively with
integrin o, fi3 and PDGF receptor

Overexpressed in various cancer cells

Receptor for poliovirus
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The IFM system is one of the cutting-edge technologies in the field of
biophysics and has force resolution to the subpicoNewton level with a
response time at the submillisecond level, an approximately several tenfold
higher force sensitivity than conventional atomic force microscopy. The
results obtained from the IFM system are consistent with the previous
analysis on nectin.

All the nectin family members directly bind afadin, which links nectin to
the actin cytoskeleton as catenins connect cadherin to the actin cytoskeleton
(Takahashi et al., 1999). This binding is mediated by a C-terminal four
amino acid conserved motif of nectin (E/A-X-Y-V; X is any amino acid)
and the PDZ domain of afadin. Although nectin-4 has a C-terminal motif
(G-H-L-V) different from the other nectin family members, it also directly
interacts with the PDZ domain of afadin through its C-terminus (Reymond
et al., 2001). Afadin has two splicing variants, l-afadin and s-afadin/AF-6
(Mandai et al., 1997) (Fig. 1.1A). Both afadin variants share the two
Ras-associated (RA) domains, with which activated Rap1 small G protein
interacts, a forkhead-associated (FHA) domain, a dilute (DIL) domain, and
two proline-rich (PR) domains. Only l-afadin, a larger variant, contains an
actin-filament (F-actin)-binding domain and the third PR domain, whereas
s-afadin/AF-6, a smaller variant, lacks these domains and is thus unable to
interact with F-actin. 1-Afadin is broadly expressed in tissues, but the
expression of s-afadin is relatively specific in the brain. The human
s-afadin/AF-6 gene was originally identified as an ALL-1 fusion partner
involved in acute myeloid leukemias (Prasad ef al., 1993). It has also been
reported that s-afadin/AF-6 directly binds to a subset of Eph receptor
tyrosine kinases (Buchert et al., 1999; Hock ef al., 1998) and interacts with
a deubiquitinating enzyme, Fam (Taya et al., 1998). Hereafter, unless
otherwise specified, afadin refers to l-afadin in this chapter.

Necl is genetically and structurally similar to nectin; it has an extracellular
region with three Ig-like loops, a membrane-spanning region, and a short
cytoplasmic tail (Fig. 1.1A and B). Necl has a Ca?>*-independent cell
adhesion activity like nectin but does not bind afadin at its C-terminal
cytoplasmic tail (Takai et al., 2003). Each Necl family member also exhibits
several other cellular functions in addition to cell adhesion activity as
summarized in Table 1.1. The Necl family is composed of five members:
Necl-1 (TSLL1/SynCAM3), Necl-2 (IGSF4/RA175/SglGSE/TSLC1/
SynCAM1), Necl-3 (similar to Necl3/SynCAM?2), Necl-4 (TSLL2/Syn-
CAM4), and Necl-5 (Tage4/PVR/CD155). Necl-1 homophilically
trans-interacts with itself and heterophilically frans-interacts with nectin-1,
nectin-3, and Necl-2, but not nectin-2 or Necl-5 (Kakunaga ef al., 2005)
(Fig. 1.1C). Necl-2 also homophilically frans-interacts and heterophilically
trans-interacts with nectin-3 and Necl-1 and another Ig-like molecule
CRTAM, which is reported to enhance the cytotoxicity of natural killer
(NK) cells (Boles ef al., 2005; Kennedy et al., 2000; Shingai ef al., 2003).
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On the other hand, Necl-5 does not homophilically trans-interact but
heterophilically frans-interacts with nectin-3 and other Ig-like molecules
CD96/Tactile and CD226/DNAM-1 (Bottino et al., 2003; Fuchs et al.,
2004; Tkeda et al., 2003; Mueller and Wimmer, 2003). CD96/Tactile, a
member of the Ig superfamily, is expressed in T cells and promotes adhesion
of T cells to target cells expressing Necl-5, triggering T cell activation
(Fuchs et al., 2004; Wang et al., 1992). The binding partners of Necl-3
and Necl-4 have not been identified yet.

Although the general properties of Necl-3 and Necl-4 remain to be
elucidated, the roles of Necl-1, Necl-2, and Necl-5 have partly been
discovered. Necl-1 is specifically expressed in the neural tissue and localizes
at the contact sites between two axon terminals, between an axon terminal
and an axon shaft, and between an axon terminal and glia cell processes in
the cerebellum (Kakunaga ef al., 2005). In the peripheral myelinated nerve
fibers, Necl-1 localizes at the contact sites between the cellular processes of
Schwann cells at the nodes of Ranvier. Necl-2 is expressed in various tissues
(Shingai et al., 2003) and acts as a tumor suppressor in human non-small
cell lung cancer (Kuramochi ef al., 2001). In normal epithelial cells, Necl-2
localizes at the basolateral portion of the cell-cell adhesion sites, but not at
the cell—cell junctional apparatus, such as TJs, AJs, or desmosomes. Human
PVR/CD155 was originally identified as the human poliovirus receptor
(Koike et al., 1990; Mendelsohn et al., 1989), while rodent Tage4 was
originally identified as the product of a gene overexpressed in rodent
colon carcinoma (Chadeneau ef al., 1994). PVR/CD155 was subsequently
shown to be overexpressed in many human cancer cells (Masson ef al., 2001;
Sloan et al., 2004). For a long time, the physiological role of Necl-5 has been
largely unclear; however, its various cellular functions have been clarified.
A detailed description is given later in this chapter.

3. FORMATION OF ADHERENS JUNCTIONS INDUCED BY
THE NECTIN-AFADIN SYSTEM

3.1. Interaction between the nectin—-afadin and
cadherin—catenin systems

The nectin—afadin system physically associates with the cadherin—catenin
system and both cell-cell adhesion systems cooperatively promote the
formation of AJs (Nakanishi and Takai, 2004; Takai and Nakanishi,
2003). Cadherins are key Ca?*-dependent CAMs and are classified in
several groups, such as classical cadherins, desmosomal cadherins, and pro-
tocadherins (Takeichi, 1991; Yagi and Takeichi, 2000). Classical cadherins
of the cadherin superfamily, such as E-cadherin and N-cadherin, play an
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essential role in cell-cell adhesion at AJs. The extracellular region of
E-cadherin, which is the best characterized cadherin and is exclusively
expressed in epithelial cells, contains five-tandemly-repeated ectodomains,
EC1-EC5. E-cadherin homophilically trans-interact with each other in a
Ca’T-dependent manner. At the cytoplasmic region of E-cadherin, it
directly binds ff-catenin or y-catenin (plakoglobin) through its C-terminal
tail and p120°™ through its juxtamembrane portion (Anastasiadis and
Reynolds, 2000; Takeichi, 1995). -Catenin also directly interacts with
o-catenin, which then binds to F-actin and F-actin-binding proteins, such as
o-actinin and vinculin. Thus, cadherin is anchored to the actin cytoskeleton
through several peripheral membrane proteins including catenins.

The mode of physical association between the nectin—afadin and
cadherin—catenin systems has largely been revealed by more recent studies
(Asada ef al., 2003; Mandai et al., 1999; Ooshio et al., 2004) (Fig. 1.2).
Evidence has accumulated that nectin recruits cadherin to the nectin-based
cell—cell adhesion sites through their cytoplasm-associated proteins, afadin
and catenins, in the formation of AJs. Both afadin and a-catenin are involved
in this physical association by the direct interaction of afadin with o-catenin,
although the affinity of these two molecules is not high (Pokutta ef al., 2002;
Tachibana et al., 2000). The direct binding of these proteins may occur
in vivo, but it is more likely that a posttranslational modification(s) of either
or both proteins and/or an unidentified molecule(s) are required for the
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Figure 1.2  Association of the nectin—afadin system with the cadherin—catenin system.
After nectins first transinteract at the initial cell—cell contacts, three connector units
beside the actin cytoskeleton are involved in the recruitment of the cadherin—catenin
system to the nectin-based cell-cell adhesion sites. The first connector unit is
the ponsin—vinculin unit, the second is the ADIP—c¢-actinin unit, and the third is the
LMO7—-0-actinin unit. Moreover, the direct interaction of afadin with o-catenin is
assumed, but this interaction does not seem to be strong.
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efficient binding between afadin and o-catenin (Pokutta ef al., 2002;
Tachibana et al., 2000). To date, three putative units that link the nectin—
afadin complex to the cadherin—catenin complex have been identified. The
first one is a ponsin—vinculin unit (Mandai ef al., 1999). Ponsin, an afadin-
and vinculin-binding protein, and vinculin, an F-actin-binding protein
localized at AJs and focal adhesions, colocalize with nectin and afadin at AJs.
Vinculin directly binds to a-catenin (Aberle et al., 1996). Thus, vinculin and
ponsin are involved in the connection of nectin and cadherin. Although
ponsin forms a binary complex with either afadin or vinculin, it does not
form a ternary complex with afadin and vinculin, probably due to the
competitive interaction of ponsin with afadin or vinculin. The reason
why ponsin, afadin, and vinculin do not form a ternary complex remains
to be clarified, but ponsin may regulate the linkage between afadin and
vinculin to promote the connection between nectin and cadherin. The
second one is an afadin DIL-domain-interacting protein (ADIP)—o-actinin
unit (Asada et al., 2003). ADIP has been identified as an afadin- and «-
actinin-binding protein by yeast two-hybrid screening and the direct bind-
ing of ADIP with afadin and «-actinin is further confirmed by the immu-
noprecipitation assay and the experiments using these recombinant proteins.
In addition, the localization of ADIP is limited at AJs in epithelial cells of
small intestine. Because a-actinin is known to associate with E-cadherin
through a-catenin, ADIP is likely to connect the nectin—afadin system to
the cadherin—catenin system through o-actinin. However, it is unclear
whether ADIP forms a ternary complex with afadin and o-actinin. The
third one is an LIM domain only 7 (LMO?7)—a-actinin unit (Ooshio ef al.,
2004). An immunoprecipitation assay has revealed that LMO?7 associates
with afadin and a-actinin. LMO?7 also colocalizes with afadin at AJs in
epithelial cells. LMO7 is assembled at AJs after the nectin-induced forma-
tion of cadherin-based AJs is established at the cell-cell adhesion sites. Thus,
LMO7 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. The relationship
among these connector units in the interaction between the nectin—afadin
and cadherin—catenin systems has not been fully elucidated.

3.2. Cross-talk between nectin and integrin

We have described in the previous section that the nectin—afadin system is
linked to the cadherin—catenin system through several molecules including
ponsin, vinculin, ADIP, LMO?7, and o-actinin. This linkage is important for
the prompt recruitment of cadherin to the nectin-based cell—cell adhesion sites
and the efficient formation of AJs. Nectin also interacts with a cell-matrix
adhesion molecule integrin in the formation of cell—cell adhesion (Sakamoto
et al., 2006). Several studies indicate that there is cross-talk between
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cell—cell and cell-matrix junctions (Pignatelli, 1998; Siu and Cheng, 2004).
Cell-matrix junctions are formed by interactions of integrins with extracellular
matrix (ECM) proteins, such as collagen, fibronectin, laminin, and vitronectin
(Geiger et al., 2001; Jin and Varner, 2004). The integrin-mediated cell-matrix
junctions positively or negatively regulate the formation and stability of cell-
cell junctions through protein tyrosine kinases associated with integrins, such
as FAK and c-Src (Geiger ef al., 2001; Parsons, 2003). As an example, this
regulation may be important for the epithelial-mesenchymal transition of
epithelial cells in both physiological and pathological states (Monier-Gavelle
and Duband, 1997; Schreider et al., 2002). During embryonic development,
integrins f; and f§3 promote epithelial cell remodeling, which appears to
be related to reduced interactions of CAMs at AJs with the cytoskeleton
(Monier-Gavelle and Duband, 1997). In a colon cancer cell line, the attach-
ment of integrin f/; to ECM proteins induces functional polarization of
the cells and reinforces the E-cadherin-based AJs (Schreider et al., 2002).
Moreover, the integrin-induced signaling molecules FAK and paxillin have
been shown to regulate the N-cadherin-based cell-cell adhesion in HeLa cells
(Yano ef al., 2004). These data support the importance of cross-talk between
cell-cell and cell-matrix junctions with physiological and pathological
relevance.

It has been revealed that the cross-talk between the cell—cell adhesion
molecule nectin and cell-matrix adhesion molecule integrin is essential for
the formation of AJs (Sakamoto et al., 2006). Integrin o, f; and nectin
physically interact with each other at the nectin-based cell-cell adhesion
sites through their extracellular regions. Integrin o, f35 has at least two forms:
the low- and high-affinity forms (Takagi ef al., 2002). The low-affinity form
shows weak adhesion activity for extracellular matrix proteins and is inactive,
whereas the high-affinity form exhibits increased adhesion activity for its
extracellular ligands and is active (Calderwood, 2004). Binding of talin, an
actin-binding protein, to the cytoplasmic tail of the f3 subunit of integrin is
one of the mechanisms with which to activate integrin through inside-out
signaling (Tadokoro ef al., 2003). At the initial step of the formation of AJs,
nectin associates with the high-affinity form of integrin o, f3, which is then
gradually converted into the low-affinity form by the establishment of AJs
(Ozaki et al., 2007; Sakamoto et al., 2006). Because nectin is capable of
associating with both the low- and high-affinity forms of integrin o, f5 as
estimated by the immunoprecipitation assay, nectin always colocalizes and
interacts with integrin from the initial to the final stage of the formation
of AJs. Given that the high-affinity form of integrin o, 3 upregulates cell
movement and proliferation, which tend to disrupt cell-cell adhesion, it may
be difficult to keep AJs for a long time if integrin «,f5 continues to be
activated even after the establishment of AJs. Thus, inactivation of integrin
o, f3 after the formation of AJs seems to be physiologically reasonable to
maintain the nectin- and cadherin-based AJs. The mature transinteraction of
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nectin is involved in this integrin inactivation. Nectin associates with and
induces the activation of the phosphatase PTPu at cell-cell adhesion sites
(Sakamoto ef al., 2007). Activated PTPu inhibits phosphatidylinositol phos-
phate kinase type Iy90 (PIPKIy90) after the formation of cell—cell junctions.
PIPKIy90 is shown to be involved in the activation of integrin by increasing
the generation of phosphatidylinositol 4,5-bisphosphate and promoting the
binding of talin to integrin (Martel ef al., 2001; Di Paolo ef al., 2002; Ling
et al., 2002). Thus, apart from the functions during the formation of cell—cell
adhesion, nectin negatively regulates PIPKIy90 through the PTPu and
inhibits integrin o, 5 after the formation of cell—cell junctions.

3.3. Cooperative roles of nectin and integrin
oyf3 in intracellular signaling

Nectin induces the activation of intracellular signaling and formation of AJs
in cooperation with activated integrin o,fl3 (Sakamoto et al., 2006).
Detailed investigations have largely uncovered this signaling (Ogita and
Takai, 2006; Shimizu and Takai, 2003) (Fig. 1.3). At the beginning of
the formation of AJs, nectin frans-interacts with each other to form the
primordial cell-cell adhesion. This trans-interaction of nectin first induces
the activation of c-Src, which is also regulated by activated integrin o, 3 and
its downstream signaling molecules protein kinase C (PKC) and FAK
(Ozaki et al., 2007; Sakamoto et al., 2006). Thus, the activation of c-Src is
doubly controlled by nectin and integrin o, f85. c-Src is activated in this way,
then tyrosine phosphorylates FR G, a GDP/GTP exchange factor (GEF) for
Cdc42, and Vav2, a GEF for Rac, and induces the activation of Rap1 small
G protein through an adaptor protein Crk and a Rapl1-GEF C3G
(Fukuhara et al., 2004, Fukuyama et al., 2005; Kawakatsu et al., 2005).
Activated Rap1 fully activates phosphorylated FR G, resulting in the activa-
tion of Cdc42 and the formation of filopodia. Similarly, activated Cdc42
also enhances the activation of phosphorylated Vav2 and eventually induces
the activation of Rac and the formation of lamellipodia. The cell protru-
sions such as filopodia and lamellipodia formed by this signaling contribute
to facilitate the formation of cell—cell junctions, because filopodia increase
the contact sites between neighboring cells and lamellipodia efficiently zip
up the gaps between these contact sites. On the other hand, activated Cdc42
and Rac reorganize the actin cytoskeleton and are involved in the recruit-
ment of the cadherin—catenin complex to the nectin-based cell—cell adhe-
sion sites through F-actin-binding proteins such as IQGAP1 (Fukuhara
et al., 2003; Sato et al., 2006). An increased number of cadherin clusters at
the cell—cell adhesion sites and finally the formation of AJs is established.
These F-actin-binding proteins primarily play a pivotal role in cell move-
ment. In addition, when afadin does not bind to nectin in moving cells, it
accumulates at the leading edge and is involved in the local activation of Rap1
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Figure 1.3 Nectin- and cadherin-induced formation of adherens junctions (AJs) and
tight junctions (TJs). Trans-interacting nectin at the initial cell-cell adhesion induces the
activation of Rapl, Cdc42, and Rac mediated by c-Src, Crk, C3G, FRG, and Vav2. This
nectin-induced signaling is dependent on integrin a,f;, which physically associates
with nectin, and its downstream signaling molecules PKC and FAK. Activated Cdc42
and Rac reorganize the actin cytoskeleton and recruit the cadherin—catenin system
to the nectin-based cell—cell adhesion sites. At this phase, cadherin has only weak adhe-
sion activity. However, afadin interacting with activated Rapl also associates with
p120°", leading to increased adhesion activity of cadherin and the establishment of
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and Rac there (unpublished data), increasing the formation of the leading
edge structure and the velocity of cell movement. Taken together, the
molecules related to cell movement at the leading edge also participate in
the formation of cell—cell junctions, indicating the relationship between cell
movement and cell—cell adhesion.

A more recent study has explored the phenomenon that E-cadherin and its
associating proteins, such as «-catenin, i-catenin, and p120°®, are not recruited
to the nectin-based cell—cell adhesion sites in Madin—Darby canine kidney
(MDCK) cells during the Ca®* assay in the presence of a protein synthesis
inhibitor, cycloheximide, or a proteasome inhibitor, N-acetyl-Leu-Leu-nor-
leucinal (ALLN) (Yamada et al., 2005). This suggests that degradation of one or
more protein factor(s) and de novo synthesis of the same or other proteins factor(s)
are necessary for the formation of E-cadherin-based AJs. The biochemical
experiment has identified the annexin II-S100A10 complex as at least one of
the protein factors by analysis of two-dimensional gel electrophoresis. Annexin
I1, also called calpactin [ heavy chain, isamember of the annexin family of Ca*-
and phospholipid-binding protein and usually forms a heterotetrameric com-
plex with ST00A10, also called calpactin I light chain (Gerke and Moss, 2002).
Annexin I1 binds to F-actin in a Ca?*- and phospholipid-dependent manner.
Actually, the assembly of E-cadherin and its associating proteins is not observed
at the nectin-based cell-cell adhesion sites in annexin II-knockdown MDCK
cells and the formation of AJs is impaired during the Ca?* switch experiment in
these cells. During the formation of AJs, annexin I cooperates with otheractin-
binding proteins such as IQGAP1 and o-catenin and essentially functions in the
formation of AJs (Yamada ef al., 2006). Taken together, the first step of the
reorganization of the actin cytoskeleton occurs by the frans-interaction of
nectin at the initial cell—cell contactsites (Fig. 1.4A). Next, the nectin-induced
activation of Cdc42 and Rac and their effecter IQGAP1 contribute to the
second step of the reorganization of the actin cytoskeleton and recruit the
cadherin—catenin complex to the nectin-based cell-cell adhesion sites
(Fig. 1.4B). Then, accumulating cadherin at the cell—cell adhesion sites trans-
interacts with each other and this frans-interaction of cadherin finally builds up
the third step of the reorganization of the actin cytoskeleton and the firm
F-actin bundles in cooperation with several actin-binding proteins, which in
turn supports the frans-interaction of cadherin, eventually resulting in the
establishment of AJs (Fig. 1.4C).

cadherin-based AJs. On the other hand, the trans-interaction of cadherin induces the
activation of Rapl and Rac through c-Src, Crk, C3G, PI3K, and Vav2 to maintain
cadherin-based AJs by reorganizing the actin cytoskeleton and inhibiting the endocyto-
sis of cadherin. After the formation of AJs, both the nectin—afadin and cadherin—catenin
systems cooperatively play an essential role in the formation of TJs as well as AJs. The Par
cell polarity protein complex, annexinII, and the IQGAPI1-dependent actin cytoskeleton
organized by the nectin-induced activation of Cdc42 and Rac are also involved in the
formation of TJs.
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Figure 1.4 Reorganization of the actin cytoskeleton in the formation of adherens
junctions. (A) The first step of the reorganization of the actin cytoskeleton. The trans-
interaction of nectin initially causes the reorganization of the actin cytoskeleton
through afadin. (B) The second step of the reorganization of the actin cytoskeleton.
The nectin-induced activation of Cdc42 and Rac and one of their effecters IQGAP1 is
involved in this step of the reorganization of the actin cytoskeleton, which assembles
the cadherin—catenin complex at the nectin-based cell—cell adhesion sites. (C) The
third step of the reorganization of the actin cytoskeleton. The trans-interaction of
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3.4. Regulation of adhesion activity of cadherin by nectin

When frans-interacting nectin and its related intracellular signaling recruit
the cadherin—catenin complex to the nectin-based cell—cell adhesion sites,
cadherin shows only weak adhesion activity and thus does not frans-interact
at this time (Sato et al., 2006). Non-frans-interacting cadherin located at the
cell surface tends to be internalized by endocytosis. However, when afadin
interacts with Rap1 activated by frans-interacting nectin, it is capable of
inhibiting the endocytosis of non-trans-interacting cadherin through the
association between afadin and p120°*, which directly binds to the juxta-
membrane domain of cadherin (Hoshino ef al., 2005). The Rap1-depen-
dent association of afadin with p120°™ also enhances the binding of p120<™
to the juxtamembrane region of cadherin and increases the adhesion activity
of cadherin through p120°™®, resulting in the induction of the frans-interac-
tion of non-frans-interacting cadherin that clusters near the nectin-based
cell—cell adhesion sites (Hoshino et al., 2005; Sato et al., 2006). As a con-
sequence, the number of frans-interacting cadherin increases at the nectin-
based cell-cell adhesion sites. This induces the activation of Rac and
consequent formation of lamellipodia (Fukuyama ef al., 2006; Kovacs
et al., 2002; Nakagawa ef al., 2001). The formation of lamellipodia is
important not only for cell movement but also for cell—cell junction forma-
tion (Yonemura ef al., 1995; Ehrlich ef al., 2002). During the formation of
AJs, filopodia-mediated microdomains are first formed between initially
contacted cells and then lamellipodia close the gaps between the micro-
domains as a “zipper,” resulting in the establishment of AJs.

3.5. Roles of nectin and growth factor receptor
in cell survival

After cells become confluent and establish the formation of cell—cell junc-
tions, they arrest cell movement and proliferation but continue to survive.
There are a number of reports that demonstrate the physical and functional
association between CAMs and growth factor receptors (Comoglio et al.,
2003; Perez-Moreno et al., 2003; Yap and Kovacs, 2003). It has been
proposed that three types of signal transduction pathways are mediated by
CAMs, such as integrin and cadherin, and growth factor receptors, such as
epidermal growth factor receptor, platelet-derived growth factor receptor,
and vascular endothelial growth factor receptor-2 (Comoglio et al., 2003);

cadherin finally induces the formation of firm F-actin bundles together with several
actin-binding proteins and establishes adherens junctions. These F-actin bundles prefer-
entially back up cadherin-based adherens junctions. It is unclear when o-actinin and
vinculin bind to a-catenin in this process.



18 Hisakazu Ogita and Yoshimi Takai

the first one is the collaborative signaling in which the CAM- and growth
factor receptor-mediated signalings are individually or cooperatively
transduced to the intracellular signaling molecules, the second is the
CAM-dependent activation of growth factor receptor signaling that first
requires the formation of cell—cell or cell-matrix junctions by CAMs before
the growth factor receptor mediates its signaling, and the last one is the
growth factor receptor-dependent activation of CAM signaling in which
the growth factor receptor is first activated by its cognate growth factor and
sequentially the function of CAM-related molecules is regulated.
PDGF-induced cell survival signaling is modified by nectin and its
binding protein afadin (unpublished data) (Fig. 1.5). Nectin-3 associates
with the PDGF receptor at the cell—cell adhesion sites and both nectin-3
and PDGF receptor function in a cooperative manner in the PDGEF-
induced activation of phosphatidylinositol 3-kinase (PI3K)/Akt signaling.
The PDGF-induced phosphorylation of Akt in nectin-3- or afadin-
knockdown NIH3T3 cells is attenuated as compared with that in wild-type
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Figure 1.5 Cross-talk between the platelet-derived growth factor (PDGF) receptor
and nectin in PDGF-induced cell survival signaling. Nectin interacts with PDGF
receptor through their extracellular regions and regulates the PDGF-induced activation
of PI3K and Akt and inhibition of apoptosis in cooperation with afadin at PI3K activation.
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NIH3T3 cells. PI3K activity enhanced by PDGF is also suppressed in nectin-3-
or afadin-knockdown NIH3T3 cells, indicating that the regulation of PI3K/
Akt signaling by nectin and afadin is conducted at the step of the activation of
PI3K. Moreover, the linkage of nectin with afadin is necessary for the activa-
tion of PI3K/Akt signaling, because the transfection of the nectin-3 mutant
that 1s unable to bind to afadin in NIH3T3 cells fails to mediate the PDGF-
induced phosphorylation of Akt. Similarly, embryoid bodies derived from
afadin~/~ embryonic stem (ES) cells have an enormous number of apoptotic
cells in their cavity compared with those from wild-type ES cells, indicating
the inhibitory effect of atadin on apoptosis during early embryogenesis.

3.6. Disassembly of adherens junctions and
epithelial-to-mesenchymal transition

The formation of TJs and desmosomes is dependent on the formation of
AJs, while the breakdown of AJs causes the disruption of TJs and desmo-
somes, indicating the essential role of AJs in the formation and maintenance
of cell—cell junctions. Disassembly of AJs and subsequent disruption of
cell—cell junctions are related to the epithelial-to-mesenchymal transition
(EMT) and are necessary for the normal development of embryos and
physiological process of ordered tissue turnover (Gumbiner, 2005).
In terms of pathological implications, disruption of E-cadherin-based AJs
in cancer cells enhances tumor development, invasion, and metastasis. The
disassembly of AJs and TJs increases the paracellular permeability of epithe-
lium and endothelium and the extravasation of monocytes and macro-
phages, which are involved in the induction of inflammation. Thus, to
elucidate the molecular mechanism of disassembly of AJs is important for
proper understanding of the cellular functions in both physiological and
pathological statuses and the phenomenon of EMT.

In epithelial cells, endocytosis of E-cadherin is one of the major reasons
to break AJs. Various growth factors such as hepatocyte growth factor
(HGF)/scatter factor (SF), epidermal growth factor (EGF), and fibroblast
growth factor (FGF) enhance endocytosis of E-cadherin and induce disrup-
tion of cell—cell junctions of epithelial cells through their cognate receptors,
resulting in cell migration and EMT (Bryant ef al., 2005; Kamei ef al., 1999;
Lu et al., 2003). The molecular mechanism of the HGF/SF-induced endo-
cytosis of E-cadherin has been clarified in several studies. The c-Cbl-like
protein, Hakai, which directly interacts with E-cadherin and is identified as
an E3 ubiquitin-ligase, enhances endocytosis of E-cadherin by ubiquitina-
tion of the E-cadherin—catenin complex and causes cell scattering (Fujita
et al., 2002). The interaction of Hakai with E-cadherin is dependent on the
c-Src-mediated phosphorylation of the cytoplasmic region of E-cadherin,
and the activation of c-Src is regulated by receptor tyrosine kinases includ-
ing c-Met, a receptor of HGF/SF, and the EGF receptor. On the other
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hand, Rab5 small G protein plays a role in HGF/SF-induced E-cadherin
endocytosis and cell scattering (Imamura ef al., 1998; Kamei et al., 1999).
More recently, the Ras-activated Rab5-GEF, RIN2, is reported to be
involved in the HGF/SF-induced endocytosis of E-cadherin through the
activation of Rab5 (Kimura et al., 2006) (Fig. 1.6). RIN2, a member of the
RIN family, is expressed ubiquitously and contains Src homology 2, two
proline-rich, Vps9p-like (Rab5-GEF), and Ras association domains in this
order from the N-terminus (Saito et al., 2002). The GTP-bound form of
Ras and Rabb is capable of binding to RIN2. Thus, RIN2 functions as a
connector between Ras and Rab5 in the HGF/SF-induced signaling of
E-cadherin endocytosis.

HGEF/SF also induces proteolytic cleavage of nectin-1¢ in the ectodomain,
resulting in the generation of the 80-kDa extracellular fragment and the
33-kDa fragment composed of the transmembrane and cytoplasmic regions
(Kim et al., 2002; Tanaka ef al., 2002). This HGF/SF-induced shedding of
nectin-1 may cause the disruption of the nectin-based cell—cell adhesion.
However, as this possibility has not been studied in detail yet, it is not clear
whether the proteolytic cleavage of nectin-1 is indeed sufficient to disrupt
the nectin-based cell-cell adhesion. On the other hand, the 80-kDa extra-
cellular fragment of nectin-1, which is released from the cell surface and into
the culture medium, can trans-interact with nectin-1 or nectin-3 located
at the free cell surface different from the cell—cell adhesion sites. This trans-
interaction of nectins may induce the activation of Rac and Cdc42 and
contribute to cell spreading and scattering through these activated small
G proteins, although the supportive data are not yet available. Finally, the
residual 33-kDa transmembrane and cytoplasmic regions may also transduce
an intracellular signal as suggested for PECAM-1 (Ilan et al., 2001).

It is well known that the trans-interaction of E-cadherin induces the
activation of small G proteins, preferentially Rac (Fukuyama ef al., 2006;
Kovacs et al., 2002; Nakagawa ef al., 2001) as described above, although
there is also a report that it induces the activation of Cdc42 in addition
to Rac (Kim ef al., 2000). However, the physiological relevance of Rac
activated by frans-interacting E-cadherin has not been fully elucidated.
Rac activated by frans-interacting E-cadherin inhibits the endocytosis of
E-cadherin through the IQGAP-dependent reorganization of the actin
cytoskeleton and stabilizes E-cadherin on the plasma membrane (Izumi
et al., 2004) (Fig. 1.6). On the other hand, Rac is famous for participating
in the formation of cell protrusions such as lamellipodia at the cell periphery,
which facilitates cell spreading and migration. Taken together, it is likely
that the robust activation of Rac at the cell periphery negatively regulates
cell-cell adhesion and induces cell scattering, but that spatiotemporally
controlled activation of Rac by the trans-interaction of E-cadherin at AJs
upregulates the stability of AJs by inhibiting the endocytosis of E-cadherin.
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4. FORMATION OF TIGHT JUNCTIONS REGULATED BY
THE NECTIN-AFADIN SYSTEM

4.1. Components of tight junctions

Three distinct types of CAMs are mainly found in TJs: occludin (Furuse
et al., 1993), claudins (Furuse et al., 1998a), and JAMs (Martin-Padura et al.,
1998). Some Ig-like CAMs such as Coxsackie and adenovirus receptor
molecule (CAR) and endothelial cell-selective adhesion molecule
(ESAM), which was originally identified in endothelial cells (Hirata ef al.,
2001), are also reported to be constituents of TJs (Cohen ef al., 2001;
Nasdala ef al., 2002). Among these CAMs at TJs, occludin was first identified
as a transmembrane protein that localizes within TJ strands (Fujimoto,
1995), and has four transmembrane domains, two extracellular loops, and
the N- and C-termini facing the cytoplasm. In vitro transfection studies with
deletion mutants of occludin have revealed that last ~150 amino acids from
the C-terminus are required for its localization at TJs (Furuse ef al., 1994).
Consistent with this, MDCK cells stably expressing a C- terminal-truncated
mutant of occludin exhibit a discontinuous junctional staining pattern
of mutant occludin and also disrupt the continuous junctional ring formed
by endogenous occludin, resulting in an increase in the paracellular flux of
tracers (Balda er al., 1996). In contrast, the expression of full-length occludin
in MDCK cells induces an increase in transcellular electrical resistance
compared with wild-type MDCK cells, indicating the upregulation of
electrically sealed tight junctions by overexpression of occludin (Balda
et al., 1996). An in vivo study has demonstrated that when the RNAs of
truncated occludin constructs are injected into Xenopus embryos,
the truncated occludin is correctly targeted to TJs, but the barrier function
is disrupted (Chen et al., 1997). Thereafter, the loss-of-function study
clearly reveals that occludin is not essentially required for the formation of
TJs, because embryonic stem cells lacking both alleles of the occludin gene
still develop a normal network of TJ strands between adjacent epithelial cells
of differentiated embryoid bodies (Saitou et al., 1998). Thus, the role of
occludin in the formation of TJs appears to be inconclusive.

Figure 1.6 Mechanism of the hepatocyte growth factor (HGF)-induced disassembly
of E-cadherin-based adherens junctions. Trans-interacting E-cadherin is resistant to
endocytosis by activating Rac. However, stimulation of growth factors such as HGF
induces the disruption of the trans-interaction of E-cadherin and the disassembly of
adherens junctions by the upregulation of E-cadherin endocytosis. This HGF-induced
endocytosis of E-cadherin is mediated by Ras-RIN2-Rab5 signaling.



Nectin and Necl in Cellular Functions 23

To identify the key molecule that is critically required for the formation
of TJs and controls the barrier and fence functions of TJs, extensive studies
were done, followed by studies on occludin. These great efforts have
contributed to the identification of claudins as structural and functional
components of TJs essentially involved in paracellular transport (Furuse
et al., 1998a). Interestingly, expression of claudin-1 and claudin-2 into
mouse L fibroblasts lacking TJs induces the formation of the TJ strands
(Furuse et al., 1998b). Claudins localize at the site of close membrane
apposition within TJs and are detected in both epithelial and endothelial
cells in all tissues that bear TJs. Claudins are small proteins of 20 to 24 kDa,
with four transmembrane domains, two extracellular loops, one intracellular
turn, and the N- and C-termini, structurally similar to occludin. Some
claudins have restricted and different distribution patterns among cell types
and tissues (Kiuchi-Saishin et al., 2002; Morita et al., 1999a,b; Rahner et al.,
2001), suggesting their tissue-specific physiological properties. Studies on
mice lacking claudin family members clearly show the physiological signifi-
cance of claudin. Claudin-11 knockout mice have demonstrated the absence
of the T7J strands in myelin sheets of oligodendrocytes and Sertoli cells in the
testis (Gow et al., 1999). These mice show delayed axonal conduction rates in
the central nervous system and male-specific infertility. Mice lacking claudin-
14 are deaf due to rapid degeneration of cochlear outer hair cells (Ben-Y osef’
et al., 2003). In addition to the knockout mice studies, human mutations of
claudin-16 (also called paracellulin-1), a specific claudin expressed in kidney
epithelial cells, exhibit an abnormal paracellular passage of Mg?* ions, resulting
in excessive loss of Mg?* in the urine (Simon et al., 1999).

JAMs are structurally different from occludin and claudins; they are
single-span transmembrane proteins possessing two Ig-like loops in the extra-
cellular region and Ca?"-independent cell adhesion activity (Martin-Padura
et al., 1998). So far, four members of JAMs and one JAM-like molecule
have been identified: JAM-A (also referred to JAM-1) (Malergue et al.,
1998; Martin-Padura ef al., 1998), JAM-B (also known as VE-JAM/mouse
JAM-3/human JAM?2) (Aurrand-Lions ef al., 2000; Cunningham et al.,
2000; Liang et al., 2002; Palmeri et al., 2000), JAM-C (also known as
mouse JAM-2/human JAM3) (Aurrand-Lions et al., 2000, 2001), and
JAM-4 (Hirabayashi ef al., 2003), and JAM-Like (JAML) (Moog-Lutz
et al., 2003). Among these JAM family members, JAM-A homophilically
trans-interacts, whereas JAM-B and JAM-C are heterophilic binding part-
ners (Arrate ef al., 2001), although neither of them homophilically trans-
interacts. JAMs localize at TJs not only in epithelial and endothelial cells but
also in hematopoietic cells of all lineages (Liu et al., 2000). Although L cells
exogenously expressing JAM-A do not form TJ strand-like structures in
contrast to claudins, they contribute to the junctional organization of
TJs and the regulation of T] permeability (Itoh et al., 2001). JAM-A binds
to Par-3, of which the homologue in Caenorhabditis elegans is involved in
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asymmetric cell division and polarized cell growth, and thus recruits the cell
polarity protein complex Par-3/Par-6/aPKC to TJs (Ebnet ef al., 2001; Itoh
et al., 2001), indicating that JAMs appear to regulate epithelial cell polarity
during the formation of cell—cell junctions.

These CAMs at TJs including occludin, claudin, and JAMs are all
connected to the actin cytoskeleton mediated by ZO proteins. The ZO
protein family consists of three members: ZO-1, ZO-2, and ZO-3. Both
claudins and JAMs possess the PDZ-binding motif at their C-termini and
bind ZO proteins at their PDZ domains. In contrast, occludins bind ZO
proteins through their guanylate kinase domains (Tsukita ef al., 2001).
TJs also contain cell polarity proteins including the Par complex and
many signaling molecules and serve as a regulatory center for coordinating
multiple cell processes (Aijaz et al., 2006; Ohno, 2001; Tsukita et al., 2001).

As described previously, claudin and occludin are concentrated at so-
called bicellular TJs where two apposing epithelial cells adhere. Tricellulin
has been identified as a novel molecule localized at tricellular TJs where
three epithelial cells form tricellular contacts (Ikenouchi et al., 2006).
The predicted molecular structure of tricellulin is related to that of claudin
or occludin: it has four membrane-spanning domains and its N- and
C-termini are located in the cytoplasm. The existence of tricellulin is
required for the maintenance of not only tricellular TJs but also bicellular
T7Js, because knockdown of tricellulin disrupts both types of TJs and impairs
the epithelial barrier function. As mentioned previously, some Ig-like
CAMs, CAR (Cohen et al., 2001) and ESAM (Nasdala et al., 2002),
which resemble JAMs in their structure, have been identified at TJs. It is
assumed that the functions of these two Ig-like molecules are different from
those of JAMs, but their molecular functions have not been fully elucidated.

4.2. Integrity of tight junctions mediated by nectin

During the formation of cell—cell junctions between adjacent epithelial cells,
AJs are first formed and TJs are then formed at the apical side of AJs
accompanied by the formation of cell polarity, resulting in the establishment
of cell—cell junctions and the development of the epithelial cell monolayer.
In contrast, in the breakdown of AJs, TJs are consequently disrupted.
Therefore, the formation of AJs is important and indispensable for the
formation and maintenance of cell—cell junctions (Yap ef al., 1997). As
described previously, the frans-interaction of nectin is essential for the
formation of cadherin-based AJs. Accumulating evidence has shown the
importance of nectin in the formation of TJs as well as AJs (Takai and
Nakanishi, 2003). Actually, the inhibition of the intercellular interaction of
nectin by the recombinant protein of Nef, which is the extracellular
fragment of nectin fused to the IgG Fc portion, significantly blocks the
formation of TJs (Fukuhara et al., 2002a,b). After or during the formation of
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AJs, nectin recruits JAMs first and then claudins and occludin to the apical
side of AJs in cooperation with cadherin, leading to the formation of TJs
(Takai and Nakanishi, 2003). Although the entire molecular mechanism of
the recruitment of the TJ constituents such as claudins, occludin, and JAMs
at the apical side of the cell—cell adhesion sites remains unclear, this recruit-
ment is at least mediated by the nectin—afadin and cadherin—catenin systems,
the Par cell polarity protein complex, annexin II, and the IQGAP1-dependent
actin cytoskeleton organized by the nectin-induced activation of Cdc42 and
Rac (Ooshio et al., 2007; Yamada et al., 2006). In addition, ZO proteins are
reported to be critically involved in the formation of TJs (Umeda ef al., 2004,
2006). Therefore, the molecular mechanism in the formation of TJs seems to be
quite complicated and has not been completely elucidated.

It has been proposed on the basis of circumstantial evidence that cadherin
plays a key regulatory role in the formation and maintenance of TJs; (1) the
formation and maintenance of TJs are dependent on extracellular Ca?™,
which is necessary for the cell-cell adhesion activity of cadherin (Gonzalez-
Mariscal et al., 1985); (2) E-cadherin-blocking antibodies inhibit the forma-
tion of TJs as evaluated by electron microscopy and barrier assay (Gumbiner
et al., 1988); and (3) AJs and TJs are not formed in PC9 carcinoma cells,
which do not express o-catenin (Watabe et al., 1994). Only one report has
demonstrated the AJ-independent formation of TJs, in which the treatment
of MDCK cells cultured in a low Ca?" medium with tumor-promoting
phorbol ester, 12-O-tetradecanoyl-phorbol-13-acetate (TPA), causes
the formation of a TJ-like structure at the cell-cell adhesion sites in the
absence of E-cadherin-based cell—cell adhesion (Balda et al., 1993). How-
ever, one study has discovered in such conditions that non-frans-interacting
E-cadherin, which has only weak cell-cell adhesion activity but associates
with o-catenin, fi-catenin, and p120°®, is actually recruited to the nectin-
based cell—cell adhesion sites (Okamoto et al., 2005), indicating the necessity
of the nectin—afadin system for the formation of TJs. The reason why the
existence of non-frans-interacting E-cadherin is not recognized is likely to
be due to the fact that several antibodies against E-cadherin can detect only
the signal for frans-interacting E-cadherin, but not that for non-frans-interacting
E-cadherin.

In addition to these previous reports, annexin II, a protein factor necessary
for the formation of AJs, is also involved in the formation of TJs even
in the absence of E-cadherin-based AJs (Yamada ef al., 2006). In annexin
II-knockdown MDCK cells, the formation of E-cadherin-based AJs
is inhibited but not that of T]Js, suggesting the inhibitory effects of annexin II
on the formation of TJs. Experimental results prove the structurally and
functionally normal formation of TJs in these annexin II-knockdown cells:
(1) the concentration of immunofluorescence signals for all the major
T] components including claudin-1, occludin, JAM-A, and ZO-1 at the
cell—cell adhesion sites; (2) the existence of junctional strands assessed by
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electron microscopy; and (3) the normal barrier function evaluated by the
paracellular diffusion of a nonionic solute, FITC-conjugated dextran. Thus,
cadherin-based AJs are not absolutely required for the formation of TJs
under these experimental conditions. This is also supported by other studies
using MDCK cells or Drosophila models (Harris and Peifer, 2004; Capaldo
and Macara, 2007). In contrast to cadherin, the nectin—afadin system plays a
critical role in the formation of TJs in annexin II-knockdown MDCK cells,
because the formation of TJs is disrupted in afadin- and annexin II-double
knockdown MDCK cells.

4.3. The nectin and Par complex in the formation of
cell polarity and tight junctions

The Par complex including Par-3, Par-6, and aPKC is also reported to be
involved in the formation of TJs as well as apicobasal polarization in
epithelial cells (Ohno, 2001; Roh and Margolis, 2003). At the beginning
of the cell polarization, Par-6 and aPKC form a ternary complex with Lgl,
but not Par-3 (Yamanaka ef al., 2003). However, binding of activated
Cdc42 to Par-6 induces the activation of aPKC, which then phosphorylates
Lgl (Plant et al., 2003). It has not been established how Cdc42 is activated,
but it is likely that this Cdc42 is activated by the trans-interaction of nectin
formed at the initial cell-cell contact sites (Takai and Nakanishi, 2003).
Phosphorylated Lgl is released from the Par-6/aPKC complex and in turn
Par-3 binds to this complex, resulting in the formation of the new ternary
complex of Par-3/Par-6/aPKC, which interacts with JAM through the
PDZ domain of Par-3 and the C-terminal four amino acids of the cytoplasmic
tail of JAM. The dynamic formation of the Par-3/aPKC/Par-6 complex
regulated by Lgl and Cdc42 and the interaction between this complex and
JAM are important for the formation of TJs (Macara, 2004; Plant ef al.,
2003; Yamanaka et al., 2003), but it remains unknown how these cell
polarity proteins regulate the formation of TJs, following the formation
of AJs. A more recent study has demonstrated crosstalk between the Par
complex and another cell polarity protein complex including Crumbs,
PAT]J, and Palsl and the involvement of these two complexes in the
formation of apicobasal cell polarity and consequent formation of TJs
(Hurd et al., 2003). Thus, accumulating evidence on cell polarity proteins
provides new insight into the molecular mechanisms of cell polarization
during the establishment of cell—cell junctions.

Par-3 directly binds to nectin-1 and nectin-3, but not nectin-2, between
the first PDZ domain of Par-3 and the C-terminal four amino acids of the
cytoplasmic tails of these nectins (Takekuni et al., 2003). From the results of
experiments using Par-3-knockdown MDCK cells, Par-3 is necessary for
the formation of both AJs and TJs, although Par-3 is dispensable for the
formation of nectin-based cell—cell adhesion (Ooshio et al., 2007). At the



Nectin and Necl in Cellular Functions 27

initial phase of cell-cell contact, Par-3 contributes to the interaction of
afadin with nectin, facilitating the formation of AJs. However, this role of
Par-3 is not sufficient for the formation of AJs and TJs, because overexpres-
sion of afadin in Par-3 knockdown MDCK cells exhibits the assembly of
afadin at the nectin-based cell—cell adhesion sites but does not induce the
formation of either AJs or TJs. This indicates the cooperative role of Par-3
and afadin in the formation of AJs and TJs. Taken together with the facts
described in this section, the nectin—afadin system is involved not only in
the formation of AJs but also in the regulation of cell polarization and the
subsequent formation of TJs, indicating the essential contribution of nectin
in the whole process of the formation of cell—cell junctions.

5. ROLES OF NECTIN AND NECL-5

5.1. Roles of nectin in nectin-mediated cell-cell adhesions

Nectins are expressed in almost all the tissues of both embryos and adult
individuals and in a variety of cell types including epithelial cells, neurons,
and fibroblasts (Irie ef al., 2004; Ogita and Takai, 2006; Takai ef al., 2003;
Takai and Nakanishi, 2003). As described previously, the molecular char-
acteristics of nectins and Necls have been most extensively studied in single-
layered epithelia (Fig. 1.7A). The role and behavior of nectins and Necls in
other tissues are demonstrated later.

5.1.1. In embryonic development

At the early stages of mouse development, nectin-1, nectin-2, and nectin-3
are equally concentrated at AJs of homotypic columnar epithelia such as
neuroepithelia and epithelial somites. These nectins and afadin are highly
expressed during somitogenesis (Okabe ef al., 2004a). The nectin-1 mRINA
is expressed in the presomitic mesoderm and dorsal part of mature somito-
meres, but is downregulated in the anterior presomitic mesoderm as it is
condensing into somites. In the mature somites, nectins are concentrated at
AJs of the dorsal region of each somite (dermomyotome). When elongated
cells of myotome are differentiated, the concentration of nectins and afadin
at AJs of the epithelial dermatome, which will finally provide the dermis,
is maintained.

5.1.2. In brain

At the CA3 region of the hippocampus, nectin-1 and nectin-3 asymmetri-
cally localize at the presynaptic and postsynaptic sides of puncta adherentia
junctions (PAJs), respectively (Mizoguchi et al., 2002) (Fig. 1.7B). PAJs
as well as synaptic junctions (SJs) are intercellular junctions in the
synapse, where asymmetric junctions form between two different neurons
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Figure 1.7 Involvement of nectins, Necls, and cadherins in the formation of various
kinds of cell—cell adhesion. (A) Cell—cell junctions in epithelial cells in tubular organs.
(B) Junctions in neurons and glias in the brain. (C) Adhesion between the commissural
axons and the floor plate cells. (D) Sertoli cell-spermatid junctions in the testis.
(E) Junctions between the apical membranes of the pigment and nonpigment epithelia
in the ciliary body. (F) Junctions in the epidermis. The dashed boxes in the left panels
correspond to the right panels.

(Spacek and Lieberman, 1974). SJs function as sites for neurotransmission,
while PAJs are regarded as mechanical adhesion sites between axon term-
inals and their targets. Consistent with this observation, the number of
PAJs at the synapses between the mossy fiber terminals and the dendrites
of the CA3 pyramidal cells in hippocampus was reduced in nectin-1="" and
nectin-3"/" mice, resulting in the abnormal mossy fiber trajectory (Honda
et al., 2006). In the case of interactions between hippocampal pyramidal
neurons, axons attach to dendrites for their synaptogenesis, although den-
drites do not form functional contacts with each other. In these neurons,
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nectin-1 preferentially localizes in axons, and its heterophilic partner, nec-
tin-3, is present in both axons and dendrites. Because the homophilic
binding between nectin-3 is less strong than the heterophilic frans-interac-
tion of nectin-1 with nectin-3 (Honda et al., 2003), normal axodendritic
interactions would be formed between nectin-1 and nectin-3. When
nectin-1 is ectopically overexpressed, nectin-1 abnormally localized in
dendrites beside axons and atypical dendrodendritic as well as excessive
axodendritic interactions occur (Togashi et al., 2006), indicating that the
controlled trans-interaction of nectin-1 in axons and nectin-3 in dendrites is
important for sustaining the normal interactions between axons and
dendrites.

Nectin-1 and nectin-3 also asymmetrically localize at the commissural
axon side and the floor plate cell side, respectively, and they frans-interact
between commissural axons and floor plate cells (Okabe et al., 2004b)
(Fig. 1.7C). After commissural axons that grow toward the ventral midline
cross the floor plate, they abruptly change their trajectory from the circum-
ferential to the longitudinal axis. Because the cadherin—catenin system is not
concentrated at the contact sites between commissural axons and floor
plate cells, the frans-interaction between nectin-1 and nectin-3 appears to
be critically involved in the alteration in the trajectory of commissural
axons. This hypothesis is supported by the data that in vitro inhibition of
the endogenous trans-interaction of nectins by the inhibitor actually impairs
the contacts between commissural axons and floor plate cells and the
longitudinal turn of the commissural axons at the contralateral sites of the
rat hindbrain. Because the commissural axons and the floor plate cells
communicate or transfer signals through their contact sites (Stoeckli and
Landmesser, 1998), the abnormal turn and loss of proper direction of
commissural axons by inhibition of the frans-interaction of nectins may be
due to the failure of the transduction of signals in addition to mechanically
weak contact between the commissural axons and the floor plate cells.

5.1.3. In testis

In the testis, nectin-2 and nectin-3 reside specifically in Sertoli cells and
spermatids, respectively (Ozaki-Kuroda et al., 2002) (Fig. 1.7D). Because
the existence of the cadherin—catenin system has been questionable at
Sertoli cell-spermatid junctions (Cheng and Mruk, 2002), these junctions
are likely to mainly depend on the trans-interaction between nectin-2 and
nectin-3, whereas Sertoli cell-Sertoli cell junctions are formed through the
cooperation of multiple intercellular adhesion molecules