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Preface

Cell polarity refers to an asymmetric distribution of proteins, lipids, or RNA in the

cell. Most animal cells are polarized. In many cell types, polarity is morphologi-

cally visible. Neurons for example contain a single, long axon and multiple, short

dendrites. Migrating fibroblasts protrude multiple lamellipodia selectively at the

leading edge. In other cases, cell polarity manifests itself at the molecular and

functional level. Stem cells divide asymmetrically by unequally partitioning cell

fate determinants into the two daughter cells, thus generating daughter cells with

different cell fates. Epithelial cells contain two different membrane compartments

characterized by a different molecular composition and different functions. Cellular

polarization is a highly dynamic process, and the ability of individual cells to

polarize is required for the early development of the zygote and for the generation

of functional organs. It is not surprising that a loss of the ability of cells to develop

and/or maintain a polarized state results in developmental defects and promotes

tumor formation. Given the many facets of cellular polarization in different cell

types and tissues, it is a central question how this diversity is generated at the

molecular level. Remarkably, the molecular diversity is much smaller than

expected. It turned out that a small set of polarity proteins, identified in

C. elegans and conserved in all metazoans, acts as a hub to regulate cell polarity

in many different contexts. Specificity in polarization is achieved by dynamic

interactions of this molecular hub with other signaling complexes and the intersec-

tion between polarity-regulating pathways with other signaling networks.

This book on cell polarity is designed to provide a state-of-the-art overview on

the most relevant aspects of cell polarity. It covers the relevant model organisms for

the analysis of cell polarity including C. elegans, Drosophila, lower vertebrates, and
mammalia. In the first volume, it describes the molecular tools that are used to

generate cell polarity (Vol. 1, Part I) and introduces various aspects of cell polarity

and the mode of their regulation (Vol. 1, Part II). In addition, the first volume

underscores the influence of cell–cell adhesion to the generation of cell polarity in

different types of cellular interactions (Vol. 1, Part III), and it illustrates the role of

polarized protein trafficking during the establishment of apicobasal polarity in
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epithelial cells (Vol. 1, Part IV). The second volume of the book has a major focus

on physiological and pathophysiological aspects of cell polarity. It describes pro-

cesses of polarization during early development in various organisms (Vol. 2, Part

I), and it illustrates the impact of cell polarity on the asymmetric division of stem

cells (Vol. 2, Part II). Furthermore, it describes the important role of cell polarity for

tissue homeostasis (Vol. 2, Part III) and provides examples of how pathogens target

cell polarity signaling pathways for their own benefits (Vol. 2, Part IV).

This is the first book that describes cell polarity in a variety of cell types, tissues,

and organisms. In its entity it provides a comprehensive overview on the universal

biological phenomenon of cell polarity, and it illustrates a principle of evolution,

i.e., the invention of core mechanisms and their adaptation to new functions to

generate diversity and higher complexity. The book is of interest for both basic and

applied research, for researchers at all levels, for lecturers, as well as for clinicians.

Münster, Germany K. Ebnet
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Dominique Massey-Harroche, and André Le Bivic
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Toolkits



Chapter 1

The PAR3-aPKC-PAR6 Complex

Shigeo Ohno, Spyros Goulas, and Tomonori Hirose

Abstract The PAR3-aPKC-PAR6 complex (the aPKC-PAR complex) is among

the most well-studied “polarity proteins” that play fundamental roles in cell polarity

in a variety of biological contexts. It is one of the core signaling cassettes containing

a protein kinase and scaffold proteins that is conserved in multicellular organisms.

One of the most important features of “polarity proteins” is that many of them

localize to specific sites on the cytoplasmic side of the cell periphery and position

other polarity proteins through antagonistic interactions and positive feedback

mechanisms. Asymmetric distribution of polarity proteins in the cell periphery

thus provides cellular landmarks required for the generation and maintenance of

cell polarity. Here, we describe what we know about the mechanisms of how the

aPKC-PAR complex is specifically positioned and activated and regulates overall

cell polarity of epithelial cells with special attention to its molecular nature.

Keywords aPKC • Cell-cell junctions • Epithelial polarity • Membrane domain •

PAR3 • PAR6

Abbreviations

AJ Adherens junction

aPKC Atypical protein kinase C

Crb Crumbs

CRIB Cdc42/Rac interactive binding

Dlg Discs large

ECM Extracellular matrix

EMT Epithelial to mesenchymal transition

GTP Guanosine 50-triphosphate
Lgl Lethal (2) giant larvae

LKB1/STK11 Liver kinase B1/serine-threonine protein kinase 11

MDCK Madin-Darby canine kidney
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Pals Protein associated with Caenorhabditis elegans Lin-7 protein

PAR Partitioning defective

Patj Pals1-associated TJ protein

PB1 Phox and Bem1

PDK1 Phosphoinositide-dependent kinase 1

PDZ Postsynaptic density 95/discs large/zona occludens-1

Pins Partner of inscuteable

TJ Tight junction

1.1 Identification of Members of the aPKC-PAR Complex:

A Historical Background

Cell polarity is one of the most fundamental features of a cell. In multicellular

organisms, it is essential not only for cell functions but also for the development and

tissue maintenance (Rodriguez-Boulan and Nelson 1989; Bryant and Mostov

2008). However, the variety of shapes and functions of polarized cells had greatly

hindered the discovery of the universal mechanism and genes/proteins regulating

cell polarity. Breakthroughs for the discovery were made in the 1990s when several

independent research fields converged to identify conserved cell polarity proteins

that localized in an asymmetric manner to restricted regions of the cell periphery

and were involved in the establishment and/or maintenance of cell polarity (Ohno

2001; Goldstein and Macara 2007) (Table 1.1). One such field was the develop-

mental genetics during the early embryogenesis in Drosophila. In the late 1970s to

early 1980s, the Drosophila bazooka gene was identified through a screen of

mutations that affected embryonic patterning (Wieschaus et al. 1984). Although

bazooka mutant embryos exhibit a phenotype characterized by the loss of

apicobasal polarity, the analysis of the molecular nature of Bazooka had not been

reported until 1998, when Kuchinke et al. (1998) indicated a sequence similarity

between Bazooka and one of the polarity proteins in C. elegans. The genetic

screening in C. elegans embryogenesis also identified several genes involved in

generating multiple cell types through their appropriate spatial distribution

(Kemphues et al. 1988). Among them, six Par genes were required for reading

the polarity cue provided by the sperm to establish the polarity axis required for the

asymmetric division leading to embryonic anterior-posterior polarity (Kemphues

2000). Importantly, four out of the six Par genes encoded proteins that transiently

showed asymmetric distribution to the periphery of the one-cell embryo. One of the

most important research fields that contributed to the identification of polarity

proteins is epithelial cell biology in vertebrates. Polarized epithelial cells play

fundamental roles in the development and function of a variety of tissues and

organs (Rodriguez-Boulan and Nelson 1989; Bryant and Mostov 2008). The mor-

phogenesis of a sheet of polarized epithelial cells is the first sign of cellular

differentiation in early development. In the adult, polarized epithelial cells line

all body cavities and exist in tissues that carry out specialized vectorial transport

4 S. Ohno et al.



functions of absorption and secretion. Epithelial apicobasal cell polarity is

established by reading the spatial cues usually provided externally, such as by

cell-cell and cell-matrix interactions (Yeaman et al. 1999). This leads to the

reorganization of proteins in the cytoplasm and on the plasma membrane, followed

by the segregation and retention of specific proteins and lipids in distinct apical and

basolateral plasma membrane domains (Rodriguez-Boulan and Nelson 1989).

In the late 1990s, a search for binding partners of the mammalian signaling

protein kinase, atypical protein kinase C (aPKC), identified ASIP (aPKC-specific

interacting protein), a mammalian homologue of C. elegans PAR3 (Izumi

et al. 1998). This finding led to the discovery of the C. elegans aPKC (PKC-3) as

a key polarity protein involved in asymmetric cell division of the one-cell embryo

(Tabuse et al. 1998). Consequently, this raised the question whether mammalian

Table 1.1 Components of the PAR complex, aPKC, PAR3, and PAR6, and their isoforms in

multicellular organisms

Mammals

Gene

symbol Drosophila C. elegans

PAR3 PAR3 (ASIP) PARD3 Bazooka

(Baz)

PAR3

PAR3L (PAR3β) PARD3B

aPKC aPKCι (aPKCλ) PRKCi DaPKC PKC-3

aPKCζ PRKCz

PAR6 PAR6C (PAR6α) PARD6A Par6 PAR6

PAR6B (PAR6β) PARD6B

PAR6G (PAR6γ) PARD6G

Lateral polarity proteins mentioned in this chapter (see other chapters for details)

PAR1 PAR1c (MARK1) MARK1 PAR1 PAR1

PAR1b (MARK2, EMK1) MARK2

PAR1a (MARK3, EMK2, STK10, p78,

c-TAK1)

MARK3

PAR1d (MARK4, MARKL1) MARK4

Lgl Lgl1 (L2gl1, Hugl1) LLGL1 Lethal giant

larvae (Lgl)

–

Lgl2 (L2GL2, Hgl) LLGL2

Scrb Scrb1 SCRB1 Scribble

(Scrib)

LET-413

Apical polarity proteins mentioned in this chapter (see other chapters for details)

Crb CRB1 CRB1 Crumbs

(Crb)

Crb1

CRB2 CRB2

CRB3 CRB3

Pals1 MPP5 Stardust

(Std)

–

Patj INADL Patj –

Uniformly distributed polarity proteins

LKB1 LKB1 (STK11) STK11 Lkb1 PAR4

14-3-

3

Many isoforms Many

isoforms

14-3-3 PAR5

1 The PAR3-aPKC-PAR6 Complex 5



aPKC and PAR3 are involved in cell polarity signaling as they do in the C. elegans
one-cell embryo. Interestingly, mammalian PAR3 showed an intriguing distri-

bution in mammalian tissues; PAR3 and aPKC localize to tight junctions (TJs) in

a variety of epithelial tissues. Tight junctions are cell-cell junctions specific to

epithelial tissues and were implicated to function as a fence that inhibits

intermixing of apical and basolateral membrane proteins by lateral diffusion

(Tsukita et al. 2001). Subsequent studies established that PAR3, aPKC, PAR6,

and PAR1 are involved in the establishment of epithelial cell polarity in vertebrates,

reading the spatial cue provided by the cell-cell contact and reorganizing cellular

materials (Suzuki and Ohno 2006).

1.2 The aPKC-PAR Complex: Its Physical and Functional

Interaction with Other Polarity Regulators

C. elegans and Drosophila developmental genetics, together with mammalian

epithelial cell biology, have identified conserved polarity proteins that are involved

in epithelial cell polarity. Importantly, they localize asymmetrically and interact

functionally and physically to each other. These polarity proteins are divided into

three classes, the aPKC-PAR complex, the apical Crumbs complex, and the

basolateral polarity proteins that localize in a mutually exclusive manner

(Figs. 1.1 and 1.2). Positive feedback mechanisms through self-recruitment of

polarity proteins seem to enforce localized concentration of these polarity proteins

(Thompson 2013).

The aPKC-PAR polarity complex defined as a ternary complex is composed of

PAR3, aPKC, and PAR6 (Ohno 2001) (Fig. 1.3). These three proteins transiently

colocalize to the anterior and apical periphery of the C. elegans one-cell embryo

(Fig. 1.2a) and Drosophila neuroblasts (Fig. 1.2b), respectively, prior to asymmet-

ric division. Although in mammals such transient localization has been shown

during cell migration (Fig. 1.2d) (Etienne-Manneville and Hall 2001), it has yet

to be clearly demonstrated during cell division. However, in mammalian epithelial

cells, a distinct asymmetric apico-lateral localization of the ternary complex can be

observed at the level of the tight junctions (TJs) (Fig. 1.2c). In contrast to inverte-

brates, in mammals, in addition to multiple splicing isoforms, there are also

paralogues encoded by different genes (Table 1.1). However, as the experimental

data are limited for some of the isoforms and many studies use antibodies that react

to several isoforms, this makes it generally difficult to distinguish the differences

between isoforms. Thus, here, we refer to isoforms only when it is necessary.

PAR3 is a scaffold-like protein with several conserved domains implicated in

protein-protein interactions, CR1 (conserved region 1), CR2, and CR3. CR1 is

required for self-association and localization to the cell-cell contact region and TJs

(Fig. 1.4) (Mizuno et al. 2003). The structural analyses of the CR1 revealed that this

self-association is mediated by its PB1 domain-like fold that forms electrostatic

interface for the “front-to-back” interaction (Feng et al. 2007; Zhang et al. 2013).

6 S. Ohno et al.
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Fig. 1.1 The evolutionarily conserved polarity protein network in epithelial cells. A schematic

diagram showing the functional interactions between the three core polarity complexes required

for epithelial polarization: the aPKC-PAR complex, the Crb-Pals-Patj complex, and the Lgl-Dlg-

Scrib group (Suzuki and Ohno 2006; Tepass 2012). The spatial and functional differences between

these complexes are indicated by the different colored groups

ASYMMETRIC CELL DIVISION

C. elegans One-Cell Embryo

ANTERIOR POSTERIOR

Body-Axis Establishment

aPKC PAR1

a

EPITHELIAL POLARITY

Apico-Basal Polarity Establishment

APICAL

BASAL

Mammalian Epithelial Cells

TJ
AJ

aPKC

PAR1

c

Neural Development

D. melanogaster Embryonic Neuroblast
APICAL

BASAL
Neuroblast

Ectoderm

Cell Fate Determinants

aPKC

b

CELL MIGRATION

Astrocytes

Front-Rear Axis Directed Migration

FRONT

REAR

aPKC

d

Fig. 1.2 Function of the aPKC-PAR complex in various cellular contexts. Localization of the

aPKC-PAR complex during asymmetric cell division in C. elegans one-cell embryo (a) and

D. melanogaster embryonic neuroblast (b). The localization of aPKC in polarized epithelial

cells (c) and during astrocyte migration (d). Arrows indicate the axis of polarity. Green, aPKC
or aPKC-PAR complex; Magenta, PAR1 and/or cell fate determinants
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PAR3 CR1 PDZ PDZ PDZ

PAR6

aPKC Kinase DomainPB1 C1
Pseudo-Substrate

PDZPB1
Semi-CRIB

S827
aPKC BD

FQREGFGRQSMSEKR

CR3818 832

*

SELF OLIGOMERIZATION

Cdc42 Rho GTPase

Lgl Kinase Domain
UBA

KA1PAR1

633 666

LEGPLSRVKSLKKSLRQSFRRMRRSRVSSRK

S649 S653 S660
** *

WD repeats
T595

S889S144

aPKC-PAR COMPLEX CORE

Direct Interaction
Phosphorylation WW1

WW2

C2
aPKC BD

Kibra

Fig. 1.3 Interaction map of core components of the aPKC-PAR complex and some of its key

regulators/and or substrates. aPKC BD aPKC-binding domain, C1 conserved domain 1, C2
conserved domain 2, CR1 conserved region 1, CR3 conserved region 3, KA1 kinase-associated

domain 1, PB1 Phox and Bem1p 1 domain, PDZ PSD95/Dlg/ZO-1 domain, Semi-CRIB Cdc42/

Rac interactive binding motif, WD repeats WD40 domain repeats, WW1 two conserved trypto-

phans domain 1, WW2 two conserved tryptophans domain 2, UBA ubiquitin-associated domain

Fig. 1.4 Conserved sequence motifs in PAR3 homologues. Comparison of the 14-3-3-binding

sites, conserved serines in CR3 domains, polybasic residues, and CR1 domains of PAR3 isoforms

from different species. Amino acid sequences of human PAR3 (NP_062565.2) and PAR3L/PAR3β
(NP_689739.4) are aligned with D. melanogaster Bazooka (NP_523383.2) and C. elegans PAR3
(CDH93174.1). The serines indicated in red in 14-3-3-binding sites have been reported to be

phosphorylated (Benton and St Johnston 2003b; Hurd et al. 2003a) or responsible for the binding

(Izaki et al. 2005). Drosophila PAR1 has been demonstrated to phosphorylate serines 151 and

1,085 in Bazooka (Ohno 2001). The serines indicated in red in the CR3 domains have been

reported to be phosphorylated by aPKC (Nagai-Tamai et al. 2002; Morais-de-Sa et al. 2010).

The CR3 domain is not conserved in PAR3L. The lysines indicated in red in the polybasic residues
in human PAR3 have been identified as the phosphoinositide-binding site (Horikoshi et al. 2011).

Self-association of PAR3 via its CR1 domains has been reported to control membrane localization

of PAR3 and tight junction formation (Mizuno et al. 2003; Feng et al. 2007; Zhang et al. 2013).

Asterisks and dots indicate identical and similar amino acids, respectively

8 S. Ohno et al.



The CR2 contains three PDZ domains that can interact with a variety of proteins

including PAR6 and several integral membrane proteins forming cell-cell junctions

(Itoh et al. 2001; Takekuni et al. 2003; Iden et al. 2006; Ebnet 2008). PAR3 can bind

not only proteins but also phosphoinositides, via the second PDZ domain in the

CR2 and the conserved polybasic region (Wu et al. 2007; Horikoshi et al. 2011).

The CR3 contains a conserved sequence motif involved in direct interaction with

the catalytic domain of aPKC and can be phosphorylated at S827 (Figs. 1.3 and 1.4)

(Izumi et al. 1998; Nagai-Tamai et al. 2002). Phosphorylation of PAR3 S827 by

aPKC destabilizes aPKC-PAR3 interactions, resulting in the dissociation of the

complex (Nagai-Tamai et al. 2002). Thus, the interaction between aPKC and PAR3

can be regulated. Although PAR3L (or PAR3b) shares many features with PAR3, it

lacks the sequence and capacity for aPKC binding (Gao et al. 2002; Kohjima

et al. 2002). In Drosophila, PAR1 can phosphorylate PAR3 on S151/S1085 and

antagonize the interaction of aPKC with PAR3 via the binding of 14-3-3 to PAR3

(Figs. 1.3 and 1.4) (Benton and St Johnston 2003b). Although the binding of 14-3-3

is conserved in mammalian PAR3 and PAR3L, destabilization of the aPKC-PAR3

Fig. 1.5 Conserved semi-CRIB motif in PAR6 and sequence motifs in aPKC homologues.

Comparison of the semi-CRIB motifs of human PAR6 isoforms. Amino acid sequences of

human PAR6α (BAA96235.1), PAR6β (BAB40756.1), and PAR6γ (BAB40757.1) are aligned.

Asterisks and dots indicate identical and similar amino acids, respectively. This semi-CRIB motif

and continuing five amino acids within the PDZ domain form the interaction surface for Cdc42

(Garrard et al. 2003). Comparison of the pseudosubstrate sites, activation loops, and PB1 domains

of aPKC isoforms from different species. Amino acid sequences of human aPKCι (P41743.2) and
aPKCζ (Q05513.4) are aligned withD. melanogaster aPKC (NP_524892.2) and C. elegans PKC-3
(Q19266.1). The conserved alanines in the pseudosubstrate sites were indicated in red. It has been
reported that PDK1 activates aPKCζ by phosphorylation on Thr410 (Chou et al. 1998; Le Good

et al. 1998; Perander et al. 2001). Asterisks and dots indicate identical and similar amino acids,

respectively

1 The PAR3-aPKC-PAR6 Complex 9



complex has not been observed, and the kinase responsible for the phosphorylation

has not yet been identified (Hurd et al. 2003a; Izaki et al. 2005).

aPKC contains an autoinhibitory pseudosubstrate sequence, C1 domain, and the

kinase domain conserved among the protein kinase C family (Fig. 1.5) (Suzuki

et al. 2003). In addition, aPKC contains the PB1 domain that can stably interact

with the PB1 domain of PAR6 (Figs. 1.3 and 1.5) (Hirano et al. 2004, 2005). The

N-terminal half contains the structural features that regulate the kinase activity of

aPKC. The pseudosubstrate sequence resembles the substrate sequence except that

the phosphorylation site is not Ser or Thr but Ala and it occupies the kinase catalytic

site, maintaining the kinase in an inactive state (Fig. 1.5) (Suzuki et al. 2003). The

kinase activity is also suppressed by PAR6 through the interaction between the PB1

domains of aPKC and PAR6 (Yamanaka et al. 2001). This suppression seems to be

alleviated upon the interaction of active, GTP-loaded Cdc42 (or Rac1) to the semi-

CRIB motif of PAR6 (Figs. 1.3 and 1.5) (Yamanaka et al. 2001). Activation of

aPKC is also mediated by phosphoinositide-dependent kinase 1 (PDK1) that phos-

phorylates the activation loop in aPKC (Fig. 1.5) (Chou et al. 1998; Le Good

et al. 1998; Perander et al. 2001).

1.3 Converting the Spatial Cue to Apicobasal Polarity:

The aPKC-PAR Complex

The principal function of epithelia is to form barriers that separate biological

compartments. This is accomplished through the establishment of epithelial polar-

ity along the apicobasal axis, defined by the apical “free” surface of the epithelium

and the basal adhesive surface that is in direct contact with the extracellular matrix

(ECM) (Yeaman et al. 1999; Bryant and Mostov 2008; Nelson 2009; Tepass 2012).

Epithelia require spatial cues from the ECM and neighboring cells to orient their

polarity (Bryant and Mostov 2008). The former acts as the first landmark to

generate a premature basal domain, while the latter determine the border between

apical and basal membrane domains to establish and maintain the orientation of

apicobasal polarity. Although different types of epithelial cells can be observed

within one organism or across species and how they arise may differ, the molecular

machinery involved in generating epithelial polarity appears to be highly con-

served. Simple columnar epithelia such as Madin-Darby canine kidney (MDCK)

cells and Drosophila follicular epithelial cells have served as excellent model

systems to clarify the molecular mechanism of epithelial polarization (Suzuki and

Ohno 2006; Martin-Belmonte and Mostov 2008; Tepass 2012). MDCK cellular

monolayers can be manipulated to induce cell-cell adhesion between epithelial cells

through calcium depletion/repletion, the so-called calcium switch, to stimulate E-

cadherin-mediated intracellular signaling and thereby allowing the step-by-step

monitoring of epithelial polarization (Suzuki and Ohno 2006). The genetic amena-

bility of Drosophila, on the other hand, has allowed for the identification of bona
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fide as well as novel polarity regulators through large-scale genetic screens (Tepass

2012). Together with the accumulating evidence from other systems, it has been

demonstrated that an evolutionary conserved molecular mechanism exists that

regulates apicobasal epithelial polarity.

The process of epithelial cell polarization has been precisely described in

cultured mammalian epithelial cells by experimentally controlling cell-cell adhe-

sion (e.g., Ca2+ switch, wound healing, and replating of the cells) (Ebnet et al. 2004;

Suzuki and Ohno 2006; Martin-Belmonte and Mostov 2008) (Fig. 1.6). “Cell-cell

contact naı̈ve” cells first migrate and find neighboring cells with protruding

lamellipodia and filopodia (Fig. 1.6a) (Yonemura et al. 1995). When cell-cell

contact is established through these protrusions, E-cadherin is recruited to these

sites and transduces this spatial cue to form primordial adherens junctions (AJs) or

spot-like AJs (Fig. 1.6b) (Yonemura et al. 1995). Primordial AJs consist not only of

the structural components for mature AJs and tight junctions (TJs) but also include

the aPKC-PAR complex and regulatory molecules involved in vesicle trafficking

and cytoskeletal organization (Fig. 1.6c) (Ebnet et al. 2004; Suzuki and Ohno 2006;

Nelson 2009). Primordial AJs further coalesce into epithelium-specific belt-like

AJs encircling each epithelial cell and eventually develop into mature AJs by

segregating TJs (Fig. 1.6d) (Suzuki and Ohno 2006). Concurrently, TJs also mature,

with the polymerization of TJ-specific integral membrane proteins into strands

within the plasma membrane that act as a “fence” between the apical and

basolateral membrane domains (Tsukita et al. 2001). Thus, epithelial apicobasal

polarization is completed with the formation of distinct apical and basolateral

membrane domains separated by mature TJs that are apical to the AJs (Fig. 1.6e)

(Yeaman et al. 1999; Nelson 2009).

The aPKC-PAR complex has been established to have an essential role during

epithelial polarization by converting the spatial cues received from cell-cell con-

tacts into apicobasal polarity (Suzuki and Ohno 2006; Goldstein and Macara 2007).

During the polarization process, members of the aPKC-PAR complex are sequen-

tially recruited to the developing primordial AJs. PAR3 is initially recruited through

its direct interaction with junctional adhesion molecules (JAMs) and nectin family

proteins, providing a positional cue for the subsequent recruitment of aPKC-PAR6

(Ebnet et al. 2001; Itoh et al. 2001; Takekuni et al. 2003). PAR3 localization is also,

at least in part, dependent on the p53-binding protein, ASPP2 in a mutually

dependent manner (Cong et al. 2010), and its self-oligomerization through the

N-terminal conserved domain (Benton and St Johnston 2003a; Mizuno

et al. 2003). However, experimental induction of cell-cell adhesion through calcium

depletion has demonstrated that aPKC-PAR6 is initially observed at primordial AJs

together with Lgl (Fig. 1.3) (Yamanaka et al. 2003). This localization is only

transient as the phosphorylation of Lgl, mediated by aPKC, leads to the loading

of PAR3 into the aPKC-PAR6 complex (Yamanaka et al. 2006). Consistently,

aPKC-PAR6 is found to interact with PAR3 and Lgl in a mutually exclusive manner

(Betschinger et al. 2003; Yamanaka et al. 2003). The direct interaction between
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PAR3 and aPKC-PAR6 is required for the maturation of both AJs (Imai et al. 2006)

and TJs (Suzuki et al. 2001, 2002). In addition, the PAR3-bound form of the aPKC-

PAR6 complex has also been shown to have a role in the proper development of the

apical domain, as the loss of PAR3 results in multi-lumen formation as opposed to

the typical single lumen during epithelial morphogenesis (Horikoshi et al. 2009).

PAR3 distinctly localizes to TJs (equivalent to Drosophila AJs) as observed by

electron microscopy of mammalian renal tubule epithelial cells as well as in the

Drosophila embryonic ectoderm and follicle cells (Hirose et al. 2002; Harris and

Peifer 2005; Morais-de-Sa et al. 2010). Apart from its localization to TJs, the

aPKC-PAR6 complex can also localize to the apical domain independently of

PAR3 (Harris and Peifer 2005; Martin-Belmonte et al. 2007; Morais-de-Sa
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the primordial adherens junction (AJ) (c). The maturation of the primordial AJs leads to the
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the epithelium becomes fully polarized (e). TGF-β signaling induces EMT through the phosphor-

ylation of PAR6, leading to Smurf activation and subsequent ubiquitination and degradation of

RhoA (f) (Ozdamar et al. 2005)
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et al. 2010). The apical localization of aPKC-PAR6 is mediated through the direct

interaction of PAR6 to protein associated with Lin seven 1 (Pals1), a member of the

Crumbs-Pals-Patj complex and the active GTP-bound form of small Rho GTPase

Cdc42, both of which are known to localize to the apical domain (Fig. 1.7) (Hurd

et al. 2003b; Martin-Belmonte et al. 2007). The recruitment of aPKC-PAR6 to the

apical domain is likely to be further aided by the aPKC-dependent phosphorylation

of PAR3 at the apical edge of primordial AJs, leading to the dissociation of the
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Fig. 1.7 The molecular mechanism of epithelial polarity establishment and aPKC activation. In

the cytoplasm, aPKC is in an inactive state due to its interaction with PAR6 (Yamanaka

et al. 2001). Interaction with Lgl is also inhibitory (Yamanaka et al. 2006). Binding of the

GTP-bound form of Cdc42 to PAR6 results in the activation of aPKC and the phosphorylation

of Lgl (Yamanaka et al. 2001, 2003). The release of Lgl allows PAR3 to enter aPKC-PAR6

complex to form the active aPKC-PAR complex at the tight junctions. The active aPKC-PAR

complex can phosphorylate not only PAR1, leading to its dissociation from the apico-lateral

domain, but also PAR3, leading to the disassembly of the aPKC-PAR complex (Nagai-Tamai

et al. 2002; Hurov et al. 2004; Suzuki et al. 2004). The phosphorylation of PAR1 restricts its

localization to the basolateral domain. Conversely, the basolateral PAR1 prevents the aPKC-PAR

complex from entering the basolateral domain through the phosphorylation of PAR3 (Benton and

St Johnston 2003b). The aPKC-PAR6 complex can also interact with the apical Crb-Pals-Patj

complex (Hurd et al. 2003b). Orange, adherens junction; Dark green, tight junction; Light green,
apical domain
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aPKC-PAR complex (Hirose et al. 2002; Nagai-Tamai et al. 2002). Therefore, these

multiple transitions that aPKC and PAR6 undergo during the changes in subcellular

localization and subunit composition demonstrate how the aPKC-PAR complex is

able to convert spatial cues into apicobasal epithelial polarity.

1.4 The Spatiotemporal Activation of aPKC

As aPKC has an essential role in epithelial polarity, its spatiotemporal activity

needs to be tightly regulated (Fig. 1.7). When aPKC-PAR6 is in a complex alone,

aPKC is in an inactive state due to PAR6 acting as a negative regulator (Yamanaka

et al. 2001; Atwood et al. 2007). This suppression is sustained upon its interaction

with Lgl at the primordial AJs, as the overexpression of either Lgl or the kinase-

deficient form of aPKC after calcium switch impairs the proper development of TJs

(Suzuki et al. 2001; Yamanaka et al. 2003). Therefore, the Lgl-bound form of the

aPKC-PAR6 complex is considered to be in an inactive state. The suppression of

aPKC activity by PAR6 is relieved through the binding of the GTP-bound form of

Cdc42 to PAR6 (Yamanaka et al. 2001; Atwood et al. 2007), through its semi-CRIB

motif and adjacent PDZ domain (Lin et al. 2000; Benton and St Johnston 2003b;

Garrard et al. 2003). E-cadherin-mediated cell-cell contact has been shown to lead

to the activation of Cdc42 (Kim et al. 2000), thereby possibly providing an

explanation for this temporal cascade. Although in a context-dependent manner,

in Drosophila sensory organ precursor (SOP) cells and neuroblasts undergoing

asymmetric cell division, the mitotic kinase Aurora A has also been shown to be

involved in the activation of aPKC, through the phosphorylation of PAR6 (Wirtz-

Peitz et al. 2008). Upon its activation, aPKC phosphorylates Lgl, releasing Lgl from

the aPKC-PAR6 complex (Betschinger et al. 2003; Yamanaka et al. 2003). This

leads to the loading of PAR3 to form the active aPKC-PAR complex (Yamanaka

et al. 2006; Wirtz-Peitz et al. 2008). Consistently, the loss of Lgl results in the

increased interaction of the GTP-bound Cdc42 and PAR3 with aPKC-PAR6

(Yamanaka et al. 2006). The PAR3-bound, active form of the aPKC-PAR complex

is also considered to be transient, as the aPKC-dependent phosphorylation of PAR3

results in the dissociation of PAR3, from the aPKC-PAR6 complex (Nagai-Tamai

et al. 2002). The dissociation from PAR3 allows the aPKC-PAR6 complex to also

localize to the apical domain through the GTP-bound form of Cdc42 (Martin-

Belmonte et al. 2007). This is also consistent with the binding of PAR6 to Pals1,

which is enhanced in the presence of a dominant-active but not dominant-negative

mutant of Cdc42 (Hurd et al. 2003b). Taken together, this demonstrates that the

precise spatiotemporal activation of aPKC is required for the polarization of

epithelia, which is mediated through the sequential subunit exchange of the

aPKC-PAR complex.
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1.5 The Effector of the aPKC-PAR Complex: aPKC

Activity in Epithelial Polarity Establishment and Other

Systems

Due to the spatial transitions of aPKC, its kinase activity has been implicated in

various processes during epithelial polarization. aPKC kinase activity is required to

restrict the localization of the basolateral determinant, phospholipid phosphatidy-

linositol (3,4,5)-trisphosphate, thereby regulating the size of the basolateral mem-

brane domain during cell-cell contact-mediated polarization (Takahama

et al. 2008). During epithelial morphogenesis, the proper specification of the apical

domain requires the formation of the active aPKC-PAR complex (Horikoshi

et al. 2009) and the phosphorylation of partner of inscuteable (Pins) by aPKC, to

maintain the correct spindle orientation during cell division (Hao et al. 2010).

Furthermore, the size of the apical domain has also been attributed to the kinase

activity of aPKC (Ishiuchi and Takeichi 2011). Here, active aPKC localizing to the

TJs prevents the localization of the Rho-associated kinase I (ROCKI) at the TJs

through its phosphorylation, thereby regulating the apical actin/myosin constriction

and the size of the apical domain. In theDrosophila ectoderm, aPKC kinase activity

has also been shown to stabilize the apical localization of Crumbs (Crb) through its

phosphorylation, to maintain the apical domain (Sotillos et al. 2004). Indeed, aPKC

activity requires tight regulation at the apical domain, which, in part, is mediated by

Kibra (Fig. 1.3) (Yoshihama et al. 2011), an upstream component of the Hippo

tumor-suppressor pathway (Baumgartner et al. 2010; Genevet et al. 2010; Yu

et al. 2010). Kibra suppresses the exocytosis of the apical domain compartment

and through a highly conserved aPKC-binding domain, that is similar to the

pseudosubstrate motif of aPKC, negatively regulates its activity (Yoshihama

et al. 2011). Therefore, the loss of Kibra leads to increased apical exocytosis and

the expansion of the apical domain through the hyperactivation of aPKC, although

this is thought to be in a Crb-independent manner.

In other contexts, such as the Drosophila neuroblast, the aPKC-PAR complex

and aPKC kinase activity have also been implicated in cell proliferation during

asymmetric cell division (Fig. 1.2b). TheDrosophila neuroblast delaminates from a

polarized ectoderm and inherits this apicobasal polarity to undergo asymmetric cell

division, generating another neuroblast and a ganglion mother cell (GMC) that

further produces terminally differentiated neurons (Knoblich 2010). During mito-

sis, the apical polarization of the aPKC-PAR complex is coupled to the alignment of

mitotic spindle machinery, through the interaction between Bazooka (the Drosoph-
ila homologue of PAR3) and the adapter protein Inscuteable (Kraut et al. 1996;

Schober et al. 1999; Wodarz et al. 1999; Schaefer et al. 2000), leading to the

asymmetric segregation of the so-called cell fate determinants, such as the Notch

repressor Numb (Rhyu et al. 1994; Spana et al. 1995), to only the basal GMC. This

exclusion from the apical domain is dependent on aPKC activity, as the

overexpression of the membrane-tethered form of aPKC leads to the cytoplasmic

mislocalization of fate determinants and the overproliferation of neuroblasts (Lee
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et al. 2006), while the loss of aPKC results in uniform cortical localization of fate

determinants and the premature depletion of neuroblasts (Rolls et al. 2003).

Therefore, aPKC kinase activity is essential in various contexts and in epithelia

and is required not only for the maturation of epithelial junctional structures but

also for the proper establishment of apical and basolateral domains.

1.6 Molecular Antagonism: The Mechanism Behind

Epithelial Polarization

During epithelial polarization, membrane compartments are generated consisting of

distinct protein complexes (Bryant and Mostov 2008). These complexes can be

divided by their subcellular localization into the Crb-Pals-Patj complex and the

aPKC-PAR complex, localizing to the apical domain and the apico-lateral TJs,

respectively, and the Lgl-Dlg-Scrib group which localizes to the basolateral domain

(Fig. 1.1) (Suzuki and Ohno 2006; Yamanaka and Ohno 2008). While the Crb-Pals-

Patj complex and the aPKC-PAR complex are required for establishing apical

membrane domains, the Lgl-Dlg-Scrib group is responsible for establishing

basolateral membrane domains. Genetic interactions in the Drosophila embryo

have demonstrated that a mutual, negative regulatory feedback mechanism between

these complexes is responsible for the establishment of proper membrane domains

and epithelial polarization (Bilder et al. 2003; Tanentzapf and Tepass 2003).

Consistent with this, altering these membrane domains, such as by the

overexpression of Crb (Wodarz et al. 1995) or loss of Scrib (Bilder and Perrimon

2000), leads to epithelial disorganization due to the expansion of the apical domain

at the expense of the basolateral domain. The MDCK cyst formation assay in

collagen gel, which mimics epithelial tissue organization in vivo, also demonstrated

the essential roles of this negative feedback for establishing three-dimensional

epithelial structures (Martin-Belmonte and Mostov 2008). This mechanism of

mutual antagonism is thought to be, at least in part, through the aPKC-PAR

complex and the activity of aPKC.

The Lgl-Dlg-Scrib group, which localizes to the basolateral membrane domain

of epithelia, restricts the localization of the apical membrane compartment

(Fig. 1.7) (Bilder and Perrimon 2000). However, Lgl is also able to interact with

the aPKC-PAR6 complex (Yamanaka et al. 2003). As Lgl competes with Cdc42

and PAR3 for binding to the aPKC-PAR6 complex, it antagonizes the formation of

the active aPKC-PAR complex (Yamanaka et al. 2006). Upon the activation of

aPKC, the phosphorylation of Lgl leads to its dissociation from aPKC-PAR6 and

also prevents its localization to the apical membrane domain (Musch et al. 2002;

Yamanaka et al. 2003; Wirtz-Peitz et al. 2008). Indeed, the overexpression of Lgl

phospho-mutants leads to its mislocalization to the apical domain (Yamanaka

et al. 2006; Wirtz-Peitz et al. 2008). Therefore, this negative feedback loop between

Lgl and aPKC-PAR6 appears to be essential not only for the spatiotemporal
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regulation of aPKC activity but also for the generation of proper membrane

compartments required during epithelial polarization.

Similar to Lgl, in contexts such as during body axis establishment in C. elegans
and epithelial polarity establishment, the aPKC-PAR complex and PAR1 form

mutually exclusive cortical domains (Fig. 1.2a, c) (Suzuki and Ohno 2006;

Yamanaka and Ohno 2008). In epithelial cells, PAR1 localizes to the lateral domain

and is essential for its proper development (Bohm et al. 1997; Suzuki et al. 2004;

Masuda-Hirata et al. 2009). This localization is dependent on its phosphorylation

by aPKC, which excludes PAR1 from the apical domain, as the overexpression of

the phospho-mutant form of PAR1 results in its leakage into the apical domain

(Fig. 1.7) (Hurov et al. 2004; Suzuki et al. 2004). The phosphorylation of PAR1 also

leads to the increased binding of 14-3-3, allowing its dissociation from the lateral

membrane (Suzuki et al. 2004). Consistent with its localization, PAR1 has also

been described in a context-dependent manner, to have antagonistic functions to

aPKC (Ossipova et al. 2007, 2009). PAR1, on the other hand, is able to phosphory-

late PAR3 (Benton and St Johnston 2003b). The phosphorylation of PAR3 not only

generates binding sites for 14-3-3 proteins on PAR3 but is also thought to prevent

its membrane association and binding to aPKC and thereby inhibits the further

assembly of the aPKC-PAR complex (Benton and St Johnston 2003b). Taken

together, the mutual antagonism of PAR1 and aPKC leads to the proper establish-

ment of apical and lateral membrane compartments and hence generates apicobasal

polarity.

1.7 Concluding Remarks and Future Perspectives

The aPKC-PAR complex is an evolutionary conserved cassette of proteins that are

required not only for the establishment and maintenance of epithelial polarity but

also during the development and homeostasis of an organism. This is supported by

the fact that members of the aPKC-PAR complex in vertebrates are largely redun-

dant, and in invertebrates such as Drosophila, which only have one homologue of

each, the loss of function of these genes leads to lethality (Wieschaus et al. 1984;

Wodarz et al. 2000; Petronczki and Knoblich 2001; Rolls et al. 2003). Consistently,

in vertebrates, although aPKCι/λ and aPKCζ are thought to be partially redundant,

the mouse complete knockout of aPKCλ leads to lethality, demonstrating that it is

essential for embryonic development (Soloff et al. 2004). Therefore, the loss of

members of the aPKC-PAR complex has been also associated with the cause of

diseases such as in the renal glomerular epithelial cells, in which the loss of aPKCλ
leads to proteinuria and eventually causes glomerulosclerosis (Hirose et al. 2009;

Huber et al. 2009).

As most tumors arise from epithelial-derived carcinomas (Lim and Thiery

2012), this would imply that maintenance of epithelial polarity has an essential

role in preventing tumorigenesis. Indeed, the loss of polarity is thought to be one of

the hallmark events of cancer (Aranda et al. 2008; Lee and Vasioukhin 2008).
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Furthermore, increasing evidence suggests that there are links between members of

the aPKC-PAR complex and cancer (Eder et al. 2005; Regala et al. 2005; Aranda

et al. 2008; Kojima et al. 2008; Takagawa et al. 2010). In TGF-β-induced EMT,

which mimics many aspects of cancer metastasis, PAR6 is phosphorylated, leading

to the degradation of tight junctions and RhoA, through the activation of the

ubiquitin ligase Smurf1, ultimately causing the loss of epithelial characteristics

(Fig. 1.6f) (Ozdamar et al. 2005). Therefore, understanding how the aPKC-PAR

complex is regulated, and identifying its downstream targets in various contexts

will give further insights into not only how apicobasal polarity is established but

also how diseases associated with polarity defects occur.

References

Aranda V, Nolan ME, Muthuswamy SK (2008) Par complex in cancer: a regulator of normal cell

polarity joins the dark side. Oncogene 27(55):6878–6887. doi:10.1038/onc.2008.340

Atwood SX, Chabu C, Penkert RR, Doe CQ, Prehoda KE (2007) Cdc42 acts downstream of

Bazooka to regulate neuroblast polarity through Par-6 aPKC. J Cell Sci 120(Pt 18):3200–3206.

doi:10.1242/jcs.014902

Baumgartner R, Poernbacher I, Buser N, Hafen E, Stocker H (2010) The WW domain protein

Kibra acts upstream of Hippo in Drosophila. Dev Cell 18(2):309–316. doi:10.1016/j.devcel.

2009.12.013

Benton R, St Johnston D (2003a) A conserved oligomerization domain in drosophila Bazooka/

PAR-3 is important for apical localization and epithelial polarity. Curr Biol 13(15):1330–1334.

doi:10.1016/S0960-9822(03)00508-6

Benton R, St Johnston D (2003b) Drosophila PAR-1 and 14-3-3 inhibit Bazooka/PAR-3 to

establish complementary cortical domains in polarized cells. Cell 115(6):691–704

Betschinger J, Mechtler K, Knoblich JA (2003) The Par complex directs asymmetric cell division

by phosphorylating the cytoskeletal protein Lgl. Nature 422(6929):326–330. doi:10.1038/

nature01486

Bilder D, Perrimon N (2000) Localization of apical epithelial determinants by the basolateral PDZ

protein Scribble. Nature 403(6770):676–680

Bilder D, Schober M, Perrimon N (2003) Integrated activity of PDZ protein complexes regulates

epithelial polarity. Nat Cell Biol 5(1):53–58. doi:10.1038/ncb897

Bohm H, Brinkmann V, Drab M, Henske A, Kurzchalia TV (1997) Mammalian homologues of

C. elegans PAR-1 are asymmetrically localized in epithelial cells and may influence their

polarity. Curr Biol 7(8):603–606. doi:10.1016/S0960-9822(06)00260-0

Bryant DM, Mostov KE (2008) From cells to organs: building polarized tissue. Nat Rev Mol Cell

Biol 9(11):887–901. doi:10.1038/nrm2523

Chou MM, Hou W, Johnson J, Graham LK, Lee MH, Chen CS, Newton AC, Schaffhausen BS,

Toker A (1998) Regulation of protein kinase C zeta by PI 3-kinase and PDK-1. Curr Biol

8(19):1069–1077. doi:10.1016/S0960-9822(98)70444-0

Cong W, Hirose T, Harita Y, Yamashita A, Mizuno K, Hirano H, Ohno S (2010) ASPP2 regulates

epithelial cell polarity through the PAR complex. Curr Biol. doi:10.1016/j.cub.2010.06.024

Ebnet K (2008) Organization of multiprotein complexes at cell-cell junctions. Histochem Cell Biol

130(1):1–20. doi:10.1007/s00418-008-0418-7

Ebnet K, Suzuki A, Horikoshi Y, Hirose T, Meyer Zu Brickwedde MK, Ohno S, Vestweber D

(2001) The cell polarity protein ASIP/PAR-3 directly associates with junctional adhesion

molecule (JAM). EMBO J 20(14):3738–3748. doi:10.1093/emboj/20.14.3738

18 S. Ohno et al.

http://dx.doi.org/10.1038/onc.2008.340
http://dx.doi.org/10.1242/jcs.014902
http://dx.doi.org/10.1016/j.devcel.2009.12.013
http://dx.doi.org/10.1016/j.devcel.2009.12.013
http://dx.doi.org/10.1016/S0960-9822(03)00508-6
http://dx.doi.org/10.1038/nature01486
http://dx.doi.org/10.1038/nature01486
http://dx.doi.org/10.1038/ncb897
http://dx.doi.org/10.1016/S0960-9822(06)00260-0
http://dx.doi.org/10.1038/nrm2523
http://dx.doi.org/10.1016/S0960-9822(98)70444-0
http://dx.doi.org/10.1016/j.cub.2010.06.024
http://dx.doi.org/10.1007/s00418-008-0418-7
http://dx.doi.org/10.1093/emboj/20.14.3738


Ebnet K, Suzuki A, Ohno S, Vestweber D (2004) Junctional adhesion molecules (JAMs): more

molecules with dual functions? J Cell Sci 117(Pt 1):19–29. doi:10.1242/jcs.00930

Eder AM, Sui X, Rosen DG, Nolden LK, Cheng KW, Lahad JP, Kango-Singh M, Lu KH,Warneke

CL, Atkinson EN, Bedrosian I, Keyomarsi K, Kuo WL, Gray JW, Yin JC, Liu J, Halder G,

Mills GB (2005) Atypical PKCiota contributes to poor prognosis through loss of apical-basal

polarity and cyclin E overexpression in ovarian cancer. Proc Natl Acad Sci U S A 102(35):

12519–12524. doi:10.1073/pnas.0505641102

Etienne-Manneville S, Hall A (2001) Integrin-mediated activation of Cdc42 controls cell polarity

in migrating astrocytes through PKCzeta. Cell 106(4):489–498

Feng W, Wu H, Chan LN, Zhang M (2007) The Par-3 NTD adopts a PB1-like structure required

for Par-3 oligomerization and membrane localization. EMBO J 26(11):2786–2796. doi:10.

1038/sj.emboj.7601702

Gao L, Macara IG, Joberty G (2002) Multiple splice variants of Par3 and of a novel related gene,

Par3L, produce proteins with different binding properties. Gene 294(1–2):99–107

Garrard SM, Capaldo CT, Gao L, Rosen MK,Macara IG, Tomchick DR (2003) Structure of Cdc42

in a complex with the GTPase-binding domain of the cell polarity protein, Par6. EMBO J

22(5):1125–1133. doi:10.1093/emboj/cdg110

Genevet A, Wehr MC, Brain R, Thompson BJ, Tapon N (2010) Kibra is a regulator of the

Salvador/Warts/Hippo signaling network. Dev Cell 18(2):300–308. doi:10.1016/j.devcel.

2009.12.011

Goldstein B, Macara IG (2007) The PAR proteins: fundamental players in animal cell polarization.

Dev Cell 13(5):609–622. doi:10.1016/j.devcel.2007.10.007

Hao Y, Du Q, Chen X, Zheng Z, Balsbaugh JL, Maitra S, Shabanowitz J, Hunt DF, Macara IG

(2010) Par3 controls epithelial spindle orientation by aPKC-mediated phosphorylation of

apical Pins. Curr Biol 20(20):1809–1818. doi:10.1016/j.cub.2010.09.032

Harris TJ, Peifer M (2005) The positioning and segregation of apical cues during epithelial polarity

establishment in Drosophila. J Cell Biol 170(5):813–823. doi:10.1083/jcb.200505127

Hirano Y, Yoshinaga S, Ogura K, Yokochi M, Noda Y, Sumimoto H, Inagaki F (2004) Solution

structure of atypical protein kinase C PB1 domain and its mode of interaction with ZIP/p62 and

MEK5. J Biol Chem 279(30):31883–31890

Hirano Y, Yoshinaga S, Takeya R, Suzuki NN, Horiuchi M, Kohjima M, Sumimoto H, Inagaki F

(2005) Structure of a cell polarity regulator, a complex between atypical PKC and Par6 PB1

domains. J Biol Chem 280(10):9653–9661

Hirose T, Izumi Y, Nagashima Y, Tamai-Nagai Y, Kurihara H, Sakai T, Suzuki Y, Yamanaka T,

Suzuki A, Mizuno K, Ohno S (2002) Involvement of ASIP/PAR-3 in the promotion of

epithelial tight junction formation. J Cell Sci 115(Pt 12):2485–2495

Hirose T, Satoh D, Kurihara H, Kusaka C, Hirose H, Akimoto K, Matsusaka T, Ichikawa I,

Noda T, Ohno S (2009) An essential role of the universal polarity protein, aPKClambda, on the

maintenance of podocyte slit diaphragms. PLoS One 4(1):e4194. doi:10.1371/journal.pone.

0004194

Horikoshi Y, Hamada S, Ohno S, Suetsugu S (2011) Phosphoinositide binding by par-3 involved

in par-3 localization. Cell Struct Funct 36(1):97–102. doi:10.1247/csf.11005

Horikoshi Y, Suzuki A, Yamanaka T, Sasaki K, Mizuno K, Sawada H, Yonemura S, Ohno S

(2009) Interaction between PAR-3 and the aPKC-PAR-6 complex is indispensable for apical

domain development of epithelial cells. J Cell Sci 122(Pt 10):1595–1606. doi:10.1242/jcs.

043174

Huber TB, Hartleben B, Winkelmann K, Schneider L, Becker JU, Leitges M, Walz G, Haller H,

Schiffer M (2009) Loss of podocyte aPKClambda/iota causes polarity defects and nephrotic

syndrome. J Am Soc Nephrol 20(4):798–806, doi:ASN.2008080871 [pii] 10.1681/

ASN.2008080871

Hurd TW, Fan S, Liu CJ, Kweon HK, Hakansson K, Margolis B (2003a) Phosphorylation-

dependent binding of 14-3-3 to the polarity protein Par3 regulates cell polarity in mammalian

epithelia. Curr Biol 13(23):2082–2090. doi:10.1016/j.cub.2003.11.020

1 The PAR3-aPKC-PAR6 Complex 19

http://dx.doi.org/10.1242/jcs.00930
http://dx.doi.org/10.1073/pnas.0505641102
http://dx.doi.org/10.1038/sj.emboj.7601702
http://dx.doi.org/10.1038/sj.emboj.7601702
http://dx.doi.org/10.1093/emboj/cdg110
http://dx.doi.org/10.1016/j.devcel.2009.12.011
http://dx.doi.org/10.1016/j.devcel.2009.12.011
http://dx.doi.org/10.1016/j.devcel.2007.10.007
http://dx.doi.org/10.1016/j.cub.2010.09.032
http://dx.doi.org/10.1083/jcb.200505127
http://dx.doi.org/10.1371/journal.pone.0004194
http://dx.doi.org/10.1371/journal.pone.0004194
http://dx.doi.org/10.1247/csf.11005
http://dx.doi.org/10.1242/jcs.043174
http://dx.doi.org/10.1242/jcs.043174
http://dx.doi.org/10.1016/j.cub.2003.11.020


Hurd TW, Gao L, Roh MH, Macara IG, Margolis B (2003b) Direct interaction of two polarity

complexes implicated in epithelial tight junction assembly. Nat Cell Biol 5(2):137–142.

doi:10.1038/ncb923

Hurov JB, Watkins JL, Piwnica-Worms H (2004) Atypical PKC phosphorylates PAR-1 kinases to

regulate localization and activity. Curr Biol 14(8):736–741. doi:10.1016/j.cub.2004.04.007

Iden S, Rehder D, August B, Suzuki A, Wolburg-Buchholz K, Wolburg H, Ohno S, Behrens J,

Vestweber D, Ebnet K (2006) A distinct PAR complex associates physically with VE-cadherin

in vertebrate endothelial cells. EMBO Rep 7(12):1239–1246

Imai F, Hirai S, Akimoto K, Koyama H, Miyata T, Ogawa M, Noguchi S, Sasaoka T, Noda T,

Ohno S (2006) Inactivation of aPKClambda results in the loss of adherens junctions in

neuroepithelial cells without affecting neurogenesis in mouse neocortex. Development

133(9):1735–1744

Ishiuchi T, Takeichi M (2011) Willin and Par3 cooperatively regulate epithelial apical constriction

through aPKC-mediated ROCK phosphorylation. Nat Cell Biol 13(7):860–866. doi:10.1038/

ncb2274

Itoh M, Sasaki H, Furuse M, Ozaki H, Kita T, Tsukita S (2001) Junctional adhesion molecule

(JAM) binds to PAR-3: a possible mechanism for the recruitment of PAR-3 to tight junctions.

J Cell Biol 154(3):491–497. doi:10.1083/jcb.200103047

Izaki T, Kamakura S, Kohjima M, Sumimoto H (2005) Phosphorylation-dependent binding of

14-3-3 to Par3beta, a human Par3-related cell polarity protein. Biochem Biophys Res Commun

329(1):211–218

Izumi Y, Hirose T, Tamai Y, Hirai S, Nagashima Y, Fujimoto T, Tabuse Y, Kemphues KJ, Ohno S

(1998) An atypical PKC directly associates and colocalizes at the epithelial tight junction with

ASIP, a mammalian homologue of Caenorhabditis elegans polarity protein PAR-3. J Cell Biol

143(1):95–106

Kemphues K (2000) PARsing embryonic polarity. Cell 101(4):345–348

Kemphues KJ, Priess JR, Morton DG, Cheng NS (1988) Identification of genes required for

cytoplasmic localization in early C. elegans embryos. Cell 52(3):311–320

Kim SH, Li Z, Sacks DB (2000) E-cadherin-mediated cell-cell attachment activates Cdc42. J Biol

Chem 275(47):36999–37005. doi:10.1074/jbc.M003430200

Knoblich JA (2010) Asymmetric cell division: recent developments and their implications for

tumour biology. Nat Rev Mol Cell Biol 11(12):849–860. doi:10.1038/nrm3010

Kohjima M, Noda Y, Takeya R, Saito N, Takeuchi K, Sumimoto H (2002) PAR3beta, a novel

homologue of the cell polarity protein PAR3, localizes to tight junctions. Biochem Biophys

Res Commun 299(4):641–646

Kojima Y, Akimoto K, Nagashima Y, Ishiguro H, Shirai S, Chishima T, Ichikawa Y, Ishikawa T,

Sasaki T, Kubota Y, Inayama Y, Aoki I, Ohno S, Shimada H (2008) The overexpression and

altered localization of the atypical protein kinase C lambda/iota in breast cancer correlates with

the pathologic type of these tumors. Hum Pathol 39(6):824–831

Kraut R, Chia W, Jan LY, Jan YN, Knoblich JA (1996) Role of inscuteable in orienting

asymmetric cell divisions in Drosophila. Nature 383(6595):50–55. doi:10.1038/383050a0

Kuchinke U, Grawe F, Knust E (1998) Control of spindle orientation in Drosophila by the Par-3-

related PDZ-domain protein Bazooka. Curr Biol 8(25):1357–1365

Le Good JA, Ziegler WH, Parekh DB, Alessi DR, Cohen P, Parker PJ (1998) Protein kinase C

isotypes controlled by phosphoinositide 3-kinase through the protein kinase PDK1. Science 281

(5385):2042–2045

Lee CY, Robinson KJ, Doe CQ (2006) Lgl, Pins and aPKC regulate neuroblast self-renewal versus

differentiation. Nature 439(7076):594–598

Lee M, Vasioukhin V (2008) Cell polarity and cancer-cell and tissue polarity as a non-canonical

tumor suppressor. J Cell Sci 121(Pt 8):1141–1150

Lim J, Thiery JP (2012) Epithelial-mesenchymal transitions: insights from development. Devel-

opment 139(19):3471–3486. doi:10.1242/dev.071209

20 S. Ohno et al.

http://dx.doi.org/10.1038/ncb923
http://dx.doi.org/10.1016/j.cub.2004.04.007
http://dx.doi.org/10.1038/ncb2274
http://dx.doi.org/10.1038/ncb2274
http://dx.doi.org/10.1083/jcb.200103047
http://dx.doi.org/10.1074/jbc.M003430200
http://dx.doi.org/10.1038/nrm3010
http://dx.doi.org/10.1038/383050a0
http://dx.doi.org/10.1242/dev.071209


Lin D, Edwards AS, Fawcett JP, Mbamalu G, Scott JD, Pawson T (2000) A mammalian PAR-3-

PAR-6 complex implicated in Cdc42/Rac1 and aPKC signalling and cell polarity. Nat Cell Biol

2(8):540–547

Martin-Belmonte F, Gassama A, Datta A, Yu W, Rescher U, Gerke V, Mostov K (2007) PTEN-

mediated apical segregation of phosphoinositides controls epithelial morphogenesis through

Cdc42. Cell 128(2):383–397

Martin-Belmonte F, Mostov K (2008) Regulation of cell polarity during epithelial morphogenesis.

Curr Opin Cell Biol 20(2):227–234

Masuda-Hirata M, Suzuki A, Amano Y, Yamashita K, Ide M, Yamanaka T, Sakai M, Imamura M,

Ohno S (2009) Intracellular polarity protein PAR-1 regulates extracellular laminin assembly

by regulating the dystroglycan complex. Genes Cells. doi:10.1111/j.1365-2443.2009.01315.x

Mizuno K, Suzuki A, Hirose T, Kitamura K, Kutsuzawa K, Futaki M, Amano Y, 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(33):31240–31250

Morais-de-Sa E, Mirouse V, St Johnston D (2010) aPKC phosphorylation of Bazooka defines the

apical/lateral border in Drosophila epithelial cells. Cell 141(3):509–523. doi:10.1016/j.cell.

2010.02.040

Musch A, Cohen D, Yeaman C, Nelson WJ, Rodriguez-Boulan E, Brennwald PJ (2002) Mamma-

lian homolog of Drosophila tumor suppressor lethal (2) giant larvae interacts with basolateral

exocytic machinery in Madin-Darby canine kidney cells. Mol Biol Cell 13(1):158–168. doi:10.

1091/mbc.01-10-0496

Nagai-Tamai Y, Mizuno K, Hirose T, Suzuki A, Ohno S (2002) Regulated protein-protein

interaction between aPKC and PAR-3 plays an essential role in the polarization of epithelial

cells. Genes Cells 7(11):1161–1171

Nelson WJ (2009) Remodeling epithelial cell organization: transitions between front-rear and

apical-basal polarity. Cold Spring Harb Perspect Biol 1(1):a000513. doi:10.1101/cshperspect.

a000513

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(5):641–648

Ossipova O, Ezan J, Sokol SY (2009) PAR-1 phosphorylates Mind bomb to promote vertebrate

neurogenesis. Dev Cell 17(2):222–233. doi:10.1016/j.devcel.2009.06.010

Ossipova O, Tabler J, Green JB, Sokol SY (2007) PAR1 specifies ciliated cells in vertebrate

ectoderm downstream of aPKC. Development 134(23):4297–4306. doi:10.1242/dev.009282

Ozdamar B, Bose R, Barrios-Rodiles M, Wang HR, Zhang Y, Wrana JL (2005) Regulation of

the polarity protein Par6 by TGFbeta receptors controls epithelial cell plasticity. Science

307(5715):1603–1609

Perander M, Bjorkoy G, Johansen T (2001) Nuclear import and export signals enable rapid

nucleocytoplasmic shuttling of the atypical protein kinase C lambda. J Biol Chem 276(16):

13015–13024

Petronczki M, Knoblich JA (2001) DmPAR-6 directs epithelial polarity and asymmetric cell

division of neuroblasts in Drosophila. Nat Cell Biol 3(1):43–49. doi:10.1038/35050550

Regala RP, Weems C, Jamieson L, Khoor A, Edell ES, Lohse CM, Fields AP (2005) Atypical

protein kinase C iota is an oncogene in human non-small cell lung cancer. Cancer Res 65(19):

8905–8911

Rhyu MS, Jan LY, Jan YN (1994) Asymmetric distribution of numb protein during division of the

sensory organ precursor cell confers distinct fates to daughter cells. Cell 76(3):477–491

Rodriguez-Boulan E, Nelson WJ (1989) Morphogenesis of the polarized epithelial cell phenotype.

Science 245(4919):718–725

Rolls MM, Albertson R, Shih HP, Lee CY, Doe CQ (2003) Drosophila aPKC regulates cell

polarity and cell proliferation in neuroblasts and epithelia. J Cell Biol 163(5):1089–1098.

doi:10.1083/jcb.200306079

1 The PAR3-aPKC-PAR6 Complex 21

http://dx.doi.org/10.1111/j.1365-2443.2009.01315.x
http://dx.doi.org/10.1016/j.cell.2010.02.040
http://dx.doi.org/10.1016/j.cell.2010.02.040
http://dx.doi.org/10.1091/mbc.01-10-0496
http://dx.doi.org/10.1091/mbc.01-10-0496
http://dx.doi.org/10.1101/cshperspect.a000513
http://dx.doi.org/10.1101/cshperspect.a000513
http://dx.doi.org/10.1016/j.devcel.2009.06.010
http://dx.doi.org/10.1242/dev.009282
http://dx.doi.org/10.1038/35050550
http://dx.doi.org/10.1083/jcb.200306079


Schaefer M, Shevchenko A, Knoblich JA (2000) A protein complex containing Inscuteable and the

Galpha-binding protein Pins orients asymmetric cell divisions in Drosophila. Curr Biol 10(7):

353–362

Schober M, Schaefer M, Knoblich JA (1999) Bazooka recruits Inscuteable to orient asymmetric

cell divisions in Drosophila neuroblasts. Nature 402(6761):548–551. doi:10.1038/990135

Soloff RS, Katayama C, Lin MY, Feramisco JR, Hedrick SM (2004) Targeted deletion of protein

kinase C lambda reveals a distribution of functions between the two atypical protein kinase C

isoforms. J Immunol 173(5):3250–3260

Sotillos S, Diaz-Meco MT, Caminero E, Moscat J, Campuzano S (2004) DaPKC-dependent

phosphorylation of Crumbs is required for epithelial cell polarity in Drosophila. J Cell Biol

166(4):549–557

Spana EP, Kopczynski C, Goodman CS, Doe CQ (1995) Asymmetric localization of

numb autonomously determines sibling neuron identity in the Drosophila CNS. Development

121(11):3489–3494

Suzuki A, Akimoto K, Ohno S (2003) Protein kinase C lambda/iota (PKClambda/iota): a PKC

isotype essential for the development of multicellular organisms. J Biochem (Tokyo) 133(1):

9–16

Suzuki A, Hirata M, Kamimura K, Maniwa R, Yamanaka T, Mizuno K, Kishikawa M, Hirose H,

Amano Y, Izumi N, Miwa Y, Ohno S (2004) aPKC acts upstream of PAR-1b in both the

establishment and maintenance of mammalian epithelial polarity. Curr Biol 14(16):1425–1435

Suzuki A, Ishiyama C, Hashiba K, Shimizu M, Ebnet K, Ohno S (2002) aPKC kinase activity is

required for the asymmetric differentiation of the premature junctional complex during epi-

thelial cell polarization. J Cell Sci 115(Pt 18):3565–3573

Suzuki A, Ohno S (2006) The PAR-aPKC system: lessons in polarity. J Cell Sci 119(Pt 6):979–987

Suzuki A, Yamanaka T, Hirose T, Manabe N, Mizuno K, Shimizu M, Akimoto K, Izumi Y,

Ohnishi T, Ohno S (2001) Atypical protein kinase C is involved in the evolutionarily conserved

par protein complex and plays a critical role in establishing epithelia-specific junctional

structures. J Cell Biol 152(6):1183–1196

Tabuse Y, Izumi Y, Piano F, Kemphues KJ, Miwa J, Ohno S (1998) Atypical protein kinase C

cooperates with PAR-3 to establish embryonic polarity in Caenorhabditis elegans. Develop-

ment 125(18):3607–3614

Takagawa R, Akimoto K, Ichikawa Y, Akiyama H, Kojima Y, Ishiguro H, Inayama Y, Aoki I,

Kunisaki C, Endo I, Nagashima Y, Ohno S (2010) High expression of atypical protein kinase C

lambda/iota in gastric cancer as a prognostic factor for recurrence. Ann Surg Oncol 17(1):

81–88. doi:10.1245/s10434-009-0708-x

Takahama S, Hirose T, Ohno S (2008) aPKC restricts the basolateral determinant PtdIns(3,4,5)P3

to the basal region. Biochem Biophys Res Commun 368(2):249–255

Takekuni K, Ikeda W, Fujito T, Morimoto K, Takeuchi M, Monden M, 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(8):5497–5500

Tanentzapf G, Tepass U (2003) Interactions between the crumbs, lethal giant larvae and bazooka

pathways in epithelial polarization. Nat Cell Biol 5(1):46–52

Tepass U (2012) The apical polarity protein network in Drosophila epithelial cells: regulation of

polarity, junctions, morphogenesis, cell growth, and survival. Annu Rev Cell Dev Biol 28:

655–685. doi:10.1146/annurev-cellbio-092910-154033

Thompson BJ (2013) Cell polarity: models and mechanisms from yeast, worms and flies. Devel-

opment 140(1):13–21. doi:10.1242/dev.083634

Tsukita S, Furuse M, Itoh M (2001) Multifunctional strands in tight junctions. Nat Rev Mol Cell

Biol 2(4):285–293. doi:10.1038/35067088

Wieschaus E, Nüsslein-Volhard C, Jürgens G (1984) Mutations affecting the pattern of the

larval cuticle in Drosophila melanogaster. III. Zygotic loci on the X-chromosome and fourth

chromosome. Roux Arch Dev Biol 193(5):296–307. doi:10.1007/BF00848158

22 S. Ohno et al.

http://dx.doi.org/10.1038/990135
http://dx.doi.org/10.1245/s10434-009-0708-x
http://dx.doi.org/10.1146/annurev-cellbio-092910-154033
http://dx.doi.org/10.1242/dev.083634
http://dx.doi.org/10.1038/35067088
http://dx.doi.org/10.1007/BF00848158


Wirtz-Peitz F, Nishimura T, Knoblich JA (2008) Linking cell cycle to asymmetric division:

Aurora-A phosphorylates the Par complex to regulate Numb localization. Cell 135(1):161–173

Wodarz A, Hinz U, Engelbert M, Knust E (1995) Expression of crumbs confers apical character on

plasma membrane domains of ectodermal epithelia of Drosophila. Cell 82(1):67–76

Wodarz A, Ramrath A, Grimm A, Knust E (2000) Drosophila atypical protein kinase C associates

with Bazooka and controls polarity of epithelia and neuroblasts. J Cell Biol 150(6):1361–1374

Wodarz A, Ramrath A, Kuchinke U, Knust E (1999) Bazooka provides an apical cue for

Inscuteable localization in Drosophila neuroblasts. Nature 402(6761):544–547. doi:10.1038/

990128

Wu H, Feng W, Chen J, Chan LN, Huang S, Zhang M (2007) PDZ domains of Par-3 as potential

phosphoinositide signaling integrators. Mol Cell 28(5):886–898

Yamanaka T, Horikoshi Y, Izumi N, Suzuki A, Mizuno K, Ohno S (2006) Lgl mediates apical

domain disassembly by suppressing the PAR-3-aPKC-PAR-6 complex to orient apical mem-

brane polarity. J Cell Sci 119(Pt 10):2107–2118

Yamanaka T, Horikoshi Y, Sugiyama Y, Ishiyama C, Suzuki A, Hirose T, Iwamatsu A,

Shinohara A, Ohno S (2003) Mammalian Lgl forms a protein complex with PAR-6 and

aPKC independently of PAR-3 to regulate epithelial cell polarity. Curr Biol 13(9):734–743

Yamanaka T, Horikoshi Y, Suzuki A, Sugiyama Y, Kitamura K,Maniwa R, Nagai Y, Yamashita A,

Hirose T, Ishikawa H, Ohno S (2001) PAR-6 regulates aPKC activity in a novel way and

mediates cell-cell contact-induced formation of the epithelial junctional complex. Genes Cells

6(8):721–731

Yamanaka T, Ohno S (2008) Role of Lgl/Dlg/Scribble in the regulation of epithelial junction,

polarity and growth. Front Biosci 13:6693–6707

Yeaman C, Grindstaff KK, Nelson WJ (1999) New perspectives on mechanisms involved in

generating epithelial cell polarity. Physiol Rev 79(1):73–98

Yonemura S, Itoh M, Nagafuchi A, Tsukita S (1995) Cell-to-cell adherens junction formation and

actin filament organization: similarities and differences between non-polarized fibroblasts and

polarized epithelial cells. J Cell Sci 108(Pt 1):127–142

Yoshihama Y, Sasaki K, Horikoshi Y, Suzuki A, Ohtsuka T, Hakuno F, Takahashi S, Ohno S,

Chida K (2011) KIBRA suppresses apical exocytosis through inhibition of aPKC kinase

activity in epithelial cells. Curr Biol 21(8):705–711. doi:10.1016/j.cub.2011.03.029

Yu J, Zheng Y, Dong J, Klusza S, Deng WM, Pan D (2010) Kibra functions as a tumor suppressor

protein that regulates Hippo signaling in conjunction with Merlin and expanded. Dev Cell

18(2):288–299. doi:10.1016/j.devcel.2009.12.012

Zhang Y, Wang W, Chen J, Zhang K, Gao F, Gao B, Zhang S, Dong M, Besenbacher F, Gong W,

Zhang M, Sun F, Feng W (2013) Structural insights into the intrinsic self-assembly of Par-3

N-terminal domain. Structure 21(6):997–1006. doi:10.1016/j.str.2013.04.004

1 The PAR3-aPKC-PAR6 Complex 23

http://dx.doi.org/10.1038/990128
http://dx.doi.org/10.1038/990128
http://dx.doi.org/10.1016/j.cub.2011.03.029
http://dx.doi.org/10.1016/j.devcel.2009.12.012
http://dx.doi.org/10.1016/j.str.2013.04.004


Chapter 2

PAR-1 Kinase and Cell Polarity

Atsushi Suzuki

Abstract PAR-1 kinase was identified as one of the protein products of the par
(partition defective) genes essential for the establishment of the anterior-posterior

polarity of the Caenorhabditis elegans one-cell embryo. Subsequent studies have

revealed the ubiquitous importance of the kinase in regulating cell polarity

observed in various biological contexts of many organisms. As a membrane-

localized kinase, PAR-1 antagonizes the atypical protein kinase C (aPKC)/PAR-

3/PAR-6 complex to establish the mutually exclusive membrane domains along the

polarity axis. Based on this asymmetric membrane localization, its kinase activity is

utilized to phosphorylate various other target proteins that regulate cellular func-

tions. The major function of PAR-1 is the regulation of microtubule dynamics, of

which one of the underlying mechanisms was identified as the microtubule affinity-

regulating kinase (MARK) activity in mammalian neurons. In addition, accumu-

lating data have revealed the presence of various kinds of other target proteins

involved in the regulation of actin cytoskeleton and protein stability. Although the

significant versatility of PAR-1 has made it increasingly difficult to obtain a simple

view of its function, the evolutional insight on PAR-1 provides a powerful tool for

integrating increasing data on this kinase in the light of cell polarity.

Keywords Anterior-posterior polarity • Apicobasal polarity • MARK •

Microtubules • Neuronal polarity • PAR-1

2.1 Introduction

The serine/threonine protein kinase, PAR-1, has two faces. One is being a compo-

nent of the cell polarity machinery, the PAR-atypical protein kinase C (aPKC)

system, which plays essential roles in establishing cell polarity in various biological

backgrounds (Suzuki and Ohno 2006). This face was first uncovered by genetic

studies on the embryonic development of Caenorhabditis elegans and Drosophila
and further elucidated by cell biology studies on cultured mammalian epithelial
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cells or neurons. The other face of PAR-1 is the microtubule (MT) affinity-

regulating kinase (MARK), which phosphorylates classical microtubule-associated

proteins (MAPs), such as tau, MAP2, and MAP4, and induces MT destabilization

by inhibiting their MT-binding abilities (Drewes et al. 1997). This face was

identified in studies searching for the kinases responsible for the hyperpho-

sphorylation of tau in Alzheimer patients. Because MTs are essential for regulating

and maintaining cell polarity, these two faces of PAR-1 were, at first, thought to be

easily integrated. However, subsequent studies have not succeeded in

superimposing these faces completely, but rather uncovered more complicated

faces of this kinase. To date, several reviews on PAR-1 have been published,

mainly focusing on the MARK face (Marx et al. 2010; Matenia and Mandelkow

2009; Timm et al. 2008b; Hayashi et al. 2012). Here, I summarize the accumulating

data on this kinase, mainly from the viewpoint of cell polarity.

2.2 Essential Features of PAR-1

The structural and biochemical nature of PAR-1 has been analyzed mainly by

Mandelkow and coworkers, who identified mammalian PAR-1 as MARK (Drewes

et al. 1997). Briefly, PAR-1s are relatively large kinases (nearly 90 kDa) (Fig. 2.1a),

which reside at the end of the AMP-activated protein kinase (AMPK) branch of the

calcium/calmodulin-regulated protein kinase (CAMK) group (Fig. 2.1b) (Marx

et al. 2010; Manning et al. 2002). Structurally, the N-terminal kinase domain is

followed by a ubiquitin-associated (UBA) domain, a spacer domain, and a

C-terminal kinase-associated domain (KA1). The UBA domain is a small (�40

residues), mostly α-helical domain, which has been suggested to exert an

autoregulatory function by analogy to many other kinases (Panneerselvam

et al. 2006). The KA1 domain is a protein domain that was first identified in the

C-terminus (�50 residues) of the PAR-1 kinases on the basis of strong sequence

homology (Fig. 2.2b). Recent studies based on structural comparisons with other

kinases have suggested that this domain is a C-terminal folded domain comprising

of more extended sequence with �100 residues (Fig. 2.1a) (Tochio et al. 2006;

Marx et al. 2010). C. elegans and Drosophila have a single PAR-1 member,

whereas mammals contain four PAR-1 paralogs (MARK1/PAR-1c, MARK2/

PAR-1b, MARK3/PAR-1a, and MARK4/PAR-1d) (Fig. 2.2a, b) (Drewes

et al. 1998; Shulman et al. 2000; Guo and Kemphues 1995). Furthermore, the

amino acid similarity in the kinase and the KA1 domains identified the distantly

related kinase, KIN1, as an ortholog of PAR-1 in fission yeast (Figs. 2.1 and 2.2),

which is a plasma membrane-associated kinase regulating polarized cell growth

(Guo and Kemphues 1995; Tassan and Le Goff 2004; Levin and Bishop 1990;

Drewes and Nurse 2003). Interestingly, structural prediction suggests that, albeit

low sequence similarities, a similar domain organization can be identified in many

kinases belonging to the AMPK subfamily (Timm et al. 2008b; Marx et al. 2010).

Furthermore, recent analysis has revealed that the C-terminal anionic lipid-binding
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domains of the septin-associated kinases of Saccharomyces cerevisiae, Kcc4p,
Gin4p, and Hsl1p (Fig. 2.1b), also adopt a KA1 fold, whereas the KA1 domains

of MARK1 and MARK3 directly bind to anionic phospholipids in vitro and mediate

their membrane localization in the cell (Moravcevic et al. 2010). The septin-

associated kinases have a UBA domain following the N-terminal kinase domain

and are involved in coordinating cell cycle progression with bud formation. There-

fore, these results suggest that PAR-1 members have diverged and evolved from an
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Fig. 2.1 Domain structure and phylogenetic tree of PAR-1. (a) All PAR-1 homologs have a

similar domain structure consisting of the N-terminal kinase domain, followed by the ubiquitin-

associated (UBA) domain, the spacer domain, and the kinase-associated (KA1) domain. The

kinase domain and the KA1 domain show strong conservation between the homologs (see

Fig. 2.2b). The C-terminal half of the protein is responsible for the membrane/cortex localization

(bidirectional arrow), and the KA1 domain has recently been shown to have an anionic

phospholipid-binding ability. aPKC phosphorylates the conserved threonine residue in the spacer

region and excludes PAR-1 from its own territory with the aid of 14-3-3/PAR-5. LKB1/PAR-4 and

TAO1 activate PAR-1 by phosphorylating the serine residue in the T-loop of the kinase domain,

whereas GSK3β phosphorylates the downstream threonine residue in the T-loop and inhibits

PAR-1. (b) Phylogenetic branches of the AMPK subfamily in the calcium-/calmodulin-regulated

protein kinase (CAMK) group (left, human; right, S. cerevisiae). Trees are roughly depicted based
on the data published in kinase.com (http://kinase.com/)
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ancestral membrane-bound kinase in unicellular organisms involved in regulating

polarized cell growth, independently of the other PAR-aPKC components (except

for PAR-5/14-3-3), which do not have clear counterparts in yeast (Suzuki and Ohno

2006). Importantly, in mammals, not only PAR-1 homologs (MARKs) but also

most of the AMPK subfamily members have been shown to be activated by a

common kinase, LKB1, which corresponds to another component of the

PAR-aPKC system, PAR-4 (Lizcano et al. 2004). Furthermore, some members of

the AMPK subfamily have been shown to function in cell polarity regulation after

activation by LKB1/PAR-4 (Barnes et al. 2007; Chien et al. 2013; Lee et al. 2007).

Therefore, these results provide important clues for analyzing the convergence

process of this protein kinase subfamily and other PAR-aPKC components,

although I confine the present descriptions to PAR-1 homologs hereafter and do

not discuss this issue further. It has been shown that mammalian PAR-1s (MARKs)

Organism PAR-1 parallogues

Mammals MARK1 /PAR-1c
MARK2/ PAR-1b /EMK1
MARK3/ PAR-1a/ C-TAK/ Kp78
MARK4/ PAR-1d/ MARKL1

D. melanogaster PAR-1
C. elegans PAR-1

S. cerevisiae KIN1
KIN2

S. pombe KIN1

Fig. 2.2 PAR-1 homologs in different organisms. (a) PAR-1 homologs in various organisms. We

omitted mammalian MELK/pEg3/MPK38, C. elegans MELK/PIG1/W03G1.6, and Drosophila
Kp78, because of the extremely low conservation of the amino acid sequence of the KA1 domain.

(b) Alignment of the amino acid sequence of the KA1 domain of PAR-1 homologs. Note that

MARK4 shows significant divergence compared with the other mammalian members
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are activated not only by LKB1/PAR-4 but also by TAO1 and suppressed by

glycogen synthase kinase-3 β (GSK3β) through phosphorylation of the T-loop

within the kinase domain (Fig. 2.1a); however, the upstream events activating

these signaling cascades have not been clarified (Timm et al. 2003, 2008a). The

protein structure of the kinase domain with the UBA domain has been determined

for MARK1, MARK2, and MARK3 (Panneerselvam et al. 2006; Marx et al. 2006;

Murphy et al. 2007), and a candidate for a PAR-1-specific inhibitor has also been

reported (Timm et al. 2011). It is also noteworthy that CagA, the toxin of

Helicobacter pylori, has been shown to inhibit PAR-1 kinase activity by specifi-

cally binding to the substrate-binding pocket of the kinase domain (Nesic

et al. 2010).

2.3 Role of PAR-1 in the PAR-aPKC System

2.3.1 Complimentary Localizations of the PAR-aPKC System
Components

Historically, PAR-1 kinase was first identified in C. elegans as one of the protein

products of the par (partition defective) genes that are essential for the development

of the anterior-posterior (A-P) asymmetry of the one-cell embryo, which is trig-

gered by sperm entry (Fig. 2.3a) (Kemphues et al. 1988). Genetic analysis of this

model organism clarified the functional interactions between the PAR proteins

including aPKC (the seventh PAR protein that was identified independently; see

Chap. 1) (Tabuse et al. 1998) and established the concept that these proteins

constitute the PAR-aPKC system, which translates the polarity cue (sperm entry,

in the case of C. elegans embryo) to the establishment of the reciprocal membrane/

cortex domains along the polarity axis by differentially localizing its components to

these domains. For example, in the C. elegans embryo, PAR-3, PAR-6, and PKC-3

(C. elegans aPKC) asymmetrically localize to the anterior cortex of the embryo,

whereas PAR-1 localizes to the posterior cortex (Fig. 2.3a) (Guo and Kemphues

1996a; Pellettieri and Seydoux 2002; Tabuse et al. 1998). Because the anteriorly

localized PAR proteins, aPKC, PAR-6, and PAR-3, dynamically form a complex

that functions as a single functional unit (see Chap. 1) (Suzuki and Ohno 2006), I

hereafter describe this unit as the aPKC complex. Subsequent studies have demon-

strated the generality of this complimentary localization of PAR-1 with the aPKC

complex in other polarized cells. For example, the Drosophila PAR-1 has been

shown to localize to the posterior cortex of the late phase of oocytes (stages 7–10)

(Shulman et al. 2000), and the anterior localization of Bazooka (Drosophila PAR-3)
was confirmed later (Benton and St Johnston 2003; Vaccari and Ephrussi 2002)

(Fig. 2.3b). The basolateral localization of PAR-1 complementary to the apical

localization of the aPKC complex has been shown in epithelial cells, first in

cultured mammalian cells [Madin-Darby canine kidney (MDCK) cells] (Izumi

et al. 1998; Bohm et al. 1997) (Fig. 2.3c) and then in follicle cells (Shulman
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et al. 2000; Cox et al. 2001) and the blastoderm (Bayraktar et al. 2006) of

Drosophila (Fig. 2.3d).

2.3.2 Antagonistic Interaction Between the aPKC Complex
and PAR-1

The complement localization of the aPKC complex and PAR-1 is maintained via

mutually antagonistic interactions, involving kinase activity of aPKC and PAR-1.

First, aPKC phosphorylates the conserved threonine of PAR-1 in the spacer region

between the kinase domain and the C-terminal KA1 domain (Fig. 2.1a). This

phosphorylation induces the dissociation of PAR-1 from the cell cortex/membrane

(Suzuki et al. 2004; Hurov et al. 2004; Kusakabe and Nishida 2004) and thereby
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Fig. 2.3 Various types of cell polarity in which PAR-1 is involved. The subcellular localization of

PAR-1 is indicated by blue thick lines, whereas that of the aPKC complex is indicated by red thick
lines. Gray ovals represent nuclei. Green lines and ovals represent microtubules (MTs) and

microtubule-organizing center (MTOC), respectively. (a) Anterior-posterior polarization of the

C. elegans embryo just after fertilization. (b) Anterior-posterior polarity observed during Droso-
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30 A. Suzuki



inhibits the entry of PAR-1 into the aPKC territory. Initially, this was shown in

mammalian epithelial cells (Suzuki et al. 2004) and confirmed in Drosophila stage

7 oocyte (Doerflinger et al. 2006) and recently in C. elegans embryo (Motegi

et al. 2011). On the contrary, PAR-1 phosphorylates the conserved serine residues

of PAR-3/Bazooka, disrupts the aPKC/PAR-3/PAR-6 complex, and thereby

inhibits the entry of the aPKC/PAR-3/PAR-6 complex into the PAR-1 territory.

This was shown first in Drosophila follicle epithelial cells and stage 7 oocyte

(Benton and St Johnston 2003), and recently suggested in C. elegans embryo

(Motegi et al. 2011), but not been fully validated in mammalian cells. Importantly,

the role of PAR-5, one of the other PAR components, is to support these antago-

nistic interactions between the aPKC complex and PAR-1(Fig. 2.1a) (Benton and St

Johnston 2003; Suzuki et al. 2004). In general, PAR-5, which corresponds to the

mammalian 14-3-3 proteins, recognizes serine/threonine-phosphorylated residues

within the consensus RXXpS/TXP or RXXXpS/TXP (X represents any amino acid)

sequence and affects functions and/or localization of target proteins (Tzivion

et al. 2001). Within the PAR-aPKC system, 14-3-3/PAR-5 specifically interacts

with PAR-3, which is phosphorylated by PAR-1, or with PAR-1, which is phos-

phorylated by aPKC, and thereby disrupts the PAR-3 interaction with aPKC or the

membrane localization of PAR-1, respectively. In addition, PAR-1 regulates many

target proteins other than PAR-3 by cooperating with 14-3-3/PAR-5 in a similar

way (Table 2.1). Actually, several studies have succeeded in finding the PAR-1

substrates by utilizing their ability to bind to 14-3-3/PAR-5 after phosphorylation

(Riechmann and Ephrussi 2004; Sung et al. 2008; Cohen et al. 2011; Muller

et al. 2003). Considering that PAR-1 and 14-3-3/PAR-5 are unique members of

the PAR-aPKC system, as they have a counterpart in yeast, the general tight

coupling of these two proteins may give us some insight into the evolutional origin

of the PAR-aPKC system in multicellular organisms.

2.3.3 Molecular Mechanisms Supporting the Membrane/
Cortex Localization of PAR-1

Recently, the ring finger protein, PAR-2, was shown to recruit PAR-1 to the

posterior cell cortex of the C. elegans embryo (Motegi et al. 2011). However, in

other species lacking counterparts of PAR-2, the molecular mechanisms underlying

the membrane/cortex recruitment of PAR-1 are still unclear. Several studies have

demonstrated that not only the KA1 domain but also the preceding spacer domain is

required for the membrane/cortex localization of PAR-1 (Bohm et al. 1997; Vaccari

and Ephrussi 2002; Doerflinger et al. 2006). Considering that the phosphorylation

by aPKC occurs in the spacer region and not in the KA1 domain (Fig. 2.1a), it is

reasonable to assume that while the KA1 domain mediates the nonspecific phospho-

lipid binding itself, another mechanism through the spacer region, probably involv-

ing protein-protein interactions, is required for the correct asymmetric localization
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Table 2.1 List of reported substrates of PAR-1

Substrate

14-3-3

Binding Function References

C. elegans LET-99 G-protein regulator, spin-

dle positioning

Wu and Rose (2007)

MEX-5 Somatic fate determinant Griffin et al. (2011)

PAR-3 a Component of the

PAR-aPKC system

Motegi et al. (2011)

Drosophila Dishevelled Wnt signaling mediator Sun et al. (2001)

Oskar Pole plasm organizer Riechmann et al. (2002),

Morais-de-Sa et al. (2013)

PAR-3 + Component of the

PAR-aPKC system

Benton and

St Johnston (2003)

Exuperantia a Mediator of bicoid

mRNA localization

Riechmann and

Ephrussi (2004)

Dlg Scaffold protein for

membrane protein

Zhang et al. (2007,b)

Ensconsin a MT-binding protein Sung et al. (2008)

Myosin II

phosphatase

Non-muscle myosin

inactivation

Majumder et al. (2012)

Xenopus Dishevelled Wnt signaling mediator Ossipova et al (2005)

Mind bomb E3 ligase involved in

Notch signaling

Ossipova et al. (2009)

Mammals

MARK2 tau/MAP2, 4 MT stabilization Drewes et al. (1997)

Doublecortin MT-binding protein

involved in neuron

migration

Schaar et al. (2004)

HDAC + Class IIa histone

deacetylase

Dequiedt et al. (2006)

Rab11-FIP2 Rab11 interacting protein,

recycling regulation

Ducharme et al. (2006)

Dishevelled Wnt signaling mediator Elbert et al. (2006)

CRTC2/

TORC2

+ Transducer of regulated

CREB activity

Fu and Screaton (2008)

Utrophin Component of laminin

receptor complex

Yamashita et al. (2010)

GAKIN + Kinesin motor Yoshimura et al. (2010)

GEF-H1 + MT-associated

Rho-specific GEF

Yoshimura and

Miki (2011),

Yamahashi et al. (2011)

IRSp53 + Rho-GTPase signaling

platform

Cohen et al. (2011)

PSD95 Scaffold protein for

membrane protein

Wu et al. (2012)

(continued)
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of PAR-1 (Doerflinger et al. 2006). Several studies have suggested the involvement

of actin filaments or MTs (Doerflinger et al. 2006; Sato et al. 2013).

2.3.4 Functional Hierarchy of the aPKC Complex
and PAR-1

Although the aPKC complex and PAR-1 mutually regulate each other, PAR-1

generally works downstream of the aPKC complex within the PAR-aPKC system.

This hierarchy was originally demonstrated in the initial genetic studies on the

C. elegans embryos, in which mutations in one of the anterior PARs (PAR-3,

PAR-6, and aPKC) disrupted asymmetric localization of PAR-1, whereas PAR-1

mutation did not severely affect the anterior localization of these proteins (Guo and

Kemphues 1996a; Etemad-Moghadam et al. 1995). It is now clear that the anterior

accumulation of the aPKC complex is primarily driven by the actomyosin-

dependent cortical flow, which is triggered by the initial polarity cue (sperm

entry) (Munro et al. 2004), and the exclusion by PAR-1 plays a secondary support-

ive role to finally stabilize the localization of the aPKC complex. The role of PAR-1

in antagonizing the aPKC complex localization was not detected until recently,

when the role of PAR-1 was examined under suppressing actomyosin activity

(Motegi et al. 2011). Similarly, the apical accumulation of Baz/PAR-3 in the

Drosophila ectoderm is redundantly ensured during the cellularization process

(initial stage of epithelialization) by the dynein-dependent basal-to-apical transport

system (McKinley and Harris 2012). In various epithelial cells, the Dlg/Scribble/

Lgl basolateral complex (see Chap. 4) and the Crb3/Pals1/PATJ apical complex

(see Chap. 3) have also been shown to support the apical localization of the aPKC

complex (Knust and Bossinger 2002). The similar role of Lgl in redundantly

antagonizing the aPKC complex has also been demonstrated in C. elegans embryos

and Drosophila oocytes (Tian and Deng 2008; Beatty et al. 2010).

Table 2.1 (continued)

Substrate

14-3-3

Binding Function References

MARK3 PTPH1 + Tyrosine phosphatase

specific for p38g MAPK

Zhang et al. (1997)

Cdc25 + Protein phosphatase that

control entry into mitosis

Peng et al. (1998)

KSR + MAPK scaffolding

protein

Muller et al. (2003)

PKP2 + Desmosomal adaptor

protein

Muller et al. (2003)

HDAC + Dequiedt et al. (2006)
a14-3-3 binding is predicted, but not verified
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2.4 Roles of PAR-1 in the C. elegans Embryo

The above results suggest that one of the essential roles of PAR-1 in cell polarity is

to support the asymmetric localization of the aPKC complex, which is vital for

establishing various cell polarities (Suzuki and Ohno 2006). However, lack of

PAR-1 frequently causes severe defects in cell polarity without significant defects

in aPKC localization, suggesting active roles of PAR-1 in regulating cell polarity.

For example, mutations in the par-1 gene strongly affect the asymmetric localiza-

tion of cell fate determinants in C. elegans embryos but only weakly affect spindle

positioning and orientation compared with the effects of pkc-3, par-3, or par-6
mutations (Kemphues et al. 1988). These results suggest that the aPKC complex

regulates asymmetric spindle positioning relatively independently of PAR-1 but

regulates asymmetric distribution of cell fate determinants mainly via PAR-1. One

of the direct targets of PAR-1 in this process is the RNA-binding protein, MEX-5

(somatic determinant), which upon fertilization concentrates in the anterior cyto-

plasm, where it induces degradation of germline proteins (Fig. 2.3a, Table 2.1).

PAR-1 plays an essential role in establishing the anterior-posterior gradient of

MEX-5 by directly phosphorylating MEX-5 and releasing it from a slow-diffusive,

RNA-containing complex in the posterior region (Griffin et al. 2011). On the other

hand, the DEP domain G-protein regulator, LET-99, is speculated to be another

direct substrate of PAR-1 (Table 2.1) (Wu and Rose 2007). The regulation of

spindle orientation and position in the C. elegans embryo depends on the polarized

cortical dynein activation, which is regulated by the receptor-independent

heteromeric G-protein pathway. LET-99 plays a central role in this process by

locally inhibiting the G-protein pathway at the lateral cortical belt of the embryo

(Fig. 2.3a). PAR-1 has been suggested to phosphorylate LET-99 and exclude it

from the posterior cortex.

2.5 Roles of PAR-1 in the Drosophila Embryo

2.5.1 Phenotypes of the par-1 Mutants

PAR-1 plays essential roles in the Drosophila oogenesis in two distinct stages, and

MTs have been suggested to be a critical target in both stages. First, the posterior

localization of PAR-1 has been shown to be crucial for the establishment of the A-P

polarity at the late stages of the oocyte (stages 7–9; Fig. 2.3b) (Shulman et al. 2000).

At the beginning of this stage, a putative signal from the posterior follicle cells has

been suggested to gradually induce the anterior localization of the aPKC complex

and the posterior localization of PAR-1 (Riechmann and Ephrussi 2001; Vaccari

and Ephrussi 2002). Then, the MT-organizing center (MTOC), located at the

posterior pole of the oocyte (see stage 6 oocyte in Fig. 2.3b), disassembles, and

instead, MTs are nucleated or anchored at the anterolateral cortex of the oocyte,
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with the plus-ends focused on the posterior pole (Fig. 2.3b). This polarized MT

array directs the localization of bicoid (bcd) mRNA to the anterior of the oocyte,

and oskar (osk) mRNA and Staufen protein to the posterior, and thus defines the

subsequent development of the A-P body axis (Fig. 2.3b). In par-1 hypomorphic

mutant oocytes, in which fate determination of the oocyte proceeds normally (see

below), MTs are nucleated all around the oocyte cortex, resulting in the ectopic

localization of bcd mRNA to the lateral cortex and the accumulation of osk mRNA

and Staufen protein with the MT plusends in the oocyte center (Shulman

et al. 2000). The posterior localization of PAR-1 is indispensable for rescuing

these defects (Doerflinger et al. 2006), and PAR-3/Baz is required for this PAR-1

localization as an upstream factor (Doerflinger et al. 2006, 2010). A recent live

imaging analysis has demonstrated that all MTs in the oocyte are highly dynamic

and nucleated randomly in the nucleus and cortex, but PAR-1 excludes the MT

nucleation from the posterior end of the oocyte and thereby produces biased MT

polarity toward the posterior (Parton et al. 2011).

In addition to the roles at the late phase of oogenesis, PAR-1 has also been shown

to be involved in the oocyte determination process, which occurs in the very early

stages of oogenesis in the germarium, a specific part of the ovary (Fig. 2.3a). In this

process, a single oocyte is selected from 16 descendants of a germline stem cell,

while the remaining cells become highly biosynthetically active nurse cells

(Riechmann and Ephrussi 2001). MTs are organized in the selected oocyte and

extend their plus-ends through cytoplasmic bridges (ring canals) into the nurse

cells, and oocyte-specific factors are transported from the nurse cells to the oocyte

by minusend-directed motors. In a PAR-1-deficient germline clone, MTOC failed

to stably form at the posterior cortex of the prospective oocyte, and thus the

accumulation of oocyte-specific factors was not maintained, albeit transiently

induced (Huynh et al. 2001; Cox et al. 2001).

2.5.2 Downstream Targets of PAR-1 in Drosophila

Oogenesis

Defects in MT organization in par-1 mutant cells implied the involvement of the

MARK activity of PAR-1 in both oogenesis processes. However, it is unlikely,

because null mutants of tau, a single classic MAP in Drosophila, are fully fertile

and have no effect on the arrangement of MTs in the oocyte (Doerflinger

et al. 2003). Although a recent paper argued the involvement of tau in PAR-1

function in the oocyte (Tian and Deng 2009), the data were not strong enough to

override the above results. Instead, the data on the Drosophila oocyte suggest the

presence of unknown downstream targets that control MT nucleation, anchoring,

and stability. It may be noteworthy that the MT-associated protein, Ensconsin, has

been reported to localize to the anterior-lateral cortex of the oocyte in a PAR-1-

dependent manner and play an essential role in the posterior determinants’
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localization (Table 2.1) (Sung et al. 2008). The authors suggested that, Ensconsin is

regulated, at least partially, through direct phosphorylation by PAR-1.

In addition to regulating MTs, PAR-1 has been demonstrated to regulate the

amount of fate determinants through direct phosphorylation. During oogenesis, osk
mRNA is transported into the oocyte from nurse cells in a translationally repressed

state and locally expressed when it correctly accumulates at the posterior pole of the

matured oocyte. PAR-1 not only affects the posterior accumulation of osk mRNA,

as described above, but also regulates the expression level of the Oskar protein by

controlling its degradation (Riechmann et al. 2002; Morais-de-Sa et al. 2013). A

recent study has clarified the phosphorylation site of PAR-1 on Oskar and demon-

strated that this phosphorylation induces the recruitment of the SCF-slimb ubiquitin

ligase, which limits the level of Oskar protein at the posterior and degrades

mislocalized Oskar (Table 2.1) (Morais-de-Sa et al. 2013). On the other hand,

Exuperantia, an essential mediator of bcd mRNA localization, has also been

reported to be a direct target of PAR-1 in the oocyte (Table 2.1) (Riechmann and

Ephrussi 2004). Although the underlying molecular mechanism is unclear, this

phosphorylation has been suggested to occur in nurse cells and regulate the

Exuperantia function.

2.6 Roles of PAR-1 in Epithelial Cell Polarity

2.6.1 Effects of PAR-1 Depletion in Epithelial Polarity

The important roles of PAR-1 in epithelial cell polarity were first revealed in

mammalian MDCK cells by demonstrating that overexpression of the C-terminal

region of MARK2, which localizes to the basolateral membrane, disrupts the

epithelial monolayer (Bohm et al. 1997). Subsequently, PAR-1 has been genetically

shown to be indispensable for epithelial polarity in Drosophila (Fig. 2.2d)

(Doerflinger et al. 2003). When par-1 mutations were somatically induced in

follicle cells using the FLP/FRT technique, these epithelial cells showed uniform

localization of the aPKC complex around the cell cortex or disruption of the

epithelial monolayer. However, these severe phenotypes may reflect PAR-1 func-

tions in the developmental process of follicle cells from their precursor cells,

because small clones in which par-1 mutations were induced at a later stage of

development showed largely normal epithelial polarity but displayed several alter-

ations in cytoskeletal organization. This is consistent with the results in Drosophila
embryonic ectoderm, where PAR-1 depletion only induced slight apical-to-basal

shifts of adherens junctions and Baz/PAR-3 localization and a relatively modest

perturbation of epithelial architecture (Fig. 2.3d) (Bayraktar et al. 2006; McKinley

and Harris 2012). Interestingly, a recent study has further demonstrate that the

balance between PAR-1 and the aPKC complex is utilized to determine the position

of the zonula adherens (ZA) along the lateral membrane, which critically affects the
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apical constriction required for dorsal folding of the gastrulating Drosophila
embryo (Fig. 2.3d) (Wang et al. 2012). Essential establishment of epithelial polarity

without PAR-1 has also been observed in MDCK cells, although the accumulation

of the apical and basolateral membrane proteins, the ZA development associated

with the circumferential F-actin bundles, and the asymmetric organization of MTs

were all reduced, and the characteristic columnar shape was impaired (Cohen

et al. 2004; Suzuki et al. 2004). These results indicate that PAR-1 is not required

for the establishment of epithelial polarity itself, but is essential for the qualities of

epithelial cells, which affect their behavior. This idea is consistent with the results

showing that MARK2-depleted MDCK cells are insensitive to collagen overlaid on

the apical membrane, which normally induces reorganization of the polarity axis

(Fig. 2.3c) (Cohen et al. 2004; Masuda-Hirata et al. 2009).

2.6.2 Downstream Targets of PAR-1 in Regulating Epithelial
Polarity

Regulation of MT organization and dynamics has also been implied in epithelial

cells as one of the important targets of PAR-1. In Drosophila follicle cells, most of

the drastic effects induced by par-1 mutations have been observed in MTs

(Doerflinger et al. 2003; Cox et al. 2001), although actin filament-related structures

were also affected. For example, MTs disappeared in par-1mutant cells, if the cells

were fixed by weak conditions (4 % formaldehyde). On the other hand, They were

more densely observed than in wild-type cells, if the cells were fixed by stronger

conditions (8 % formaldehyde) (Doerflinger et al. 2003). Together with the findings

that MTs in par-1 mutant cells become highly sensitive to treatment with the

MT-depolymerizing drug, colcemid, or cold shock (Doerflinger et al. 2003), these

results suggest that MTs in mutant cells are extremely unstable/dynamic. In addi-

tion, MT organization was also perturbed in par-1 mutants. In epithelial cells, most

MTs exhibit a uniform apicobasal polarity, with their minus-ends localized at the

apical membrane and their plus-ends extending toward the basal membrane

(Fig. 2.3c, d). In par-1 mutant follicle cells, the minus-ends still accumulated at

the apical membrane, but the plus-ends were not detected at the basal sides as they

accumulated in the center in the stage 9 mutant oocyte (Doerflinger et al. 2003). A

similar alteration of the epithelial-specific MT organization has also been observed

in mammalian MDCK cells. When MARK2 was knocked down, the lateral MTs

disappeared, leaving the MT network at the subapical cortex, which showed high

sensitivity to the MT-disrupting drug, nocodazole (Cohen et al. 2004).

The fact that MTs are highly affected by PAR-1 depletion in various epithelial

cells implied that PAR-1 primarily regulates MT dynamics and organization to

promote the epithelial polarity development as suggested in Drosophila oogenesis.

However, the underlying molecular mechanisms are still unknown in this case as

well, as the MARK activity of PAR-1, which is expected to destabilize MTs, does
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not simply explain why PAR-1 depletion decreased MT stability in epithelial cells.

Furthermore, tau has been shown to be dispensable for MT organization in Droso-
phila follicle cells, suggesting that MARK activity is not involved in the PAR-1

functions in epithelial polarity, at least in Drosophila (Doerflinger et al. 2003). It

should be noted that most of the MT organization in epithelial cells is composed of

specifically stabilized/bundled noncentrosomal MTs, the developmental process of

which is still under investigation (Bartolini and Gundersen 2006). A recent study

has demonstrated that PAR-1 interacts with a novel MT-regulating protein, named

microtubule cross-linking factor 1 (MTCL1), which cross-links and stabilizes MTs,

and cooperates with MARK2 for the development of lateral MTs in MDCK cells

(Sato et al. 2013). Therefore, the MARK activity of PAR-1 may be involved in MT

regulation in cooperation with MT-stabilizing/-bundling factors in a spatially and

temporally dependent manner. The role of PAR-1 in the epithelial-specific MT

dynamics and organization probably cannot be investigated only by simple deple-

tion. We have to wait for progress in this field to completely understand the role of

PAR-1 in epithelial cells.

2.7 Roles of PAR-1 in Neuron

2.7.1 Roles of PAR-1 in Neuronal Cell Polarity

Neurons are another type of cell, which develops an extremely polarized morpho-

logy, typically with one axon and multiple dendrites. Consistent with the fact that

tau specifically localizes to the axon and stabilizes MTs, not only MTs but also tau

is known to play critical roles in developing process of this neuronal polarity

(Brandt 1996). The involvement of the MARK activity of PAR-1 has been also

demonstrated in this process. Primary cultured hippocampal neurons of rodents

have been used to investigate the establishing process of this neuronal polarity, in

which one axon differentiated from multiple minor processes with dynamic growth

cones (Fig. 2.4a). At first, the aPKC complex was shown to asymmetrically

accumulate at the tip of axons and play essential roles in axon specification (Shi

et al. 2003; Nishimura et al. 2004). Subsequently, the complex has been shown to

exert this function by locally suppressing the inhibitory activity of PAR-1 on axon

elongation (Chen et al. 2006). This conclusion was based on the findings that

MARK2 knockdown induced multiple axon formations, whereas MARK2

overexpression inhibited the formation of an elongated axon. In addition, the

aPKC complex suppressed the above effect of wild-type MARK2 overexpression,

but not of T595A mutant overexpression, which is resistant to aPKC phosphoryla-

tion. Importantly, this inhibitory role of PAR-1 in axon elongation was consistently

explained by its MARK activity, because tau phosphorylation on Ser262 consis-

tently changed according to MARK2 levels.
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It is noteworthy that despite the above consistent results, there are some contra-

dictory results reporting that PAR-1 works positively in neurite elongation. For

example, overexpression of MARK2 has been reported to increase the tau-positive

axon length in rat hippocampal neurons (Uboha et al. 2007; Terabayashi et al. 2007)

and promote neurite elongation from neuroblastoma n2a cells (Biernat et al. 2002).

To decipher these paradoxical results, it is important to note that overexpression of

tau also promoted neurite elongation, while its mutant lacking the PAR-1

phosphorylation site (Ser262) did not (Biernat et al. 2002). These results indicate

that PAR-1-dependent phosphorylation is essential for tau to work in neurite

extension. Actually, it has been shown that MTs must be dynamic to allow axon

elongation (Tanaka et al. 1995): at the initial phase of neurite extension, dynamic
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Fig. 2.4 Various neuronal activities in which PAR-1 is involved. (a) The axon specification

process observed in primary cultures of hippocampal neurons proceeds in three stages. At the

transition between stages 2 and 3, one of the several initially indistinguishable processes (neuritis)

is selected to become the axon, at the tip of which the aPKC complex is asymmetrically localized.

(b) Schematic illustration of radial migration of neurons observed in mammalian corticogenesis.

Note that a neuron produced by asymmetric division of a ventral progenitor cell (radial glial cell)

transiently takes a multipolar shape at the intermediate zone (IZ) and transforms to a bipolar shape

for further migration to the pia surface. (c) Schematic illustration of the dendritic spine (bottom), of
which the tip makes contact with the presynaptic terminus of another neuron (top), to develop the

postsynaptic density structure. Green lines indicate MTs, of which the plusends (+) stochastically

enter the spine to promote the maturation of the postsynaptic structure
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instability of MTs is essential for making temporary excursions into the transiently

formed lamellipodia and filopodia. On the other hand, MTs should be stabilized and

bundled when the direction is finally determined and neurite elongation advances.

As discussed above, this indicates that simple PAR-1 knockdown or overexpression

can affect MTs differently depending on cell conditions. In fact, MARK2 has been

suggested to inhibit the development of dendrites rather than axons after the

neuronal polarity is established in hippocampal neurons (Terabayashi et al. 2007).

Recently, the kinesin-like motor protein, GAKIN/KIF13B, has been suggested

to be another downstream target of PAR-1 for regulating neuronal polarity

(Table 2.1) (Yoshimura et al. 2010). GAKIN/KIF13B accumulates at the tip of

the nascent axon and positively regulates the axon specification by transporting

phosphatidylinositol (3,4,5)-trisphosphate-containing vesicles (Horiguchi

et al. 2006). MARK2 inhibits these GAKIN/KIF13B activities via phosphorylation,

probably by suppressing its MT binding (Yoshimura et al. 2010).

2.7.2 Other Roles of PAR-1 in Regulating Neuronal
Functions

In the development process of the layered structure of the mammalian brain,

cortical neurons formed at the apical ventricular zone (VZ) exhibit dynamic

polarity changes during their radial migration toward the deep basal layers

(Fig. 2.4b). The neurons exit from VZ with directional polarity to the intermediate

zone (IZ), where they transiently acquire a multipolar phenotype, and later transit to

a bipolar morphology extending the leading and tailing processes, of which the

latter corresponds to the future axon. The roles of MARK2 in this in vivo process

have been analyzed by introducing knockdown or expression vectors into the

developing mouse brain using an in utero electroporation technique (Sapir

et al. 2008). The results indicated that elevated expression at the early stage induced

round neurons losing polarity, whereas reduced expression caused cells to stall in

the IZ boundary with multipolar morphology. These results appear to be consistent

with the data obtained from cultured primary neurons described above. However,

because the expression of a kinase dead mutant in knockdown cells only restored

the morphological phenotypes but failed to rescue the migration defects, the role of

PAR-1 in polarity transition from multipolar to bipolar has been attributed to a

putative scaffold activity of MARK2 (Sapir et al. 2008). In addition, the effect of

MARK2 on migration has been attributed to its role in centrosome dynamics

through its MARK activity. The role of MARK2 in neuronal migration has already

been suggested in 2004 by demonstrating that MARK2 inhibits the MT binding of

doublecortin (Dcx), the mutation of which results in a neuronal migration disorder

(X-linked lissencephaly: X-LIS). PAR-1 has been suggested to regulate neuronal

migration by directly phosphorylating a serine residue, which is mutated in X-LIS

cases (Schaar et al. 2004).
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The important roles of PAR-1 in neurons are also demonstrated in the develop-

ment of synapses, in which the highly polarized local structures exhibit an asym-

metric distribution of proteins and mRNAs (Fig. 2.4c). This was demonstrated first

in the Drosophila larval neuromuscular junction, to which PAR-1 is prominently

localized (Zhang et al. 2007b). PAR-1 negatively regulates synapse formation by

directly phosphorylating Dlg (Table 2.1), which recruits various synaptic proteins

and assembles them into large protein complexes. Phosphorylation of the GUK

domain of Dlg results in its reduced postsynaptic targeting. One of the mammalian

homologs of Dlg, PSD-95, has also been shown to be phosphorylated by MARK2 at

the corresponding serine residue (Table 2.1) (Wu et al. 2012). However, in this

case, the phosphorylation did not suppress the postsynaptic targeting of PSD-95,

but rather promoted the development of dendritic spines, at the tip of which the

postsynaptic structures develop (Fig. 2.4c). Because spine maturation requires a

dynamic state of MTs (Jaworski et al. 2009), the MARK2 activity of PAR-1 also

contributes to the observed positive effect of MARK2, as demonstrated by an

independent study (Hayashi et al. 2011a). In any case, it should be noted that

PAR-3 and the aPKC/PAR-6 complex have also been demonstrated to play a

crucial role in spine development (Hayashi et al. 2011b). This may indicate that

dendritic spines, the very local asymmetric structures, provide another example

where PAR-1 functions as a component of the PAR-aPKC system.

Finally, several studies on Drosophila and Xenopus have demonstrated that

PAR-1 depletion promoted embryonic neurogenesis, because of reduced lateral

inhibition mediated by Notch signaling (Bayraktar et al. 2006; Ossipova

et al. 2009). PAR-1 is thought to function in signal-sending cells by affecting the

membrane localization of the Notch ligand, Delta. Particularly, Mind bomb (Mib),

the E3-ligase of Delta, has been shown to be a direct target of PAR-1 in this

pathway, as PAR-1-dependent phosphorylation stimulates proteasome-dependent

degradation of Mib and thereby attenuates Delta activity (Table 2.1) (Ossipova

et al. 2009). This provides another example of PAR-1 function in regulating protein

stability in addition to the effect on Oskar.

2.8 Roles of PAR-1 in Actin-Related Activities

PAR-1 has been shown to regulate cell migration and tissue morphogenesis (Hurd

and Kemphues 2003). These effects of PAR-1 may reflect its activity not only on

MTs but also on actin cytoskeleton. In fact, the interaction between PAR-1 and

non-muscle myosin-II (NMY-II) has been reported in an early study in C. elegans
(Guo and Kemphues 1996b). Although the physiological significance of this inter-

action remains to be clarified, a recent study on Drosophila has demonstrated

another link between PAR-1 and myosin activity (Majumder et al. 2012). In the

Drosophila egg chamber, the 6–10 border cells derived from the anterior follicle

cells detach and show collective migration to the anterior border of the oocyte

(Fig. 2.3b). In these cells, PAR-1 has been shown to enhance NMY-II activity by
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phosphorylating a known inactivation site of the myosin phosphatase subunit

(Mbs/MYPT1) (Table 2.1). The basolateral localization of PAR-1 in follicle cells

is inherited by migrating border cells as asymmetric localization to the rear end,

where PAR-1 locally activates NMY-II and promotes detachment of border cells

from follicle cells. Although a similar activity has not been observed in mammals,

yet, it may provide the molecular basis for the phenomena that MARK2-lacking

MDCK cells lose the epithelial-specific columnar shape (Cohen et al. 2004; Suzuki

et al. 2004), which is maintained by the contraction of actomyosin bundles sur-

rounding the apex of the epithelial cells.

The protein interaction cloning system in mammalian cells has identified several

PAR-1-binding proteins involved in other actin-related activities. One of them is

GEF-H1, an MT-associated guanine nucleotide exchange factor specific for Rho

GTPase, which is activated when released from MTs. A recent study has demon-

strated that MARK2 inhibits its GEF activity by inducing MT binding through

direct phosphorylation of a C-terminal serine residue (Yamahashi et al. 2011).

Because another study has demonstrated that MARK2 phosphorylates N-terminal

serine residues and thus suppresses MT binding of GEF-H1 (which should result in

GEF-H1 activation) (Yoshimura and Miki 2011), the effects of PAR-1 on GEF-H1

activity seem to be rather complicated and fine-tuned. On the other hand, MARK2

has also been shown to interact with IRSp53, a platform of the Rho family GTPase

signaling pathway, and inhibit its interaction with the actin filament regulator,

WAVE2, via direct phosphorylation (Table 2.1) (Cohen et al. 2011). Another

MARK2-binding protein, PAK5, a neuronal member of the p21-acivated kinase

family, has been reported to reside upstream, not downstream, of MARK2 and to

inhibit the MARK2 kinase activity, not through its catalytic activity but through its

binding activity (Matenia et al. 2005).

The involvement of PAR-1 in the regulation of the cell-extracellular matrix

(ECM) interaction has also been demonstrated in MDCK epithelial cells (Masuda-

Hirata et al. 2009). MARK2 interacts with the laminin receptor, the dystroglycan

(DG) complex, and promotes basal lamina accumulation underneath the epithelial

cells by enhancing the basolateral localization of the DG complex. The interaction

is mediated by direct binding of PAR-1 to utrophin, an actin-binding protein that

belongs to the spectrin superfamily, which anchors to the DG complex and medi-

ates the linkage between the intracellular actin cytoskeleton and ECM (Yamashita

et al. 2010). This role of PAR-1 in regulating basal lamina formation has been

confirmed in organ cultures of mouse embryonic salivary glands and has been

suggested to be regulated by Rho kinase (Daley et al. 2012). Taken together, these

accumulating data suggest that PAR-1 regulates not only MTs but also the actin

cytoskeleton, to control cell migration and tissue morphogenesis.
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2.9 Roles of PAR-1 in Wnt Signaling and Dishevelled

Functions

The findings that PAR-1 phosphorylates Dishevelled (Dvl) and positively regulates

Wnt signaling stimulated the initial stage of the PAR-1 study (Sun et al. 2001), as

they implied an unexpected link between two important developmental pathways

regulating body axes. Although the physiological significance of the Dvl phosphory-

lation remains to be clarified (Matsubayashi et al. 2004; Bernatik et al. 2011; Elbert

et al. 2006; Ossipova et al. 2005; Kusakabe and Nishida 2004), the studies on

Xenopus embryos have demonstrated that PAR-1 is involved in the noncanonical

Wnt signaling regulating the convergent extension and neural crest specification

(Ossipova et al. 2005; Ossipova and Sokol 2011; Kusakabe and Nishida 2004).

PAR-1BY, one of the Xenopus PAR-1 isoforms, but not other isoforms, has been

shown to promote the membrane association of Dvl through phosphorylation and

thereby regulate noncanonical Wnt signaling. On the other hand, noncanonical Wnt,

Wnt5a and Wnt11, have been shown to trigger the redistribution of PAR-1 from the

membrane to the cytosol in embryonic ectoderm (Ossipova and Sokol 2011), which

is important for PAR-1 function during gastrulation (Kusakabe and Nishida 2004).

Because mammalian Dvl1 has been shown to mediate Wnt5a-dependent activation

of aPKC in primary neurons (Zhang et al. 2007a), this Wnt-induced membrane

dissociation of PAR-1 may be caused by aPKC phosphorylation. It is also note-

worthy that, albeit contradicting the above results, mammalian Dvl1 enhances the

membrane recruitment of MARK2 by inducing its phosphorylation in the UBA

domain by an unknown kinase (Terabayashi et al. 2008). In any case, these accu-

mulating results suggest that PAR-1 and Dvl may mutually regulate the membrane

localization of each other to mediate the noncanonical Wnt signaling.

2.10 Concluding Remarks

Cell polarity regulation is one of the fundamental functions of the cell, which is

achieved by integrating various cellular activities. In reflection of this requirement,

PAR-1 kinase, the main downstream effector of the topmost regulator of cell

polarity, the aPKC complex, exerts significantly versatile and complicated acti-

vities. The impact of PAR-1 on cell activity is the sum of its effects on various

downstream targets (Table 2.1), making it difficult to obtain a simple view of

PAR-1 functions. This is particularly true in mammals, in which a single knockout

of the four PAR-1 paralogs does not result in embryonic lethality with develop-

mental defects, but leads to defects in spatial learning and memory, immune system

dysfunction, and unregulated metabolism (Hurov et al. 2001, 2007; Lennerz

et al. 2010). Nevertheless, it is safe to say that one of the main regulatory targets

of PAR-1 is MT dynamics, and the MARK activity of PAR-1 represents one of the

underlying mechanisms of this PAR-1 function, particularly in mammalian
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neurons. Accumulating evidence also suggests that the regulation of actin-related

activity, involving myosin and Rho GTPase, represents another pathway by which

PAR-1 regulates cell polarity. In this regard, it is very interesting that several other

kinases belonging to the AMPK subfamily have been shown to regulate MTs or

myosin activity (Lee et al. 2007; Barnes et al. 2007; Zagorska et al. 2010). These

results may support the notion that PAR-1 represents a specific member of the

AMPK subfamily, which is dominantly selected by the aPKC complex as the

downstream target, because of its ability to bind phospholipids through the KA1

domain (Figs. 2.1 and 2.2). No matter whether this notion is correct or not, there is

no doubt that the evolutional insight on the PAR-aPKC system will provide

powerful tools to integrate increasing data on PAR-1.
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Chapter 3

The Crumbs3 Complex

Barbara Vacca, Magali Barthélémy-Requin, Céline Burcklé,

Dominique Massey-Harroche, and André Le Bivic

Abstract Epithelial layers have allowed the evolution of metazoans by promoting

complex multicellularity and protection from the environment. This essential role

for epithelia relies on their ability to build an apical surface facing the outside world

and a basolateral surface connecting cells together to coordinate their movements

and resistance to stress. These epithelial features are dependent on several protein

complexes for their establishment and maintenance. Among these protein com-

plexes, one complex contains an apical transmembrane protein, Crumbs, that plays

an essential role for the proper organization of tight junctions, apical morphology,

or cell and tissue growth. In this chapter we will review how Crumbs3, one of the

Crumbs proteins, both recruits adapter proteins essential for the building of tight or

adherens junctions in vertebrates and interacts with the subapical actin cytoskele-

ton. These functions are broadly conserved in animals from flies to human, and it

remains a challenge to understand all the molecular mechanisms by which Crumbs3

and its partners participate in the building of a functional epithelial sheet to keep

body homeostasis and to allow for morphogenetic events as essential as

gastrulation.

Keywords Actin cytoskeleton • Adherens junctions • Crumbs3 • Epithelial

polarity • Human (all on page 1)
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MAGUK Membrane-associated guanylate kinase

MDCK Madin-Darby canine kidney

MPP5 Membrane-associated palmitoylated proteins

OLM Outer limiting membrane

PALS1 Protein associated with Lin-7

PAR6 Partition defective-6

PATJ PALS1-associated tight junction protein

PDZ PSD-95, discs large, zona occludens 1

RP12 Retinitis pigmentosa group 12

Sdt Stardust

TJ Tight junction

3.1 Introduction

Crumbs was first identified in Drosophila melanogaster, where mutations in this

gene produced an absent or dispersed cuticle, hence giving the name “Crumbs”

(DCrb in the case of Drosophila Crumbs) (Tepass et al. 1990). This phenotype

indicated a role of DCrb in epithelium organization as the cuticle is secreted by the

underlying epithelial epidermis. DCrb is a transmembrane protein with a small

cytoplasmic domain consisting of 37 amino acids and a large extracellular domain

consisting of 28 EGF-like repeats and three laminin G-like repeats (Fig. 3.1a). A

few years later, Wodarz et al. (1995) established that the cytoplasmic domain of

DCrb is crucial for its function in epithelial morphogenesis. This intracellular

domain shows a FERM (4.1-ezrin-radixin-moesin)-binding motif, a C-terminal

PDZ (PSD-95, discs large, ZO1)-binding motif (called ERLI for the last four

amino acids), and a putative DaPKC (Drosophila atypical protein kinase C.)

phosphorylation motif (for review see Bazellieres et al. (2009)).

The first evidence of a conservation of Crumbs between invertebrates and

vertebrates was presented 10 years later by den Hollander et al. (den Hollander

et al. 1999). These authors discovered that a human gene mutated in retinitis

pigmentosa group 12 (RP12) disease was very similar to DCrb. This gene was

called CRB1 and the largest protein isoform expressed has the same domain

architecture as both the extra and intracellular domains of DCrb (Fig. 3.1a). Two

additional genes, CRB2 and CRB3, were then discovered (Katoh and Katoh 2004;

Makarova et al. 2003) and found to encode proteins with a highly conserved

cytoplasmic domain (showing 51 and 56 % of identity with human CRB1)

(Fig. 3.1b). CRB3 is the only homolog exhibiting a very short extracellular

sequence with no recognizable protein domain (as shown in Fig. 3.1a). Several

splice variants have been described for CRB1 and CRB2, which encode proteins

lacking the transmembrane and intracellular domains, which are therefore presum-

ably secreted (CRB1s and CRB2s) (Katoh and Katoh 2004; Watanabe et al. 2004).

This chapter will focus on the CRB3 core complex made of PALS1 (for protein
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associated with Lin-7) and PATJ (for PALS1-associated tight junction protein)

(Fig. 3.2).

3.1.1 Crumbs3 Diversity and Evolution

From the recent genomic studies, it is now becoming more and more obvious that

the polarity complexes appeared at the onset of animal evolution, and in particular
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Fig. 3.1 Schematic representation of DCrb and human CRB1, CRB2, and CRB3. (a) Extracellu-

lar regions of DCrb, CRB1, and CRB2 are composed of EGF and laminin A/G domains. Domains

are shown according to the SMART program (simple modular architecture research tool, http://

smart.embl-heidelberg.de). (b) Alignment of human CRB cytoplasmic domain sequences. The

signal peptide is not considered for the amino acid numbers. In the table, the percentage of

identical amino acids is indicated in dark blue color compartments (one gap for each CRB was

necessary for alignment of CRB1 and CRB3A) and the conserved positive charges in light blue
(http://blast.ncbi.nlm.nih.gov/Blast.cgi)
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Crumbs homologues have been identified in sponges such as Amphimedon
queenslandica and are present in all metazoan clades while they are not found in

more ancient phyla (for review see Le Bivic (2013); Fahey and Degnan (2010)).

Among the Crumbs proteins, CRB3 isoforms however are so far found only in

vertebrates and are likely derived from a partial duplication of a Crumbs gene. The

loss of a typical Crumbs extracellular domain with its EGF- and laminin-like

repeats had a likely consequence upon CRB3 function in extracellular signaling

by preventing interactions which have yet to be clearly identified and demonstrated.

Genomic analysis clearly shows that CRB3 appeared with the vertebrate lineage

more than 500 million years ago and has been duplicated in species such as the

Danio rerio (Omori and Malicki 2006). The fact that mammalians shared two new

evolution traits not found in other vertebrates indicates that this duplication in fishes

likely occurred after the emergence of the mammals. The first new feature is the

presence of a PPxP motif in the cytoplasmic tail of CRB3A probably giving more

flexibility to the C-terminal ERLI for yet unknown reasons (see Fig. 3.1b). The

second one is the existence of a spliced isoform called CRB3B leading to a slightly

longer cytoplasmic tail and a CLPI motif at the C-terminal end but lacking the

proline-rich region (Fan et al. 2007) (Fig. 3.2a, b).
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Fig. 3.2 hCRB3. (a) Schematic diagram of splicing CRB3 mRNA to produce CRB3A and

CRB3B proteins. (b) Sequences of zebra fish (z) and human CRB3 proteins. Conserved amino

acids are in underlined bold
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3.1.2 The Crumbs3 Complex

In mammalian epithelial cells, CRB3 makes a complex with several adaptors or

scaffold proteins, namely, PALS1, PAR6 (for partition defective-6), aPKC, and

PATJ or MUPP1 (multi-PDZ domain protein) (Fig. 3.3).

PALS1 was first identified as a Lin7-binding protein (Kamberov et al. 2000) that

localizes to tight junctions (TJs) in Madin-Darby canine kidney (MDCK) cells (Roh

et al. 2002b). At least two isoforms of PALS1 were identified in that study, but their

functional relevance has not yet been identified. In mammals, PALS1 is also called

MPP5 (for membrane-associated palmitoylated proteins), and in Drosophila
melanogaster, it was identified as the product of the Stardust (Sdt) mutant which

was found in a genetic screen that also uncovered Crumbs (for review see Muller

(2000)) but was only identified molecularly in 2001 (Bachmann et al. 2001; Hong

et al. 2001). PALS1 belongs to the MAGUK (for membrane-associated guanylate

kinase) family of adaptor proteins which contain PDZ, Src homology 3, and

guanylate kinase domains. PALS1 binds to the C-terminal end (ERLI) of Crumbs

by its PDZ domain and has two L27 C and N domains that bind to Lin7 and PATJ,

respectively (Roh et al. 2002b). Later, it was demonstrated that CRB3A is ubiqui-

tously expressed in mammalian epithelial cells where it binds to PALS1 with its

conserved ERLI motif (Makarova et al. 2003).
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Fig. 3.3 Crumbs3A complexes in mammals (note that all components of these complexes can

bind PAR6). (a) The backbone of this complex is composed of CRB3A, PALS1, and PATJ.

(b) The backbone of this complex is composed of CRB3A, PALS1, and MUPP1. (c) The backbone

of this complex is composed of CRB3A, PAR6, and aPKC
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PALS1 with its L27N domain recruits two multi-PDZ proteins named PATJ and

MUPP1 (Ullmer et al. 1998) via their own L27 domains. PALS1 binding affinity for

MUPP1 is weaker than that for PATJ (Adachi et al. 2009; Roh et al. 2002b). PATJ

and MUPP1 contain from 9 to 13 PDZ domains, respectively, and most of these

domains share a high similarity both in sequence and in binding partners (Adachi

et al. 2009; Assemat et al. 2013; Bazellieres et al. 2009). Since both PATJ and

MUPP1 are scaffold proteins with multiple PDZ domains, the list of their partners is

impressive and will not be further discussed here (for review see Assemat

et al. (2008)). PATJ and MUPP1 form exclusive complexes with CRB3A and

PALS1 in human epithelial cells, but how the balance between these two complexes

is maintained remains unknown (Assemat et al. 2013). PATJ and MUPP1 also

interact with PAR6 although the binding affinity between MUPP1 and PAR6

seemed to be much lower than between PATJ and PAR6 (Adachi et al. 2009).

This later interaction involves the PDZ4 domain of PATJ and the amino acids 98–

132 of PAR6, but its functional importance is not known so far (Adachi et al. 2009).

CRB3A by its ERLI motif binds directly to the PDZ domain of PAR6 (Lemmers

et al. 2004), and this interaction is conserved in D. melanogaster (Kempkens

et al. 2006). PAR6 also makes a conserved complex with aPKC in metazoans

(Le Bivic 2013), and aPKC has been shown to phosphorylate Crumbs in

D. melanogaster (Sotillos et al. 2004). It is thus considered that the CRB3A

complex is minimally made of PALS1/PATJ and PAR6/aPKC. Indeed it was

shown that the two polarity complexes are molecularly linked through multiple

interactions both in mammalian and fly epithelial cells (Adachi et al. 2009; Hurd

et al. 2003; Lemmers et al. 2004; Nam and Choi 2003) (Fig. 3.3). Thus, one of the

next technological challenges in epithelial biology will be to visualize in situ the

formation and composition of these apical polarity complexes to better understand

their spatiotemporal evolution.

The cellular expression and localization of the members of the CRB3A complex

have been studied both in vitro and in vivo, and while the apical targeting signals

involving CRB3A have not been identified yet (Makarova et al. 2003), there is still

the hypothesis that its O-glycan-rich extracellular stalk is required in this targeting

as for the p75NTRreceptor (Yeaman et al. 1997) through a galectin-3 dependent

mechanism (Delacour et al. 2006). The targeting of PALS1 to TJs requires the

L27N domain that binds to PATJ (Roh et al. 2002b) indicating that PATJ recruits

PALS1 to the apico-lateral junctions in mammals as it was demonstrated by PATJ

depletion in Caco2 cells (Michel et al. 2005). Finally, PATJ is targeted to TJs by its

PDZ6 domain which binds to ZO-3, thus providing a potential direct recruitment

mechanism for PATJ at TJs (Roh et al. 2002a). This localization of PATJ is

however independent of CRB3A or PALS1 localization since their overexpression

had no effect on PATJ localization at TJs while it delocalized aPKC (Michel

et al. 2005).

How the co-expression of proteins of the CRB3A complex is regulated is still

largely unknown, but previous studies have shown that the expression of CRB3A is

under the control of the Snail transcription factor while both PALS1 and PATJ are

less sensitive to Snail expression (Whiteman et al. 2008). A latter study from the
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same group showed that CRB3A in addition to being a transcriptional target of

Snail is also regulated by this factor at the posttranscriptional level (Harder

et al. 2012). CRB3A expression is not directly regulated by PALS1 levels since

its knockdown (KD) does not modify CRB3 expression in MDCK cells (Wang

et al. 2007). CRB3A expression levels are also not affected by PATJ depletion both

in MDCK and Caco-2 cells (Michel et al. 2005; Shin et al. 2005), indicating that

these two cytosolic proteins are not essential for CRB3A synthesis and stabiliza-

tion. In vivo CRB3A expression is however essential for normal levels of PALS1

and PATJ since both proteins are strongly reduced in the lungs of CRB3-/- mice

(Whiteman et al. 2014), suggesting a non-reciprocal dependence.

PALS1 and PATJ on the other hand show a complex co-regulation that seems to

depend on the cell type or organization. In MDCK and Caco2 cells (two highly

polarized epithelial cell lines), PATJ KD has no effect on PALS1 expression

(Michel et al. 2005; Shin et al. 2005), while in MCF10A cells (weakly polarized

epithelial cell line), PATJ KD resulted in a reduction of PALS1 levels (Assemat

et al. 2013). PALS1 KD on the other hand strongly decreased PATJ levels both in

MDCK (Wang et al. 2007) and MCF10A cells (Assemat et al. 2013). In this latter

cell line it was shown that PALS1 depletion induced a shorter half-life for PATJ

suggesting that if PATJ is required for PALS1 localization, PALS1 is required for

PATJ stabilization. In addition, in the same MCF10A cells, it was shown that there

is a balance between the levels of PATJ and MUPP1 and that in the absence of

MUPP1, PATJ is stabilized by forming more complexes with PALS1 (Assemat

et al. 2013). How general this opposite regulation is remains to be determined.

3.1.3 Role of the Crumbs3 Complex in Cell Polarity
and Tight Junction Formation

In D. melanogaster, Crumbs was first described as a gene essential for the organi-

zation of the first epithelial layer at the onset of gastrulation (Tepass et al. 1990).

Since the general organization of the primary epithelium and the secretion of the

apical cuticle material were severely compromised, Dcrumbs was later associated

with other genes producing similar phenotypes such as the PAR complexes and

labeled as a polarity protein together with Stardust (Bachmann et al. 2001; Hong

et al. 2001; Hurd et al. 2003; Johnson andWodarz 2003). It is however puzzling that

in C. elegans, depletion of both crb-1 and crb-like genes does not show any obvious

phenotype on epithelial organization or polarity (Bossinger et al. 2001; Shibata

et al. 2000) while the other polarity complexes such as the PAR complexes have a

conserved function at least in cell polarity besides asymmetric cell divisions

(Pellettieri and Seydoux 2002). In fact even in crb mutant flies, while the global

organization of the primary epithelium is severally affected, there are little evi-

dences that DCrumbs or Stardust are bona fide polarity proteins since basolateral

proteins are not found on the apical side of epithelial cells in sdt embryos, for
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example (Hong et al. 2001). Further reexamination of crb and sdt phenotypes in
several species will be necessary to clarify this important issue.

Crumbs and Stardust however are essential for the formation and maintenance of

adherens junction (AJ) in flies (for review see Tepass (2012)). This function in

junction formation seems to be conserved in vertebrates for CRB3A since it has

been shown that exogenous expression of CRB3A in MCF10A human epithelial

cells induced the formation of TJs and that both the PDZ- and FERM-binding

domains are necessary for this process (Fogg et al. 2005). In addition,

overexpression of CRB3A in either MDCK or Caco2 epithelial cells inhibited or

delayed TJ formation, thus reinforcing the hypothesis that CRB3A plays a role in TJ

assembly or maintenance (Lemmers et al. 2004; Roh et al. 2003). TJ formation and

maintenance rely on the integrity of AJ, and one more evidence that the CRB3A/

PALS1 complex is involved in AJ regulation was brought by the knockdown

(KD) of PALS1 in MDCK cells showing severe TJ and AJ defects and a failure

to deliver E-cadherin to the cell surface (Wang et al. 2007). Finally, PATJ KD in

MDCK, Caco2, or EpH4 (from mouse mammary gland) consistently leads to

defects in TJ formation and sealing in epithelial layers (Adachi et al. 2009; Michel

et al. 2005; Shin et al. 2005). Altogether these data strongly indicate a role for the

CRB3A/PALS1/PATJ complex in the building and/or stabilization of AJs and TJs

in epithelial cells in culture. In addition PALS1, PATJ, and MUPP1 PDZ domains

are targets of viruses that induce their degradation or their mislocalization and then

defects in TJ (Javier and Rice 2011). It is thus intriguing that in a recent study, a

mouse CRB3-/- shows no signs of TJ alterations both by immunostaining and

electron microscopy in organs such as lungs, kidney, or intestine (Whiteman

et al. 2014). The contribution of other Crumbs (namely, 1 and 2) was however

not tested, and further work using double-knockout mouse (KO) with the already

published CRB1-/- (van de Pavert et al. 2004) or CRB2-/- (Alves et al. 2013; Xiao
et al. 2011) will be necessary to clarify this crucial point. On the other hand,

depletion of PALS1 in vivo induced a loss of AJs both in the neuroepithelium of

the neural tube in a KOmouse (Kim et al. 2010) and in the outer limiting membrane

(OLM) of the retina in a KD mouse (Park et al. 2011). Finally, nagie oko, the

homolog of PALS1 in the zebra fish, is also essential for proper epithelial integrity

(Bit-Avragim et al. 2008; Zou et al. 2008). These in vivo data confirm that PALS1 is

indeed essential for the correct assembly and/or maintenance of AJs.

3.1.4 Role of the Crumbs3 Complex in Cell Migration
and Ciliogenesis

Proteins important for epithelial organization such as E-cadherin are known to be

essential to prevent carcinogenesis (for review see Canel et al. (2013)). Accord-

ingly, it has been shown that CRB3A expression is lost during in vivo acquisition of

tumorigenicity and that restoration of its expression suppressed cell migration and
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metastasis while rescuing epithelial organization (Karp et al. 2008). This role of

CRB3A in epithelial cell migration was however not confirmed using MDCK cells.

The same study showed in addition that both PALS1 and PATJ are necessary for

correct polarized cell migration (Shin et al. 2007). A recent study using MCF10A

cells confirmed that PATJ is essential for polarized cell migration while neither

PALS1 nor MUPP1 were needed (Assemat et al. 2013). Thus, more studies using

different models in vitro and in vivo will be necessary to clarify the exact role of the

CRB3A complex in cell migration.

One very intriguing role of the CRB3 complex concerns its possible implication

in primary ciliogenesis. Using antibodies against the C-terminal end (including the

ERLI motif), it was shown that CRB3A is detected in the cilia on adult rat kidney

sections and in the primary cilium of MDCK and IMCD3 (inner medullary

collecting duct) cells that are both of renal origin (Fan et al. 2004). Depletion of

CRBA/B from MDCK cells using an RNA interference strategy targeting both

isoforms prevented the formation of the primary cilium without disrupting PATJ

staining at the TJ level (Fan et al. 2004). In a later study, the same group showed

that CRB3B is also detected in the MDCK primary cilium and that its KD with

specific shRNA also blocked primary ciliogenesis albeit the re-expression of a

tagged version of CRB3B could not reverse this phenotype (Fan et al. 2007). The

role of CRB3A in ciliogenesis however was not investigated in that context and

remains to be clarified in mammalian cells in culture. It must be noted however that

cilia are still present in the CRB3-/- mouse kidney or lungs (Whiteman et al. 2014),

indicating that CRB3A and B are either not essential or compensated by other

Crumbs (1 or 2). Further studies with the CRB1-/- (van de Pavert et al. 2004) and

CRB2-/- (Alves et al. 2013; Xiao et al. 2011) mice will help to investigate the

contribution of each Crumbs in ciliogenesis.

In other species such as the zebra fish, Crumbs3a localizes to the basal bodies of

auditory hair cells, and its depletion resulted in a shortening of the kinocilium

(Omori and Malicki 2006), indicating that indeed Crumbs3 proteins might have a

role in ciliogenesis. It has been postulated that this role in ciliogenesis was mediated

through the aPKC/PAR6/PAR3 complex since these proteins interact with CRB3A

(Hurd et al. 2003; Lemmers et al. 2004) and that PAR3 and PAR6 co-localized with

CRB3A in the primary cilium of MDCK cells (Fan et al. 2004). PALS1 and PATJ

on the other side have not been reported to accumulate in the cilium, but in a PALS1

mouse KO, there is a strong reduction of the number of basal bodies and cilia in the

neural epithelium (Kim et al. 2010). This last finding should lead to revisiting the

role of the CRB3A/PALS1 in ciliogenesis both in vitro and in vivo.

3.2 Conclusions and Perspectives

Since the discovery of CRB1, the first vertebrate homolog of DCrumbs in 1999, a

considerable amount of work has been devoted to understand the cellular and tissue

roles of Crumbs and its partners in epithelial morphogenesis and physiology.
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In particular the functions of the CRB3A complex have been uncovered in epithe-

lial cells in culture which, with the development of RNAi, offered suitable systems

to investigate cell polarity, junction formation, primary ciliogenesis, and cell

division. While it seems that some of these cellular roles might be confirmed

in vivo, the recent development of mouse models for CRB1, CRB2, and CRB3

will allow to dissect in vivo the role of CRB3. These mouse models, in conjonction

with the use of appropriate cell lines in vitro, will help to further test the link

between CRB3 and the subapical cytoskeleton as it has been already shown in flies

(Medina et al. 2002). It is thus exciting to see that in the CRB3-/- mouse intestinal

cells show similar defects as those observed in the Ezrin KO and that CRB3A and

Ezrin can form a complex (Whiteman et al. 2014). Further studies will dissect this

interaction and its functional and morphological significance. Another promising

line of research will be to investigate in vivo the role of CRB3A in cell proliferation

and carcinogenesis through the Hippo and the mTOR pathways (Massey-Harroche

et al. 2007; Varelas et al. 2010). In addition, the development of a specific mouse

model depleted in either CRB3A or B will also allow understanding the respective

roles of these two isoforms. The use of the zebra fish model will offer, in addition to

the mouse model, the possibility to investigate the role of the CRB3A complex in

cell migration and neuronal development. This is essential since it has been

described in the mouse that PALS1 plays an important role in the morphogenesis

of the myelin sheet in peripheral nerves (Ozcelik et al. 2010). The use of a

developmental animal model allowing live imaging such as the zebra fish will be

of first importance to better understand the pleiotropic roles of the CRB3A complex

that is likely conserved in vertebrates.
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Abstract Although the Scribble polarity module has long been known as a key

regulator of apicobasal polarity, it is only recently that its broader role in the control

of near all polarity states and transitions is being appreciated. Here we review the

Scribble module in the regulation of cell polarity and other cellular functions at the

molecular and cellular level. The more recent detailed analysis of multiple verte-

brate models for each of its component homologues, Scribble, Dlg and Lgl, has

revealed specific but also common roles for individual homologues in a variety of

developmental contexts. In addition, emerging data has also implicated the Scribble

polarity module in human developmental syndromes and the etiology of human

cancer, highlighting a need for a better understanding of this polarity module for

therapeutic purposes. Unlocking the temporal and spatial coordination of the

myriad interactions that these signaling scaffolds regulate is a major challenge for

the field and will be key to resolve the function of Scribble, Dlg, and Lgl in the

control of cell polarity and tissue architecture.

Keywords Asymmetric cell division • Cancer • Cell competition • Lymphocytes •

Migration • Planar cell polarity • Protein localization

4.1 Introduction

Cell polarity can be defined as an asymmetric distribution of cellular protein, lipids,

and organelles and is a fundamental property of all eukaryotic cells (Nelson 2003;

Macara and Mili 2008; St Johnston and Ahringer 2010). Cell polarity appears in

various different guises in multicellular organisms that include apical–basal polar-

ity (ABP), a common form of polarity involved in epithelial tissue that allows

spatial segregation of cellular components between lumen and the basement mem-

brane; planar cell polarity (PCP), also known as tissue polarity, which is the

coordinated asymmetries seen across multiple cells within a tissue sheet or organ;

front–rear polarity (FRP), observed in migrating cells such as immune cells or in

wound healing; asymmetric cell division (ACD), where spindle orientation and

asymmetric cargo distribution during cell division is utilized to confer cell fate; as

well as a number of cell specific polarities including immune synapse formation and

the polarity seen in neuronal dendrite formation (Nelson 2003; Dow and Humbert

2007; St Johnston and Ahringer 2010; Rodriguez-Boulan and Macara 2014). A

number of key core protein modules have been implicated in the regulation of this

asymmetry at a cellular level and include the Par protein complex (see Ohno et al.,

Vol. 1, Part 1, Chap. 1), Crumbs complex (see Le Bivic et al., Vol. 1, Part

1, Chap. 3), the Pins complex (see Wodarz et al., Vol. 2, Part 2, Chap.1, and van

den Heuvel et al., Vol. 2, Part 2, Chap. 2), and the subject of this chapter, the

Scribble polarity module. Here we will focus on the role of Scribble, Dlg, and Lgl in

cell polarity with an emphasis on epithelial systems. We direct the reader to

excellent supporting reviews for further reading (Roberts et al. 2012; Grifoni

et al. 2013; Su et al. 2012; Elsum et al. 2012; Yamanaka and Ohno 2008; Humbert

et al. 2008).
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4.2 The Scribble Polarity Module: Structure, Partners,

and Localization

The Scribble polarity module consists of three distinct proteins, namely, Scribble

(Scrib), discs large (Dlg), and lethal giant larvae (Lgl) that were first described as

apicobasal polarity regulators and neoplastic tumor suppressors in Drosophila
melanogaster (reviewed in Bilder 2004; Humbert et al. 2003). We will refer to

these proteins as a module rather than complex, since although well-defined

physical interactions occur between proteins of the Par and Crumbs polarity

complexes, it is less clear for the Scribble polarity module. Of note Scribble, Dlg,

and Lgl proteins play highly conserved roles in the regulation of cell polarity in

multicellular organisms and have been found in the majority of metazoans exam-

ined to date from Trichoplax adhaerens (an organism only consisting of two

epitheloid layers and lacking any organs or internal structures) to Homo sapiens
either as single copy genes or duplicated gene sets (see OrthoDb; Waterhouse

et al. 2013). Components of the Scribble polarity module are thought to operate

as site-specific protein scaffolds that can regulate temporal and localized cell

signaling to enable the establishment and maintenance of cell polarity in various

epithelia and cell types. The major physical features that define and influence their

function therefore include their individual conformational structure, their

intermolecular interactions within the module, and how the physical link with

other protein complexes and signaling pathways is regulated. Importantly, in

view of their critical role in establishing and maintaining asymmetry within cells

through local positioning of signaling pathway components, the regulation of their

cellular localization is central to their function.

4.2.1 Structural Determinants of Scribble, Dlg, and Lgl

The three core members of the Scribble polarity module are large proteins that are

rich in protein–protein interaction domains (see Fig. 4.1 for a schematic represen-

tation). Scribble is a LAP family protein (LRR and PDZ) that contains an LRR

domain (leucine-rich repeat), a protein recognition motif that consists of repeated

20–30 amino acid stretches that give rise to a “horseshoe”-shaped domain (Kobe

and Kajava 2001), and four PDZ (PSD-95/Dlg/ZO-1 homology) domains, regions

of 80–90 amino acids that are common protein motifs and mediate protein–protein

interactions generally through binding to peptide motifs at the C-terminal end of

proteins (Santoni et al. 2002; Nourry et al. 2003). Discs large (Dlg) is a member of

the MAGUK family of proteins and contains 3 PDZ domains as well as Src

homology 3 (SH3) and guanylate kinase-like (GUK) domains (Funke et al. 2005)

(Fig. 4.1). The GUK domain of MAGUK proteins is catalytically inactive due to the

absence of an ATP-binding site and is thought to regulate protein interactions

(Funke et al. 2005), while the SH3 domain is a protein–protein interaction domain
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that is selective for proline-rich ligands and can enhance the assembly of large

multiprotein complexes (Mayer 2001). Lgl contains four WD40 repeats that are

structural motifs composed of approximately 40–60 amino acids that usually end

with a tryptophan–aspartic acid (WD) dipeptide and assemble in four-stranded

antiparallel sheet conformation (Stirnimann et al. 2010) (Fig. 4.1). Of note,

WD40-containing proteins often regulate the assembly of macromolecular com-

plexes and invariably appear to lack enzymatic activities (Stirnimann et al. 2010).

4.2.2 Interaction Partners

As proteins with multiple protein–protein interaction domains, it is not surprising

that members of the Scribble polarity module display a wide variety of protein

interactions that allow control of the concentration, localization, and composition

of macromolecular complexes. Although it is beyond the scope of this review to

provide a detailed list of all the interactions that have so far been described for each

of Scribble, Dlg, and Lgl family members, these interactions are wide and varied

and range from transmembrane receptors, enzymes, and transcription factors to

cytoskeletal proteins with many of these interactions hijacked by viral proteins.

At the core of the Scribble polarity module, intermolecular interactions have

been described in mammals between Scribble and Lgl (Kallay et al. 2006) and

LRR region 

PDZ domains 

COOHScribble

Lgl

Dlg

GUK domain 

COOH

COOH

SH3 domain WD-40 repeats

phosphorylation
 sites

PPP

PPP

P PP

Fig. 4.1 Structural representation of Scribble, Dlg, and Lgl. Scribble is a member of the LAP

protein consisting of 16 LRRs and four PDZ domains. Dlg is a MAGUK protein and contains three

PDZ domains, an SH3 domain, and a GUK domain. Lgl contains a number of WD-40 repeat

domains as well as conserved phosphorylation sites. Each of the polarity proteins are structurally

highly conserved in all metazoa
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Dlg and Lgl (Zhu et al. 2014). Importantly, the Dlg interaction with Lgl is regulated

and requires phosphorylation of one of the three conserved Serine residues of the

central linker region of Lgl (Zhu et al. 2014). Furthermore, in Drosophila, the
protein GUK-holder (NHS in vertebrates) serves to scaffold Scribble and Dlg

(Mathew et al. 2002). This interaction is likely to be important in vertebrates as

Scribble can interact both genetically and physically with NHS to regulate neuronal

migration in zebrafish, while zebrafish Dlg also binds to NHS (Walsh et al. 2011).

The Scribble polarity module can further interact directly with other core cell

polarity complexes in a wide variety of cellular and developmental contexts. This

includes planar cell polarity (PCP) components with Scribble binding physically to

PCP protein Vangl2, Dlg with Frizzled receptors, and Lgl with Dishevelled, as well

as components of the asymmetric cell division (ACD) complex, with Dlg and

Scribble being required for Pins/Gpsm2 protein localization in Drosophila during

ACD developmental decisions (reviewed in Humbert et al, 2008; Bergstralh

et al. 2013). Another critical inter-complex regulation is that of Lgl and aPKC

which provides an important mutual antagonism between the Scribble module and

the PAR complex. Thus, the physical interaction of Lgl with aPKC can regulate

aPKC activity, and in turn phosphorylation of Lgl by aPKC can regulate Lgl

localization and function in a wide variety of cell types and organisms (see Humbert

et al. 2006). The Scribble polarity module can also physically interact with regu-

lators of cytoskeleton and junctional complexes such as APC and β-catenin (Scrib-

ble, Dlg), E-cadherin (Scribble), and Myosin II (Lgl) (reviewed in Humbert

et al. 2008; Roberts et al. 2012; Grifoni et al. 2013).

The major set of Scribble polarity module interacting proteins are the regulators

of intracellular signaling. The broad range of interactions described so far attests to

this, with both Scribble and Dlg being able to bind and localize a wide variety of

signaling components from the PTEN/PI3K, MAPK, Wnt, and Hippo pathways as

well as GPCR, neurotransmitter, and RhoGTPase signaling (Humbert et al. 2008).

The functional implication of these interactions will be discussed in more detail

below. Finally, both mammalian Dlg and Scribble are also targeted by viral

oncoproteins such as the E6 protein of the herpes simplex virus (HPV) and

human T cell lymphotropic virus (HTLV)-1 Tat protein that can lead to their

abnormal stability, localization, and/or interactions with normal endogenous part-

ners (Banks et al. 2012; Javier and Rice 2011). Because of the large interest in the

specific regulation of protein–protein interaction networks by common protein

motifs such as PDZ, LRR, and WD40, novel interactions are also continually

being revealed for Scribble, Dlg, and Lgl through the use of genome-wide interac-

tion studies such as yeast-two-hybrid, proteomic mass spectrometry, and phage

display screening (see Ivarsson et al. 2014; Belotti et al. 2013; Tonikian et al. 2008;

Stiffler et al. 2007). The challenge will be to determine which of these myriad of

interactions are critical in any given context and how the Scribble polarity module

can discriminate and coordinate these interactions at any given time or location

within the cell to establish and maintain various polarity states and to regulate

signaling pathways.
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4.2.3 Localization

Although some information is now becoming available on the transcriptional

regulation of individual Scribble polarity module members (e.g., Scribble: Wells

et al. 2010; Vaira et al. 2012; Warzecha et al. 2010), by far the most important mode

of regulation of the Scribble polarity module is through the regulation of the

localization of its individual protein components. Although Scribble, Dlg, and

Lgl colocalize to the basolateral membrane of epithelial cells, Lgl can also show

substantial cytoplasmic staining, and the various isoforms of human Dlg can also

show differential cytoplasmic/membrane localization in epithelial cells (Humbert

et al. 2008; Roberts et al. 2012; Grifoni et al. 2013; Van Campenhout et al. 2011).

Both LRR and PDZ domains appear to be required for proper localization of

mammalian Scribble in epithelial cells with the LRR domain being key for local-

ization in flies and worms (Navarro et al. 2005; Zeitler et al. 2004; Legouis

et al. 2003). Importantly, mislocalization alleles of Scribble in vivo lead to loss of

function-like phenotypes in C. elegans (Legouis et al. 2003), Drosophila (Zeitler

et al. 2004), mice (Zarbalis et al. 2004), and likely human germline mutant patients

(Robinson et al. 2012), highlighting the importance of proper localization of

Scribble for its activity. Furthermore, Scribble mislocalization is prevalent in

human epithelial cancers and is associated with poorer outcome in prostate and

breast cancer (Pearson et al. 2011; Feigin et al. 2014).

Localization may be further regulated through phosphorylation or altered inter-

actions of Scribble, Dlg, or Lgl with their binding partners. Indeed, phosphorylation

of Scribble following CD74 amplification in epithelial cancer leads to its phosphor-

ylation and mislocalization to the cytosol (Metodieva et al. 2013), Dlg phosphor-

ylation by JNK can regulate its localization in mammalian cells (Massimi

et al. 2006), and Lgl is hyperphosphorylated and mislocalized in glioblastoma in

a PTEN-dependent manner (Gont et al. 2013). The regulation of Lgl function by

phosphorylation is well documented, whereby phosphorylation by aPKC causes

conformational changes in Lgl that leads to its dissociation from the cell cortex

(Grifoni et al. 2013). Studies in mammalian cells have also indicated

phosphorylation-dependent localization of Dlg in a cell cycle-dependent manner

(Narayan et al. 2009) with functional studies in Drosophila identifying that phos-

phorylation by Par1 kinase and CaMKII regulates Dlg localization at the synapse of

neuromuscular junctions (Zhang et al. 2007; Koh et al. 1999). The localization of

the Scribble polarity module can also be further regulated by osmotic stress and

through alterations in vesicle transport (Massimi et al. 2008). Finally both Scribble

and Dlg interactions with binding partners such as E-cadherin or by viral

oncoproteins may alter their localization at the basolateral surface (Navarro

et al. 2005; Reuver and Garner 1998; Nakagawa and Huibregtse 2000; Elsum

et al. 2012).
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4.3 Animal Models of Scribble, Dlg, and Lgl Function

The study of the Scribble polarity module has been facilitated through the careful

functional examination of these proteins in a number of diverse animal models.

Although distinct phenotypes have been observed in different organisms as outlined

below, the evidence for a conserved role for Scribble, Dlg, and Lgl paralogues

across various polarity states and transitions is overwhelming and demonstrates a

central function for the Scribble polarity module in the control of tissue morpho-

genesis, organ development, and tumor suppression in multicellular organism. The

wide variety of settings utilized to study the Scribble module also bodes well for

rapid progress in the field and has allowed approaches as disparate as rapid genetic

screens to detailed in vivo imaging to bring to light their molecular and cellular

functions.

4.3.1 Drosophila melanogaster

The first model to study and describe the Scribble polarity module, and by far the

best understood to date, is Drosophila melanogaster, the common fruit fly. Loss of

Scribble, Dlg, or Lgl in the whole Drosophila organism gives rise to similar

phenotypes, including overproliferation and loss of cellular junctions and results

in the disorganization of rapidly growing epithelial larval tissues known as imaginal

discs (hence, “Discs large” phenotype) (Woods and Bryant 1989; Gateff and

Schneiderman 1974; Mechler et al. 1985; Bilder and Perrimon 2000; Bilder

et al. 2000). This leads to the inability to pupate, continuous overgrowth, and the

eventual death at the larval stage (“Lethal giant larvae” phenotype). In addition,

concomitant loss of maternal stores of Scribble, Dlg, or Lgl leads to embryonic

lethality due to loss of organization of the embryonic epithelium and the associated

abnormal cuticle deposition (the cuticle looking like a scribble under the micro-

scope, hence “Scribble” phenotype) (Bilder and Perrimon 2000; Bilder et al. 2000).

The Scribble polarity module has further been implicated in a wide variety of

developmental contexts and systems as diverse as dorsal closure, neural stem cell

differentiation, neuronal synapse formation, and ovarian follicle cell migration (see

Humbert et al. 2008; Elsum et al. 2012). The similarity of the mutant phenotypes of

Scribble, Dlg, or Lgl, together with the genetic interaction between loss-of-function

alleles, was the first indication that these three proteins form a core polarity module

(Bilder et al. 2000). Subsequent experiments using clonal analysis, whereby clones

of Scribble, Dlg, and Lgl mutant tissue can be generated within a normal epithe-

lium, also demonstrated that loss of function of these genes leads to disorganization

of the tissue and JNK-dependent apoptosis and clearance of the tissue in vivo

(Brumby and Richardson 2003; Pagliarini and Xu 2003). Concomitant activation

of the Ras or Notch signaling pathway could rescue this apoptosis and results in

expansion of clonal tumors within the tissue (Brumby and Richardson 2003).
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This 2-step model has become a gold standard for the study of oncogene-driven

tumorigenesis in Drosophila and has recently been harnessed for the rapid screen-

ing of anticancer compounds (Gladstone and Su 2011; Gonzalez 2013; Willoughby

et al. 2012). Because of the ease of genetic manipulation and the decreased

redundancy compared to more complex genomes such as those of mammals,

Drosophila has been a critical animal model to examine the molecular mechanisms

by which the Scribble module regulates cell polarity.

4.3.2 Caenorhabditis elegans

C. elegans has a single orthologue for each of the members of the Scribble polarity

module known as Let-413 (Scribble), DLG-1, and LGL-1. Mutation in let-413 or

dlg-1 results in disruption of junction formation, with mutant embryos arresting

during the elongation stage of development (Legouis et al. 2000; Koppen

et al. 2001; McMahon et al. 2001; reviewed in Armenti and Nance 2012). Despite

these similarities, Let-413 and DGL-1 appear to have divergent molecular functions

in C. elegans. DLG-1 regulates junction formation through AJM- 1, a protein only

found in C. elegans, with only minor effects on apicobasal polarity, whereas let-413
mutants have gross expansion of apical proteins basolaterally and a more severe

failure of junction maturation (Legouis et al. 2000; Koppen et al. 2001; McMahon

et al. 2001; Firestein and Rongo 2001). lgl-1 mutants have no defects in junction

formation or epithelial polarity; however LGL-1 functions redundantly with Par-2

in the maintenance of anterior–posterior polarity in the early embryo (Hoege

et al. 2010; Beatty et al. 2010; Fichelson et al. 2010). Interestingly, no members

of the Scribble polarity module have so far been implicated in proliferation control

in C. elegans.

4.3.3 Danio rerio

Analysis of zebrafish models has revealed roles for the Scribble polarity module in

the development of epithelial organs and includes functions in the control of

migration, planar cell polarity (PCP), apicobasal polarity, as well as asymmetric

cell division. Initial studies using the landlocked (Scribble) mutant and gene

depletion using morpholinos (“morphants”) demonstrated a dual role in the migra-

tion of facial branchiomotor neurons and in the convergence and extension move-

ments that occur during gastrulation, suggesting a role in PCP signaling (Wada

et al. 2005). As with other PCP mediators, Scribble was also required for proneph-

ros development with morphants displaying kidney cysts (Skouloudaki et al. 2009).

In different settings, Scribble was shown to play a role in developmental angiogen-

esis (Michaelis et al. 2013), as well as being required in the neural keel, with

Scribble morphants exhibiting neural tube closure defects due to abnormal oriented
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cell divisions (Zigman et al. 2011). In contrast to Scribble, the tumor suppressive

function of Lgl appears to be conserved in zebrafish, as loss of llgl2was sufficient to
induce the formation of epidermal tumors in a cell-autonomous manner (Reischauer

et al. 2009). Llgl2 mutant zebrafish (Penner mutant) show defects in tissue archi-

tecture of the epidermis that can lead to epithelial-to-mesenchymal transition

(EMT) of basal epidermal cells (Reischauer et al. 2009; Sonawane et al. 2005,

2009). Of note, zebrafish Lgl was shown to be required for the proper architecture

of the zebrafish neuromast, a mechanoreceptive organ consisting of a central hair

cell bundle that allows the sensing of mechanical changes in water (Hava

et al. 2009). Llgl2 is also required for the development of other ciliated epithelial

organs in zebrafish including Kupffer’s vesicle, otic vesicles, and the pronephric

ducts of the kidney, with Llgl2 depletion resulting in disruption of lumen formation,

apicobasal polarity, and cilia formation (Tay et al. 2013). In contrast to Llgl2, Llgl1

loss leads to defective neurogenesis, associated with defects in cell cycle exit and

apical membrane domain expansion of retinal neuroepithelial progenitor cells

(Clark et al. 2012). Although Dlg1-4 orthologues are present in zebrafish, only

expression data have been reported to date (Meyer et al. 2005).

4.3.4 Mus musculus

Mice homozygous for Scribble mutant alleles, including circletail (Crc), and the

ENU mutants rumpelstiltzchen (rumz), crn2, and 5120-6B, or an engineered null

mouse, all display multiple failures of developmental migration processes resulting

in severe neural tube closure defects (craniorachischisis), abdominal wall defects,

and an “eyes-open-at-birth” phenotype, which are all phenotypes characteristic of

defects in PCP mutants (Murdoch et al. 2003; Zarbalis et al. 2004; Wansleeben

et al. 2011; Stottmann et al. 2011; Pearson et al. 2011). Interestingly, mutations in

Scribble are associated in humans with the most severe type of neural tube closure

defects, craniorachischisis, as well as spina bifida (Robinson et al. 2012; Lei

et al. 2013). Consistent with the phenotypes found in PCP mutant mice, Scribble

loss also resulted in disorganization of the stereociliary bundles in the cochlea

(Montcouquiol et al. 2003). Scribble has been shown to be required for the

development of a number of other organ systems in vivo, including the lung and

gonads, as well as the cardiovascular system, with Crcmutant mice displaying heart

malformations and impaired angiogenesis (Yates et al. 2013; Murdoch et al. 2003;

Zarbalis et al. 2004; Pearson et al. 2011; Phillips et al. 2007; Michaelis et al. 2013).

To bypass the embryonic lethality of loss of Scribble, conditional deletion strategies

have recently been utilized and revealed additional requirements for Scribble in a

number of epithelial compartments. For example, specific loss of Scribble in the

corneal epithelium and lens is associated with epithelial-to-mesenchymal transition

and results in cataracts and lens malformation (Yamben et al. 2013). Similarly loss

of Scribble in the prostate or mammary gland leads to abnormal ductal structures
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including loss of tissue architecture, disruption of AB polarity, multilayering, and

hyperproliferation (Pearson et al. 2011; Godde et al. 2014).

With 4 paralogues of Dlg in the mouse (Dlg1-4), comparative analysis of mouse

models to examine individual gene function has become possible. Because of their

initial characterization as major controllers of receptor density and signal strength

at neuronal synapses, much work has focused on the role of Dlg paralogues in brain

function (see Nithianantharajah et al. 2013). Dlg2 (PSD93), Dlg3 (SAP102), and

Dlg4 (PSD-95) knockout mice are viable, display a variety of behavioral defects

and abnormal cognitive functions (McGee et al. 2001; Cuthbert et al. 2007; Migaud

et al. 1998), and may provide good models to study human mental disorders, as

mutations in DLG2 and DLG3 in humans have been associated with schizophrenia

and mental retardation (Nithianantharajah et al. 2013; Walsh et al. 2008; Tarpey

et al. 2004). More recent work has revealed direct roles for mouse Dlg homologues

in cell polarity and developmental processes. In contrast to other family members,

Dlg1 (SAP97) mutant mice are neonatal lethal, displaying craniofacial defects and

kidney, urogenital, and lens development defects (Caruana and Bernstein 2001;

Naim et al. 2005; Mahoney et al. 2006; Iizuka-Kogo et al. 2007; Rivera et al. 2009).

More recently, Dlg1 null mice were shown to also display defects in skeletogenesis

of the trunk and limb structures and, importantly, similarly to loss of Scribble,

defects in neural tube, eyelid closure, and in the disorganization of the stereociliary

bundles in the cochlea (Rivera et al. 2013). These studies indicate a novel role for

Dlg1 in PCP signaling. Dlg1 loss in the mouse also impacts on non-epithelial

tissues such as T lymphocytes (Stephenson et al. 2007; Humphries et al. 2012;

Gmyrek et al. 2013). Interestingly, closer scrutiny of Dlg3 mice showed low

penetrance embryonic lethality, associated with open brain phenotype and cochlear

inner ear cell defects, also suggesting a role in PCP signaling (Van Campenhout

et al. 2011).

As in zebrafish, mice have two paralogues for Lgl: Llgl1 and Llgl2. Llgl1 null

mice develop severe brain dysplasia and die at birth from extensive hydrocephalus

(Klezovitch et al. 2004). In addition, Lgl1 null mice show defects in the develop-

ment of the retina (Clark et al. 2012), and loss of Llgl1 enhances hematopoietic cell

numbers and activity (Heidel et al. 2013). In contrast to zebrafish, Llgl2 null mice

are viable and show no gross phenotypes, albeit Llgl2 appears to be necessary for

branching morphogenesis during placental development (Sripathy et al. 2011). In

view of the ubiquitous expression of Llgl1 in the mouse, these findings have been

interpreted as support for redundancy between Lgl1 and Lgl2 in vivo. There is no

current evidence of increased tumorigenesis in mice carrying one or more null

alleles for Llgl1 or Llgl2 (Sripathy et al. 2011) (Hawkins et al. 2014).
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4.4 Regulation of Cell Polarity States by Scribble, Dlg

and Lgl

A general function of the Scribble polarity module is to orchestrate cell behaviors

such as cell migration, tissue organization, and fate decisions of the cells and their

progeny, often by ensuring that cellular behavior is responsive to the environment.

The Scribble module frequently exerts this control by compartmentalizing signal-

ing complexes within the cell. Such intracellular compartmentalization can often,

but not always, involve the establishment of and recruitment to membrane domains

that are required for cell–cell or cell–substrate interactions. The adaptor function of

the Scribble module proteins is particularly important for these activities, allowing

large complexes of surface receptors and signaling molecules to be linked to each

other and to regulate signaling responses to the extracellular environment. A

particular attribute of the Scribble module, that of mutual antagonism between it

and the PAR complex to facilitate their assembly in different regions of the cell,

means that both direct and indirect interactions of Scribble can control cellular

behavior.

4.4.1 Apicobasal Polarity

The raison d’être of epithelial cells, that is, lining a tissue to ensure protection of the
tissue and to control exit and entry of molecules and cells, almost invariably

dictates that the cells must adopt apicobasal polarity, such that the side of the cell

contacting the tissue is molecularly distinct from the opposite (luminal) side and

must form adherens junctions with which to connect with each other along their

lateral sides. The Scribble module is essential for the adoption of apicobasal

polarity and the formation and maintenance of adherens junctions. Scribble module

proteins are recruited to and define the basolateral region of the epithelial cell,

through antagonistic interactions with the PAR complex (and Crumbs complex in

some instances) (Rodriguez-Boulan and Macara 2014) (Fig. 4.2a).

4.4.2 Planar Cell Polarity

Mouse studies initially revealed an important role for Scribble in noncanonical

Wnt/PCP signaling (Fig. 4.2b). Mice mutant for Scribble display the characteristic

PCP mutant phenotype, namely, neural tube closure defects, cochlear hair cell

orientation defects, and “eyes-open-at-birth” phenotypes (Montcouquiol

et al. 2003; Murdoch et al. 2003; Zarbalis et al. 2004; Pearson et al. 2011;

Wansleeben et al. 2011; Stottmann et al. 2011). In addition, Scribble interacts

both physically and genetically with the core PCP protein Vangl2 during neural
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Fig. 4.2 Regulation of cell polarity states by the Scribble polarity module. (a) Epithelial cells are
polarized along their apicobasal axis through the action of three core polarity complexes. The PAR

complex (PAR3, PAR6, aPKC) (shown in orange) is localized to the apical domain where it

promotes the apical recruitment and activity of the Crumbs complex (CRB, PALS1, PATJ) (shown

in yellow). Both complexes act through mutual antagonistic interactions to maintain basolateral

localization of the Scribble complex (Scribble, Dlg, and Lgl) (shown in red, with adaptor NHS;
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tube closure and in the development of branched structures such as the lung (Yates

et al. 2013; Montcouquiol et al. 2003). As observed with other PCP genes such as

Vangl2, Scribble can also regulate wound healing in mammals (Caddy et al. 2010).

The PCP role for the Scribble module appears highly conserved across species. In

Drosophila, Scribble physically and genetically interacts with Vangl2 to direct PCP
processes in the eye and the wing (Courbard et al. 2009), and similar interactions

have been found between Scribble and Vangl2 in zebrafish in the control of the

PCP-mediated convergence extension movements during gastrulation (Wada

et al. 2005). Recent analysis of Dlg1 and Dlg3 knockout mice has also implicated

mammalian Dlg in planar cell polarity regulation with both of these mice displaying

at low penetrance the PCP mutant phenotypes, namely, cochlear hair cell

misorientation and neural tube closure defects (Rivera et al. 2013; Van Campenhout

et al. 2011). Finally, Lgl can bind to the PCP protein Dsh, which regulates Lgl

localization, in both Drosophila epithelium and Xenopus tissues (Dollar

et al. 2005). Together, these data implicate Scribble, Dlg, and Lgl in the regulation

of PCP signaling during development in a variety of tissues and organisms.

Fig. 4.2 (continued) see text). aPKC-mediated phosphorylation of Lgl excludes it from the apical

cortex and ensures the Scribble polarity module remains basally localized. The nectin–afadin

(nectin, AF-6) and E-cadherin–catenin (E-CAD, β-CAT, α-CAT) adhesion complexes serve as a

spatial cue to initiate apicobasal polarity via activation of CDC42, while the integrin–ECM

adhesion complex directs cell orientation along the apicobasal axis in collaboration with the

GTPase RAC1. Polarized vesicle trafficking serves to reinforce these spatial landmarks in asso-

ciation with the microtubule and actomyosin cytoskeleton. (b) The core PCP complexes distribute

asymmetrically along the proximal–distal axis. Vangl forms a complex with Prickle (PK) at the

proximal end of the cell and interacts with the Wnt receptor Frizzled (FZD), which forms a

complex with Diego (DGO) and Dishevelled (DSH) at the distal end of the cell. CELSR1 is found

both distally and proximally and serves to localize both Vangl and FZD. A second PCP complex

comprised of large atypical cadherins FAT (FAT1-4) and Dachsous (DCHS1-2) also regulate

planar polarization. This complex engages in an autoregulatory feedback loop with four-jointed

(FJX1), a protein kinase localized to the Golgi. Importantly, multiple interactions directly couple

the Scribble polarity module (shown in red) to the PCP network including interactions with Vangl

(Scribble), Frizzled (Dlg), and Dishevelled (Lgl). (c) Integration of the core polarity modules

during asymmetric cell division. PAR3 interacts with INSC and recruits the INSC-LGN/GPSM2-

Gαi complex to the apical pole to induce cell division along the apicobasal axis. LGN/GPSM2

functions via two parallel pathways, the Dlg-KHC-73 and NUMA-Dynein pathway, to both anchor

astral microtubules and generate pulling forces required for cytokinesis, respectively. Lgl func-

tions downstream of aPKC and is required for appropriate localization of basal cell fate determi-

nants. Scribble polarity module proteins are shown in red. (d) Core polarity modules in front–rear

polarization and cell migration. RHO family GTPases have different functions inducing actin

polymerization at the leading edge (RAC1, CDC42) and actomyosin contraction at the rear

(RHOA), and these functions are coordinated by the core PAR and Scribble polarity modules,

which localize to the leading edge during cell migration. Scribble polarity module proteins are

shown in red
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4.4.3 Asymmetric Cell Division

A role for the Scribble polarity module in ACD was first identified in studies of

D. melanogaster neuroblasts (Albertson and Doe 2003), where it was shown that

Scribble, Dlg, and Lgl are transiently polarized during mitosis and are required for

the asymmetric distribution of cell fate determinants. Par3, whose name derives

from the first studies showing that it was involved in asymmetric partitioning in the

dividing C. elegans zygote (Kemphues et al. 1988), plays a central role in asym-

metric cell division in many tissues, raising the possibility that the Scribble module

plays a general role in ACD by controlling the location of the Par3 complex. The

limited evidence to date, that supports such a role, is restricted to a few tissues. In

addition to neuroblasts, Lgl is polarized in theDrosophila oocyte and plays a role in
restricting the Par3 complex to the opposite side (Fichelson et al. 2010; St Johnston

and Ahringer 2010).

In vertebrates, Scribble has been implicated in the orientation of cell division

during zebrafish neural tube formation (Zigman et al. 2011), as well as the ACD of

mammalian T lymphocytes (Chang et al. 2007; Oliaro et al. 2010; Chang

et al. 2011; King et al. 2012; Pham et al. 2014). A number of studies have

implicated Dlg in the regulation of spindle orientation during ACD, particularly

through interactions with the Pins complex (Morin and Bellaiche 2011) (Fig. 4.2c),

to anchor astral microtubules at the cortex and influence centrosome positioning

(Manneville et al. 2010), and it was recently shown that both Dlg and Scribble are

key regulators of spindle positioning in Drosophila epithelia (Nakajima

et al. 2013).

4.4.4 Directed Migration

A fundamental requirement of directed cell migration is the definition of a front and

back end of the cell, and this is determined by antagonistic actions of the Scribble

and Par polarity modules in many cell types (Humbert et al. 2006). Both Scribble

and Par polarity modules coordinate the cytoskeleton by orchestrating the differ-

ential activity of Rho-GTPases in microdomains in different regions of the cell, and

this is particularly well characterized in cell migration (see Fig. 4.2d). All three

members of the Scribble polarity module have been implicated in cell migration in

a number of cell types including epithelial cells, endothelial cells, lymphocytes,

astrocytes, and fibroblasts, both as single cells and in collective migration

(Michaelis et al. 2013; Vaira et al. 2012; Li et al. 2011a; Dow et al. 2007; Zhao

et al. 2008; Osmani et al. 2006; Ludford-Menting et al. 2005; Eastburn et al. 2012;

Bahri et al. 2010), where they coordinate differential Rho-GTPases activity at the

leading and trailing edge of the cell, polarization of the Golgi complex, capture of

microtubule plus ends at the cell cortex, and E-cadherin activity (Osmani
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et al. 2006; Etienne-Manneville et al. 2005; Dow et al. 2007; Qin et al. 2005;

Manneville et al. 2010; Lasserre et al. 2010; Dahan et al. 2012; Phua et al. 2009).

4.4.5 Neuronal Polarity

The Scribble polarity module plays a key role in several aspects of neuronal

polarity, including asymmetric cell division (see below), axon specification, and

the assembly and function of the neuronal synapse. Mammalian Dlgs (also known

as PSD proteins, due to their prominent presence in the postsynaptic density of the

neuronal synapse) have long been known as a key regulator of neuronal synapse

assembly, and this function is conserved as far back in evolution as the

protosynapses of choanoflagellates (Ryan and Grant 2009; Cho et al. 1992;

Sampedro et al. 1981). All four mammalian isoforms of Dlg are recruited to the

postsynaptic density and exert both distinct and redundant functions, which make it

difficult to discern their individual roles. However, it is clear that Dlg family

members are essential for appropriate composition of the neuronal synapse and

for its maintenance and plasticity. Following the seminal observation that Dlg4

(PSD95)-deficient mice have memory defects, numerous studies have implicated

Dlg family members in synaptic plasticity, drug addiction, sensitivity to pain,

mental retardation, neuronal signaling in response to ischemic challenge such as

stroke, and autism spectrum disorders (Huganir and Nicoll 2013; Gardoni

et al. 2009; Migaud et al. 1998).

Lgl is also recruited to the neuronal synapse and the neuromuscular junction,

where it regulates polarized vesicle delivery and exocytosis (Staples and Broadie

2013). Intriguingly, despite the prominent role of Dlg in the neuronal synapse, a

role for Scribble in the neuronal synapse is not well understood. However, Scribble

can be found at neuronal synapses, and loss of Scribble has been associated with

enhanced learning and memory abilities and impaired social behavior, suggesting a

role that overlaps with the Dlg family members (Moreau et al. 2010; Sun and Bamji

2011; Sun et al. 2009; Mathew et al. 2002; Roche et al. 2002).

4.4.6 The Immune Synapse

Both major cell types of the adaptive immune system, T and B cells, form a

signaling domain called an immunological synapse that controls their activation

and recruitment into an antigen-specific immune response by antigen-presenting

cells. The first indication that the Scribble polarity module might be important in T

cell signaling came from findings that Dlg1 was recruited to sites of T cell receptor

activation and impacted upon NFAT signaling (Xavier et al. 2004). It was subse-

quently found that Scribble, Dlg1, and Dlg4 are transiently recruited to the immu-

nological synapse of T cells and Dlg1 to the immunological synapse of B cells
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(Ludford-Menting et al. 2005; Liu et al. 2012). Many studies have shown, using

knockdown approaches, that Scribble and Dlg play key roles in the response of T

and B cells to antigen presentation (Liu et al. 2012; Round et al. 2005, 2007;

Humphries et al. 2012; Ludford-Menting et al. 2005; Xavier et al. 2004). However,

gene knockout studies have shown minimal and/or transient effects of deletion of

Scribble, Lgl1, and Dlg1 on hematopoiesis and immune cell function (Gmyrek

et al. 2013; Hawkins et al. 2013, 2014; Humphries et al. 2012; Heidel et al. 2013).

The discrepancy between knockdown and knockout studies is thought to reflect

compensatory mechanisms by which lymphocytes might adjust to deletion of the

Scribble module genes over time (Humphries et al. 2012; Pham et al. 2014), and

further studies are required to resolve this discrepancy.

4.4.7 The Actin Cytoskeleton

The Scribble polarity module also has several links to the regulation of the actin

cytoskeleton, either directly (direct binding) or indirectly (through effects on

accumulation/activity). One important direct link between the Scribble module

and an actin cytoskeletal regulator is a tripartite complex between Scribble, Dlg,

and GUK-holder/NHS1 (Nance–Horan syndrome-like 1), which is a regulator of

the WAVE/SCAR-ARP2/3-branched F-actin pathway (Katoh and Katoh 2004;

Mathew et al. 2002; Walsh et al. 2011; Brooks et al. 2010). In mammalian cells,

this interaction has roles in PCP and neuronal cell migration (Walsh et al. 2011;

Brooks et al. 2010), while in Drosophila this interaction is important for Scribble

localization at synaptic junctions. Furthermore, through its interaction with Git1

(G-protein-coupled receptor kinase-interacting Arf (ADP-ribosylation factor)-GAP

(GTPase-activating protein) 1), and the GEF (guanine nucleotide exchange factor)

β-Pix (Pak-interactive exchange factor), Scribble regulates the Rac-GTPase

resulting in modulation of F-actin dynamics in cell migration (Lahuna et al. 2005;

Nola et al. 2008). In mammalian cells, Scribble forms a multiprotein complex with

Myosin II and MCC (mutated in colorectal cancer) where it is thought to regulate

lamellipodia formation (Pangon et al. 2012). Lgl also binds to Myosin II and

negatively regulates Myosin II function inDrosophila and mammalian cells (Strand

et al. 1994, 1995; Betschinger et al. 2005). In mammalian cells, a recent study has

revealed that Lgl forms alternative complexes with aPKC (PKCζ) or Myosin II and

that phosphorylation of Lgl by aPKC affects its ability to inhibit Myosin II filament

formation in polarized migrating cells (Dahan et al. 2014). In Drosophila the

interaction of Lgl with Myosin II has a role in PCP in Drosophila embryo ventral

epidermis (Kaplan and Tolwinski 2010); however the function for this regulation in

other types of polarity is unclear.

Indirect effects on F-actin regulators occur through Scribble’s involvement in

PCP, where Scribble indirectly regulates the noncanonical Wnt signaling pathway,

which signals through the Rho-GTPase pathway to regulate F-actin assembly and

contractility (Courbard et al. 2009; Yan et al. 2009). Furthermore, in Drosophila
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epithelial tissue, scrib mutant RasV12-expressing cells show accumulation of the

branched F-actin regulator, Filamin (Cher), Myosin II heavy chain, and phosphor-

ylated (and activated) Myosin regulatory light chain, pMRLC (Kulshammer and

Uhlirova 2013). This study showed that Cher, which binds to Myosin II, is required

for pMRLC accumulation and Myosin II is required for scrib mutant RasV12

tumorigenesis. Drosophila Lgl is also linked, via aPKC, to the regulation of

Rho1–Rok–Myosin II-Jun kinase (JNK) signaling in compensatory proliferation

following epithelial damage (Warner et al. 2010). In contrast, in MDCK cells,

increased Lgl (or decreased Par activity) leads to activation of the Rock-Myosin II

pathway, which remarkably results in cell–cell internalization (entosis) during cell–

cell junction formation (Wan et al. 2012). It is possible that this unusual phenom-

enon is related to Lgl’s role in endocytosis (see Sect. 4.4.8). Furthermore in

mammalian cells, through its inhibition of aPKC, Lgl is linked to the regulation

of Tiam1 (a Rac1-GEF) and activation of the Rac1-GTPase, which has roles in tight

junction formation, dendritic spine morphogenesis and cell migration (Chen and

Macara 2005; Mertens et al. 2005; Zhang and Macara 2006; Narayanan et al. 2013;

Wang et al. 2012), and also the JNK or p38 stress response pathways (Lambert

et al. 2002; Buchsbaum et al. 2002).

4.4.8 Vesicle Trafficking

The Scribble polarity module has roles in several aspects of vesicle trafficking,

including endocytosis (internalization of lipids/proteins), recycling (shuffling of

lipids/proteins in endosomes to return to the cell surface), retrograde trafficking

(in which proteins/lipids are shuttled between endosomes and biosynthetic/secre-

tory compartments, such as the Golgi apparatus), or exocytosis (secretion of pro-

teins/lipids).

Endocytosis, Recycling, and Retrograde Trafficking to the Golgi: In Drosophila,
various studies have revealed roles for Lgl and Scribble in endocytosis. In Dro-
sophila asymmetric division of sensory organ precursor cells, Lgl is required for

endocytosis of Sanpodo (a four-pass transmembrane protein and regulator of Notch

signaling; see Sect. 4.5) (Roegiers et al. 2005). Furthermore, we have recently

found that Lgl colocalizes with endosomes and lgl mutants result in the accumula-

tion of early endosomal, recycling endosomal and multivesicular body markers in

Drosophila epithelial tissue, suggesting that Lgl has a role in endosomal maturation

(Parsons et al. 2014a). In Drosophila epithelial tissues, a role for Scribble in

blocking endocytosis has been revealed; scrib mutant cells show increased endo-

cytosis, and the internalization of TNF (tumor necrosis factor, Eiger in Drosophila)
and apoptosis induction is dependent on the function of early endosomal regulator,

Rab5 (Igaki et al. 2009). Consistent with this finding, in mammalian PC12 cells,

Scribble binds to the TSHR (thyroid-stimulating hormone receptor), inhibits basal

receptor endocytosis, and promotes recycling (Lahuna et al. 2005). A recent study

has also revealed a role for Scribble in negatively regulating retromer-mediated
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diversion of E-cadherin to the Golgi (Lohia et al. 2012). Depletion of Scribble

enhances endocytosis of E-cadherin by weakening the E-cadherin–p120catenin

interaction and enhances E-cadherin binding to the retromer, which is a complex

required for protein cargo trafficking from endocytic vesicles to the trans-Golgi
network for recycling. Similarly in Drosophila, the Scribble polarity module is

important in the trafficking of retromer cargo, such as Crumbs (de Vreede

et al. 2014). However, in Drosophila there appears to be differences in the mech-

anism, as there was no evidence of Golgi trapping of E-cadherin in scribmutants, as

there was in mammalian cells. In Drosophila, the regulation of the retromer by the

Scribble polarity module was shown to have both aPKC-dependent and aPKC-

independent mechanisms (de Vreede et al. 2014).

Exocytosis: In addition to roles in endocytosis and regulation of the retromer,

Scribble also has roles in exocytosis. Scribble, through its association with the

Arf-GAP, GIT1, and the GEF, β-Pix, which are regulators of the Rac-GTPase, has

an important role in regulating exocytosis in neuroendocrine cells; mutants in

human Scribble suppress high KCl-induced exocytosis in these cells (Audebert

et al. 2004). Furthermore, Scribble functions downstream of β-catenin to cluster

synaptic vesicles at developing synapses (Sun et al. 2009).

Roles for Lgl in exocytosis were first revealed in yeast, where the Lgl

orthologues (Sro7 and Sro77) bind to Sec9 (a t-SNARE, target SNARE, involved

in membrane fusion) via their C terminus, to Sec4 (Rab-GTPase involved in

exocytosis), and to Exo84 (component of the exocyst complex) to regulate polar-

ized exocytosis (Gangar et al. 2005; Zhang et al. 2005; Grosshans et al. 2006;

Hattendorf et al. 2007). Consistent with this finding, in MDCK mammalian epithe-

lial cells, Llgl2 forms a complex with the t-SNARE, syntaxin 4, a component of the

basolateral exocyst machinery (Musch et al. 2002), and is thought to regulate

basolateral exocytosis. Furthermore, in mammalian cells, a complex between

Llgl1 and syntaxin 4 forms in response to osmotic stress (Massimi et al. 2008).

Of note, Scribble and Dlg were also found in this complex with Lgl and syntaxin

4, and this interaction was required for their membrane localization. Interestingly,

Llgl1 has also been shown to interact with and regulate the Rab10-GTPase in

directional membrane insertion during rat axonal development (Wang

et al. 2011). Here, Llgl1 promotes the release of the GDP dissociation inhibitor

(GDI) from Rab10, thereby promoting Rab10 activity and regulating membrane

insertion in growing neurites. Whether the Scribble polarity module is involved in

exocytosis in Drosophila is unknown. However, this is certainly possible in light of
the requirement for Lgl in secretion of Dpp (decapentaplegic, TGFβ homologue) in

embryonic ectodermal cells (Arquier et al. 2001) and genetic interactions observed

between Drosophila, scrib, dlg, or lgl mutants and mutants in a core component of

the exocytic machinery, exo84, which is required for the apical delivery of proteins,
such as Crumbs (Blankenship et al. 2007).
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4.4.9 Cell Competition

Cell competition is a surveillance mechanism selecting for the fittest cells in a

tissue, where the slower growing cells (losers) are eliminated by apoptosis that is

induced by the faster growing/proliferating fitter cells (winners) (de Beco

et al. 2012; Amoyel and Bach 2014), leading to their engulfment in Drosophila
by the macrophage-like hemocytes (Lolo et al. 2012). This mechanism was initially

discovered in Drosophila but also functions in mammalian mosaic cell cultures and

in vivo. Interestingly, in Drosophila, this mechanism does not necessarily require

cell division, as in postmitotic tissues, competitive cell hypertrophy occurs,

whereby winner cells increase cell mass without cell division to occupy a larger

tissue space (Tamori and Deng 2013). With regard to lgl, dlg, or scrib, although
individual depletion in Drosophila within a whole epithelial tissue will result in

overgrowth, when patches (clones) of mutant tissue are generated in a wild-type

background, the process of cell competition and JNK-mediated cell death of the

mutant tissue ensues, despite ectopic proliferation (Brumby and Richardson 2003;

Froldi et al. 2010; Grzeschik et al. 2010b; Uhlirova et al. 2005; Igaki et al. 2006).

Oncogenic Ras (RasV12) expression in scrib (dlg or lgl) mutant tissue can overcome

this cell death mechanism in Drosophila eye epithelium (Brumby and Richardson

2003; Doggett et al. 2011; Leong et al. 2009; Pagliarini and Xu 2003). This

cooperation appears to depend on the size of the mutant tissue patch, since when

smaller clones of lgl mutant RasV12-expressing wing epithelial tissue are induced,

despite higher proliferation rates, Ras activation is not sufficient to prevent cell

competition mechanisms from operating (Menendez et al. 2010; Chen et al. 2012).

Interestingly, cell competition is context dependent, since lgl mutant Drosophila
ovarian follicle cells, which have high levels of Myc, are not outcompeted (Froldi

et al. 2010), and dlg or lgl (but not scrib) mutant stem cells in the ovary niche have a

greater competitive advantage (Kronen et al. 2014).

The mechanism of cell competition of scrib, dlg, or lgl mutant loser cells occurs

via the downregulation of the cell growth/proliferation/survival proteins, Myc and

Yorkie (Yki, the co-transcriptional activator, negatively regulated by the Hippo

negative tissue growth control pathway; see Sect. 4.5), and the upregulation of JNK

in the loser cells (Menendez et al. 2010; Chen et al. 2012; Froldi et al. 2010). In the

case of scrib mutant clones, JNK activation is induced by the production of TNF

(tumor necrosis factor, Eiger (Egr)) by macrophage-like cells (hemocytes) or

surrounding wild-type cells that results in the elimination and engulfment of scrib�

cells (Cordero et al. 2010; Ohsawa et al. 2011; Lolo et al. 2012). However, the

induction of JNK in lgl mutant cells appears to be independent of TNF (Egr)

signaling (see Sect. 4.5) (Froldi et al. 2010), and one way this may occur is through

the regulation of Mahjong/VprBP (a Cul4 ubiquitin ligase complex interacting

protein) that binds to Lgl in Drosophila and mammalian cells (Tamori

et al. 2010). Tamori and colleagues propose that Mahjong is a negative regulator

of the JNK pathway, since when overexpressed Mahjong can prevent the

JNK-mediated cell death of lgl� clones in the developing wing disc. Furthermore,
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the transcription factor, Stat (downstream component of the JAK signaling path-

way), is required in the surrounding normal tissue for scrib mutant tissue to be

eliminated, and this mechanism is independent of the proliferation-inducing role for

Stat (Schroeder et al. 2013).

The phenomenon of cell competition is an emerging area in mammalian cell

biology; however there are clear examples of its role in vitro and in vivo for

physiological function and in cancer (Hogan 2012; Amoyel and Bach 2014; de

Beco et al. 2012). In regard to the Scribble polarity module, in MDCK mammalian

cells, Scribble-depleted cells surrounded by normal cells undergo apoptosis and are

extruded apically from the epithelium (Norman et al. 2012). Here this mechanism is

dependent upon upregulation of the p38 (MAPK) stress response pathway; however

in Mahjong-depleted MDCK cells, it is likely that this is JNK dependent, since

apoptosis is prevented by treatment with a JNK-specific inhibitor (Tamori

et al. 2010). Clearly, further analysis in mammalian cells is required to reveal

whether Myc (Claveria et al. 2013), Yki, and Stat orthologues are also involved in

this process.

4.5 Regulation of Signaling by the Scribble Polarity

Module

From studies, primarily in Drosophila, zebrafish, mouse models, and mammalian

cells, the Scribble polarity module is emerging as a modulator of many signaling

pathways. The regulation of these signaling pathways links the Scribble polarity

proteins to the control of tissue growth or differentiation, which highlights their

central role in controlling tissue architecture and as tumor suppressors. Here we

summarize recent findings on the regulation of the Notch, Wnt, Rtk–Ras–MAPK/

JNK/P38, PI3K, Hippo, and other signaling pathways by Scribble, Dlg, or Lgl

(illustrated in Fig. 4.3).

4.5.1 Notch

The Notch signaling pathway is an important pathway driving cell fate decisions

during development and in T cell differentiation (Fortini 2009). Canonical Notch

signaling involves interaction between cells expressing the Notch receptor and cells

expressing ligands, such as Delta, which leads to the cleavage of the Notch receptor

by Adam protease and γ-secretase to release the intracellular domain (Notch-ICD).

Recently, it has become clear that the endocytosis of the Notch receptor is impor-

tant in its activation (Baron 2012) and that the Lgl-aPKC polarity axis regulates

Notch signaling via affecting the localization of Notch regulators, Numb and

Sanpodo, or the intracellular trafficking of Notch (Fig. 4.3).
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In the Drosophila central and peripheral neural stem cells (neuroblasts), Lgl is

required for the basal localization of the Numb protein (a membrane-associated

regulator of endocytosis and proteosome-mediated degradation), which upon cell

division is concentrated in the daughter cell, where it inhibits Notch signaling,

enabling neural cell differentiation (Ohshiro et al. 2000). More recent analysis has

shown that Lgl acts through blocking aPKC activity to control asymmetric local-

ization of Numb and that when free from Lgl, aPKC binds Par3 (Baz) and can

phosphorylate Numb, thereby excluding it from the cell cortex on one side of the

cell (Wirtz-Peitz et al. 2008; Haenfler et al. 2012). Lgl also excludes the plasma

membrane localization of Sanpodo (a transmembrane protein that binds Notch and

promotes its endocytosis), which is required for Notch signaling. Since aPKC has

been shown to directly phosphorylate another cell fate determinant, Miranda, in

neuroblast ACD (Atwood and Prehoda 2009), it posits the question of whether the

localization of Sanpodo is also regulated by aPKC-dependent phosphorylation. A

new player in this process is Clueless, which regulates aPKC levels and therefore

influences Numb localization and Notch signaling in the developing neuroblasts

(Goh et al. 2013). A role for Lgl in Notch signaling via regulation of Numb is also

conserved in mammals; in mouse Llgl1 knockout mice, the brain neuroprogenitor

cells fail to exit the cell cycle and differentiate, which is associated with the failure

to segregate Numb and inhibit Notch signaling in the progeny (Klezovitch

et al. 2004).

Whether this mechanism of Notch regulation by Lgl through Numb localization

occurs in other systems requires further study. However, in the cell fate divisions of

another type of neural stem cell (sensory organ precursors (SOPs)), the regulation

of Notch signaling by Lgl appears to be different; Lgl acts in parallel to Numb to
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block Notch function (Justice et al. 2003), which is thought to occur via its effect on

the plasma membrane localization of Sanpodo (Langevin et al. 2005). Furthermore,

in Drosophila eye neural epithelial tissue, our studies have recently revealed that

Lgl regulates ligand-activated Notch signaling by affecting endosomal trafficking

(see Sect. 4.4.8); lgl mutants show increased accumulation of acidified vesicles,

Notch-ICD, and upregulation of Notch targets, which contribute to the proliferative

and differentiation defects of the lgl mutant phenotype (Parsons et al. 2014a).

Interestingly, this role for Lgl in Notch signaling in Drosophila is aPKC indepen-

dent. This contrasts studies in vertebrates, where a role for aPKC in regulating

Notch receptor intracellular trafficking has been revealed in the chick central

nervous system in vivo and myogenic precursors in vitro (Sjoqvist et al. 2014). In

this study aPKC (PKCζ) was shown to phosphorylate the Notch1 receptor on

Serine-1791, which promoted trafficking of ligand-activated Notch to the nucleus

thereby promoting signaling. However, when Notch1 was not activated, aPKC

instead promoted its internalization from the cell surface and the secretory Golgi–

ER pathway to intracellular vesicles. Whether this mechanism also occurs in other

organisms is not clear, since the Notch protein in Drosophila and C. elegans lacks
the conserved Serine-1791 residue, as does vertebrate Notch3 and Notch4.

The regulation of Notch signaling by Lgl also occurs in the zebrafish retinal

neuroepithelial cells, where Llgl1 depletion results in increased Notch signaling

and reduces neurogenesis, and blocking Notch activity rescues these defects (Clark

et al. 2012). Here the mechanism is thought to be due to the expansion of the apical

domain that occurs in this scenario, and the accumulation of the Notch receptor,

although whether a more direct mechanism occurs requires further investigation.

4.5.2 Wnt

The Wnt signaling pathway is a critical pathway in development and tissue homeo-

stasis, which is linked to PCP–noncanonical signaling (see Sect. 4.4.2) and to gene

transcription, via β-catenin and TCF–canonical signaling (Fig. 4.3) (Clevers and

Nusse 2012). The Wnt signaling pathway signals through the Frizzled (Fzd) family

of receptors and regulates the stability of β-catenin through inactivation of the

APC–axin complex, which induces ubiquitin-mediated degradation of β-catenin.
Several physical interactions occur between the Scribble polarity module and Wnt

signaling components; Lgl and Dsh, in controlling PCP (Dollar et al. 2005; Kaplan

and Tolwinski 2010; see Sect. 4.4.2); Scrib and β-catenin, implicated in synaptic

vesicle trafficking and recycling in neural cells (Sun et al. 2009); Dlg or Scrib and

APC, important in cell cycle exit and cell migration (Takizawa et al. 2006; Sotelo

et al. 2012; Matsumine et al. 1996; Ishidate et al. 2000; Etienne-Manneville

et al. 2005); and Dlg and Fzd, thought to be important in establishing a scaffold

in canonical or noncanonical Wnt signaling (Hering and Sheng 2002; Luyten

et al. 2008). With the exception of the interaction of Lgl with Dsh, all of these
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studies have been undertaken in mammalian systems, and therefore further studies

in invertebrate models are required to explore the universality of these interactions.

4.5.3 RTK–Ras–MAPK/JNK/P38

The Ras small GTPase–MAPK (ERK) signaling pathway acts downstream of RTKs

(receptor tyrosine kinases), such as EGFR (epidermal growth factor receptor) to

regulate cell growth proliferation during development and homeostasis, and is a key

oncogenic pathway in cancer (Fernandez-Medarde and Santos 2011) (Fig. 4.3). The

localization of the EGFR to basal lateral membranes in polarized epithelial cells is

important for restricting pathway activation (Vermeer et al. 2003; Kuwada

et al. 1998). Indeed, Dlg has been shown to bind to the EGFR family member

ErbB4 in neuronal cells (Garcia et al. 2000). On the other hand, Scribble interacts

indirectly with EGFR, by binding to the Arf-GAP, GIT1, and β-Pix (Pak-interactive
exchange factor) that act as a MEK-ERK scaffold (Audebert et al. 2004; Yin

et al. 2004). Since β-Pix together with the small GTPase, Cdc42, affects EGFR

plasma membrane levels by blocking ubiquitination of the EGFR by the Cbl

E3-ubiquitin ligase (Wu et al. 2003), Scribble, through its binding to β-Pix, might

control EGFR downregulation. Scribble also impacts on downstream components

of the Ras pathway; it interacts with RSK2 (ribosomal S6 kinase 2), a negative

regulator of the EGFR pathway (Zeniou-Meyer et al. 2008), and also with ERK

(Nagasaka et al. 2010a, b). Likewise, Dlg1 binds to MEK2, which phosphorylates

and activates ERK (Gaudet et al. 2011; Maiga et al. 2011). While the functional

consequences of all these interactions are not completely clear, studies in MCF10A

human mammary epithelial cells have shown that Scribble negatively regulates the

Ras–MAPK pathway in vitro and in vivo (Elsum et al. 2013a; Pearson et al. 2011;

Dow et al. 2008; Elsum et al. 2013b; Godde et al. 2014; Nagasaka et al. 2010b), and

overexpression of Scribble can also antagonize ectopic Ras signaling in Drosophila
tissues (Dow et al. 2008). Human Scribble inhibits Ras signaling by direct binding

to ERK at the kinase interaction motif (KIM) docking sites and preventing ERK

phosphorylation and by anchoring ERK to membrane sites (Nagasaka

et al. 2010a, b).

Scribble and Dlg also interact with phosphatases that impact on EGFR-Ras

signaling. Dlg2 and Dlg3 bind the catalytic subunit of the PP1 phosphatase

(Hendrickx et al. 2009), and human Scribble binds to protein phosphatase 1γ
(PP1γ), through the PP1γ interaction motif on Scribble (Nagasaka et al. 2013).

The interaction of Scribble with PP1γ is required for Scribble’s ability to

downregulate ERK phosphorylation and for Scribble to prevent oncogenic trans-

formation of primary rodent cells. Scribble has also been shown to form a complex

with SHOC2/SUR-8 (PP1 phosphatase regulator) and MRAS (RRas subgroup of

Ras proteins), and Scribble blocks SHOC2-mediated dephosphorylation of RAF

(a protein kinase downstream of Ras) at the conserved inhibitory site (S259),

thereby inhibiting RAF activation (Young et al. 2013). This mechanism appears
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to be conserved inDrosophila, where the deregulation of PP1 activity contributes to
the scrib mutant phenotype, but in this case it appears to function via regulation of

the JNK stress response signaling (Jiang et al. 2011). As described above (see

Sect. 4.4.9), scrib loss of function leads to the activation of the JNK pathway

(Brumby and Richardson 2003; Uhlirova et al. 2005), which together with Ras

activation (RasV12) leads to invasive tumor formation (Leong et al. 2009; Igaki

et al. 2006; Uhlirova and Bohmann 2006). Overexpression of a PP1 regulator,

Sds22, blocks scrib-RasV12 tumorigenesis, by inhibiting Myosin II and JNK activity

and preventing cell invasion/metastasis (Jiang et al. 2011).

There is also evidence for a role for Lgl in the regulation of Ras signaling. In

zebrafish, Lgl2 has also been linked to regulation of the Ras signaling pathway

(Reischauer et al. 2009). Furthermore, upregulation of Par6 in mammalian cells

(Nolan et al. 2008) or aPKC in Drosophila epithelial tissues results in increased Erk
activation (pErk) (Parsons et al. 2014b), indicating that Lgl via its effect on

blocking PAR complex activity limits RTK–Ras signaling.

Despite the strong evidence that Scribble negatively regulates RTK–Ras–ERK

signaling, a recent report has revealed that in response to nerve growth factor

(NGF)–TrkA signaling, depletion of Scribble reduces sustained ERK activation in

PC12 neural cells (Wigerius et al. 2013). Knockdown of Scribble decreases neurite

numbers but increases neurite length. In this study it was also shown that Scribble

binds to Ha-Ras and pERK1/2 in response to NGF. Thus in contrast to other studies,

this work suggests that Scribble promotes Ras-ERK signaling, suggesting that the

effect of Scribble on this signaling pathway is context dependent.

As described above (see Sect. 4.4.9), the JNK signaling pathway is upregulated

in Drosophila scrib mutant tissue (Brumby and Richardson 2003; Uhlirova

et al. 2005); however this is now thought to be primarily due to an extrinsic

response due to the recruitment of the Drosophila macrophage-like cells (hemo-

cytes) to the mutant tissue and their production of TNF (Egr) (Cordero et al. 2010),

although surrounding epithelial cells may also contribute to Egr production (Igaki

et al. 2009; Ohsawa et al. 2011). In mammalian tissue culture, Scribble knockdown

also leads to JNK activation in MCF10A cells that contributes to the invasive

phenotype with Ha-RasV12 (Dow et al. 2008) and to p38 activation in mosaic

MDCK cell cultures that contribute to apoptosis of the Scribble mutant cells

(Norman et al. 2012). However, Lgl depletion appears to activate JNK signaling

independently of Egr (Froldi et al. 2010) and may function via an aPKC-Rho1–

Rok–MyoII pathway to lead to JNK activation (Warner et al. 2010) (see Sects. 4.4.7

and 4.4.9).

Given the above evidence, it is clear that the Scribble polarity network plays an

important role in regulation of RTK–Ras–ERK, JNK, or P38 signaling pathways;

however the precise regulatory impact on these signaling pathways appears to be

organismal or context specific. These data suggest a model whereby the Scribble

polarity module proteins act as scaffolds that modulate these pathways, which may

also be influenced by environmental cues or cellular states.
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4.5.4 PI3K

The PI3K (phosphoinositol-3-kinase)–AKT–mTOR (mechanistic target of

rapamycin) pathway is a critical pathway in polarity regulation and in cell growth

and proliferation control, which is often deregulated in cancer (Sabatini 2006;

Bunney and Katan 2010; Shewan et al. 2011) (Fig. 4.3). In polarized epithelial

cells, PI3K physically associates with E-cadherin at adherens junctions and PI3K is

important in adherens junction function (Rivard 2009; Pece et al. 1999). Dlg and

Scribble have been shown to modulate PI3K pathway signaling in several ways in

different systems. Mammalian Dlg has been implicated in activation of the PI3K

pathway; Dlg1 is required for the Adenovirus 9 E4-ORF1 (E4 region-encoded open
reading frame 1) oncoprotein to promote the constitutive activation of PI3K (Frese

et al. 2006). This is consistent with studies in Drosophila where Dlg also appears to
positively regulate PI3K signaling; PI3K signaling is downregulated in

Dlg-depleted epithelial cells, and further knockdown of PI3K components results

in synthetic lethality of Dlg-depleted tissue, even in the presence of oncogenic Ras

(Willecke et al. 2011). Conversely, in human cells, Dlg1 can bind to PTEN

(phosphatase and tensin homologue deleted on chromosome 10), a negative regu-

lator of the PI3K pathway, leading to greater inhibition of PI3K signaling (Adey

et al. 2000; Sotelo et al. 2012). PTEN is also bound by Par3 in mammalian MDCK

cells (and by the Par3 homologue, Baz in Drosophila) where it plays an important

role in polarity establishment (Feng et al. 2008; Pinal et al. 2006). This interaction

between PTEN and Baz in Drosophila epithelial is also thought to have a role in the
organization of the actin cytoskeleton, as discerned by the analysis of PTEN

mutants (von Stein et al. 2005). However, how the interaction of PTEN with Baz

and Dlg is coordinated during development or homeostasis, and how this might

affect PI3K signaling, remains to be determined.

Scribble negatively regulates AKT activity via binding to PHLPP

(PH (pleckstrin homology) domain and LRR protein phosphatase), a protein phos-

phatase that negatively regulates AKT, and localizes it to the plasma membrane

(Li et al. 2011b). Scribble forms a tripartite complex with PHLPP and AKT, thereby

inhibiting Akt activity, but when Scribble is downregulated, PHLPP is released,

AKT activity is increased, and cell growth, proliferation, and survival are enhanced.

Furthermore, high levels of mislocalized Scribble function as a neomorph to

promote mammary tumorigenesis by affecting subcellular localization of PTEN

and activating the AKT/mTOR/S6 kinase signaling pathway (Feigin et al. 2014).

Since mislocalized Scribble is often observed in human cancer, this mechanism by

which Scribble affects the PI3K pathway may be of particular importance in cancer.

There is also recent evidence for regulatory interactions between Lgl and PTEN.

In glioblastoma tumor-initiating cells, PTEN loss leads to activation of aPKC,

leading to the phosphorylation and inactivation of Lgl (Gont et al. 2013). Moreover,

re-expression of PTEN, non-phosphorylable Lgl, or knockdown of aPKC results in

neural differentiation of these glioblastoma cells, suggesting that loss of PTEN

might promote an undifferentiated state by blocking Lgl function.
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Considered together, these findings also highlight the context-dependent role of

the Scribble polarity module in the regulation of the PI3K signaling pathway,

similar to their effect on the RTK–Ras–ERK pathway. Indeed, the emerging

theme is that Dlg and Scribble can form multiprotein complexes with several key

signaling proteins, for example, Dlg with PTEN and APC (Sotelo et al. 2012) and

Scrib with PHLPP and AKT (Li et al. 2011b). However, there is only limited

evidence on the connection between Lgl and the PI3K pathway; therefore further

investigation of this connection in different systems is clearly warranted.

4.5.5 Hippo

The Hippo signaling pathway negatively controls tissue growth (Grusche

et al. 2011) (Fig. 4.3). The central mediators of this pathway are the Hippo and

Warts protein kinases, which are regulated by several upstream regulators including

the expanded and Merlin (FERM domain proteins) and Fat (atypical cadherin)–

Dachs (nonconventional myosin) regulators. When activated, Wts induces the

phosphorylation of the transcriptional co-activator, Yki (YAP and TAZ in mam-

malian cells), and results in its cytoplasmic retention. However, when the Hippo

pathway is inactive, Yki enters the nucleus where it binds to the TEAD family of

transcriptional regulators and leads to the upregulation of cell proliferation and

survival genes. Recent studies have shown that the Scribble polarity module

regulates the Hippo pathway in Drosophila and mammalian cells. Depletion of

Drosophila Lgl (or upregulation of aPKC) leads to downregulation of the Hippo

pathway and increased proliferation and cell survival (Grzeschik et al. 2010a).

Lgl/aPKC affect the Hippo pathway by regulating the localization of Hippo and

its negative regulators, RASSF and STRIPAK phosphatase complex; however

RASSF and STRIPAK are individually not important in the control of Hippo

activity by Lgl/aPKC (Parsons et al. 2014b; Grzeschik et al. 2010a). Thus, the

most likely model is that Lgl/aPKC regulates the localization of Hippo and thereby

its activity, which is consistent with data showing Lgl is involved in vesicle

trafficking (see Sect. 4.4.8).

Despite their common role with Lgl in cell polarity regulation and also in the

regulation of the retromer (de Vreede et al. 2014), Scribble and Dlg do not work in a

common pathway with Lgl to regulate the Hippo pathway in Drosophila. Indeed in
Drosophila, Scribble and Dlg only deregulate Hippo signaling when polarity is lost
(Grzeschik et al. 2010a; Doggett et al. 2011). Epistasis experiments suggest that

Hippo pathway inhibition in scrib mutants occurs downstream or in parallel to both

the expanded and Fat-Dachs-Wts arms of Hippo pathway regulation (Doggett

et al. 2011); however more complex interactions are suggested by another study

(Verghese et al. 2012). In vertebrates, various direct interactions between Scribble

with Hippo pathway regulation have been revealed. In mammalian cells, Scribble

binds to TAZ and sequesters it to the cell cortex in breast cancer stem cells

(Cordenonsi et al. 2011). Here, loss of Scribble or EMT induction frees TAZ
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from the Hippo (Mst)/Wts (Lats) inhibitory interaction. TAZ/YAP membrane

localization in mammalian cells is also regulated by binding to the Crb complex

components, Pals and Patj, thereby restricting their nuclear access (Varelas

et al. 2010). However, in zebrafish, Scribble binds to Fat1, a regulator of the

Hippo pathway, and works together with Fat1 to control Yap activity in pronephric

cyst development (Skouloudaki et al. 2009).

While these interactions provide strong links between the Scribble polarity

module and the Hippo pathway, clearly, further analysis is needed to provide a

more comprehensive view of the regulatory mechanisms in different model

organisms.

4.5.6 Other Signaling Pathways

There have also been limited reports for the involvement of the Scribble polarity

module in several other signaling pathways. Scribble regulates the activity of G-

protein-coupled receptor signaling, such as the thyroid-stimulating hormone recep-

tor (TSHR), where direct binding of Scribble to TSHR recruits the β-PIX-GIT-
ARF6 complex and affects vesicle trafficking of TSHR (Lahuna et al. 2005).

Furthermore, recent analysis of Scribble conditional knockout mice in the lens

epithelial also suggests other signaling pathways are regulated by Scribble, such as

the TGFβ pathway transcription factors, Smad3 and Smad4, which is thought to

contribute to the EMT in this tissue (Yamben et al. 2013). Notably, a role for

Scribble in the TNFα–NF-κB signaling has also been suggested by the identifica-

tion of human Scribble in a proteomics screen with Traf7 (a ring finger ubiquitin

ligase) in human embryonic kidney Hek293 cells (Bouwmeester et al. 2004). Inter-

estingly, Mcc1, which functions with Scribble in regulating cell migration (Arnaud

et al. 2009) (see Sect. 4.4.7), was also identified as a regulator of TNFα–NF-κB
signaling in this study.

In summary, as detailed here, the regulation of multiple signaling pathways by

the Scribble polarity module suggests that it plays an overarching role in cellular

signaling control in response to environmental inputs by acting as signaling scaf-

folds. In these signaling functions, the Scribble polarity module proteins’ connec-
tion to the regulation of vesicle trafficking and the actin cytoskeleton has also been

implicated in many cases. Furthermore, while the Scribble polarity module has a

common function in cell polarity regulation, there is accumulating evidence that in

many situations, Scribble, Dlg, and Lgl individually have specific roles in the

regulation of various signaling pathways. The prevailing view emerging therefore

is that although Scribble, Dlg, and Lgl can function together in some processes, they

also have independent functions in other cellular processes.
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4.6 The Scribble Polarity Module and Cancer

Since their identification as tumor suppressors in Drosophila, much work has been

undertaken to probe the significance of the Scribble polarity module in human

cancer progression (reviewed in Humbert et al. 2008; Facciuto et al. 2012; Banks

et al. 2012; Halaoui and McCaffrey 2014). The first hint that the Scribble polarity

module may be important in human cancer came from the discovery that both Dlg1

(Lee et al. 1997; Kiyono et al. 1997) and human Scribble (Nakagawa and

Huibregtse 2000) were identified as targets of the oncogenic herpes simplex viruses

(HPV), key drivers of cervical cancer progression (reviewed in Pim et al. 2012).

Indeed, the HPV E6 proteins can bind to both Scribble and Dlg1 and lead to their

degradation (Gardiol et al. 1999; Nakagawa and Huibregtse 2000), with altered

expression of Scribble and Dlg1 in cervical cancer patient samples associated with

more aggressive disease (reviewed in Banks et al. 2012). Significantly, other

oncoviral proteins such as HTLV-1 (human T cell leukemia virus type 1) Tax, a

causative agent for adult T cell leukemia, can also target Scribble and Dlg (Lee

et al. 1997; Okajima et al. 2008), indicating that the Scribble polarity module may

form a potent molecular focal point for these cancer-causing viruses. For example,

targeting of the Scribble polarity module by these viruses could provide life cycle

advantages through expansion of the number of cells capable of replicating the viral

genome (Banks et al. 2012).

Initial surveys of the expression of components of the Scribble polarity module

in human cancer patients indicated that loss or decreased expression of Scribble,

Dlg, and Lgl correlated with more aggressive cancers (reviewed in Humbert et al,

2008). Indeed, analysis of genetically engineered mouse models (GEMMs) of

human cancer have functionally supported these initial observations with loss of

Scribble shown to enhance tumorigenesis in a number of epithelial tissues including

the prostate, lung, and breast (Pearson et al. 2011; Elsum et al. 2013b; Godde

et al. 2014). In addition, loss of Dlg1 can promote the development of B-cell acute

lymphoblastic leukemia (B-ALL) in the mouse (Sandoval et al. 2013), and inacti-

vation of LLgl1 may be important for maintenance of glioblastoma malignancy

(Gont et al. 2013). Of note, the tissue organization defects following loss of

Scribble are very similar to early lesions seen in breast and prostate cancers,

namely, ductal carcinoma in situ (DCIS) and prostate intraepithelial neoplasia

(PIN), respectively, which include hyperproliferation and multilayering of glandu-

lar epithelial tissue (Pearson et al. 2011; Godde et al. 2014). This suggests that loss

of activity of the Scribble polarity module could be an early event in these epithelial

tumors and drive the early steps of carcinogenesis. Altogether these provide

evidence that the Scribble polarity module can act as tumor suppressor in mammals.

The tumor-suppressive properties of the Scribble polarity module however are

likely to be context dependent. Indeed, recent evidence suggests that upregulation

of Scribble is common in many cancers including hepatocellular carcinomas, with

high levels of Scribble correlated with reduced patient survival (Vaira et al. 2011;

Savi et al. 2014). Importantly, studies examining large cohort of prostate or breast
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cancer patients have now indicated that it is the mislocalization of Scribble that is

associated with poor outcome (Pearson et al. 2011; Feigin et al. 2014; Savi

et al. 2014). In particular, enforced expression of a mislocalization mutant of

Scribble in transgenic mice can promote breast cancer progression, providing

evidence that alterations in localization of Scribble polarity module components

could be contributing to cancer progression (Feigin et al. 2014). Interestingly, the

high expression of Scribble in some tumors may be regulated by miR-296, which is

progressively lost during tumor progression and correlates with metastatic disease

in multiple epithelial cancers (Vaira et al. 2012; Savi et al. 2014). Consistent with

the notion that Scribble module components could act as oncogenes, Dlg1 has also

been shown to have oncogenic properties in some situations, where, for example, it

is required to localize the adenovirus E4-ORF1 oncoprotein to activate the PI3K

pathway (Frese et al. 2006; Kong et al. 2014). The context-dependent properties of

the Scribble polarity module on the regulation of cancer progression thus should

signal some caution for the design of therapeutic strategies. A better understanding

of the potential lesions in the Scribble polarity module and the specific interaction

between the Scribble module members and oncogenic signaling pathways in any

particular tumor will be critical for the development of effective drugs that block

downstream consequences of altered Scribble polarity module function.

4.7 Conclusions and Future Challenges

Although initially identified as a core component of the machinery that regulates

apicobasal polarity, it has become increasingly clear that the Scribble polarity

module regulates a vast array of additional cell polarity states, from that involved

in asymmetric cell divisions to the immunological synapse. In view of this con-

served and more pervasive role, it is now imperative to understand how, when, and

where the Scribble polarity module interacts with other key polarity complexes and

signaling components to regulate these various polarity states. In addition, although

Scribble, Dlg, and Lgl have common roles in cell polarity control, emerging data

indicates they also have independent functions in other cellular processes related to

their signaling modulatory properties. Careful biochemical, spatiotemporal, and

structural information on the Scribble, Dlg, and Lgl interactions (including the

Scribble–Dlg adaptor NHS/Gukh) and how these are altered in the presence of key

signaling molecules will be required to fully understand the scaffolding function of

the Scribble polarity module. The appreciation that the Scribble polarity module

may be disrupted in human disease through developmental genetic defects such as

spina bifida or during cancer progression also provides impetus to better understand

how one might be able to reverse the effects of misregulation of the Scribble

polarity module. Of note, the observation that blocking deregulated signaling,

such as MAPK, following loss of Scribble in epithelial tissue in vivo can rescue

tissue disorganization and proliferation defects (Pearson et al. 2011; Godde

et al. 2014) suggests that a better understanding of the effects of deregulation of
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the Scribble polarity module may be utilized to therapeutically target diseases of

tissue disorganization, such as cancer.
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Glossary

Scrib Scribble

Dlg Discs large

Lgl Lethal giant larvae

AB Apical–basal

FR Front–rear

ACD Asymmetric cell division

PCP Planar cell polarity
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Part II

Cell Polarity: Different Aspects and Basic
Principles of Regulation



Chapter 5

Front-to-Rear Polarity in Migrating Cells

Flora Llense and Sandrine Etienne-Manneville

Abstract Cell migration is a polarised cellular function involved both during

development and in the adult where it participates to immune reaction, wound

healing, tissue renewal, as well as cancer spreading. Migrating cells display a

characteristic protruding front, at the opposite of a retracting trailing edge. This

front-to-rear functional polarity, paralleled by the polarised morphology of the cell,

reflects the polarisation of the intracellular organisation and signalling cascades.

Random migration only requires the establishment of front-to-rear polarity; in

contrast, the directed and persistent migration, as observed in vivo, necessitates

the orientation of the front-to-rear polarity axis in a direction governed by multiple

polarity cues found in the cell environment and the maintenance of the front-to-rear

axis over time. This chapter summarises the characteristics of polarised migrating

cells and presents the molecular mechanisms at the heart of the initiation, the

orientation and the maintenance of front-to-rear polarity.

Keywords Cell adhesion • Chemotaxis • Collective migration • Cytoskeleton •

Phosphoinositides • Rho GTPases

5.1 Introduction

Migration is an active process that allows a cell to move from one place to another.

Protozoa use migration to find food or escape predators, and in multicellular

organisms, migration of single or groups of cells occurs in a wide range of

circumstances. For instance, during development, gastrulation and dorsal and

ventral closure involve the migration of sheets of cells. In the adult, the collective

migration of epithelial cells contributes to tissue renewal in the intestine and the

skin, while leukocyte migration plays a key role in immunological responses.

Migration is also at the heart of important pathologies, including chronic inflam-

matory diseases, vascular diseases, mental retardation or cancer metastasis. With

the exception of cilia and flagella-driven migration which allows single cells to
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move in a liquid environment, cell migration generally occurs on or within a

relatively dense environment composed of extracellular matrix and possibly other

cells.

Migration is a fundamentally polarised process that requires the organisation of

the cell machinery along a front-to-rear axis. At the cell front, extension of a

lamellipodium, rapidly followed by the formation of new adhesive contacts, pro-

motes cell protrusion. Actual cell displacement only occurs when the cell body

contracts and the trailing edge eventually detaches. Each of these steps requires

major rearrangements of the cytoskeleton as well as of the vesicular traffic control-

ling the directed delivery of membrane components. These rearrangements must be

coordinated in space and time to generate an effective forward movement. The

initial front-to-rear polarisation determines the position of the front and the

localisation of the rear at the opposite side of the cell. This step is absolutely

needed for the initiation of migration. The establishment and maintenance of a

front-to-rear polarity axis is necessary for all kinds of migration, whether the

direction of migration is random as frequently observed in vitro or dictated by

environmental cues (Ridley et al. 2003). In vivo, cells are generally guided by a

complex environment that presents a combination of polarity cues. Immune cells

follow gradients of inflammatory factors or bacterial products. Angiogenic endo-

thelial cells migrate towards sources of growth factors such as VEGF (vascular

endothelial growth factor), while fibroblasts, for instance, follow PDGF (platelet-

derived growth factor) gradients. Gradients of attractants or repellents can initiate

front-to-rear polarisation, but their main effect is to impact on the orientation of the

polarity axis and to control the direction of migration. These gradients are partic-

ularly important to direct amoeboid movement, during which cells form little or no

adhesions. In contrast, adherent cells, such as fibroblasts, astrocytes and endothelial

cells, adopt a mesenchymal type of migration, which differs from amoeboid

migration by the role of cell adhesion to the extracellular matrix as well as by the

requirement of matrix remodelling in a 3D environment. In these situations, cell

interactions with the extracellular matrix and also with the surrounding cells

influence the orientation of the front-to-rear axis and the direction of migration,

reinforcing or dampening the effect of soluble gradients.

5.2 The Structural and Molecular Characteristics

of Front-to-Rear Polarity

The front and the rear of a moving cell are functionally different, and these

differences rely on the segregation of molecular processes specific of the front

and of the rear (Fig. 5.1).
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Fig. 5.1 Functional, structural and molecular differences between the front and the rear of

migrating cells. The front-to-rear polarity axis extends along the major axis of the cell body

from a protrusive leading edge to a retracting trailing edge. Actin microfilaments (red), microtu-

bules (green) and cell adhesions (blue) on the extracellular matrix present different characteristics

in the lamellipodia, the cell body and the cell rear. These structural differences parallel gradient of

signalling molecules, such as Rho GTPases (purple and pink) and phosphoinositides (orange),
whose activity and/or concentration varies from the front to the rear of the cells
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5.2.1 Front-to-Rear Polarity of Actin Dynamics
and Structures

The cell front is the place of active membrane protrusion promoted by cytoskeleton

dynamics and membrane traffic. Depending on their shape and on the cell type, this

highly dynamic region of migrating cells is called pseudopod or lamellipodia. It

extends from the leading edge to the lamella and shows a characteristic cytoskeletal

organisation (Fig. 5.1). In most cell types, actin polymerisation is the main force

pushing the plasma membrane forward either by generating thin fingerlike pro-

trusions called filopodia or by creating wider membrane protrusions called ruffles

(for review, see Insall and Machesky 2009; Carlier and Pantaloni 2007). The

formation of a dense branching actin network which effectively pushes on the

plasma membrane involves the nucleation of new actin filaments by the Arp2/3

complex (Machesky et al. 1994). This molecular complex is strongly activated by

proteins of the WASp (Wiskott–Aldrich syndrome protein) and SCAR/WAVE

families (Machesky and Insall 1998; Stradal et al. 2001; Hahne et al. 2001;

Kunda et al. 2003). Other actin filaments associate with Ena/VASP proteins

which promote continuous elongation of actin polymers by protecting the barbed

ends of actin filaments by cross-linking. The actin nucleator formins promote the

assembly of parallel linear actin filaments from the plasma membrane (Evangelista

et al. 2003). The polymerisation of actin beneath the plasma membrane is fuelled by

actin monomers which are generated at the rear of the lamellipodia, following the

severing of older filaments and their depolymerisation by the ADF/cofilin family of

proteins. The continuous polymerisation at the leading edge leads to a retrograde

flow of actin structures.

For cell migration to proceed efficiently, membrane protrusion must be limited

to the cell front (Affolter and Weijer 2005). The protrusions are thus suppressed

along the lateral and rear sides of migrating cells. Whereas a pool of actin filaments

are depolymerised at the rear of the lamellipodia, others are stabilised as they move

towards the rear of the cell (Fig. 5.1). The meshwork of actin filaments is

reorganised in thick, stable actomyosin cables characteristic of the rear of migrating

cells (Yoo et al. 2010). In cancer cells migrating in an amoeboid manner, the

movement is largely dependent on cell contraction, and cells typically accumulate

actomyosin fibres at the rear in a uropod-like structure (Lammermann et al. 2008;

Hawkins et al. 2011; Poincloux et al. 2011). In this case, membrane protrusion is

caused by actin polymerisation as in a regular lamellipodia or by membrane

blebbing (Sahai 2005; Fackler and Grosse 2008). Actin polymerisation is not

directly responsible for force generation and Arp2/3 is not involved in the formation

of blebs (Eisenmann et al. 2007; Charras et al. 2006; Langridge and Kay 2006). In

contrast, the intense contraction of actomyosin cables promotes the destabilisation

of the actin cortex and the local disruption of cortical actin interactions with the

plasma membrane (Paluch et al. 2006). Moreover, actomyosin contraction

increases the hydrostatic pressure and leads to the rapid protrusion of the plasma

membrane (Charras et al. 2005). The contractile peripheral network, which
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contributes to the translocation of the cell body, also suppresses the formation of

lateral pseudopods.

5.2.2 Front-to-Rear Organisation of the Microtubule
Network

Microtubules participate in the protrusion and the retraction of migrating cells

(Etienne-Manneville 2013). Microtubule polymerisation can, in a few cases, for

instance, in neurons or astrocytes, provide a pushing force required for cell protru-

sion (Etienne-Manneville 2004a). The formation of large microtubule bundles is

also likely to sustain cell elongation along the axis of migration. However, micro-

tubule functions in cell migration essentially involve microtubule association with

actin and intermediate filaments and their function in vesicular trafficking. They act

on transmembrane protein polarised recycling and recruitment, on membrane

delivery and thus on membrane tension. Finally, microtubules interact with, deliver,

and/or modulate the activity of signalling molecules, regulating the polarised

organisation of cytoskeletal structures required for migration. Depolymerisation

of microtubules can totally prevent the front-to-rear polarisation of some cell types

such as astrocytes or neurons. However, in most cell types, disruption of the

microtubule network does not prevent cell migration but dramatically affect the

control of migration direction (Etienne-Manneville 2004a).

Like for actin, the fundamental differences of microtubule functions between the

cell front and the cell rear imply that the microtubule network shows a front-to-rear

polarity (Fig. 5.1). The microtubule network is composed of an array of polar

microtubules emerging from microtubule-organising centre(s) (MTOC), which

often corresponds to the centrosome. In migrating cells, the microtubule network

is strikingly oriented in the direction of migration (Etienne-Manneville 2010;

Manneville and Etienne-Manneville 2006). The microtubules align in the direction

of migration and the MOTC frequently localises in front of the nucleus facing the

leading edge. The position of the nucleus at the cell rear pushes most microtubules

to grow towards the front of the cell (Fig. 5.1). In some cells, such as epithelial cells

or hepatocytes, this can be reinforced by the presence of microtubules emerging

from the Golgi apparatus and growing towards the leading edge (Efimov et al. 2007;

Rivero et al. 2009). Microtubule dynamics is different at the front, the sides and the

rear of the cell. This polarised regulation results from the recruitment of different

plus-end tracking proteins (+TIP) which control microtubule growth, shrinkage,

catastrophes and rescues, as well as microtubule interactions with intracellular

organelles and the cell cortex (Etienne-Manneville 2010). A selection of +TIPs,

including APC (adenomatous polyposis coli) and Clasps, associates specifically

with leading edge microtubules and may promote their elongation. The mainte-

nance of a microtubule network reaching the front edge of the cell despite the

continuous retrograde flow of actin requires microtubule anchoring at the cell
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cortex. Interactions between microtubules and the cell cortex are mediated by

various +TIP proteins found on leading edge microtubules, such as APC, Clips or

Claps (Etienne-Manneville and Hall 2003a; Machesky et al. 1994; Akhmanova

et al. 2001; Akhmanova and Steinmetz 2008; Fukata et al. 2002). +TIP interaction

with microtubules is regulated by phosphorylation, and the inhibition of GSK3 has

been shown to promote the recruitment of specific +TIPs, like APC and Clasps on

leading edge microtubules (Akhmanova et al. 2001; Etienne-Manneville and Hall

2003a; Watanabe et al. 2009). GSK3 activity is controlled by phosphorylation in

polarised manner both downstream of Rho GTPases and PI3K (phosphatidy-

linositol 3 kinase) (Zhou et al. 2004; Etienne-Manneville and Hall 2003a). This

likely contributes to establish the specificity of microtubule dynamic instability at

the leading edge (Drabek et al. 2006). APC-enriched microtubule tips bind to Dlg

which accumulates at the cell front in response to aPKC activation (Etienne-

Manneville 2009; Etienne-Manneville et al. 2005). Dlg is also required for the

recruitment of dynein, leading to microtubule anchoring (Manneville et al. 2010).

Clasps at the microtubule plus ends interact LL5β, which preferentially associates

with the PI(3,4,5)P3-enriched plasma membrane of the cell front (Lansbergen

et al. 2006; Mimori-Kiyosue et al. 2005). Microtubule plus ends are also captured

by +TIPs interacting with actin partners, such as IQGAP1 (Fukata et al. 2002;

Brandt and Grosse 2007). Forces exerted on microtubules captured at the cell cortex

contribute to centrosome positioning (Manneville and Etienne-Manneville 2006).

In particular, the microtubule-associated motor dynein, which preferentially asso-

ciates with leading edge microtubules that are in close proximity to the cell cortex,

may generate pulling forces to bring the centrosome in front of the nucleus

(Manneville et al. 2010; Dujardin et al. 2003).

The global orientation of the microtubule network is paralleled by an increased

stability of microtubules directed towards the leading edge. Several kinases, includ-

ing GSK3, participate in the stabilisation of microtubules by controlling the binding

of specific MAPs, like MAP1B or MAP2, along microtubules (Sanchez et al. 1996;

Sanchez et al. 2000). These stable microtubules accumulate tubulin posttransla-

tional modifications, such acetylation and detyrosination. These modified microtu-

bules and the fact that the Golgi apparatus localises close to the centrosome facing

the cell front may favour membrane traffic towards the cell front, bringing new or

recycled membrane components where needed. Microtubule stabilisation involves

both the association of microtubule-associated proteins (MAPs), like MAP1B or

MAP2, and the control of microtubule dynamics by +TIPs (Sanchez et al. 1996;

Sanchez et al. 2000; Palazzo et al. 2001a; Etienne-Manneville 2010).

5.2.3 Front-to-Rear Regulation of Cell Adhesions

The cytoskeletal networks not only provide pushing forces but also contribute to the

formation and maturation of adhesive structures. During mesenchymal migration,

adhesion to the extracellular matrix is crucial for cell polarisation and movement.
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α-β integrin heterodimers are the major receptors for extracellular matrix fibres

(Hynes 2002). Integrin engagement primarily occurs at the very leading edge

during membrane protrusion (Huttenlocher and Horwitz 2011). Upon binding to

extracellular ligands, integrins change their conformation and their affinity for the

substrate (Huttenlocher et al. 1996). This change of conformation can also be

induced by inside-out signalling (Luo et al. 2007; Luo and Springer 2006). Integrins

first form small clusters (nascent adhesions) which progressively develop into focal

complexes in the lamellipodia (Fig. 5.1). Integrins have short cytoplasmic tails that

connect to the actin cytoskeleton (Hynes 2002). Their engagement with the extra-

cellular matrix promotes the recruitment of adaptor proteins such as talin, Focal

Adhesion Kinase (FAK), paxillin and vinculin. Integrin beta cytoplasmic domains

(tails) mediate the activation of the Src family kinases and FAK and in parallel

induce talin-dependent signals to promote cell adhesion and polarisation (Arias-

Salgado et al. 2005). FAK and vinculin colocalise and bind directly to the Arp2/3

complex, promoting the actin polymerisation required for the formation of nascent

adhesions and focal complexes. Talin can bind the Rac-exchange factor TIAM and

further connect integrin complexes to the actin cytoskeleton (Wang et al. 2012). As

the cell moves forward, focal complexes either dissociate at the rear of the

lamellipodia or persist and mature into larger, more stable focal adhesions. Matu-

ration into large focal adhesions is dependent on myosin II, the activity of the

formins mDia, and the substrate stiffness (Huttenlocher and Horwitz 2011). Focal

adhesions form larger protein complexes, progressively recruiting additional cyto-

plasmic proteins such as α-actinin, RhoGTPases and Src family kinases (SFKs)

(Webb et al. 2002). Ultimately, this complex mediates a strong interaction between

integrins and actomyosin cables, characterising mature focal adhesions (Ridley

et al. 2003). In single cell, these focal adhesions serve as anchoring points for

actomyosin cables at the front and the rear of the cell (Fig. 5.1). As a consequence

focal adhesions are viewed as molecular clutches that hold the actin filaments

which actively push on the leading edge plasma membrane (Giannone

et al. 2009) and also support the contractile forces required for cell translocation

(Beningo et al. 2001).

At the rear, focal adhesions eventually disassemble, contributing to the retrac-

tion of the cell rear (Fig. 5.1). The rearmost adhesions are strongly attached to the

matrix, and increasing tension can sever the link between the cytoskeleton and the

integrins, which are then left behind attached to the substrate while the cell moves

on (Lauffenburger and Horwitz 1996). The tension can also open stretch-activated

calcium channels (Lee et al. 1999). Increased intracellular calcium activates the

protease calpain which cleaves major components of focal adhesion, including the

integrins, talin and vinculin, leading to the disassembly of focal adhesions at the cell

rear (Franco et al. 2004; Bhatt et al. 2002). Alternatively, the disassembly of focal

adhesions can be induced by microtubule targeting and endocytosis (Stehbens and

Wittmann 2012). The regulation of microtubule dynamics at focal adhesion

involves the Focal Adhesion Kinase (FAK) and its substrate paxillin (Efimov

et al. 2008) and leads to the recruitment of clathrin adaptors and clathrin around

focal adhesions (Chao and Kunz 2009; Ezratty et al. 2009).
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The front-to-rear polarised organisation of focal adhesions has been thoroughly

described in the case of cell migrating on 2D surfaces (Lammermann et al. 2009). In

vivo, however, the dynamics and the requirement of integrin clustering and activa-

tion are less clear. For example, leukocyte interstitial 3D amoeboid migration can

be independent of integrin-mediated adhesion in vivo, and murine dendritic cells

depleted of all integrin receptors can still migrate in interstitial tissues in three

dimensions (Lammermann et al. 2008; Lammermann and Sixt 2009). In zebrafish,

depletion of β1 integrins in germ cells does not impede cell polarisation and

migration. Interestingly, in this context, the role of cell–cell adhesion can become

predominant (Kardash et al. 2010). Finally, integrin-independent cell migration is

frequently observed when cancer cells invade through a 3D environment and more

generally upon alteration of cell adhesion to the extracellular matrix (Sahai 2005;

Friedl 2004; Fackler and Grosse 2008).

5.2.4 Front and Rear Signalling Pathways

The central common features of all signalling pathways controlling front-to-rear

polarity is the polarisation of the Rho family of small GTPases (Iden and Collard

2008). These small G proteins cycle between a GDP-bound inactive form and a

GTP-bound active form. They act as molecular switches as they can, in their active

form, bind and activate a large number of effectors. Among their vast panel of

functions, they cooperate to control cytoskeleton dynamics at the front and the rear

of migrating cells (Etienne-Manneville and Hall 2002; Ridley et al. 2003; Jaffe and

Hall 2005).

Rac and Cdc42 are activated at the cell front (Nalbant et al. 2004; Kraynov

et al. 2000). Both proteins are major regulators of the microtubule and actin

cytoskeletons and crucial modulators of the speed and direction of cell migration

(Szczur et al. 2009; Watanabe et al. 2005). Although Cdc42 does not appear

essential for cell movement, it controls the direction and the persistence of migra-

tion. The polarised localisation and activation of Cdc42 is a central event in the

control of cell polarity in a wide range of cellular contexts. In cell migration, Cdc42

mainly controls the orientation of the front-to-rear polarity of migrating cells

(Etienne-Manneville 2004b). Cdc42 is recruited and activated at the leading edge

of migrating cells (Etienne-Manneville and Hall 2001; Osmani et al. 2006)

(Fig. 5.1). Acting at the cell front through several downstream effectors, Cdc42

promotes nucleus localisation at the rear of migrating cells by promoting the

retrograde flow of actin cable and controls the position of the centrosome by

participating in the anchoring of leading edge microtubules (Gomes et al. 2005;

Palazzo et al. 2001b; Etienne-Manneville et al. 2005; Manneville et al. 2010). The

localised activation of Cdc42 mediates a directional response via a pathway involv-

ing the evolutionary conserved polarity complex Par6-aPKC to correctly orient the

microtubule network (Etienne-Manneville and Hall 2003b; Watanabe et al. 2005;

Etienne-Manneville and Hall 2001). Activation of atypical PKCs at the leading
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edge leads to the local inhibition of GSK3, a serine kinase involved in the Wnt

signalling (Etienne-Manneville and Hall 2003a). GSK3 can also be phosphorylated

and inhibited by AKT downstream of PI3K signalling at the cell front (Zhou

et al. 2004). Through the regulation of GSK3 activity, Cdc42 activation at the

leading edge increases microtubules capture to the cell cortex, contributes to the

stabilisation of microtubules reaching towards the leading edge, and promotes the

reorientation of the centrosome and the Golgi apparatus towards the leading edge

(see above). Cdc42 also participates in the regulation of actin dynamics at the

leading edge. It promotes the formation of filopodia via the formin mDia1 and

mDia2 (Goh and Ahmed 2012; Goh et al. 2012). It also contributes to Rac

recruitment and/or activation leading to the formation of lamellipodia (Nobes and

Hall 1995). Rac activity has been shown to gradually increase towards the leading

edge (Chamberlain et al. 2000; Kraynov et al. 2000) (Fig. 5.1). At the cell leading

edge, active Rac and Cdc42 induce the activation of WASP and of the Scar/WAVE

complex which induces the formation of the actin meshwork that fills the

lamellipodia. Rac also activates the LIM kinase, which phosphorylates ADF/cofilin

leading to its inactivation at the leading edge, whereas at the rear of the lamellipodia

the phosphatase slingshot activates ADF/cofilin to promote F-actin disassembly

(Arber et al. 1998; Niwa et al. 2002). Rac together with Cdc42 induce the formation

of focal complexes and lead to lamellipodium attachment to the extracellular matrix

and its stabilisation. Like Cdc42, Rac can activate PAK which regulates actin and

microtubule dynamics as well as focal adhesion turnover (Manabe et al. 2002;

Obermeier et al. 1998; Daub et al. 2001; Kuntziger et al. 2001). This localised PAK

activation is essential for the recruitment of βPIX and Rac activation at the front of

the cell, restricting lamellipodium formation to the leading edge of migrating cells

(Nola et al. 2008; Osmani et al. 2006).

Rac activity at the cell front is crucial for protrusion formation. However,

whether Rac is required for cell migration per se is disputable as migration in

absence of Rac in melanoblasts, fibroblasts and macrophages has been reported

despite major defects in cell protrusion (Li et al. 2011; Vidali et al. 2006; Wheeler

et al. 2006), suggesting that alternative pathways may also trigger cell migration.

Although Rac and Cdc42 clearly appear as key players in the front edge protrusion,

RhoA activity has also been observed at the leading edge (Pertz et al. 2006). RhoA

activity peaks temporally before and spatially in front of Rac and Cdc42 activity

(Machacek et al. 2009). The spatiotemporal distribution of RhoA and Rac activity

reflects that Rac1 and RhoA are mutually inhibitory (Nimnual et al. 2003). This

may involve the Par6-aPKC complex downstream of Cdc42 or Rac which inhibits

RhoA via p190RhoGAP (Goldstein and Macara 2007).

The localisation of active RhoA at the front suggests that it participates in the

initiation of the protrusion (Narumiya et al. 1997; Yamana et al. 2006). One

important target of RhoA is the formins mDia, which facilitate actin assembly

(Pruyne et al. 2002; Sagot et al. 2002). Rho and actomyosin contraction are also

essential for the maturation of focal adhesions and the increased adhesion which

sustains cell contraction. In contrast to the front, cytoskeleton dynamics in the cell

body and at the cell rear is primarily controlled by Rho (Ridley et al. 2003). Rho
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promotes contraction and retraction forces in the cell body and the cell rear

(Fig. 5.1). These events mainly occur through the Rho effector ROCK, a kinase

which promotes actomyosin contraction by increasing the phosphorylation of the

myosin light chain (Kawano et al. 1999). Rho and ROCK are required for retraction

of the trailing edge in leukocytes (Alblas et al. 2001). Generally, Rho promotes the

stabilisation of actin structures (Maekawa et al. 1999). Its effector mDia contributes

to stress fibre assembly (Uehata et al. 1997). Moreover, Rho and mDia are also

involved in the stabilisation of the microtubule network (Palazzo et al. 2001a;

Palazzo et al. 2004). mDia promotes microtubule capture at focal adhesions and

can facilitate focal adhesion disassembly (Wickstrom et al. 2010). Inhibition of Rho

prevents the rear detachment in migrating leukocytes (Alblas et al. 2001). The role

of Rho–ROCK activity is particularly evident in the case of amoeboid migration.

Activation of Rho causes membrane blebs and Rho–ROCK activity is polarised in

the direction of blebbing (Pinner and Sahai 2008). Myosin II and the upstream

signalling involving Rho and ROCK are also required for retraction (Worthylake

and Burridge 2003; Xu et al. 2003).

5.3 Orientation of the Front-to-Rear Polarity Axis During

Directed Migration

The front-to-rear polarity axis is a prerequisite for random as well as directed cell

migration. However, during directed migration, not only the establishment but also

the orientation of the polarity axis is controlled by external stimuli. A wide variety

of polarity cues steer cells to proper locations for tissue maintenance, restoration or

remodelling. These cues correspond to gradients of soluble or non-soluble proteins,

to anisotropic interactions with the extracellular matrix or with neighbouring cells

or to local changes in the physical properties of the microenvironment (Fig. 5.2).

These polarity cues can initiate cell polarisation or act on already polarised cells to

maintain or redirect their front-to-rear axis (Van Haastert and Devreotes 2004;

Iglesias and Devreotes 2008).

5.3.1 Polarisation in Response to Soluble Gradients

Chemotaxis is the directed migration of cells obtained in response to gradients of

soluble factors which act as chemoattractants. One of the first and most

characterised examples of gradient sensing is Dictyostelium discoideum. The social
amoeba D. discoideum has a developmental cycle which heavily relies on chemo-

taxis. During development starving isolated cells secrete waves of cAMP (cyclic

adenosine monophosphate) which acts as a chemoattractant for neighbouring cells.

cAMP-induced directed migration leads to the aggregation of thousands of cells
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which eventually differentiate to form a fruiting body. These amoeboid cells use a

G protein-coupled receptor to detect cAMP and transmit G protein-dependent

intracellular signalling to promote directed migration (Manahan et al. 2004).

There is only a few percent difference in concentration of cAMP between the cell
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Fig. 5.2 Generating the front in response to polarity cues. The establishment and maintenance of

the front-to-rear axis is controlled by a large variety of polarity cues including gradients of soluble

proteins and chemical or physical properties of the extracellular matrix. This schematic depicts

main signallings induced by these different polarity cues to promote the formation of a protrusive

cell front. (a) Gradient of diffusible chemokines or growth factors promotes front-to-rear polarity

mainly by generating a gradient of phosphoinositides. The example of a chemokine binding to a

seven transmembrane receptors is shown here, but growth factor tyrosine kinase receptor would

similarly lead to the recruitment and activation of PI3K by several parallel signals at the front (see

text for details). In contrast, PTEN and SHIP recruited to the cell rear contribute to the generation

of a PI(3,4,5)P3 front-to-rear gradient. In parallel, the small G proteins Rac and Cdc42 are

activated at the front. Their regulation is mediated by GEF which are activated directly by G

protein-coupled receptor signalling or by PI3K products. (b) Integrin engagement with the

extracellular matrix at the cell front promotes a local polarity signal involved in the establishment

of front-to-rear polarity. This signalling involves Scrib and βPIX which, when phosphorylated by

Src acts as a GEF for Cdc42 (Tu et al. 2003), binds Rac and participates to Rac accumulation at the

leading edge. Another GEF, like Tiam1, can (Tu et al. 2003). βPIX also activate Rac at the leading

edge (Ellenbroek et al. 2012)

5 Front-to-Rear Polarity in Migrating Cells 125



edge facing the source of the chemoattractant and the opposite side; and yet, this

induces totally different intracellular signals at the two poles of the cells in order to

promote front-to-rear polarisation. The membrane receptors and the associated G

proteins are uniformly distributed over the cell surface (Servant et al. 1999). The

receptor occupancy and the activation of the G proteins follow the same variations

as the concentration of chemoattractant (Jin et al. 2000). However, downstream

signalling is strongly polarised. PI(3,4,5)P3 accumulation at the cell membrane that

is facing the chemoattractant source is the first detectable polarised event (Fig. 5.2).

PI3Kγ, which belongs to the class 1B of PI3K—the enzyme triggering the synthesis

of PI(3,4,5)P3—is regulated by Gβγ subunits (Barber and Welch 2006). The two

classes of PI3K are also activated by Ras (Parent et al. 1998; Kae et al. 2007). PI3K

activation may also involve PLC and calcium signalling (Kortholt et al. 2007)

(Fig. 5.2a).

In mammals, immunological responses require a rapid recruitment of immune

cells to damaged or infected tissues. Lymphocytes or neutrophils express a combi-

nation of receptors which can interpret a complex network of chemoattractant

gradients (McDonald et al. 2010). Most chemoattractants, like, for instance, the

chemokines, are detected by members of G protein-coupled receptor family (Jin

et al. 2008). However, tyrosine kinase receptors can also detect gradient of soluble

growth factors. Like in Dictyostelium, phosphoinositides play a central role in

gradient sensing in leukocytes and also in fibroblasts or cancer cells (Rickert

et al. 2000; Haugh et al. 2000; Barber and Welch 2006) and like in

D. discoideum, PI(3,4,5)P3 accumulation has been observed at the protruding

front of neutrophils and fibroblasts in vitro and in vivo (Haugh et al. 2000; Parent

et al. 1998; Yoo et al. 2010). PI3K is also involved in cell response to EGF

(epidermal growth factor) or PDGF (platelet-derived growth factors) (Sossey-

Alaoui et al. 2005; Yip et al. 2007). Class 1A PI3Ks (PI3Kα PI3Kβ and PI3Kδ)
are directly regulated by tyrosine kinases (Cain and Ridley 2009). Leukocytes can

also follow gradient of hydrogen peroxide in response to acute injury (Feng

et al. 2010). Although the exact mechanisms by which hydrogen peroxide can

induce directed migration are not fully understood, they seem to implicate a redox

sensor such as Lyn, a Src kinase family member, which may then lead to PI3K

activation (Yoo et al. 2011).

The polarised distribution of phosphoinositides, such as PI(3,4,5)P3 and PI(4,5)

P2, is essential for defining front-to-rear polarity as well as for efficient migration

(Fig. 5.1). In migrating Dictyostelium, PI(3,4,5)P3 and PI3K accumulate at the

plasma membrane in front of the chemoattractant source (Funamoto et al. 2002;

Merlot and Firtel 2003). The PI(3,4,5)P3 level is also regulated by two phospha-

tases: PTEN, a 3-phosphatase that converts PI(3,4,5)P3 to PI(4,5)P2, and SHIP1, a

5-phosphatase that converts PI(3,4,5)P3 to PI(3,4)P2. In wild-type mouse and

zebrafish neutrophils, disruption of SHIP1 results in the accumulation of PI(3,4,5)

P3 at the entire cell periphery (Mondal et al. 2012). PTEN is excluded from the

front of migrating D. discoideum and prevents actin polymerisation on the lateral

and rear sides of the cell (Iijima and Devreotes 2002). In neutrophils, the combined

actions of SHIP1 and PTEN at the rear contribute to the polarised front-to-rear
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distribution of PI(3,4,5)P3, which is maintained at the leading edge and promotes

cell polarisation and migration (Yoo et al. 2010) (Fig. 5.1 and 5.2a).

In amoeba and leukocytes, Rac activity parallels the PI(3,4,5)P3 gradient

(Fig. 5.1). Rac is activated, in response to ligand binding, by the heterotrimeric G

protein which directly associates with Rac guanine nucleotide-exchange factor

(GEF), such as Elmo/DOCK (Yan et al. 2012). Rac is also activated in response

to the accumulation of PI(3,4,5)P3 at the front via GEFs sensitive to phosphoi-

nositides (Fig. 5.2a). G protein-coupled receptors also activate Cdc42 by a complex

formed containing Gβγ subunits, the GEF PIXα and PAK (Li et al. 2003). However,

Rac activation is not always sufficient to induce the actin polymerisation normally

observed in all protrusions, suggesting that PI3K activates additional signalling

cascades which also participate in the regulation of actin dynamics at the leading

edge (Yoo et al. 2010). The Ras pathway, which controls TORC2 and PKB, also

contributes to actin polymerisation (Charest et al. 2010; Cai et al. 2010). In general,

inhibition of Ras or PI3K blocks directional sensing (Wang et al. 2002; Takeda

et al. 2007; Loovers et al. 2006). However, in steep gradients, cell-directed cell

migration can be induced independently of PI3K signalling, indicating that alter-

native pathways are at play (Hoeller and Kay 2007). The role of PLA2 in gradient

sensing has been identified in screen performed in the presence of PI3K inhibitors

and then confirmed using mutant cells and specific inhibitors (Chen et al. 2007; van

Haastert et al. 2007).

5.3.2 Front-to-Rear Polarisation in Response to Cell
Interaction with the Extracellular Matrix

Integrin engagement with the extracellular matrix at the leading edge of cell

protrusion leads to cytoskeletal rearrangement resulting in two important features

of front-to-rear polarisation (Vicente-Manzanares et al. 2009): the formation of

protrusions in the direction of migration and the reorientation of the centrosome and

the Golgi apparatus towards the direction of migration in some cells (Fig. 5.2b).

Each cell contains a specific integrin signature, and several integrin dimers have

been involved in cell polarisation, depending on the nature of the substrate on which

cells are migrating. For instance, α1β1 are crucial for the directed migration

astrocytes on a laminin substrate (Peng et al. 2013), whereas αvβ3 have been

implicated when astrocytes migrate on the neuronal protein Thy-1 (Kong

et al. 2013). During migration, localised integrin signalling leads to the polarised

recruitment of the small GTPases Cdc42 and Rac (Fukata et al. 1999; Del Pozo and

Schwartz 2007). This pathway depends on the recruitment of the evolutionary

conserved polarity protein Scrib at the front (Qin et al. 2005; Osmani et al. 2006).

Scrib, in a complex with βPIX and GIT1 (G protein-coupled receptor interacting

protein 1) (Nola et al. 2008; Audebert et al. 2004), controls Cdc42 activation and
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localisation of Rac (Osmani et al. 2006) (Fig. 5.2b). A similar mechanism is also

observed in endothelial and mammary cells front (Qin et al. 2005).

In addition to its chemical nature, the physical properties of the extracellular

matrix can influence directional migration. Contractile structures at the leading

edge probe the substrate rigidity (Ghassemi et al. 2012). Focal adhesions are

essential to mechanically couple the cell to the substratum and to induce intracel-

lular signalling controlling cytoskeleton rearrangements and cell migration in

response to the physical properties of the substrate (Choquet et al. 1997). The

stiffness of the extracellular substrate is balanced by the actomyosin forces gener-

ated within the cell. The molecular mechanisms involved in the control of front-to-

rear polarity by physical signals are not completely understood yet, but force-

generating proteins like actin and myosin are central. Force detection is generally

based on protein conformational changes resulting in the regulation of their activ-

ity. Ion channels, enzymes or scaffolding proteins can be involved. The rigidity of

the extracellular matrix impacts on the maturation and the shape of focal adhesions,

which are typically elongated in the direction of the stress fibres. Cells lying on soft

elastic substrates develop elongated adhesions and stress fibres, whereas cells

cultured on stiff plastic or glass substrate develop large focal adhesions (Pelham

and Wang 1997). The complex formed between talin, vinculin and actin filaments

can sense and translate mechanical tension into biochemical signals (Yu et al. 2009;

Wang et al. 2012). Force unfolds talin and reveals cryptic vinculin binding domains

(del Rio et al. 2009). Filamin conformation is also modified by external forces,

which increase its binding to integrin β tails and reduces the binding of RhoGAP

(Ehrlicher et al. 2011). A similar role for talin as link between integrins and actin

cytoskeleton has been found in C. elegans and drosophila.

5.3.3 Front-to-Rear Polarisation in Response to Cellular
Interactions

The role of cell–cell contacts in directional migration is perfectly illustrated in the

collective migration of neural crest cells in Xenopus, zebrafish and chick embryos

(Carmona-Fontaine et al. 2008; Carmona-Fontaine et al. 2011; Matthews

et al. 2008; Becker et al. 2013). On one hand, cellular interactions promote the

polarisation and the directed migration of neural crest cells. On the other hand,

migrating neural crest cells undergo contact inhibition locomotion, a process that

prevents cells to migrate over one another.

Adherens junctions (AJ) are essential structures for cell–cell adhesion, for the

maintenance of tissue integrity, and for the cohesiveness of migrating cell groups

(Etienne-Manneville 2011, 2012). They are mainly based on homophilic interaction

between cadherin extracellular domains. Cadherin-mediated AJs are required for

the migration of germ cells or of the lateral line migration in zebrafish (Kardash

et al. 2010; Kerstetter et al. 2004). In mesendodermal cells in vivo, E-cadherin is
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involved in cell polarisation and for the correct orientation towards the animal pole

(Dumortier et al. 2012). The anisotropic distribution of AJs is sufficient to induce

front-to-rear polarisation (Fig. 5.3). The localisation of cadherin-mediated contacts

impacts on nuclear position and promotes centrosome orientation towards the free

cell edge (Dupin et al. 2009; Desai et al. 2009; Desai et al. 2013). The anisotropic

distribution of AJs directs the actin-retrograde flow that is generated at the cell front

towards the cell rear (Fig. 5.3). This flow of actin cable directly interacts with the

nuclear envelop or acts on intermediate filaments to push the nucleus away from the

cell-free edge (Dupin and Etienne-Manneville 2011; Dupin et al. 2011; Luxton

et al. 2010). This rearward movement of the nucleus may facilitate centrosome

reorientation and the polarisation of the microtubule network (Gomes et al. 2005;

Palazzo et al. 2001b; Etienne-Manneville et al. 2005; Manneville et al. 2010).

However, the molecular mechanisms underlying cadherin functions in the centro-

some positioning are not fully understood and may involve a direct effect of

cadherin-mediated junctions on the microtubule network. Microtubule regulation

at cell–cell contacts, where Par3 interacts with dynein, contributes to the centro-

some positioning (Schmoranzer et al. 2009). AJs may also have an indirect effect on

front-to-rear polarity by controlling cell interactions with the extracellular matrix

(Canel et al. 2013), and evidence point out an inhibitory effect of AJs on the

formation of focal adhesions (Borghi et al. 2010; Dupin et al. 2009; Camand

et al. 2012). Thus, the anisotropic distribution of AJs results in an asymmetric

localisation of focal adhesions, which in turn can promote a polarisation signal by

controlling microtubule anchoring and centrosome reorientation (see above)

(Fig. 5.3). The restriction of focal adhesions at the cell front is also required for

the generation of the polarised actin-retrograde flow which pushes the nucleus

towards the rear (Borghi et al. 2010; Dupin et al. 2009; Camand et al. 2012).

Cumulative evidence point to AJs as mechanosensors of tissue rigidity relaying

external forces to the actin cytoskeleton (Ladoux et al. 2010). Experiments in

Xenopus and zebrafish show that force applied to C-cadherins induces cell

polarisation and migration in the direction opposite to the applied force (Weber

et al. 2012). Cells migrating together can generate and follow gradients of

intercellular tension (Trepat et al. 2009; Tambe et al. 2011). Increased cell con-

tractility induces AJ strengthening and resistance to mechanical stresses (Liu

et al. 2010). α-catenin and vinculin are force-activated proteins in cadherin com-

plexes. α-catenin is required for mechanical coupling between cadherin and acto-

myosin (Cavey et al. 2008; Desai et al. 2013; Gumbiner and McCrea 1993).

Applied forces trigger the stretching α-catenin and consequently expose a cryptic

vinculin-binding site in α-catenin that in turn recruits vinculin and actin to cadherin
junctions. In fact, mechanosensitive vinculin/EPLIN recruitment at the junctions

increased the binding between actin and cadherin (le Duc et al. 2010; Taguchi

et al. 2011).

Interestingly, both the depletion and the overexpression of DE-cadherins impair

the migration of drosophila border cells from the anterior part towards the posterior

part of the egg chamber (Niewiadomska et al. 1999; Pacquelet et al. 2003;

Pacquelet and Rorth 2005), highlighting the dual function of cadherin-mediated
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junction in the regulation of migration. When two cells collide, cadherins can form

homophilic contacts which induce a very transient peak of Rac1 activity directly

followed by an increase in RhoA activity (Carmona-Fontaine et al. 2008; Carmona-

Fontaine et al. 2011; Theveneau et al. 2010; Etienne-Manneville 2011). This

transient change participates in the repolarisation of the cell towards the opposite

side and the emergence of a new protrusion at the free cell edge. In dense groups,

contact inhibition promotes collective cell behaviour by driving cell movement

towards regions devoid of intercellular contacts.
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of focal adhesions

F-Actin
retrograde flow

Integrin signaling
at the front

Cadherin signaling
at the lateral and rear sides
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Focal adhesions
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Fig. 5.3 Adherens junctions and front-to-rear polarity. During collective migration, the adherens

junctions that support physical interactions between adjacent cells push the cells to migrate in the

same direction by orienting the front-to-rear axis towards the free edge of the cells. Cadherin can

either impact directly on the organisation of the cytoskeleton or act through the regulation of

integrin engagement with the extracellular matrix. Cadherin-mediated signals are shown with pink
arrows. The integrin-mediated signals which are restricted at the cell-free edge are shown as blue
arrows
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5.4 Maintenance of the Front-to-Rear Polarity Axis

and Direction Persistence in Migration

Front-to-rear polarisation initiates migration, and the orientation of the front-to-rear

axis by various extracellular cues induces directed migration. Once established, the

front-to-rear polarity axis must be maintained in a stable direction. Thus, cells

migrating in a complex 3D environment and submitted to constant minute changes

in the concentration of soluble and insoluble ligands can keep migrating persis-

tently in a constant direction. Several hypotheses have been formulated which

generally combine positive feedback loops in signalling pathways (Fig. 5.4a) and

microtubule-based cell organisation (Fig. 5.4b).

5.4.1 Positive Feedback Loops to Stabilise the Front

A positive feedback loop between phosphoinositide signalling and Rho GTPases

activity is commonly thought to be a key element which maintains and amplifies

actin-driven protrusion at the cell front (Weiner et al. 2002; Xu et al. 2003;

Srinivasan et al. 2003) (Fig. 5.4a). The accumulation of PI(3,4,5)P3 triggers the

activation of the small G proteins Rac and Cdc42, via the activation of PIP3-

dependent exchange factors (Welch et al. 2002). The localised accumulation of

PIP3 at the leading edge of zebrafish neutrophils promotes Rac activation and

therefore the polarised protrusion (Yoo et al. 2010). PI3K directly interacts with

Rac and the two proteins can activate each other (Janetopoulos and Firtel 2008). PI

(3,4,5)P3 and PI(3,4)P2 either recruit or activate a number of Rac and/or Cdc42

GEFs such as p-Rex1, Vav, Tiam1 and PIX (Welch et al. 2003). PI(3,4,5)P3 also

binds Rac and Cdc42 effectors like WASp and WAVE, as well as Rac itself

(Suetsugu et al. 2006; Innocenti et al. 2003; Bokoch et al. 1996). Conversely,

Rac-induced actin polymerisation is required to stabilise PI3K and reinforce the

local accumulation of PI(3,4,5)P3 at the cell front (Weiner et al. 2002), while the

accumulation of PI(3,4,5)P3 directly promotes localised actin polymerisation and

pseudopod extension (Bolourani et al. 2006; Huang et al. 2003). Such a local

coupling between receptor signalling and cell protrusion is sufficient to promote a

biased random walk and chemotaxis (Arrieumerlou and Meyer 2005). In fact,

disruption of the PI3K-Rac positive feedback loop in neutrophils alters the direc-

tionality of migration in response to chemoattractants (Wang et al. 2002; Weiner

et al. 2002). Similarly, several feedback loops may be involved in maintaining

active Cdc42 at the front, including phosphoinositides and PAR4/LKB1

(Raftopoulou et al. 2004; Zhang et al. 2008). Cdc42 has also been shown to

contribute to integrin-mediated activation of PI3K (Schwartz and Shattil 2000).

In fibroblasts, Cdc42 activation at the leading edge is increased by a positive

feedback signal involving proton efflux at the leading edge (Frantz et al. 2007).

Changes in the cytosolic pH may affect GEF binding to phosphoinositides and also
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the activity of myosin motors and the affinity of actin cross-linkers (Kohler

et al. 2012). Inside–out signalling induced by small G proteins also creates a

positive feedback loop at the front of adhesive migrating cells (Abram and Lowell

2009). The Rac-specific GEF Tiam1 interacts directly with Talin and activates the

integrins, increasing integrin-induced cell polarity (Wang et al. 2012) (Fig. 5.4b).
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Fig. 5.4 Feedback loops and the maintenance of the polarity axis. (a) Positive feedback loops play

a key role in the amplification and maintenance of front and rear signals. The cross talk between

small G proteins of the Rho family and phosphoinositides is at the heart of these amplifying loops.

Additional cross talk also involving cytoskeletal regulation and membrane tension contributes to

the maintenance of the front-to-rear polarity axis. (b) The polarization of the microtubule network

provides positive feedback loops mainly by favouring polarized vesicular traffic towards the

leading edge and also by delivering key signalling molecules to specific location. Signalling

pathways are symbolised by an arrow the colour of the initiating regulatory protein
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5.4.2 Long-Range Signals to Maintain an Opposite Rear

How opposite molecular signals are initiated and maintained to function simulta-

neously at the front and at the rear of a unique cell whereas external stimuli only

marginally vary across the cell diameter remains a matter of debate. Synchronisa-

tion of actin polymerisation at the cell front with myosin-dependent contractile

forces at the rear requires numerous feedback mechanisms (Charest and Firtel

2006). The opposite distribution of Rac and Cdc42 on one hand and Rho on the

other hand is paralleled by a polarised distribution of phosphoinositides.

Like at the front, the interplay between small G proteins and phosphoinositides

tends to reinforce the specificity of the signalling (Fig. 5.4a). At the rear, Rho

promotes the production of PI(4,5)P2 by activating the PI4P-5 kinase (Schwartz

and Shattil 2000) and by stimulating PTEN activity through ROCK-dependent

phosphorylation (Li et al. 2005; Sanchez et al. 2005). Complex models have been

proposed to explain the induction of opposite signalling pathways at the front and

the rear of migrating cells (for a review, Janetopoulos and Firtel 2008). Accumu-

lation of PI3K and Rac signals at the front of the cell may result in the depletion of

these molecules on the rest of the cell periphery and thus generate a rear zone by

default of positive signals (Postma and Van Haastert 2001). Such a mechanism

relies on the limited amount of some of the essential components of the “front”

signal. This hypothesis is supported by the observation that PI3K recruitment to the

front of migrating fibroblasts leads to the depletion of the cytosolic pool of the

protein (Schneider and Haugh 2005). Alternatively, signals at the front may locally

inhibit the signals specific of the cell rear, which would remain exclusively active at

the cell rear to contribute to cell contractility and retraction. In neutrophils, Rac

activation at the cell front counteracts Rho and Myosin activity and excludes Rho

from this region (Pestonjamasp et al. 2006). Similarly, active Cdc42 is required to

localise RhoA at the rear of leukocytes (Li et al. 2005). In collectively migrating

cells, the presence of adherens junctions on the lateral and rear side of neighbouring

cells generate signals that locally inhibit focal adhesion formation and signalling,

restricting integrin-mediated protrusion at the front (Etienne-Manneville 2011,

2012; Borghi et al. 2010). Finally, a more general model of front-to-rear

polarisation involves the local activation of pathways, promoting protrusion asso-

ciated with a global and slower inhibitory signal (Janetopoulos and Firtel 2008; Jin

2013; Xiong et al. 2010). This “LEGI” (local excitation and global inhibition)

model may rely on mechanical constrains due, for instance, to membrane tension,

which would dampen actin dynamics (Houk et al. 2012). Actin-pushing forces at

the leading edge significantly increase membrane tension (Lieber et al. 2013),

which is immediately transmitted to the entire cell periphery (Fig. 5.4a). Membrane

tension activates myosin contraction in fibroblasts and inhibits the recruitment of

actin regulatory proteins in neutrophils (Gauthier et al. 2011) and acts as a global

inhibitor of actin polymerisation confining protrusion at a single position (Houk

et al. 2012). Membrane tension can also activate calcium influx via stretch-

activated calcium channel and promote the retraction of motile keratocytes (Lee

et al. 1999).
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5.4.3 Microtubules: Guardians of the Polarity Axis

The polarised organisation of the microtubule network is crucial for persistent

directed cell migration (Vasiliev et al. 1970). In addition to their direct role in the

migration process, microtubules are essential in the maintenance of front-to-rear

polarity in many cell types (Etienne-Manneville 2004a, b). Microtubule

depolymerisation alters cell migration in vitro and in vivo (Redd et al. 2006).

More precisely, the orientation of the microtubule network warrants the persistence

of migration. In fact, alteration of microtubule dynamics by inhibition of microtu-

bule +TIPs, like Clasp2, prevents persistent migration (Drabek et al. 2006). Micro-

tubules may contribute their role in vesicular traffic to front-to-rear polarisation and

cell migration. The position of the centrosome and the Golgi apparatus at the front

of the nucleus, facing the leading edge and the stabilisation of microtubules

elongating towards the leading edge, is likely to favour directed vesicle delivery

to the leading edge plasma membrane (Etienne-Manneville 2013) (Fig. 5.4b).

Localised vesicle delivery to the leading edge can reinforce the polarity cues by

concentrating the relevant membrane receptors to specific membrane domain and

thus reinforce the cell sensitivity to polarity signals and stabilise the direction of

migration (Nieto et al. 1997). Migrating cells affect the composition and the

organisation of the extracellular matrix, which in turn can modulate cell polarity

and directional migration (Fig. 5.4b). Astrocytes produce laminin as they migrate

and use laminin receptor to polarise (Peng et al. 2013). The rapid internalisation and

recycling of integrins at the leading edge of migrating cells restrict integrin

localisation to the front of the cell by outcompeting their slow lateral diffusion

towards the cell body, suggesting that endocytic turnover of adhesion molecules at

the leading edge serves to accumulate them there. The redistribution of integrins to

the front of migrating cells is mediated by asymmetrical phosphorylation of Numb

by aPKC (Nishimura and Kaibuchi 2007). In addition to essential membrane

components like integrins which need to be recycled and renewed at the leading

edge, the polarised traffic of molecules involved in polarity pathways such as Rac

and Cdc42 contributes to the polarised localisation of these proteins and to the

maintenance of their front activity (Osmani et al. 2010; Di Cesare et al. 2000)

(Fig. 5.4b). The endocytic pathway is important in restricting the Cdc42 and Rac at

the leading edge. In fact the recruitment and activation of Cdc42 at the leading edge

is disturbed in Arf6 depleted cells (Osmani et al. 2010). In astrocyte, Arf6 which

belongs to ARF family small promotes βPIX accumulation at the leading edge. This

accumulation of βPIX is needed for Cdc42-restricted activation and for the

polarised recruitment of Rac (Osmani et al. 2006; Cau and Hall 2005). The

localisation of Rac is further facilitated at the leading edge by the delivery of

lipid-raft-containing vesicles (Balasubramanian et al. 2007). Inhibition of the

endocytic pathway is required for the maintenance of cell polarity (Wessels

et al. 2000). Local regulation of membrane traffic may also affect membrane

tension and indirectly impact on actin dynamics (Ji et al. 2008). In addition to

their role in intracellular trafficking, microtubules can directly affect signalling.
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The growth of microtubules at the cell front can activate Rac to further promote

actin and microtubule polymerisation and cell protrusion (Waterman-Storer

et al. 1999). The composition of the +TIP complex impacts on the signalling

functions of microtubules. Growing leading edge microtubules which accumulate

APC clusters can activate Asef, a Rac GEF interacting with APC (Kawasaki

et al. 2003; Kawasaki et al. 2000). While growing microtubules can activate Rac,

they can also inhibit Rho by sequestering and inactivating the RhoGEF-H1/Lfc

(Krendel et al. 2002; Chang et al. 2008).

5.5 Conclusions

The conclusion/end point of front-to-rear polarisation is to functionally differenti-

ate two opposite cell poles so that the protruding leading edge and the opposite

contracting/retracting rear edge promote migration. Front-to-rear polarity is abso-

lutely required for migration whether the cell migrates in a 2D, or a 3D, environ-

ment, in a random or a directed manner. Conserved polarised intracellular signals,

involving small G proteins and phosphoinositide signalling, are essential regulator

of front-to-rear polarity in all kinds of cell types and organisms. Migration in an

in vivo environment is a tightly regulated process which requires the orientation of

front-to-rear axis so that cells migrate in a directed manner following the multiple

polarity cues present. How cells integrate and respond to the subtle and numerous

variations of their microenvironment remains partially unclear. The maintenance of

the front-to-rear polarity axis essentially relies on the continuous negative feedback

between the leading edge and the side and rear edges of the cells. Beside its role in

normal physiology, abnormal cell migration is involved in many pathological

conditions, including inflammatory diseases and cancer invasion and metastasis.

Loss of polarity is a hallmark of cancer cells. However, despite frequent alterations

of GTPase activity and phosphoinositide signalling, the front-to-rear polarity and

the underlying molecular mechanisms appear functional in invasive cancer cells. It

contrast, it seems that, in this case, the ability to steer this polarity axis in response

to external cues such intercellular interactions is perturbed, indicating that the

molecular mechanisms responsible for the sensing and/or the interpretation of

polarity cues in altered in these cells.
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Chapter 6

Neuronal Polarity

Bhavin Shah, Alejandro Lopez Tobon, and Andreas W. Püschel

Abstract Neurons are highly polarized cells that form distinct axonal and

somatodendritic compartments. The establishment of this neuronal polarity, i.e.,

the specification of an axon and multiple dendrites, is essential for the normal

structure and function of the nervous system. During embryonic development,

proliferation, asymmetric division, and migration transform a single layer of highly

polarized neuronal precursors into a structure with six distinct layers that is

characteristic for the mammalian neocortex. The neuronal progenitor cells in the

ventricular zone of the brain serve as the major source of pyramidal neurons in the

telencephalon. Postmitotic neurons become polarized during their migration from

the ventricular zone to the cortical plate by extending a leading process and a

trailing axon. However, neuronal development is difficult to analyze in situ and

requires advanced microscopy setups for imaging. Therefore, cultures of dissoci-

ated neurons have been instrumental in identifying the pathways that direct the

establishment of neuronal polarity. These cultures allow to observe neuronal

differentiation in an accessible and homogeneous environment with reduced com-

plexity. In this chapter, we will discuss factors required for the establishment of

neuronal polarity that were identified using cultured neurons and the extent to

which their physiological function has been confirmed by the analysis of

knockout mice.

Keywords Cortical development • Hippocampal neurons • Knockout mouse •

Neuronal migration • Radial glia

Neurons are highly polarized cells that form morphologically, molecularly, and

functionally distinct axonal and somatodendritic compartments, typically a single

axon and multiple dendrites, that facilitate the directional flow of information in the

nervous system. This chapter will discuss the molecules required for the establish-

ment and maintenance of this neuronal polarity during the development of the

nervous system. We will mainly focus on the neocortex because most of the
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molecules shown to be important for neuronal polarity have been identified in

cortical or hippocampal neurons.

During embryonic development, the mammalian nervous system develops from

the neuroepithelium that consists of a single layer of highly polarized cells. These

cells mature into radial glial cells (RGCs) that line the ventricular zone and serve as

the major source of pyramidal neurons in the dorsal telencephalon (Götz and

Huttner 2005). Cell proliferation, asymmetric cell division, and cell migration

transform the pseudostratified neuroepithelium into a structure with six distinct

layers characteristic for the mammalian neocortex (Gupta et al. 2002; Gao

et al. 2013; Götz and Huttner 2005). RGCs undergo symmetrical divisions to

expand the pool of neuronal progenitors and asymmetrical divisions that generate

postmitotic neurons or intermediate progenitors (IPs). IP cells reside in the

subventricular region where they undergo further divisions to give rise to neurons

(Götz and Huttner 2005). Postmitotic neurons migrate along the basal processes of

RGCs to form the cortical plate (CP). The CP expands as sequential waves of

postmitotic neurons are born and form the different cortical layers (layers 1–6) in an

inside-out pattern by migrating past older neurons. The earliest born neurons form

the deepest layers, and the latest born neurons occupy the most superficial layer.

Layer 1 is mainly occupied by the dendrites of the superficial layer neurons, radial

glia endfeet, and Cajal-Retzius cells that secrete the extracellular matrix protein

reelin. Projection neurons from the CP extend their axons through the intermediate

zone (IZ) that is located below the CP and is relatively free of cell somata.

Live cell imaging of cortical slices from embryonic rodent brains has allowed to

investigate the behavior of migrating neurons in situ and revealed how they polarize

during their radial migration (Noctor et al. 2004; Sakakibara et al. 2014). These

studies have shown that neurons undergo distinct morphological changes during

their migration coinciding with their polarization to extend a leading process that

will become a dendrite and a trailing process that is the axon (Barnes and Polleux

2009). Neurons born in the VZ initially move into the SVZ where they assume a

multipolar morphology by extending multiple processes of similar length that

dynamically extend and retract (Tabata and Nakajima 2003; Nadarajah and

Parnavelas 2002). Upon polarization in the IZ, these cells become bipolar with a

leading and a trailing process and start their migration along the radial glia into the

CP. When approaching the marginal zone (MZ), neurons attach their leading

processes to the MZ and switch to a glial-independent mode of migration referred

to as terminal or somal translocation (Nadarajah et al. 2001).

6.1 Studying the Specification of Axons and Dendrites

The development of neuronal polarity during embryonic development depends on

the interaction of newly born neurons with RGCs and is influenced not only by

different intrinsic processes but also extrinsic factors produced by other cells

(Lathia et al. 2007; Lakoma et al. 2011; Arimura and Kaibuchi 2007). Because
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neurons are difficult to access in situ and require advanced microscopy setups for

imaging, several culture systems have been established that allow to observe the

development of neuronal polarity in an accessible environment with reduced

complexity. Most of our current knowledge about the mechanism underlying

neuronal polarization has come from these studies. These cultures allow to study

neurons in a homogeneous environment in which the distinct morphological

changes leading to the differentiation of axons and dendrites depend only on

intrinsic factors.

The most widely used model to study neuronal polarity is cultures of hippocam-

pal neurons isolated from rat or mouse embryos (Barnes and Polleux 2009). The

morphological changes that occur until a mature neuron is visible can be divided

into five stages (Fig. 6.1) (Dotti et al. 1988). Freshly dissociated neurons that have

attached to the culture substrate first develop lamellipodia (stage 1) and subse-

quently several immature neurites (stage 2). These short neurites have highly active

growth cones at their tip and repeatedly extend and retract (Arimura and Kaibuchi

2007). Stage 2 neurons may correspond to the multipolar phase of neuronal

migration (Barnes and Polleux 2009). All immature neurites have the potential to

become an axon, but only one of them is specified as the axon and extends rapidly

(stage 3), while the other neurites begin to mature into dendrites (stage 4) and

eventually form dendritic spines and synapses (stage 5).

A widely accepted model for neuronal differentiation explains the establishment

of neuronal polarity by the interaction of local positive and global negative feed-

back loops (Andersen and Bi 2000) (Fig. 6.1). In this model, each neurite produces

both positive and negative signals that promote its own extension and suppress the

growth of other neurites. Initially, these signals are balanced in stage 2 neurons.

Eventually, either extracellular stimuli or stochastic fluctuations of polarity factors

lead to an asymmetry, favoring the extension of one neurite by an increase in its

growth promoting signal. In addition, also the negative signals that prevent the

remaining neurites from also turning into an axon become stronger. This event is

called “break of symmetry” (Andersen and Bi 2000; Goslin and Banker 1989). The

coupling of positive and negative feedback loops amplifies small initial differences

in signal strength and eventually leads to the selection of a single process as the

axon. Once the axon has been selected, the remaining neurites differentiate into

dendrites but retain the ability to convert into axons for some time (Gomis-Ruth

et al. 2008). The signaling cascades linked to the break of symmetry specify the

axon and trigger its rapid extension by affecting processes like membrane fusion,

actin dynamics, and microtubule polymerization and stabilization (Barnes and

Polleux 2009). However, the molecular identity of the factors that initiate the

break of symmetry and that mediate these feedback loops is still largely unknown.

Several candidates have been proposed, but it remains to be shown that they are

essential for polarity in vivo (Toriyama et al. 2010; Arimura and Kaibuchi 2007).

Studies focused on the first asymmetries displayed by neurons in culture suggest

that axonal fate may be defined already quite early when the first two neurites

emerge at opposite poles of the neuron (Calderon de Anda et al. 2008). The break of

symmetry may depend on signals linked to remnants of the cytokinesis that gave
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rise to the postmitotic neuron (Pollarolo et al. 2011). The cell adhesion molecule

N-cadherin was shown to accumulate asymmetrically in neurons and could initiate

the break of symmetry (Gärtner et al. 2012). However, it remains to be shown that

cell division or N-cadherin is indeed the signals that initiate the break of symmetry

in newly born neurons in the developing cortex.

Numerous molecules have been identified that are involved in axon specification

and extension (Arimura and Kaibuchi 2007). In the remaining chapter, we will

discuss the most important factors shown to be required for the specification of

Fig. 6.1 Polarization of neurons in culture and in vivo. (a) Upon attachment to the culture

substrate, dissociated hippocampal neurons initially form lamellipodia and filopodia (stage 1)

and subsequently multiple short protrusions (minor neurites), which are similar in length (stage 2).

At some point between 12 and 24 h of culture, one of the neurites starts to accumulate specific

polarity factors that allow this neurite to extend rapidly as it becomes the axon (stage 3). Once the

neuron is polarized, further maturation occurs between 5 and 12 days in vitro in which the

remaining neurites differentiate into dendrites (stage 4) and mature to form dendritic spines and

synaptic contacts (stage 5). (b) At stage 2, negative feedback signals inhibit the differentiation of

neurites into an axon, while positive signals promote their extension. At the transition from stage

2 to 3, this balance is broken and one neurite specified as the axon to extend rapidly. (c) Radial glial

cells (1, RGCs) give rise to neurons by asymmetric division. These cells have long basal processes

that adhere to the pial surface, while their apical cell bodies remain in the ventricular zone

(VZ) and are linked by adherens junctions. RGCs can also give rise to intermediate (basal)

progenitors (2), which are another source for neurons during cortical development and mainly

occupy the subventricular zone (SVZ). After their terminal division, postmitotic neuronal daughter

cells initially assume a multipolar morphology with multiple processes (3). Upon polarization,

neurons become bipolar with a radially directed leading process and an axon as the trailing process

in the intermediate zone (IZ) that elongates tangentially (4). During their final stages of migration,

neurons switch from glial-dependent locomotion to glial-independent somal translocation to

assume their final positions in the cortical plate (5 and onwards)
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axons. Neuronal differentiation is intrinsically controlled by transcriptional pro-

grams that determine the expression of polarity factors. Recent progress in this area

is summarized in excellent reviews and will not be discussed here (Itoh et al. 2013;

de la Torre-Ubieta and Bonni 2011).

6.2 Symmetry Breaking and the Role of Extrinsic Signals

One of the earliest events during axon specification is the activation of phosphati-

dylinositol-4,5-bisphosphate 3-kinase (PI3K) and accumulation of phosphatidy-

linositol-3,4,5-trisphosphate (PIP3) (Shi et al. 2003). Blocking the activity of

PI3K by pharmacological inhibitors prevents the formation of the axon in hippo-

campal neurons. Activation of PI3K leads to the local accumulation of PIP3 in the

axon and activates the kinase Akt/PKB (Menager et al. 2004; Shi et al. 2004;

Schwamborn and Püschel 2004). The factors that act upstream of PI3K in vivo

still remain to be identified. In neuronal cultures, different growth factors or

adhesion molecules can stimulate PI3K activity directly through their cell receptors

or through the activation of Ras GTPases (Arimura and Kaibuchi 2007). In addition

to the local production of PIP3 by PI3K, its polarized transport is also important for

axon elongation (Horiguchi et al. 2006). Early enrichment of PIP3 at the tip of the

growing axon requires specific vesicles transported by kinesin family member 13B

(KIF13B) (also known as GAKIN). It has been proposed that this initial polarized

delivery of PIP3 initiates axon formation while the local level of PIP3 is maintained

by the activation of PI3K. PI3K itself is transported into the axon by its interaction

with the kinesin-1 subunit kinesin light chain 2 (Amato et al. 2011). Another factor

linked to PI3K is shootin1 that is enriched in the axon and indirectly interacts with

PI3K (Toriyama et al. 2010). Shootin1 appears to be required for the accumulation

of PI3K in the axonal growth cone by an unknown mechanism. A quantitative

model suggests that the length-dependent accumulation of shootin1, together with

shootin1-dependent neurite growth, constitutes a positive feedback loop that

amplifies stochastic fluctuations of shootin1 to facilitate a break of symmetry

(Toriyama et al. 2010). Shootin1 interacts with the motor protein KIF20B that

transports it into the developing axon in cultured neurons to promote PIP3 accu-

mulation in the growth cone. In vivo, KIF20B promotes the transition from the

multipolar to the bipolar stage (Sapir et al. 2013). The asymmetric distribution of

Akt to the axon at stage 3 depends on its local degradation in dendrites by the

ubiquitin-proteasome system (UPS) (Yan et al. 2006). The activation of PI3K

promotes axon formation through several pathways. The most important ones

include the GTPase Rap1B, mTOR pathway, aPKC, and GSK3β (Fig. 6.2).

In vivo, axon formation probably depends on extracellular signals (Barnes and

Polleux 2009). Growth factors like insulin-like growth factor 1 (IGF1) or

transforming growth factor β (TGFβ) and adhesion molecules like laminin and

N-cadherin can initiate axon formation in culture (Sosa et al. 2006; Lei et al. 2012;

Gärtner et al. 2012; Yi et al. 2010). Cortical neurons lacking the type II TGFβ
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receptor show impaired axon formation (Yi et al. 2010). Another growth factor

implicated in axon formation is BDNF. The asymmetric presentation of BDNF

promotes axon formation by triggering a local mechanism involving its receptor

TrkB, PI3K, PKA, and local translation of BDNF (Cheng et al. 2011a). This

suggests that BDNF acts as a paracrine self-amplifying factor that accelerates

axonal development through the induction of a positive feedback loop. Sema3A

regulates axon formation by inhibiting axon and promoting dendrite formation

through increasing local cGMP production and reducing cAMP (Shelly

et al. 2010, 2011). The suppression of axon formation by Sema3A was attributed

to an antagonizing effect on the PKA-dependent phosphorylation of Lkb1 and

GSK3β. N-Cadherin accumulates asymmetrically in neurons and initiate axon

formation by a PI3K-dependent mechanism (Gärtner et al. 2012).

Fig. 6.2 Molecular mechanisms regulating axonal specification. Binding of extrinsic factors like

BDNF to their membrane receptors leads to the activation of Ras GTPases and activation of PI3K.

Among the targets of PI3K are Rheb/mTOR, Rap1B, and GSK3s. Rap1B recruits and activates

Cdc42 to the axon through a yet unknown guanine-nucleotide exchange factor (GEF) at the

transition from stage 2 to stage 3. Cdc42 binds to the Par polarity complex and triggers the

activation of the Rac GEF Tiam2. Rac1 regulates actin dynamics by increasing actin polymeriza-

tion through cofilin. It can also initiate a positive feedback loop by activating PI3K. PI3K stimulate

the phosphorylation and inhibition of GSK3 through Akt. This inhibition of GSK3 promotes

microtubule stabilization through microtubule-binding proteins like Crmp2 together with addi-

tional factors such as Fgf13 and Scg10. Another pathway that promotes microtubule stabilization

by phosphorylating microtubule-binding proteins like tau includes the kinases Lkb1, SadA/B, and

Mark2. Together these pathways promote microtubule polymerization and stability that is required

for the elongation of axons. The activation of membrane receptors also increases polarized

transport into the axon and the fusion of plasmalemmal precursor vesicles with the membrane
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6.3 Downstream of PI3K

One of the steps downstream of PI3K is the accumulation of Rap1B in a single

neurite (Schwamborn and Püschel 2004). Initially, Rap1 is present in all neurites of

stage 2 neurons but becomes restricted to a single neurite at late stage 2 and

eventually to the axon. Rap1B is necessary and sufficient for axon formation.

Overexpression of constitutively active Rap1B rescues the loss of polarity after

treatment with a PI3K inhibitor, indicating that Rap1B is one of the main targets of

this pathway. The restriction of Rap1B to a single neurite is mediated by the UPS

(Schwamborn et al. 2007a). Inactive, GDP-bound Rap1B is ubiquitinated by the

ubiquitin E3 ligase Smurf2, which initiates its destruction through the proteasome.

Only in the future axon, Rap1 is activated strongly enough to protect it from

degradation, while it is removed from the remaining neurites. The degradation of

Rap1B is balanced by its translation that is regulated by the mTOR pathway. In this

pathway, the GTPase Rheb acts downstream of PI3K to stimulate the translation of

Rap1 through the kinase mTOR (Li et al. 2008). PI3K activation leads to the

phosphorylation and inhibition of the Tsc1/2 complex, a GAP for Rheb, by Akt.

Rheb activates mTOR that is a central regulator of translation and phosphorylates

eukaryotic translation initiation factor 4E-binding proteins (4EBP1s) and S6

kinases (Hay and Sonenberg 2004). PI3K stimulates the translation of Rap1B

through Rheb and suppression of Rheb or mTOR blocks axon formation. The

balance of Rap1B degradation and translation together with the activation of

Rap1B through an as yet unidentified GEF restricts Rap1B to a single neurite.

Rap1B acts upstream of Cdc42 and the Par polarity complex to specify the axon

(Schwamborn and Püschel 2004). The Par complex consists of Par3 and Par6 and

atypical protein kinase C (aPKC: aPKCλ and aPKMζ) and interacts with Cdc42

through Par6 (Insolera et al. 2011; Parker et al. 2013). Par3, Par6, and aPKC are

detectable in all neurites at stage 2 but become enriched in the axon during

polarization (Shi et al. 2003). The components of the Par complex interact with

several additional factors that together regulate the formation of axons (Insolera

et al. 2011). Par3 also links Smurf2 to kinesin-2 to mediate its transport

(Schwamborn et al. 2007b). In addition, Par3 acts as a microtubule-binding protein

that promotes microtubule stability and organization. In addition to Cdc42, several

kinases regulate the function of the Par complex during axon formation. These

include ROCK, Aurora A, aPKC, Mark2, and aPKC (Khazaei and Püschel 2009;

Funahashi et al. 2013; Chen et al. 2006b; Nakayama et al. 2008). The level of Par6

also depends on its ubiquitination by the ubiquitin ligase Smurf1 (Cheng

et al. 2011b). Phosphorylation by PKA switches the substrate preference of

Smurf1 from Par6 to the growth inhibitory GTPase RhoA. Decreasing the levels

of RhoA by degradation promotes axon extension. The establishment of the Par

complex also requires dishevelled that activates and stabilizes aPKC to promote

axon differentiation (Zhang et al. 2007).

The Par complex appears to have multiple outputs. One is mediated by aPKC

that inhibits glycogen synthase kinase 3 alpha and beta (GSK3α and β) and
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MAP/microtubule affinity-regulating kinase 2 (Mark2) (Chen et al. 2006b). Sup-

pression of Mark2 induces the extension on multiple axons, which can be rescued

by overexpression of Par3/Par6/aPKC (Chen et al. 2006b). Par6 also links Cdc42 to

the Rac GEF Tiam1/STEF that forms a complex with Par3 (Kunda et al. 2001;

Nishimura et al. 2005). The GTPase Rac1 stimulates the growth of both axons and

dendrites. Its selective activation in the axon favors extension through its effectors

in the WAVE complex (Tahirovic et al. 2010).

The highly homologous GSK3α and β are constitutively active kinases that

phosphorylate multiple microtubule-associated proteins (MAPs) like collapsin

response mediator protein 2 (Crmp2) (Jiang et al. 2005; Shi et al. 2004; Yoshimura

et al. 2005). GSK3β has also been suggested to regulate the subcellular distribution
Par3 to the tip of the axon (Shi et al. 2004). Phosphorylation of GSK3α or GSK3β at
Ser9 or Ser21, respectively, inhibits their kinase activity. Axon formation requires

the phosphorylation and inhibition of GSK3β by Akt or aPKC specifically at the tip

of the axon. Active GSK3β blocks axon formation, while pharmacological inhib-

itors of GSK3s induce the formation of multiple axons (Jiang et al. 2005; Shi

et al. 2004; Yoshimura et al. 2005). However, the role of GSK3β in neuronal

polarity is controversial. Neurons from knock-in mice carrying mutations of

GSK3β Ser9 and GSK3α Ser21 that prevent their phosphorylation establish normal

neuronal polarity (Gärtner et al. 2006). Conditional knockouts for GSK3α and β
revealed that they have redundant functions in neuronal development (Kim

et al. 2006). A careful study using conditional knockout mice and a pharmacolog-

ical inhibitor selective for GSK3 suggests that the contradictory conclusions about

the function of GSK3s could result from incomplete inhibition of these kinases and

low selectivity of some inhibitors. Knockdown of GSK3α and GSK3β leads to a

defect in axon outgrowth in dissociated neurons and brain slices. This analysis of

GSK3 function showed that they are required for axon extension and branching.

Local inhibition at the axon tip prevents the phosphorylation of a specific subset of

substrates including Crmp2 that are negatively regulated by GSK3s. Another subset

of substrates that are positively regulated by GSK3s remains unaffected. GSK3β
inhibition also requires the scaffolding protein axin, which is required for axon

formation (Fang et al. 2011). Cdk5-dependent phosphorylation of axin facilitates its

interaction with GSK3β. This interaction inhibits its kinase activity, thereby

decreasing the phosphorylation of its substrate Crmp2. Together these results

suggest that several pathways that regulate axon formation converge on GSK3s to

regulate microtubule stability.

Other scaffolding proteins involved in neuronal polarity are the Jnk-interacting

proteins 1 (Jip1) and 3 (Jip3) that mediate c-Jun N-terminal kinase (Jnk) signaling.

Jip1 and phosphorylated Jnk accumulate specifically in the developing axon (Dajas-

Bailador et al. 2008; Oliva et al. 2006). The kinesin-1-dependent transport of Jip3 is

a prerequisite for enhancing Jnk phosphorylation in the axon and promotes axon

elongation (Sun et al. 2013). Inhibition of Jnk activity prevents the formation of the

axon but not dendrites. Jnk activation modulates actin filaments through cofilin

activity and microtubule dynamics through Scg10 (also called stathmin-2)

(Westerlund et al. 2011; Tararuk et al. 2006; Sun et al. 2013).
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6.4 The Function of Cytoskeletal Dynamics in Neuronal

Polarity

The extension of axons is driven mainly by the polymerization of microtubules,

which is restrained by their interaction with actin filaments in the growth cone

(Stiess and Bradke 2011; Witte and Bradke 2008). Before an axon extends, its

growth cone enlarges and actin filaments become more dynamic and less stable,

whereas they stay relatively static in the remaining neurites (Kunda et al. 2001;

Stiess and Bradke 2011). The important role of the cytoskeleton was revealed by the

effect of drugs that modulate actin or microtubule polymerization. Depolymeriza-

tion of actin filaments by cytochalasin D or mild stabilization of microtubules by

low doses of taxol can induce minor neurites to become an axon (Witte et al. 2008;

Bradke and Dotti 2000).

Among the Rho GTPase effectors that control actin dynamics in the axonal

growth cone, actin-depolymerizing factor (ADF) and cofilin were shown to regulate

axon formation (Sumi et al. 1999). Cofilin is enriched in the growth cone where it

severs and depolymerizes actin (Pak et al. 2008). Its activity is regulated by

inhibitory phosphorylation at Ser9. Neurons from Cdc42 knockout mice show a

specific increase in the inhibitory phosphorylation of cofilin by Limk (Garvalov

et al. 2007). Knockdown of cofilin results in polarity defects similar to those caused

by Cdc42 ablation, and depletion of cofilin impairs axon formation.

In addition to actin dynamics, the local regulation of microtubules is essential for

axon extension. The relative content of tyrosinated and acetylated α-tubulin reflects
differences in their dynamic properties (Conde and Caceres 2009). In growing

axons, dynamic microtubules are highly concentrated in the axonal tip, whereas

the more stable polymer predominates in the shaft and base of the axon (Witte

et al. 2008). Microtubule stability depends on numerous proteins, whose interaction

with microtubules is regulated by kinases like SadA/B, Mark2, or GSK3. One of the

microtubule-binding proteins involved in axon formation is Crmp2 (Inagaki

et al. 2001). Crmp2 is enriched in the axon, and its overexpression induces the

formation of multiple axons. During axon formation, the translation of Crmp2 and

the microtubule-associated protein tau is regulated by the mTOR pathway (Morita

and Sobue 2009). Other factors that regulate microtubule dynamics during axonal

extension are Fgf13 and Scg10. Fgf13 acts as a microtubule-stabilizing protein that

is required for axon formation and neuronal migration in the embryonic cortex

(Wu et al. 2012). Scg10 is a microtubule-destabilizing protein that is required for

axon extension (Li et al. 2009). Interaction with the GTPase Rnd1 stimulates its

activity, and a knockdown of either protein impairs axon formation. Phosphoryla-

tion by Jnk1 also regulates Scg10 activity and is required for the exit from the

multipolar stage (Westerlund et al. 2011).
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6.5 The Role of Polarized Transport

The initiation and maintenance of polarity require the transport of specific proteins

and vesicles into axons and dendrites to achieve the polarized localization of

proteins that are characteristic for these compartments. Kinesins are molecular

motors that mediate the anterograde transport of various cargos into the axon

(Nakata and Hirokawa 2007). A constitutively activated Kif5C accumulates at the

tip of the axon but not in the dendrites (Nakata and Hirokawa 2003; Jacobson

et al. 2006). This accumulation can be seen already at stage 2, suggesting that the

polarization of transport precedes axon specification (Jacobson et al. 2006). Key

components that are delivered by kinesins include Par3 that interacts with the

kinesin-2 subunit Kif3a (Shi et al. 2004) and Crmp2 that is transported by

kinesin-1 (Kawano et al. 2005). Blocking the transport of these factors interferes

with the normal establishment of neuronal polarity. After the establishment of

polarity, various mechanisms assure that specific cargos are transported into

axons and dendrites (Nakata and Hirokawa 2007). How kinesins manage to distin-

guish between the different processes is still not well understood. Important mech-

anisms to maintain neuronal polarity involve the covalent modification of

microtubules and the formation of a barrier (Rasband 2010). During the maturation

of neurons, this barrier is established between the axonal and the somatodendritic

compartment at the axon initial segment to prevent the uncontrolled exchange of

molecules between them. It is essential to maintain the polarized structure of the

neuron and depends on the actin cytoskeleton (Song et al. 2009) and ankyrin G

(Hedstrom et al. 2008; Rasband 2010). Suppression of ankyrin G by RNAi disrupts

the axon initial segment and leads to a loss of neuronal polarity (Hedstrom

et al. 2008).

The extension of the axon also requires the addition of new membranes in the

axonal growth that is enabled by the selective transport of a specific vesicle

population (Pfenninger 2009; Lockerbie et al. 1991). These plasmalemmal precur-

sor vesicles (PPVs) are characterized by their ultrastructural morphology and their

lipid and protein composition (Wang et al. 2011; Pfenninger 2009). Three types of

PPVs carrying diverse sets of membrane proteins are transported into the axon by

different motors of the kinesin family: KIF2, KIF4, and kinesin-1 (Peretti

et al. 2000). The trafficking of vesicles is controlled by Rab GTPases (Rodman

and Wandinger-Ness 2000). The mammalian homologue of Drosophila lethal giant
larvae 1 Lgl1 controls membrane trafficking by directly interacting with Rab10 and

releasing it from GDP dissociation inhibitor (Wang et al. 2011). Rab10 interacts

with myosin Vb and regulates the formation of post-Golgi vesicles that are impor-

tant for axon development (Liu et al. 2013). Thereby, Lgl1 and Rab10 promote the

insertion of new membranes in the axon. The activation of IGF1R leads to the

regulated fusion of PPVs with the membrane in the axon growth cone. This fusion

requires the exocyst complex, which is regulated by the small GTPases TC10 and

RalA (Dupraz et al. 2009; Lalli 2009). RalA participates in axon formation by

linking Par3 and aPKC to the exocyst complex (Lalli 2009). Expression of
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constitutively active RalA inhibits axon formation, while a RalA mutant that is

unable to interact with the exocyst complex has no effect. The important function of

the exocyst complex is confirmed by the loss of neuronal polarity after depletion of

the exocyst subunits Sec6, Sec8, or Exo84. How PPVs are linked to the other

signaling pathways described above remains to be investigated.

6.6 Genetic Analysis of Neuronal Polarity

As summarized in the previous paragraphs, many factors have been identified that

are required for polarity in cultured neurons. However, only a few of these mole-

cules have been investigated genetically for their in vivo role in establishing and

maintaining neuronal polarity so far. In the developing nervous system, another

layer of complexity is added by the interaction of neurons with RGCs that is

essential for their polarization and radial migration (Nadarajah and Parnavelas

2002; Nadarajah et al. 2001). These interactions are involved in the polarization

and orientation of neurons during their transition from the multipolar to the bipolar

morphology (Kawauchi et al. 2010). Several brain-specific transgenic lines are

available to generate conditional knockouts by expressing the Cre recombinase at

different time points of neuronal development. Emx1-Cre expression starts at

around E9.5, Foxg1-Cre at about E9, and Nestin-Cre around E10.5 (Liang

et al. 2012). Nex-Cre-mediated recombination is restricted to postmitotic neurons.

The use of these Cre lines has allowed to dissect the functions of different genes in

neurons and RGCs with respect to polarity and migration. From the large number of

signaling molecules implicated in the establishment and maintenance of neuronal

polarity, only the GTPase Cdc42, the kinases Lkb1 and Sad, and the growth factor

TGFβ (Garvalov et al. 2007; Kishi et al. 2005; Barnes et al. 2007; Yi et al. 2010)

have been confirmed for their role in polarity during neocortical development

genetically.

6.7 Lkb1 and Sad Kinases Regulate Axon Formation

During Neuronal Development

LKB1 is a serine-threonine kinase that regulates polarity in many cell types and is

the master regulator of adenosine monophosphate-activated protein kinase

(AMPK) and AMPK-related kinases like SadA (Brsk2), SadB (Brsk1), and

Mark2 (Williams and Brenman 2008; Lizcano et al. 2004). In addition, Lkb1

regulates Golgi morphology and neuronal polarization through Stk25 and Golgi

matrix protein 130 (GM130) (Matsuki et al. 2010). Complex formation with the

pseudokinase Stradα activates Lkb1 resulting in phosphorylation of both partners

and initiates neuronal polarization (Baas et al. 2003; Barnes et al. 2007; Shelly

et al. 2007). Activated Lkb1 phosphorylates and activates the highly related kinases
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SadA and SadB as well as Mark2. Active Mark2 and Sad kinases in turn regulate

microtubule-associated proteins like tau, which stabilize microtubules. Both

kinases are probably activated in response to extracellular cues, thus linking this

intracellular molecular cascade with extracellular cues from the developing cortical

environment (Arimura and Kaibuchi 2007).

The conditional inactivation of Lkb1 using the Emx1-Cre line leads to an almost

complete loss of axons in the cortex, while cortical lamination is not affected

(Barnes et al. 2007). Deletion of Lkb1 in postmitotic neurons using Nex-Cre,
however, does not show any polarity defects, indicating an early role of Lkb1 in

establishing polarity (Courchet et al. 2013). Downstream of Lkb1, the Sad kinases

are important for determining neuronal polarity in vivo (Kishi et al. 2005). Sada�/�;
Sadb�/� double mutants show a loss of axons in the cortex. Cultured neurons from

the Sada�/�;Sadb�/� hippocampus extend several neurites that are positive for both

dendritic and axonal markers. However, the downstream targets of Lkb1 as well as

the kinases activating SadA/B appear to be cell type specific (Lilley et al. 2013).

Lkb1 and Sad kinases are required at early stages of axon formation only in cortical

pyramidal neurons but not in the spinal cord or brain stem. Sad kinases are involved

in axon branching in some types of sensory neurons at a later stage independent of

Lkb1. Another AMPK-related kinase, Mark2, has also been implicated in neuronal

polarity (Chen et al. 2006b; Biernat et al. 2002). However, a Mark2 knockout does

not show obvious developmental defects in the nervous system probably because of

redundancy with other Mark kinases (Segu et al. 2008).

6.8 Loss of Cdc42 Leads to Defects in Neuronal Polarity

In Vivo

Cdc42 was identified as a central regulator of neuronal polarity initially by knock-

down experiments in cultured neurons (Schwamborn and Püschel 2004). So far,

Cdc42 is the only GTPase shown to be required for neuronal polarity in vivo. Cdc42

has been conditionally inactivated at different time points of development revealing

its important role in the establishment and maintenance of polarity in the develop-

ing nervous system (Garvalov et al. 2007; Peng et al. 2013; Chen et al. 2006a;

Cappello et al. 2006). Loss of Cdc42 at E9.5 by Emx1-Cre-mediated recombination

leads to a disruption of adherens junctions and affects the neurogenic fate of the

progenitors, indicating a role for Cdc42 in the maintenance of the apicobasal

polarity in neuronal progenitors. Deletion of Cdc42 using FoxG1-Cre leads a

similar result and abolishes the apical localization of Par6, aPKC, E-cadherin,

β-catenin, and Numb in RGCs (Chen et al. 2006a). It also impairs the extension

of nestin-positive radial fibers.

A Nestin-Cre-mediated deletion of Cdc42 confirmed its function in neuronal

polarity. Neurons cultured from Cdc42 mutant embryos fail to form axons in

culture (Garvalov et al. 2007). Analysis by DiI tracing revealed a severe reduction

158 B. Shah et al.



of axon formation in the embryonic cortex at E16.5. However, some short axonal

bundles remain detectable in this mutant, which may result from an incomplete

inactivation of the gene by Nestin-Cre. The Nestin-Cre conditional knockout of

Cdc42 also showed a considerable reduction in the thickness of the cortex because

of increased apoptosis during cortical development (Peng et al. 2013). Cdc42

knockout neurons showed severely altered cytoskeletal dynamics, and growth

cones were immobile due to a misregulation of the actin-depolymerizing protein

cofilin. These results show that the regulation of microtubule and actin dynamics in

response to external cues is an important factor for polarity during cortical

development.

6.9 The Role of TGFβ in Determining Neuronal Polarity

In Vivo

One of the most important questions that still remains to be answered concerns the

extrinsic signals that initiate axon formation. Several growth factors initiate axon

formation in neuronal cultures (see above). So far, only one of them (TGFβ) has
been shown to be required for axon formation in vivo (Yi et al. 2010). TGFβ acts

through a heterodimer of type II and type I TGF receptor serine/threonine kinases

(TβR1 and TβR2). TGFβs are restricted to the SVZ and VZ of the embryonic cortex

in the region where axon formation is initiated, and TβR2 is detectable at E14.5 in

axons. Loss of TβR2 by Cre-mediated recombination results in the loss of axons but

does not affect the formation of a leading process and the migration of neurons

indicating a specific role restricted to axogenesis. The role of TβR2 in axon

specification depends on the phosphorylation of Par6 at S345 by TβR2.

6.10 Conclusions and Perspectives

A large number of factors have been implicated in the establishment of neuronal

polarity in cultures. It is likely that several polarity pathways cooperate during the

establishment of neuronal polarity in the complex environment of the developing

nervous system. The current challenge is to confirm their role in vivo by generating

knockout mutants. The availability of different Cre lines will allow to dissect the

roles of different factors in polarization and their function in RGCs and neurons.

Not only axon specification but also the directed migration of neurons along RGC

processes depends on the polarization of neurons. One question that remains to be

addressed is the link between the extensions of a leading process by multipolar

neurons that is required for neuronal migration and axon formation. Live cell

imaging showed that neuronal polarization in the cortex occurs during radial

migration. The analysis of knockout mutants with defects in axon formation
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indicates that axon specification can occur independently of migration, uncoupling

the formation of leading and trailing process. The role of the interaction of

multipolar neurons with RGCs requires further studies and may be more important

for migration than for axon formation. This idea is supported by the observation that

defects in radial glia polarity affect neuronal migration and result in the arrest of

neurons in the IZ (Cappello et al. 2012). Advances in high resolution live cell

imaging in combination with genetic approaches will allow to address these issues

in the future.
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Schwamborn J, Müller M, Becker A, Püschel A (2007a) Ubiquitination of the GTPase Rap1B by

the ubiquitin ligase Smurf2 is required for the establishment of neuronal polarity. EMBO J 26

(5):1410–1422
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Chapter 7

Epithelial Apicobasal Polarity

in the Drosophila Embryo

Tao Jiang, Daryl J.V. David, and Tony J.C. Harris

Abstract Epithelia are comprised sheets of interconnected cells that function in

tissue morphogenesis, tissue protection, selective absorption, and other essential

processes. Epithelial cells harbor different molecular properties in their apical

versus basolateral domains. This apicobasal polarity is critical for normal epithelial

functions and its loss is linked with cancer progression. Because of its experimental

accessibility by genetic, molecular, and imaging approaches, Drosophila
melanogaster has become a major model for understanding how conserved epithe-

lial polarity circuitries function during animal development. In this chapter, we first

review the components and logic of molecular circuits formed from the Par

complex; the Crb complex; the basolateral kinase Par-1; the basolateral proteins

Scribble, Discs Large, and Lethal Giant Larvae; and the Yurt/Cora group (Fig. 7.1).

We focus on local positive feedback loops for forming polarized domains of the

cell, long-range negative feedback loops between the apical and basolateral

domains of the cell, as well as local negative feedback loops that regulate specific

domains. Next, we discuss how these circuits are organized into pathways that

establish and elaborate epithelial apicobasal polarity in the Drosophila embryo.

Finally, we outline examples of cross talk between epithelial apicobasal polarity

and morphogenesis.
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7.1 Local Positive Feedback Loops for Plasma Membrane

Complex Assembly

Positive feedback mechanisms can establish cell polarity spontaneously without

external cues. In yeast, for example, expression of a constitutively active form of

Cdc42 can drive cell polarization autonomously, and mathematical simulations

argue that local positive feedback circuits are sufficient for such polarization. In

vivo, this positive feedback emerges from activated Cdc42 inducing local actin-

based Cdc42 recruitment and local Cdc42-GEF activity for polarized accumulation

of more and more activated Cdc42 (Slaughter et al. 2009). Similarly, local positive

feedback loops appear to function in the apicobasal polarization of Drosophila
epithelial cells (Fig. 7.2).

7.1.1 The Par Complex

The Par complex is composed of Bazooka (Baz; Drosophila Par-3), Par-6, and

atypical protein kinase C (aPKC). It is evolutionarily conserved and is important for

epithelial polarization across animals (Goldstein and Macara 2007; St Johnston and

Ahringer 2010; Tepass 2012). Although specific interactions among its components

have been identified, its components appear to localize and function separately in

the apical domain of Drosophila epithelial cells. Specifically, Baz predominantly

localizes to apicolateral adherens junctions (AJs), whereas Par-6 and aPKC localize

with the Crumbs (Crb) complex in the apical domain just above (Harris and Peifer

Fig. 7.1 The main domains

of a polarized epithelial cell

are compared with the

distributions of key polarity

proteins and complexes.

One corner of an epithelial

cell is represented. See

Sects. 7.2 and 7.3 for details
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2005). Moreover, the functions of Baz are distinguishable from those of Par-6 and

aPKC during polarity establishment and during later epithelial regulation in the

Drosophila embryo (David et al. 2010; Harris and Peifer 2004, 2007; Muller and

Wieschaus 1996). Thus, it may be more accurate to view the Par complex as a

transient assembly involving interaction between the scaffold protein Baz and the

Par-6-aPKC cassette. Despite these complexities, positive feedback mechanisms

are evident among the Par complex proteins.

One potential positive feedback mechanism is Baz oligomerization. A conserved

domain at the N-terminus of Baz mediates its self-oligomerization, important for

Baz localization and function (Benton and St Johnston 2003a). Structural analyses

of the corresponding mammalian domain show that this oligomerization occurs

through front-to-back interactions between positively and negatively charged faces

of the domain (Feng et al. 2007). Such oligomerization has the potential to assemble

large and thus less mobile complexes in one part of the cell. As is apparent for the

polarization of the MEX-5 RNA-binding protein in C. elegans (Griffin et al. 2011),
less mobile complexes in one part of the cell could be fed by diffusion of more

mobile single proteins from other parts of the cell, and in this way protein polar-

ization can be promoted.

Higher-order clustering may also drive positive feedback. As polarity is

established in the Drosophila embryo, Baz oligomerization is evident from the

formation of discrete puncta of Baz around the apicolateral domain. These puncta

normally colocalize with early AJs (so-called spot AJs). Strikingly, Baz puncta can

form with undetectable AJ assembly but then fail to properly mature around the

apical domain (Harris and Peifer 2004). Similarly, small cadherin-catenin clusters

can form with loss of Baz but then fail to mature into spot or belt-like AJs (McGill

Fig. 7.2 Examples of local positive feedback among polarity regulators. See Sect. 7.2 for details

7 Epithelial Apicobasal Polarity in the Drosophila Embryo 169



et al. 2009). Thus, Baz puncta and cadherin-catenin clusters can form independently

of each other, but appear to engage one another to promote their mutual growth.

Another source of positive feedback may arise from lipid signaling controlled by

Baz. Baz directly binds and colocalizes with PTEN (von Stein et al. 2005), a lipid

phosphatase that promotes the production of PIP2 from PIP3 (Shewan et al. 2011).

Analyses ofDrosophila embryonic and postembryonic epithelia have demonstrated

the potent ability of Baz to control the localization of PTEN and thus PIP2 and PIP3

(Pickering et al. 2013; Pinal et al. 2006). In mammalian cells, PTEN and PIP2 have

been linked to apical domain assembly through activation of Cdc42 (Martin-

Belmonte et al. 2007). Cdc42 is known to activate the Par-6-aPKC cassette and

functions with these players to establish polarity in the early Drosophila embryo

(Hutterer et al. 2004). Although the mechanism of Cdc42 activation in the Dro-
sophila embryo is unknown, these data frame a model in which Baz may help

activate Par-6-aPKC, which in turn support Baz.

7.1.2 The Crb Complex

The Crb complex is centered around the Crb transmembrane protein (Pocha and

Knust 2013; Tepass 2012). Cytoplasmically, Crb forms a complex with a number of

proteins including Stardust (Sdt) and Patj. As discussed, Crb also associates with

the Par-6-aPKC cassette. Together these proteins are polarized to the apical surface

and its margins (the marginal zone) just above the AJs. Molecular interactions on

the extracellular and intracellular sides of the Crb complex appear to form positive

feedback loops for its polarized assembly.

One positive feedback mechanism involves extracellular Crb oligomerization.

Crb has a large extracellular domain containing epidermal growth factor-like

repeats (Tepass et al. 1990). Recently, this domain has been shown to promote

Crb apical localization through its homophilic interactions. For example, Crb

lacking its intracellular domain can be recruited to the apical domain of Drosophila
epithelia through a mechanism requiring the presence of full-length Crb (Fletcher

et al. 2012). Moreover, interactions between Crb extracellular domains are suffi-

cient for mediating adhesion between Drosophila S2 cells and for recruiting full-

length Crb to opposing cell-cell contacts within Drosophila epithelia (Letizia

et al. 2013). Together, these studies implicate cis- and trans-interactions between
Crb extracellular domains in the polarized assembly of Crb complexes. Similar to

the oligomerization of Baz and cadherin-catenin complexes, Crb oligomerization

may provide positive feedback for Crb complex assembly.

Other evidence for positive feedback is apparent on the cytoplasmic face of the

Crb complex. Specifically, binding of Par-6 to Crb aids in drawing the Par-6-aPKC

cassette away from Baz (Morais-de-Sa et al. 2010), and, in turn, aPKC phosphor-

ylation of Crb stabilizes the Crb complex (Sotillos et al. 2004). Because of the

multiple interactions involved in assembling the Crb complex, additional intracel-

lular positive feedback loops may soon be discovered. Overall, these examples
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highlight the potential for positive feedback in organizing the apical domain of

Drosophila epithelial cells.

7.1.3 Basolateral Positive Feedback

Positive feedback among basolateral polarity regulators is less clear. However, one

example has recently come to light. Specifically, basolateral PI3K activity has been

shown to promote Rac1 activation, which reciprocally activates PI3K signaling

(Chartier et al. 2011).

7.2 Long-Range Inhibitory Mechanisms for Displacing

Plasma Membrane Proteins

Although positive feedback loops can be sufficient for generating polarity, com-

bining them with long-range inhibitory mechanisms from other domains of the cell

can make polarity establishment more robust (Chau et al. 2012; Fletcher

et al. 2012). There are multiple basolateral players that antagonize apical proteins

to robustly define apicobasal polarity in epithelial cells, and the repulsion is mutual

(Fig. 7.3).

7.2.1 Dynein-Mediated Transport

As polarity is first established in the Drosophila embryo, microtubules (MTs)

provide tracks for long-range transport along the apicobasal axis of epithelial

Fig. 7.3 Examples of long-range inhibition among polarity regulators. See Sect. 7.3 for details
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cells. The MTs are oriented with their minus ends at the apical domain and their

plus ends at the basolateral domain. This alignment of MT polarity with apicobasal

polarity is used to position mRNA species (Wilkie and Davis 2001) and

intercellular organelles (Papoulas et al. 2005) through long-range transport by

Dynein, the minus end-directed motor. At the cell cortex, Dynein also functions

to displace Baz from the basolateral domain (Harris and Peifer 2005). This long-

range transport contributes to the polarization of Baz protein to the apical domain.

Intriguingly, Dynein can also affect the polarization of apical factors by

transporting their mRNA transcripts. In other Drosophila epithelia, Dynein trans-

ports the mRNAs for crb and sdt to the apical domain and thereby promotes Crb

complex localization (Horne-Badovinac and Bilder 2008; Li et al. 2008).

7.2.2 Par-1 Kinase Activity

The localization patterns of antagonistic kinases are also coupled to apicobasal

polarization. Specifically, the conserved kinase Par-1 localizes to the basolateral

domain (Bayraktar et al. 2006; Benton and St Johnston 2003b; McKinley and Harris

2012). There, it inhibits assembly of Baz complexes by phosphorylating Baz at two

sites (Benton and St Johnston 2003b). These phosphorylation events recruit 14-3-3

(also known as Par-5) to Baz, and as a result, other Baz protein-protein interactions

are inhibited. One phosphorylation event occurs near the oligomerization domain of

Baz and antagonizes the Baz-Baz interactions. The other phosphorylation event

occurs near an aPKC binding site in Baz and inhibits the Baz-aPKC interactions.

Thus, Par-1 blocks the formation of Baz complexes in the basolateral domain, and

Baz can only form complexes after displacement to the apical domain (Benton and

St Johnston 2003b). Importantly, the phosphorylation of Baz by Par-1 is reversible.

For example, protein phosphatase 2A functions to dephosphorylate the Par-1

phosphorylation sites on Baz (Krahn et al. 2009; Nam et al. 2007). Also, Par-1

can also be phosphorylated and inhibited by aPKC in Drosophila cells (Doerflinger
et al. 2010), suggesting a mutual antagonism between apical and basolateral

kinases.

7.2.3 Scribble, Discs Large, and Lethal Giant Larvae

Scribble (Scrib), Discs large (Dlg), and Lethal giant larvae (Lgl) function together

to promote basolateral membrane character (Bilder 2004; Elsum et al. 2012). These

proteins are made up of nonenzymatic, protein-protein interaction domains and

localize to basolateral membranes. Their roles in apicobasal polarity became clear

in genetic interaction studies revealing a mutual antagonism with apical polarity

regulators. Loss of individual apical or basal protein function leads to an expansion

of one domain at the expense of the other and a loss of polarized epithelial structure.
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However, with combined loss of both apical and basal protein functions, the system

can be rebalanced, with a restoration of properly sized apical and basolateral

domains (Bilder et al. 2003; Tanentzapf and Tepass 2003). The specific mecha-

nisms by which Scrib, Dlg, or Lgl antagonize apical proteins remain unclear.

However, Lgl is a phosphorylation target of aPKC (Betschinger et al. 2003), and

this phosphorylation is important for excluding Lgl from the apical domain of

epithelial cells in the Drosophila embryo (Hutterer et al. 2004). The mutual

antagonism between these apical and basolateral proteins provides another example

of long-range inhibition important for epithelial polarity.

7.2.4 The Yurt/Cora Group

The FERM domain-containing proteins Yurt and Coracle (Cora) also promote the

basolateral domain in conjunction with a number of other proteins, making up the

Yurt/Cora group (Laprise et al. 2009). Expanded apical membranes arise with loss

of either Yurt or Cora, and the expansion is intensified with loss of both, suggesting

they function in separate pathways. Through double mutant analyses, Crb activity

was shown to be responsible for these abnormal apical expansions, indicating that

Yurt and Cora normally antagonize Crb (Laprise et al. 2009).

7.2.5 Interplay with Lipids and Small GTPases

Phosphoinositide and Rac small GTPase signaling also contribute to epithelial

polarity in Drosophila. Specifically, apicobasal polarity is balanced by antagonistic
signaling between the Crb complex and the basolateral Rac1-PI3K positive feed-

back loop (Chartier et al. 2011). Connections between Baz and these basolateral

players are also significant. For example, the apical recruitment of PTEN by Baz

promotes the polarization of PIP2 and PIP3 to the apical and basolateral domains,

respectively (Pinal et al. 2006). Additionally, Baz acts upstream of the Rac-GEF

Still life (Drosophila Tiam1) to restrict Rac1 activity to the basolateral domain

(Georgiou and Baum 2010).

7.3 Local Inhibitory Mechanisms for Tuning Complex

Localization and Turnover

Besides long-range inhibitory mechanisms between apical and basolateral proteins,

local inhibitory mechanisms also exist. As we expand upon below, such local

inhibition appears to have two major effects. First, it promotes a wider distribution
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of polarity proteins. The combination of local positive feedback and long-range

inhibition can provide robust polarity, but this polarity can be too extreme. In

epithelial cells, the polarization of apical proteins must be coupled with a mecha-

nism for distributing the proteins around the apical circumference. Second, polar-

ized complexes are rarely static. They must remain dynamic for tissue

morphogenesis to occur.

7.3.1 Segregating and Distributing Proteins of the Par
and Crb Complexes

As discussed, proteins of the Par and Crb complexes are somewhat interchangeable,

and specific mechanisms control their segregation and distribution around the

apical domain. Specifically, although Baz, Par-6, and aPKC can interact and

function as the Par complex, they also localize and function separately. Baz

localizes to AJs, whereas Par-6 and aPKC localize to the marginal zone with Crb.

Crb plays a key role in this segregation as evident in crb mutants in which Baz,

Par-6, and aPKC co-aggregate in large puncta segregated from basolateral proteins

(Harris and Peifer 2005). Biochemically, Crb is able to out-compete Baz for binding

to Par-6 (Morais-de-Sa et al. 2010). aPKC plays another major role in the segrega-

tion. Specifically, after aPKC phosphorylates Baz, it appears to dissociate from Baz

and localize with Crb. This model is based on the behavior of a

non-phosphorylatable Baz construct which both binds aPKC strongly and promotes

the aggregation of all apparent apical proteins into large single puncta in the apical

domain (Morais-de-Sa et al. 2010; Walther and Pichaud 2010). As discussed above

and in more detail below, the apical proteins promote associations among each

other. Here, however, we see evidence for them inhibiting interactions among each

other. Thus, negative feedback or incoherent feed-forward loops may be at work

(Hart and Alon 2013; Lim et al. 2013). These loops can act as buffers. When an

inhibitory/buffering effect is removed from the system, such as when aPKC disso-

ciation from Baz is prevented, polarization becomes extreme—all apparent apical

proteins become focused into a single enlarged puncta instead of being distributed

more evenly around the apical domain in two layers. Thus, local inhibitory mech-

anisms appear to counteract the polarity generated by local positive feedback loops

and long-range inhibition for a moderated form of polarity (Fig. 7.4).

7.3.2 Endocytosis of Apical Complexes

It is also clear that apical complexes are subject to endocytosis. For example, a

syntaxin and Rab5 restrict the size of the apical domain of Drosophila epithelial

cells by promoting the endocytosis of Crb (Lu and Bilder 2005). AJs, as well, are
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subject to endocytic regulation in Drosophila, and this local inhibition is important

for tissue morphogenesis during a number of processes (Harris 2012). Strikingly,

the Par proteins regulate the endocytosis and trafficking of these complexes. For

example, abnormal endocytic delays and tubulation have been observed during AJ

endocytosis with the loss of the Par-6-aPKC cassette, suggesting a positive role for

the Par proteins in the endocytic mechanism (Georgiou et al. 2008; Leibfried

et al. 2008). However, aPKC has also been reported to suppress endocytosis of

Crb in both the Drosophila embryo (Harris and Tepass 2008) and the follicular

epithelium (Fletcher et al. 2012). These apparent discrepancies are consistent with a

model in which apical polarity proteins both inhibit and support one another to tune

the structure of the apical domain. The balance of such effects may be context

dependent. Further work is needed to test these hypotheses.

Fig. 7.4 Segregating and distributing proteins of the Par and Crb complexes around the apical

domain. See Sect. 7.4 for details
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7.4 The Establishment and Elaboration of Embryonic

Apicobasal Polarity

Thus far, our discussion has focused on relatively simple regulatory circuits under-

pinning epithelial cell polarity. How are these circuits organized into larger path-

ways for establishing and elaborating polarity? Moreover, what is the upstream

asymmetric cue that first instigates polarity? One of the advantages of studying

epithelial polarity in the Drosophila embryo is that polarization mechanisms can be

examined along a developmental timeline. Starting from a syncytial presumptive

epithelium and ending with fully differentiated epithelia of the epidermis and other

organs, overlapping mechanisms and stage-specific transitions mark the develop-

ment of epithelial polarity in the embryo.

7.4.1 Apicobasal Polarity of Pseudocleavage
and Cellularization Furrows

After fertilization, the first nucleus of the Drosophila embryo undergoes multiple

rounds of division without cell division, creating a syncytium. The first nine rounds

of these nuclear divisions occur centrally in the embryo (Foe and Alberts 1983). At

this stage, the plasma membrane surrounding syncytium appears relatively uniform.

However, the plasma membrane is coated with a non-AJ pool of DE-cadherin

(DE-cad) which contributes to the anchoring of actin cytoskeletal networks

(Abreu-Blanco et al. 2011). When the nuclei migrate to the embryo periphery,

they undergo another four rounds of division, generating ~6, 000 evenly distributed

nuclei (Foe and Alberts 1983). This migration provides the first major cue for

apicobasal polarity—each cell compartment exists on an axis running from the

surface to the interior of the embryo. Recruitment of nuclei to the embryo surface

depends on microtubules (Baker et al. 1993; Zalokar and Erk 1976), although the

mechanism of microtubule attachment to the outer plasma membrane remains

unknown. The plasma membrane first invaginates between nuclei to separate

them during mitotic divisions (Foe and Alberts 1983). These pseudocleavage

(or metaphase) furrows form transiently around each nucleus along the apicobasal

axis of each cell compartment. Strikingly, they display polarization of core

apicobasal polarity machinery (Mavrakis et al. 2009). Specifically, DE-cad and

the septin Peanut localize to the apical regions of the furrow, whereas Patj (the Crb

complex component) localizes to the basal tips of the furrows.

One conspicuous aspect of this early plasma membrane polarity is that Patj

localizes to the basal rather than the apical end of membranes. Remarkably, Patj

retains its localization to the basal tips of furrows into cellularization (Bhat

et al. 1999). Moreover, other proteins with later apical enrichment also accumulate

at or near the base of the membranes, specifically AJ proteins (Hunter and Wie-

schaus 2000). One major correlation with these inverted localization patterns, and
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their later apical shifts, is the similar behavior of actomyosin networks (networks

formed between actin filaments and non-muscle myosin II—myosin hereafter).

These networks form at the basal tips of cellularization furrows, where they support

furrow growth and ultimately assemble cytokinetic rings to separate the epithelial

cells from the yolk below. With cellularization completed, the networks largely

shift to the apicolateral and apical domain to function in epithelial morphogenesis at

gastrulation (Harris et al. 2009). Thus, the inverted polarity of some apicobasal

polarity proteins along pseudocleavage and cellularization furrows may reflect their

associations with actomyosin networks (Mavrakis et al. 2009; Sokac and Wie-

schaus 2008).

During cellularization, other apical polarity proteins are recruited apically.

Perhaps best understood is the positioning of Baz by three partially overlapping

mechanisms. One mechanism involves an apical anchor based around apical actin

networks (Harris and Peifer 2005). These apical networks also associate with AJ

proteins and, at this stage, apical microvilli appear to sweep AJ proteins into

clusters (McGill et al. 2009). Baz shows minimal association with these initial

apical-most cadherin-catenin clusters, but when they move basally, Baz clusters

engage and retain them around the apical circumference (McGill et al. 2009)—the

“clustering of clusters” positive feedback loop proposed above. The actin organi-

zation in this circumferential zone is poorly understood, but would presumably

contribute to clustering of complexes as well. Indeed, a recent study demonstrated

that the small GTPase Rap1 and the actin- and AJ-associated protein Canoe

(Drosophila afadin) are required for effective positioning of cadherin-catenin and

Baz clusters to this region (Choi et al. 2013). The second Baz positioning mecha-

nism is also spatially associated with this apicolateral zone (Harris and Peifer

2005). Specifically, the Baz clusters are found at the same apicobasal position as

centrosomes. At this stage, centrosomal microtubule arrays extend basally from the

apical domain, placing microtubule minus ends next to the sites of Baz accumula-

tion on the plasma membrane. Strikingly, when the apical actin-based anchor is

saturated by Baz overexpression, discrete Baz clusters are displaced and first flow

basally with the forming plasma membrane. Later, however, they reverse course

and display directed transport to the apical domain next to the centrosomes. This

transport is dependent on the minus end-directed motor Dynein (Harris and Peifer

2005) as well as the three PDZ domains of Baz (McKinley and Harris 2012). The

third positioning mechanism is evident when the transport mechanism is

compromised. In mutants affecting Dynein (Harris and Peifer 2005) or with dele-

tion of the Baz PDZ domains (McKinley and Harris 2012), Baz remains basal for a

more extended period of time, but at the end of cellularization, the basally

mislocalized puncta disappear. Knockdown of Par-1 and mutation of the Par-1

phosphorylation sites in Baz revealed that this later mechanism is based on phos-

phorylation of Baz by Par-1 (McKinley and Harris 2012). Overall, these results

implicate a robust Baz polarization system possibly involving multiple local pos-

itive feedback loops and two long-range redistribution mechanisms.

Baz is important for positioning AJs (Harris and Peifer 2004; McGill et al. 2009;

Muller and Wieschaus 1996) and also for positioning the other components of the
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Par complex (Harris and Peifer 2005). The positioning of aPKC and PAR-6 at the

end of cellularization is, however, poorly understood. Baz is essential for apical

aPKC localization, but Par-6 can localize apically when Baz is perturbed (Harris

and Peifer 2005). The localization of aPKC, however, must also involve other

players since aPKC accumulates in the marginal zone above Baz, and in contrast

to Baz, aPKC accumulates normally when Dynein is compromised (Harris and

Peifer 2005). Another major player is Cdc42, which promotes the apical localiza-

tion of aPKC and Par-6 at this stage (Hutterer et al. 2004). How local Cdc42 activity

is controlled and how the Cdc42 pathway is coupled with Baz remain to be

determined.

During these early stages, basal polarity proteins such as Lgl, Dlg, and Par-1 are

not yet excluded from the apical domain (Harris and Peifer 2004; Hutterer

et al. 2004; McKinley and Harris 2012). Thus, their role in the apicobasal polarity

of pseudocleavage and cellularization furrows is not entirely clear. They have,

however, been shown to function at these stages. Dlg plays a role in membrane

trafficking (Lee et al. 2003), and Par-1 promotes the actomyosin networks at the

base of cellularization furrows (McKinley and Harris 2012).

7.4.2 The Transition to Gastrulation and Polarity
Elaboration Thereafter

As embryos enter gastrulation, the properties of the ectodermal epithelium change

dramatically. One major change is the accumulation of apicolateral and

apicomedial actomyosin networks. In the ventral furrow, a mechanistic understand-

ing of apical actomyosin recruitment involving localized activation of Rho1 is

becoming clearer (Harris et al. 2009), but in other regions of the embryo, this

recruitment is poorly understood. The recruitment is coupled with an increase in the

continuity of cadherin-catenin clusters and a focusing of AJs into a sharp plane

across all cells in the tissue (Harris 2012). AJs and Baz are not passively affected by

the cytoskeleton networks but impact the networks as well, through proteins such as

α-catenin (Cavey et al. 2008), Canoe (Sawyer et al. 2009), and Bitesize (Pilot

et al. 2006). Gaining a fuller understanding of how these apical trans-cellular

AJ-cytoskeletal networks form and function is critical for our understanding of

the tissue morphogenesis that drives gastrulation.

Another major change to the cytoskeleton at gastrulation involves microtubule

networks. Specifically, the centrosomal microtubule networks of cellularization are

converted into non-centrosomal networks typical of more mature epithelia. aPKC is

required for this full transition (Harris and Peifer 2007). Without aPKC,

centrosomal microtubule asters are maintained in the apical domain into gastrula-

tion and, strikingly, are each linked with a strong single puncta of Baz and a local

accumulation of AJ proteins. These defects coincide with significant disruptions to

gastrulation. By inhibiting microtubule-Baz interactions, aPKC appears critical for
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this stage-specific polarity transition. How aPKC inhibits this earlier polarity

generating mechanism is unknown.

In addition to the cytoskeletal networks and their effects on polarity complexes,

other substantial changes to polarity complexes also occur at gastrulation. One is

the accumulation of the apical Crb complex. A major mechanism dictating this

assembly has recently come to light (Krahn et al. 2010). It also centers on aPKC.

Specifically, the Crb complex component Sdt binds Baz at its aPKC phosphoryla-

tion site. The phosphorylation of Baz by aPKC displaces Sdt and permits Sdt

recruitment to the Crb complex. Closely coupled with this mechanism are those

that promote the segregation of Baz and the Par-6-aPKC cassette to AJs and the Crb

complex, respectively (as discussed above) (Morais-de-Sa et al. 2010).

Long-range inhibition of the basolateral players Dlg, Lgl, and Par-1 also

becomes apparent during the transition into gastrulation (Harris and Peifer 2004;

Hutterer et al. 2004; McKinley and Harris 2012). For Lgl, aPKC phosphorylation

has been shown to displace the protein from the apical domain (Hutterer

et al. 2004), and since aPKC functions to displace Par-1 in other contexts

(Doerflinger et al. 2010), it is tempting to speculate that it may displace it during

gastrulation as well. Thus, aPKC activity at the onset of gastrulation may be critical

for many of the polarity transitions that occur at this stage. One major question is

how aPKC activity is specifically triggered or elevated at this stage.

The Scrib complex becomes critical for maintaining polarity following gastru-

lation, but remarkably loss of polarity in Scrib complex mutants can be restored

during later development. As the organ systems of the embryo are developing, the

Yrt/Cora group functions to maintain basolateral polarity, redundantly with the

Scrib complex (Laprise et al. 2006, 2009). Further highlighting the robustness of the

system, when both the Scrib complex and Yrt/Cora group are compromised,

polarity is lost for a more extended period of time, but in late embryos, epithelial

polarity is restored significantly, suggesting that there is a later unknown mecha-

nism that contributes to apicobasal polarity (Laprise et al. 2009). Overall, epithelial

apicobasal polarity appears to be established and maintained through partially

overlapping layers of regulatory circuits, as well as transitions tied to specific

developmental stages.

7.5 The Coupling of Apicobasal Polarity Proteins

to Epithelial Morphogenesis

Another major advantage of studying apicobasal polarity in the Drosophila embryo

is the ability to probe how apicobasal polarity proteins contribute to epithelial

morphogenesis. Developing epithelia are not static, and thus neither are apicobasal

polarity complexes. As animals develop, cells change shape and exchange neigh-

bors to drive tissue morphogenesis. How are such events influenced by cell

polarity?
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7.5.1 Permissive Roles

Polarity proteins can serve a permissive role during epithelial morphogenesis by

maintaining overall tissue integrity while individual cells rearrange. This permis-

sive role first became apparent in mutants in which DE-cad levels are substantially

reduced (Tepass et al. 1996; Uemura et al. 1996). The tissues most susceptible to

breakdown are highly morphogenetically active—e.g., the neuroectoderm which

requires constant cell-cell contact establishments following single-cell delamina-

tions. The critical role of DE-cad in maintaining morphogenetically active tissues

was confirmed by genetically blocking the tissue dynamics—with less active

tissues, low levels of DE-cad are sufficient for maintaining tissue structure. More

recently, similar roles have been attributed to proteins of the Par and Crb complexes

(Campbell et al. 2009; Harris and Tepass 2008). Thus, normal levels of AJs and

apicobasal polarity proteins appear essential for controlling local losses and

reestablishments of cell-cell adhesion for maintaining overall tissue integrity with

morphogenesis.

7.5.2 Instructive Roles

Apicobasal polarity proteins can also serve instructive roles during epithelial

morphogenesis. In some cases, the proteins display an even circumferential or

radial distribution and regulate an isotropic change to the cells. In other cases, the

proteins become planar polarized and regulate anisotropic changes to the cells.

Here, we use the terms isotropic and anisotropic to describe the planar polarity of

epithelial cells. By isotropic, we mean an even property around the circumference

of an epithelial cell, keeping in mind that the property is polarized along the

apicobasal axis. By anisotropic, we mean an uneven property around the circum-

ference of an epithelial cell, again recognizing that the property is polarized along

the apicobasal axis.

7.5.2.1 Actions of Isotropic Apicobasal Polarity Proteins

There are several examples in which isotropically localized apicobasal polarity

proteins affect isotropic behaviors of epithelial cells in theDrosophila embryo. One

recently documented example is the formation of folds in the ectoderm on the

dorsal side of the embryo just after cellularization (Wang et al. 2012). These dorsal

folds are formed through specific basal shifts of AJs in rows of cells in which Par-1

levels are normally reduced. Here, a modified balance between basolateral Par-1

activity and apical aPKC activity regulates the sizes of the apical and basolateral

domains and in turn the positioning of AJs around the interface between the

domains. Thus, when Par-1 activity is normally reduced in specific rows of cells,
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the AJs of these cells shift basally, and folds in the tissue are induced. This example

illustrates how a regulated balance between the apical and basolateral domains can

direct tissue morphogenesis.

A balance between apical and basolateral proteins also controls the size of

epithelial tubes in the embryonic tracheal system (Laprise et al. 2010). Here, loss

of Yrt or Cora activity leads to enlarged tubes. Indicating that this defect is due to

abnormally elevated Crb activity, it can be suppressed by additional loss of Crb.

Moreover, overexpression of Crb alone can also enlarge the tubes. Thus, a balance

between activities of the Crb complex and the Yurt/Cora group appears to dictate

the size of the apical domain of each epithelial cell in the tube, and cumulatively the

size of all apical domains helps to determine the full size of the tube.

Apical domains can also change their size through the contractility of apical

actomyosin networks. Polarity proteins can regulate such networks, as illustrated

during apical constriction of amnioserosa cells during embryo dorsal closure.

During this process, squamous epithelial amnioserosa cells initially undergo pul-

satile apical constrictions and then shift to a final phase of persistent apical

constriction that helps drive their internalization (Blanchard et al. 2010; Solon

et al. 2009). These constrictions are mediated by apicomedial actomyosin networks

and their engagements with circumferential AJs (Blanchard et al. 2010; David

et al. 2010, 2013). Baz, Par-6, and aPKC initially localize around the apical

circumference of these cells but are progressively recruited to the apicomedial

domain through the influence of the actomyosin networks and positive interactions

among the Par proteins themselves (David et al. 2013). The Par-6-aPKC cassette

inhibits the actomyosin networks and thus may function in a negative feedback loop

for promoting network disassembly and the pulsatile behavior of the cells. Strik-

ingly, Baz has the opposite effect, promoting actomyosin networks (David

et al. 2010). Baz appears to do so by acting as a competitive inhibitor of aPKC

kinase activity (David et al. 2013). During early dorsal closure, this inhibition may

delay the antagonistic effects of Par-6-aPKC on the actomyosin networks to

promote oscillatory behavior. As the apical levels of the Par proteins build by late

dorsal closure, enhanced inhibition of Par-6-aPKC by Baz may lift their antagonism

of actomyosin to promote network persistence. This example illustrates how polar-

ity proteins can tune the behavior of apical actomyosin networks to reshape cells

and how the nature of the regulatory circuits involved can change over

developmental time.

7.5.2.2 Actions of Anisotropic Apicobasal Polarity Proteins

In the clearest examples during which anisotropically localized apicobasal polarity

proteins affect anisotropic behaviors of epithelial cells in the Drosophila embryo,

there is also interplay between the polarity proteins and actin-based networks.

One example involves the assembly of actomyosin cables and actin-based pro-

trusions at the leading edges of cells bordering groups of invaginating cells. During

dorsal closure, the epidermal cells surrounding the amnioserosa form a
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supracellular actomyosin cable as well as numerous filopodial protrusions at their

leading edges and use these assemblies to promote closure. One contributor to this

anisotropy is the cell adhesion molecule Echinoid, which is expressed in the

epidermis but not in the amnioserosa (Laplante and Nilson 2011). This differential

expression leads to a loss of Echinoid at the leading edge contact of the epidermal

cells bordering the amnioserosa. In turn, this normal loss has been linked to

assembly of the actomyosin cable and to the loss of Baz from the leading edge

cell-cell contact. Thus, Baz becomes anisotropically localized in the leading edge

cells (Laplante and Nilson 2011). This Baz planar polarity restricts the distribution

pattern of the Baz binding partner PTEN to cell-cell contacts away from the leading

edge, and as a result, PIP3 accumulates at the leading edge contact and promotes

filopodia formation (Pickering et al. 2013). This inverse planar polarization of

Baz-PTEN and PIP3-actin also promotes filopodia formation at the leading edges

of cells surrounding wounds in the embryo (Pickering et al. 2013). In an analogous

context, the Drosophila embryonic salivary gland placode, a planar polarized

depletion of Crb and aPKC from the placode-epidermis boundary, is important

for assembling an actomyosin belt at the interface (Roper 2012). These examples

illustrate how anisotropically localized polarity proteins can control the assembly of

cytoskeletal networks to help specific regions of an epithelium internalize.

Planar polarization of Baz also contributes to convergent extension of the germ

band. Here, planar polarized actomyosin cables also form at specific cell-cell

contacts, but in this tissue, the networks instigate loss of the contacts and cell-cell

intercalation for extending the body axis (Lecuit and Lenne 2007; Zallen 2007).

Similar to the leading edge of epidermal cells at dorsal closure or around wounds,

Baz accumulates at cell-cell contacts where actomyosin is weakest (Baz and

actomyosin have reciprocal planar polarity) (Zallen and Wieschaus 2004). In the

germ band, the planar polarity of Baz is dictated by an actomyosin assembly

pathway (Simoes Sde et al. 2010). Specifically, Rho kinase localizes to the contacts

where actomyosin networks are to be assembled and induces their assembly. An

apparently simultaneous effect is Rho kinase phosphorylation of Baz and the

resulting loss of Baz from the contacts with elevated Rho kinase. Intriguingly,

however, Baz also supports the planar polarity of myosin, suggesting mutual

antagonism between the complexes at the two contact types (Simoes Sde

et al. 2010). How Baz antagonizes myosin remains to be determined.

Planar polarization of apicobasal polarity proteins is additionally important for

defining precise boundaries between segments of the later epidermis. At this stage,

cell-cell contacts become amazingly aligned along the dorsal-ventral axis of the

embryo through the activity of actomyosin cables running along them. Baz also has

reciprocal planar polarity with these actomyosin cables (Simone and DiNardo

2010). In this context, microtubules run across the apical domain along the

dorsal-ventral axis such that their plus ends terminate at the Baz-enriched contacts.

By genetically manipulating the microtubules, they were found to both promote the

planar polarity of Baz and locally inhibit the RhoGEF2-Rho1-Rho kinase pathway.

This mechanism helps to planar polarize the cells and to align them across the

epidermal sheet (Bulgakova et al. 2013). Remarkably, the reciprocal contacts
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enriched with myosin are not themselves homogeneous. Typically, for a single strip

of cell-cell contacts along the dorsal-ventral axis, actomyosin cables form first at

two contacts per cell. However, this arrangement gives the overall strip of contacts

a zigzag appearance. To straighten the strip, specific contacts are lost so that only

one contact retains an actomyosin cable per cell. For this regulation, a distinctive

planar polarization of Dlg apparently opposes actomyosin activity at the contact to

be retained (Simone and DiNardo 2010). It will be interesting to see how Dlg

becomes planar polarized and how it elicits its effects on myosin.

7.6 Final Comment

This chapter has reviewed how local positive feedback loops, long-range negative

feedback loops, and local negative feedback loops function together to establish and

elaborate epithelial apicobasal polarity in the Drosophila embryo and to couple this

polarity with epithelial morphogenesis. Although numerous specific polarity mech-

anisms have been clearly defined, it is always challenging to connect them into

larger models to provide a system-level view of the cell. Thus, many of the

syntheses we have presented remain working hypotheses that require more rigorous

evaluation in the years to come.
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Chapter 8

The Polarized Distribution of the

Na+,K+-ATPase

M. Cereijido, R.G. Contreras, M.I. Larre, and L. Shoshani

Abstract The life of a cell depends on the perennial inflow of metabolites and

outflow of catabolites, ultimately driven by membrane pumps or by the electro-

chemical potential gradients that these pumps generate. Metazoans have cells in

which pumps have an additional function: they accumulate in a certain domain of

the membrane to induce polarity. Surprisingly, the polarized distribution of Na+,

K+-ATPase does not arise only from canonical signals or classical mechanisms but

also from the peculiar affinities between its own subunits. For example, subunits α
and β have an affinity for each other that binds them together right after synthesis,

and they then migrate through the endoplasmic reticulum and the Golgi apparatus

and are delivered to the plasma membrane. In keeping with this role of subunit

affinities, we have shown that the polarized distribution of the whole enzyme at the

plasma membrane facing the intercellular space arises from the very specific

affinity of one β subunit for another. In addition to being distributed in a polarized

manner, Na+,K+-ATPase participates in cell polarization by acting as a receptor for

the ouabain hormone, thereby promoting ciliogenesis; obviously, the enzyme can

act as a receptor because this is polarized toward the blood side where hormones

come from. In this chapter, we review the polarized distribution of Na+,K+-ATPase

and suggest that the very existence of higher metazoans depends on this polarized

expression of pumps.

Keywords Claudin • c-Src • Hormone • Na,K-ATPase • Ouabain

8.1 Introduction

The information gathered through more than a century of research on the perme-

ability of the plasma membrane required several parallel efforts, including those

needed to elucidate the movement of ions and molecules, because the information

could not be understood on only the basis of the electrochemical potential gradient
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between the two sides of the plasma membrane. This challenged the imagination of

physiologists, who conceived theoretical mechanisms such as pores, carriers, and

pumps and assigned to them properties that frequently appeared to be in violation of

the fundamental laws of physics. A case in point was the use of chemical reactions

(in those times thought to be scalar phenomena) to produce the vectorial movement

of ions, which was clearly demonstrated once J. Ch. Skou discovered the presence

of Na+,K+-ATPase in crab nerves (Skou 1957; Onsager 1967). Another more recent

example became evident after we introduced an experimental model system to

study the development of the two fundamental features of the transporting epithelial

phenotype: tight junctions (TJs) and polarity (de Donder and Van Rysselberghe

1936; Cereijido et al. 1978; Boulan and Sabatini 1978). The knowledge we gained

on the signals and mechanisms that are accounted for by the polarized distribution

of most membrane proteins was insufficient to explain the polarized distribution of

Na+,K+-ATPase. In a way, this was ironic because this enzyme is responsible not

only for its own polarity but, together with the polarized expression of other

transporter proteins, for the polarized (net) flux of glucose, amino acids, and ions

across plasma membranes and epithelial membranes (Csaky and Thale 1960; Crane

et al. 1961, 1965; Kedem and Essig 1965; Schultz and Curran 1970). Fortunately,

the polarized distribution of this enzyme was recently elucidated, and the data

demonstrated that the distribution is due to mechanisms that seem to be specific to

this pump (Cereijido and Rotunno 1970; Shoshani et al. 2005; Padilla-Benavides

et al. 2010).

8.2 Incongruences, Stumbling Blocks, and Apparent

Violations of Thermodynamics (Cereijido et al. 1971)

In the second half of the nineteenth century, du Bois Reymond (Bois-Reymond

1848; Berridge et al. 2003) demonstrated that frog skin maintains an electrical

potential difference (ΔΨ) between the inner and outer sides of the epithelium

(Fig. 8.1a), a feature no inert membrane can show when mounted between identical

saline solutions. Half a century later, Galeotti (Galeotti 1904; Griffiths 2007)

attributed this asymmetry to a higher Na+ permeability in the inward versus

outward direction (Fig. 8.1b). This attribution was disregarded on the basis that it

would violate the first principle of thermodynamics and create a perpetuum mobile:
Na+ would forever rotate counterclockwise in the gedankenexperiment illustrated in
Fig. 8.1b. Yet, after the Second World War, radioisotopes became available to

measure unidirectional fluxes, and it was easy to demonstrate that the inward flux of

sodium across frog skin is up to 20 times higher than the outward flux, a feature that

many took as solid evidence that life would never be explained on the basis of pure

physical laws. Later on, biologists demonstrated that ΔΨ is by no means perpetual

and lasts as long as the epithelium is alive and proposed that the net flux of Na+

(influx minus outflux) across an epithelium depends on the energy generated by
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metabolism. This suggestion was also rejected on the basis that it would be in

violation of Curie’s principle: phenomena of different tensorial order cannot be
coupled. In plain words, metabolism is the sum of chemical processes, which were

assumed to be scalar phenomena (no particular direction in space), implying that

metabolism would never sustain net fluxes, which are clearly vectorial processes.
Eventually, it was argued that chemical phenomena, such as the splitting of ATP by

Na+,K+-ATPase, are vectorial at the microscopic level but lose vectoriality at

macroscopic levels. Figure 8.1c illustrates this paradox as well as the solution

provided (Fig. 8.1d).

a b c d

e f g

Fig. 8.1 Historical cornerstones toward the polarity of the Na+,K+-ATPase. (a) Emile du Bois

Reymond discovered that frog skin maintains an electrical potential difference between its outer

and inner surfaces. (b) Galeotti proposed that such electrical potential could be explained by

assuming that frog skin has a higher permeability to Na+ in the inward than in the outward

direction. His proposal was discarded on the basis that this would increase the concentration of

this ion (magenta dots) on the inner side and the ensuing diffusion would originate a counter-

clockwise perpetuum mobile. (c) Avoiding a skirmish with Curie’s principle, pumping is vectorial

at the microscopic level (i.e., each pump works in a given direction). Yet, a study at the

macroscopic level in a homogenized preparation where pumps point in all directions masked

their intrinsic vectoriality. (d) In a cell membrane where all Na+,K+-ATPase pumps are aligned,

vectoriality is recovered. (e) J.Ch Skou found Na+,K+-ATPase in the plasma membrane of an

extract of crab nerve. The enzyme simultaneously pumps three Na+ and 2K+ (albeit in different

directions) per molecule of ATP hydrolyzed. (f) Koefoed-Johnsen and Ussing (1958) proposed

that the Na+,K+-ATPase proposed by Skou is distributed in a polarized manner in the epithelial

cells of frog skin. O.c.m., outer cell membrane, which is permeable to Na+. I.c.m., inner cell

membrane, impermeable to Na+ but passively permeable to K+. P place where the Na+,K+-ATPase

is needed to act as an ion pump. (g) The pumping of Na+ out of the cell and toward the extracellular

space creates an electrochemical potential difference that drives most co- and counter-transporters,

which act as “secondary pumps;” however, these are not considered to be active transporters

because they are not driven directly by the chemical energy generated by ATP hydrolysis
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Classic thermodynamics assumed that each flow (e.g., of Na+, K+, H+, etc.) was

powered by its specific chemical potential, i.e., Na+ flux was assumed to be driven

by the concentration gradient of Na+ but not by that of other ion species or by

differences in the temperature or pressure between two points. It took a major

conceptual change to show that, in principle, a flux can be driven by any of the

forces present in the system, a concept for which Lars Onsager (Skou 1957;

Onsager 1967) was awarded the Nobel Prize in 1968. Following this, de Donder

and Rysselberghe (de Donder and Van Rysselberghe 1936; Cereijido et al. 1978;

Boulan and Sabatini 1978) demonstrated that even chemical reactions can be

represented as fluxes driven by chemical affinity. Therefore, taking both groups

of considerations into account, fluxes such as those of Na+ and K+ can be formally

attributed to the hydrolysis of ATP, and therefore, ion pumping can be carried out

by Na+,K+-ATPase. Eventually, Kedem and Essig (Csaky and Thale 1960; Crane

et al. 1961, 1965; Kedem and Essig 1965; Schultz and Curran 1970) gauged ion flux

through the amount of Na+ transported and chemical reactions through the amount

of oxygen consumed and were able to show that epithelia can in fact transport ions

using metabolic energy. Ironically, this was a “permission to occur” of a process

that had already been experimentally demonstrated. Nevertheless, this is the

essence of science: to rest assured that the body of knowledge is self-consistent,

theories and experimental observations should not disagree.

8.3 Why Do Cells Need Ion Pumps?

Pumps create an asymmetric distribution of ions between the cytoplasm and the

external bathing solution that offers some physiological advantages to the cell.

(1) The asymmetric distribution enables the plasma membrane to act as an electric

capacitor that can, in a given moment, spark an action potential used by muscle

fibers to contract and neurons to communicate with each other. (2) The principle of

electroneutrality requires that the amount of negative charges in a given volume

exactly matches the amount of positive ones, implying that mobile ions should

penetrate into the cell to neutralize fixed electric charges from proteins and other

molecules trapped inside the cytoplasm. However, simple coulombic consider-

ations (see Cereijido and Rotunno 1970; Shoshani et al. 2005; Padilla-Benavides

et al. 2010) show that these charges will be perennially neutralized by protons (H+)

because their negligible radius enables their positively charged nuclei to closely

approach and bind to fixed negative charges in the cytoplasm with a force far

stronger than between the negative charge and any other mobile cation, thereby

provoking a molecular debacle in the cell. Hence, cells protect themselves from this

disaster by expressing pumps and counter-transporters in their plasma membrane,

which, by extruding H+ toward the extracellular space, maintain such low concen-

trations of H+ (in the nanomolar range) that protons are unable to compete with

other mobile cations (in the millimolar range). Ca2+ faces the same situation

because even though its radius compares to that of Na+ and K+, calcium has two
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positive charges instead of one. Again, the combined work of the Na+,K+-ATPase

and Na+/Ca2+ co-transporters, as well as the endoplasmic reticulum’s pumps and

chelating proteins, keeps the activity of Ca2+ very low in the cell water (Bois-

Reymond 1848; Berridge et al. 2003). Therefore, in spite of the fact that hydrogen

and calcium are two strong binders to fixed negative charges, the work of the Na+,

K+-ATPase keeps them at sufficiently low concentrations to insure physiological

exchanges among protons, calcium, and monovalent cations. (3) Counter-

transporters present in the plasma membrane, such as those of Na+/glucose, have

an affinity for glucose proportional to the Na+ concentration. Therefore, when

facing the extracellular solution, the high Na+ concentration makes the counter-

transporter develop a high affinity for glucose and load itself with this sugar;

however, due to the low concentration of Na+ in the cytoplasm, as soon as the

carrier faces the inside of the cell, it releases its Na+, loses its affinity for glucose,

does not combine with the sugar on this side, and returns empty to the outer bathing

solution. Notice that this “secondary transport” generates a net transport of the
sugar and works as long as Na+,K+-ATPase maintains the Na+ asymmetry across

the plasma membrane. An analogous mechanism is observed in Na+-amino acid

co-transporters.

It is generally assumed that the water/ion composition of the cytoplasm reflects

the composition that the primeval ocean had the day a droplet was trapped inside a

vesicle surrounded by a lipid bilayer (Galeotti 1904; Griffiths 2007). Without

discarding this possibility, the considerations made in the previous paragraph

indicate that the nature of cellular content is the consequence of having a plasma

membrane studded with proteins, i.e., synthesized and installed with mechanisms

coded in the genome.

8.4 An “Ocean” Less Than a Micron Thick

The intense exchange of a myriad of different substances across the cell membrane

of a unicellular organism does not exhaust the nutrients or pollute the ocean

(external milieu); rather, this external milieu acts as a reservoir (Fig. 8.2a). How-

ever, when the cell belongs to a metazoan, say a neuron in the brain (Fig. 8.2b), the

“ocean” is replaced by an extremely narrow extracellular space (Fig. 8.2c, black),
less than a micron thick, that would be quickly exhausted and spoiled were it not for

a circulatory apparatus that shuttles its extracellular fluid to and from “transporting

epithelia,” where the exchange with the outer milieu takes place. To illustrate the

amount of epithelia involved in this exchange with the environment, the area of

several of them is scaled with the silhouette of a man (Fig. 8.2d). In turn, the

exchange between blood and cells proceeds across endothelia, which have basically

the same cellular phenotype as epithelia but occupy an even larger area (Fig. 8.2e,

pink). Figure 8.2f represents the transporting epithelial phenotype of a kidney tube,
which is a continuous layer of cells surrounding the lumen, showing its two

fundamental features: TJs and apical/basolateral polarity. Interestingly, in spite of
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this lumen running at the central axis of the tube, the tube is considered to be full of

external milieu because it connects with the urinary tract, which interacts with the

external milieu bathing the animal.

Therefore, the phenotype composed of a sealing element, the TJs, and an apical/

basolateral polarity is the preferred structure implemented by higher metazoans to

seclude a large portion of their bodies, e.g., the gastrointestinal space, the renal

space, or the space within the genitalia, blood, and lymphatic fluids, or even to

create a “castle-within-the-castle” effect as seen with the brain and its surrounding

a b c

d e f

Fig. 8.2 Transporting epithelial phenotype. (a) A unicellular organism in the primitive ocean that

acts as a reservoir; hence, it cannot be exhausted nor spoiled as a consequence of exchanges with

the cell. (b) A cell in a metazoan has the “ocean” reduced to a narrow extracellular space (c, black)
that, nevertheless, is able to act as a reservoir due to a circulatory apparatus that takes its fluid back

and forth to and from transporting epithelia where the exchange with the environment takes place.

(d) A few transporting epithelia scaled with the figure of a man to give an idea of the large area

devoted to the exchange of substances with the environment. (e) Represents (d) at a smaller scale

to compare the area of epithelia with those of endothelia (pink). (f) Schematic representation of

five epithelial cells forming a segment of the wall of a kidney tube, showing the two fundamental

differentiated features: tight junctions (red) that seal the intercellular pace and apical/basolateral
polarity. The apical domain of the cell membrane (blue) is in contact with the lumen and the

basolateral one (magenta) with the interstitial fluid on the blood side
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extracellular fluid. This suggests that polarization became an important requirement

in the evolution from single cells to metazoans. Let’s consider this suggestion.
Shortly after J. Ch. Skou introduced Na+,K+-ATPase (Skou 1957) (Fig. 8.1e),

V. Koefoed-Johnsen and H. H. Ussing (Koefoed-Johnsen and Ussing 1958) (KJU)

used this pump to develop a fertile working model that acted as a blueprint to

explain active transport across most epithelia (Fig. 8.1f). Interestingly, KJU

transformed a common cell into one of the transporting epithelia by proposing

that the pump is expressed in a polarized manner on the basal domain of the plasma

membrane (Fig. 8.1f). Significantly, further adaptations of the KJU model to other

epithelia proposed that co- and counter-transporters are also expressed in a polar-

ized manner (Fig. 8.1g).

8.5 The Polarized Distribution of Proteins in the Plasma

Membrane

The generation of cell surface polarity for most membrane proteins involves sorting

signals encoded in their amino acid sequence, trafficking routes that include apical

or basolateral recycling endosomes, and interactions with epithelial-specific protein

complexes such as AP-1B and clathrin, which can be regulated by small GTPases

(Cereijido et al. 2003; Duffield et al. 2008; Bryant and Mostov 2008; Mellman and

Nelson 2008). Early studies demonstrated that the Na+-K+-ATPase, composed of a

catalytic subunit (α) and an accessory subunit (β), is assembled in the endoplasmic

reticulum, sorted in the trans-Golgi network, and delivered directly to the

basolateral membrane of epithelial cells (Caplan et al. 1986; Gottardi and Caplan

1993; Zurzolo and Rodrı́guez-Boulan 1993). Therefore, a basolateral signal was

assumed to exist in the α-subunit of the Na+-K+-ATPase (Muth et al. 1998). Na+-

K+-ATPase and H+-K+-ATPase are highly homologous ion pumps; yet in LLC-PK1

cells, the former is polarized to the basolateral domain, whereas the latter is

localized to the apical plasma membrane. To identify the sorting signals of these

ion pumps, the polarized expression of chimeric constructs of the α-subunit of the
H+-K+-ATPase and the Na+-K+-ATPase was studied (Muth et al. 1998). Apical

sorting information was recognized within the fourth transmembrane domain of the

α-subunit of the H+-K+-ATPase that is sufficient to redirect the Na+-K+-ATPase

from the basolateral to the apical surface of these cells (Dunbar et al. 2000).

However, it remains unclear whether basolateral sorting information exists in the

fourth transmembrane domain of the α-subunit of the Na+-K+-ATPase; thus, a

nonconventional signal could be involved in the basolateral targeting of this

pump (Dunbar and Caplan 2001). Moreover, efforts to elucidate the trafficking

mechanism of newly synthesized Na+-K+-ATPase revealed that it is independent of

AP-1B because the pump localizes to the basolateral surface in the μ1B-deficient
cell line LLC-PK1 (Duffield et al. 2004) and in MDCK cells in which μ1B
expression is suppressed via RNA interference (Gravotta et al. 2007).
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Although the manner in which the Na+-K+-ATPase achieves polarized distribu-

tion remains mysterious, several clues have emerged on how this is accomplished.

The first clue came from the observation that in MDCK cells, the pump is not

expressed in the apical or basal domains but only at the lateral membrane (Fig. 8.3a)

(Hammerton et al. 1991; Contreras et al. 1995a; Shoshani et al. 2005). The second

clue was obtained when monolayers of MDCK cells were treated with EDTA to

chelate Ca2+. The cells detached from each other and took their own Na+-K+-

ATPase pumps with them (Fig. 8.3c) (Contreras et al. 1995b), indicating that the

fluorescent mark observed under control conditions (Fig. 8.3b) was formed by

pumps on both neighboring cells (Cereijido et al. 2000). The third clue was that

monolayers formed with cells belonging to different epithelia and even different

animal species formed sealed TJs but did not express Na+-K+-ATPase at a given

lateral border, unless both epithelial cells belonged to the same animal species

(Fig. 8.3d) (Contreras et al. 1995a; Shoshani et al. 2005). The fourth clue was that

the β-subunit of the Na+-K+-ATPase resembles an adhesion molecule: it has a short

cytoplasmic domain, a single transmembrane domain, and a long and heavily

glycosylated extracellular domain. Likewise, experiments implemented by the

Schachner group (Antonicek et al. 1987; Antonicek and Schachner 1988) revealed

that the adhesion molecule on glia (AMOG) is an isoform of the β-subunit of the
Na+-K+-ATPase (Gloor et al. 1990). Finally, the structure of the Na+-K+-ATPase,

with its three subunits, has been resolved by X-ray crystallography (Fig. 8.3e)

(Morth et al. 2007; Ogawa et al. 2009). These clues indicated that the β-subunit is
an adhesion molecule. In accordance with this attribute of the β-subunit, we have

demonstrated that Chinese hamster ovary cells transfected with the canine β1-
subunit of Na+-K+-ATPase (CHO-β) increase their tendency to form aggregates

(Fig. 8.3f) (Shoshani et al. 2005). Using cocultures of MDCK and CHO-β cells, we
showed that the Na+-K+-ATPase of MDCK cells was now polarized to the lateral

border even when the adjacent cell was of another species (Fig. 8.3g) (Shoshani

et al. 2005). We also showed by a pulldown assay that the dog β1-subunit could
specifically bind to the soluble extracellular domain of the β1-subunit of the same

animal species and that β1-subunits of neighboring epithelial cells interact directly

with each other in vivo (FRET and Co-IP essays). In the crystal structure of the Na+,

K+-ATPase, the β-subunit is mostly exposed toward the intercellular space (Morth

et al. 2007; Ogawa et al. 2009). This position of the β-subunit would favor the β-β
association between Na+-K+-ATPases of adjoining cells at the intercellular space

(Fig. 8.3h).

In this respect, several studies in mammals have shown that polarized targeting

of the Na+-K+-ATPase in transporting epithelial cells is related to the expression of

specific β-isoforms. Basolateral targeting is related to the expression of the β1- and
β3-isoforms, while apical targeting is related to the expression of the β2-isoform
(Burrow et al. 1999). Accordingly, it has been shown that in the human gastric

adenocarcinoma cell line (HGT-1), the pump is localized to the apical membrane

domain and constitutes the β2-isoform. When the β1-isoform is expressed in this cell

line, the pump is delivered to the basolateral domain (Vagin et al. 2005). Further-

more, there is a wealth of information suggesting that the N-glycans of the
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β-subunit play an important role in the polarized sorting and trafficking of Na+

pumps. Studies in which N-glycosylation of the Na+,K+-ATPase β-subunit was
modified by either pharmacological or site-directed mutagenesis have shown that

a b c d e
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Fig. 8.3 Role of the β-subunit in the polarized distribution of Na+,K+-ATPase. (a) Normal (upper
panel) and lateral (lower panel) view of a monolayer of MDCK cells, with the β-subunit stained in
green and nuclei in blue, showing that the enzyme only occupies the lateral membrane. (b) Two

neighboring cells expressing lateral Na+,K+-ATPase (green). (c) Ca2+ removal shows that

detached cells separate, hauling their own enzyme. (d) A monolayer formed with a mixed

population of MDCK cells plus “other” cell types (Ma104, LLC-PK1, or CHO) expresses Na
+,

K+-ATPase on homotypic but not heterotypic lateral borders. (e) Mixed monolayers of MDCK and

CHO cells transfected with the dog β-subunit (other-β) express this subunit in homotypic and

heterotypic contacts. (f) The β-subunit of Na+,K+-ATPase has the characteristics of an adhesion

molecule. Transfecting this subunit in CHO fibroblasts (β-transfected) confers adhesion properties.
(g). Crystallography indicates that the enzyme on the plasma membrane exposes its α- (light blue),
β- (green), and γ- (orange) subunits as depicted. The C-terminal lobe of the β-subunit is exposed to
the intercellular space and shares structural similarities with proteins from the IgG-like superfam-

ily. (h) Monolayers prepared with a mixed population of MDCK cells transfected with a β-subunit
fused to a cyan fluorescent protein (blue silhouette) and MDCK cells transfected with a β-subunit
fused to yellow fluorescent protein (yellow silhouette), as depicted in the first pair of Na+,K+-

ATPases, show in a FRET assay that energy can be transferred from one β-subunit to the other,

indicating that two β-subunits can interact directly from a distance less than 10 nm, thereby

anchoring the whole enzyme at the cell membrane facing the intercellular space. Combining the

crystal silhouette in G with the position of the enzyme in epifluorescence (a) shows that Na+,K+-

ATPases can pump Na+ toward the intercellular space. Given that this space is closed by TJs at its

outermost end, Na+ can only diffuse toward the basal (blood) side, in a net (vectorial) manner (red
arrow)
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the β1-isoform contains basolateral sorting information (Lian et al. 2006), while the

β2-isoform contains apical polarization information (Vagin et al. 2005, 2007).

Studies in Drosophila have also shown that the β-subunit is a key determinant of

the subcellular localization and function of the Na+-K+-ATPase. Of the three Na+-

K+-ATPase β-subunits, the Nrv1 and Nrv2 isoforms are localized to the epithelia,

while Nrv3 is expressed in the nervous system. Interestingly, Nrv1 is localized to

the basolateral domain of almost all epithelial cells; by contrast, Nrv2 is expressed

at septate junctions (SJs) (the insects’ analog of the vertebrate TJ) and co-localizes

with the SJ marker coracle. Moreover, it has been shown that Nrv2 controls, by its

extracellular domain, the functionality of SJ and the tracheal tube size in a pump-

independent function (Paul and Palladino 2007).

The basic mechanism of lateral polarization is reinforced through interactions

with extracellular ligands or with intracellular scaffolds such as cytoskeletal ele-

ments or arrays of PDZ domain-containing proteins (Mays et al. 1995; Cohen

et al. 1998). Na+-K+-ATPase has been shown to be retained at the basolateral

membrane domain by binding to the ankyrin-fodrin cytoskeleton (Hammerton

et al. 1991). As demonstrated with FRET analysis, the two external moieties

belonging to neighboring cells achieve a close proximity (<10 nm) (Padilla-

Benavides et al. 2010). The fact that the extracellular moieties of β-subunits and
that the α- and β-subunits have a high affinity for each other results in the anchoring
of the Na+-K+-ATPase of both neighboring cells to the lateral border. This has

profound functional consequences for the overall transport of Na+ in the inward

direction because Na+ pumped into the intercellular space can only diffuse toward

the blood side because the outermost end of this space is sealed by a TJ.

8.6 Apical Distribution of the Na+,K+-ATPase

In contrast to most epithelia, in the choroid plexus and the retinal pigment epithe-

lium (RPE), both with neuroepithelial origins, the Na+,K(+)-ATPase is localized to

the apical plasma membrane domain. The retinal pigment epithelium (RPE) sepa-

rates the photoreceptors (rods and cones) from the choroid generating a proper ionic

environment for the photoreceptor’s function in the subretinal space. The apical

domain of RPE is in intimate contact with the distal segments of rods and cones,

generating a subretinal space. The subretinal K+ and Na+ concentrations that

generate the dark current necessary for vision are under the control of the RPE

cells. This crucial task requires that the Na+,K+-ATPase localize to the apical

surface (Bok 1982; Frambach and Misfeldt 1983). In addition, RPE also transports

a net amount of fluid in the apical to basal direction, creating a negative pressure

that helps attach the neural retina to the RPE (Adijanto et al. 2009) in coordination

with apical and basolateral bicarbonates and Cl� transporters. Cl� and Na+ trans-

port from the apical to the basolateral compartments drives fluid transport, which

can be facilitated by aquaporin 1 (Strauss 2005). The retinal activity drastically

changes the levels of Na+, K+, and CO2 in the subretinal space, which are balanced
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by changes in the activity of various Na+, K+, Cl�, and bicarbonate transporters,

including the Na+,K+-ATPase. The retina produces a large amount of lactate that

RPE cells transport through proton-coupled monocarboxylate transporters (MCTs).

Thus, lactate is captured through the apical MCT1 and excluded from the

basolateral MCT3 (Philp et al. 1998), resulting in the swelling of RPE cells

(Philp et al. 1998; Hamann et al. 2003; Adijanto et al. 2009).

The choroid plexus epithelium (CPE) produces 600 ml of cerebrospinal fluid per

day (Wright 1978), which is required for mechanical support, for communication,

and as a pathway for waste removal and nutrient supply to the brain. The apical

membrane of the CPE contacts the ventricle space and the basolateral surface, a

highly vascularized compartment that provides a high blood supply. Na+, Cl� and

HCO3
� transports drive apical fluid secretion from the blood to the ventricles

(Brown et al. 2004). This transport is possible due to the exquisite polarized

structure of the choroid plexus epithelial cells that includes the expression of

Na+,K+-ATPase in the apical membrane (Masuzawa et al. 1984; Siegel

et al. 1984), apical and basolateral bicarbonate transporters, and active intracellular

carbonic anhydrases that promote the intracellular formation of bicarbonate

(Johanson et al. 2011), as in the kidney proximal tubule, Na+, and bicarbonate

gradients that constitute the driving force for the movement of fluid, which is

facilitated by the aquaporin AQP1 (Wolburg and Paulus 2010).

The cellular mechanism responsible for the apical polarization of the Na+,K+-

ATPase in both RPE and CPE is far from being elucidated. Nevertheless, as

neuroepithelial cells, both tissues are expected to express the β2-isoform that

contains an apical signal and therefore would deliver the αβ2 dimer to this domain.

Evidently, the Na+,K+-ATPase does not carry a simple or classic basolateral sorting

determinant. Moreover, plasma membrane proteins composed of two or more

subunits, such as Na+,K+-ATPase, are interesting to study in terms of sorting

mechanisms, as sorting signals could be present in one or more subunits that act

hierarchically. Which subunit dominates the sorting of the Na+,K+-ATPase

heterodimer is still not well understood. Remarkably, sorting signals can be

interpreted depending on the cell type and be recognized by different components

of the cellular sorting machinery (Philp et al. 2011; Castorino et al. 2011).

8.7 Na+,K+-ATPase Acts as a Receptor for the Hormone

Ouabain Due to Its Polarized Distribution

in the Plasma Membrane

It has recently been demonstrated that Na+,K+-ATPase is a receptor for the hor-

mone ouabain. This hormone modulates signaling routes, regulating the survival of

the cell in stressful situations, proliferation, and differentiation (Aizman and Aperia

2003; Xie 2006; Aperia 2007; Liu and Xie 2010).
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We have recently demonstrated that ouabain regulates the two basic features of

transporting epithelia: TJs and polarity (Larre et al. 2010, 2011). This was tested in

monolayers of MDCK cells where the Na+,K+-ATPase is expressed at the plasma

membrane in contact with the intercellular space. We observed that ouabain only

acts when added from the basal side, i.e., the side that a hormone will reach in a

living animal. Keep in mind that this is also the side where the enzyme is needed as

a pump. Once it reaches the binding site, ouabain can elicit the following effects as

a consequence of the polarized expression of the enzyme:

(a) Hormonal effects of ouabain on the TJ.

The effect of ouabain consists of an increase in the degree of tightness as

gauged by TEER (transepithelial electrical resistance) and is mediated by the

individual expression of specific claudin isoforms through specific signaling

pathways. Thus, while the cell content of cln-1 is modulated through a route

involving c-Src and ERK1/2, cln-4 is regulated through ERK1/2 but not c-Src.

This specificity is also reflected in the modulation of specific permeabilities.

Thus, while the ion flux through the TJ is controlled by c-Src and partially

through ERK1/2, the flux of neutral 3 kDa dextran is regulated through ERK1/

2 but not c-Src (Larre et al. 2010).

(b) Hormonal effects of ouabain on polarity.

The development of polarity was gauged through the development of a cilium

in the middle of the apical domain of MDCK cells. Ciliogenesis is stimulated

by ouabain through ERK1/2, provided cell proliferation is arrested. This can

even be observed in single cells whose proliferation is prevented by plating a

mixture of 5 %MDCK cells and 95 % NRK cells at saturating densities. Under

this condition, single MDCK cells can be found completely surrounded by

NRK cells. Because the expression of E-cadherin occurs at homotypic MDCK/

MDCK contacts, but not in heterotypic ones, this molecule is absent when an

MDCK cell is completely surrounded by NRK cells. Interestingly, in spite of

the fact that under this situation these MDCK cells do not express E-cadherin,

they nevertheless undergo ciliogenesis (Larre et al. 2011).

Another interesting case of ouabain-controlled polarity is the reduction in

the expression of the apical Na+/H+ exchanger isoform 3 in proximal tubular

epithelial cells (Cai et al. 2008). The hormone also reduces the basolateral

expression of the pump itself and therefore the transepithelial transport of Na+.

This mechanism seems to operate in the proximal tubular epithelial cells and is

impaired in salt-sensitive hypertension (Liu et al. 2011).

(c) Ciliar expression of claudin-2.

This isoform of claudin is an important component of the TJ, where it confers

permeability to Na+. However, we have observed that MDCK cells express

claudin-2 at the cilium as well, where it cannot possibly play a role in

permeation. Given that claudin-2 has an exquisite sensitivity to Na+, it is

conceivable that it could act as a sensor of Na+ concentration in the fluid

bathing the apical domain of the cell. The expression of claudin isoforms at the

TJ and at the cilium follows independent kinetics, but both are modulated

through ERK1/2 (Larre et al. 2010).
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In summary, ouabain modulates the two fundamental differentiated features of

transporting epithelial cells, TJs and polarity, thereby playing a crucial role in

metazoan life. Ouabain binds to Na+,K+-ATPase once the cell stops proliferation

and engages in differentiation, and therefore, it accesses its receptor from the

basolateral domain of epithelial cells.

8.8 Na+,K+-ATPase Polarity and the Emergence

of Metazoan Life

The ocean and the internal milieu act as reservoirs, the first because of its enormous

size and the second because, in spite of having a very small size, its composition is

kept constant by the extremely efficient quickness of the circulatory apparatus and

the multitude of organs that participate in maintaining its homeostasis. All cells

have to devote part of their efforts to housekeeping, a task that is enormously

simplified when the internal milieu is constant (same pH, availability of nutrients,

clearance of catabolites, etc.). That is why the basolateral domain of the plasma

membrane of all cells in multicellular organisms is virtually identical. The apical

domain, however, has to adapt to wildly different external milieus (gastric juice,

bile, intestinal flora, tears, sea water, and glomerular filtrate that is progressively

becoming urine), whose composition, pH, content of hormones, and other proper-

ties vary drastically throughout the day, with the diet, and has to coordinate

peristalsis and movement of flagella. One may say that, having the house secured

(i.e., the constancy of the internal milieu), epithelial cells can indulge in differen-

tiation in much the same way as gene duplication, when one gene fulfills an

indispensable fixed requirement and the other is “free” to diverge and explore

other possibilities. This promoted the expression of diverse cell phenotypes,

which enabled metazoans to progress in a mindboggling range of environments.
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Chapter 9

Endothelial Cell Polarization During Lumen

Formation, Tubulogenesis, and Vessel

Maturation in 3D Extracellular Matrices

George E. Davis, Katherine R. Speichinger, Pieter R. Norden,

Dae Joong Kim, and Stephanie L.K. Bowers

Abstract A fundamental event during vascular morphogenesis is the formation of

endothelial cell (EC) lumens and tube networks in 3D extracellular matrices

(ECM). This morphogenic step leads to rapid EC polarization in that apical and

basal membrane domains are created, with fluid contacting the developing apical

membrane surface, while ECM is in contact with the basal membrane surface.

Interestingly, it has been difficult to identify specific apical vs. basal markers in

ECs. This suggests that their ability to polarize is distinct from other cell types such

as epithelial cells which have more extensive cell–cell junctional contacts and more

specialized apical domains with exocrine abilities where substantial fluids can be

generated and released apically. One key difference is that ECs in contact with

blood must be flat in order to properly function and respond to fluid flow forces.

Interestingly, our recent studies reveal that tubulins and, in particular, modified

tubulins such as acetylated tubulin are distributed in a subapical domain that

supports the developing apical membrane surface during EC lumen formation and

tube maintenance. Disruption of the tubulin cytoskeleton can lead to failure of tube

formation and rapid tube collapse suggesting that the polarized shape of EC-lined

tubes in 3D extracellular matrices is strongly dependent on the tubulin cytoskeleton

rather than the actin cytoskeleton (although both are clearly important). EC tube

polarization is also strongly affected by the recruitment of mural cells (i.e.,

pericytes) which, in conjunction with ECs, leads to critical extracellular matrix

remodeling including deposition of the vascular basement membrane matrix which

is laid down on the basal surface in between the basally distributed pericytes which

co-contribute this matrix along with ECs. In conclusion, the mechanisms that

stimulate EC tubulogenesis establish apical–basal cytoskeletal and membrane

polarity during morphogenic events in 3D matrices. EC polarization is further

enhanced by the recruitment of mural cells such as pericytes along the abluminal
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EC surface which stimulates vascular basement membrane assembly along this

basal surface to further contribute to EC polarity and maintenance of EC-lined

tubes. At this point, flow forces and components of blood together will provide

additional polarizing information to the EC apical surface and contribute to

vascular tube stabilization and the development of EC quiescence in the mature

vasculature.

Keywords Endothelial cells • Extracellular matrix • Lumen formation • Pericytes •

Polarization • Tubulogenesis • Vascular basement membrane matrix • Vascular

morphogenesis

9.1 Introduction

In this chapter, we will discuss the development of EC polarity and its key

relationship to vascular morphogenesis (Davis et al. 2011; Sacharidou et al. 2012;

Xu and Cleaver 2011; Lizama and Zovein 2013), where EC-lined tubes are created

in 3D extracellular matrix (ECM) environments (Senger and Davis 2011) (Figs. 9.1

and 9.2). We will address what is known concerning how EC polarity is established

and maintained during these events and discuss how mural cells and, in particular,

pericytes affect these processes (Fig. 9.2). One of the most important functions of

ECs is to form tube networks (Davis et al. 2011; Sacharidou et al. 2012). When this

occurs, EC polarization is established with an apical surface exposed to fluid and

the basal surface exposed to ECM (Figs. 9.1 and 9.2). Other cell types such as mural

cells do not form tubes but migrate and invade in 3D matrices as single cells

(Stratman and Davis 2012; Armulik et al. 2011). In contrast, ECs form lumens

and tubes and assemble together as multicellular structures in tubular networks

which then attract other cell types such as pericytes (Davis et al. 2011) (Figs. 9.1,

9.2, and 9.3). In fact, during EC–pericyte tube co-assembly, pericytes recruit as

single cells to developing EC tubes in 3D matrices (Stratman and Davis 2012). We

recently demonstrated that pericyte motility in 3D matrices under serum-free

defined conditions depends on the presence of ECs and that this occurs due to

EC-derived PDGF-BB and HB-EGF, which affects both motility and proliferation

of pericytes during these events (Stratman and Davis 2012; Stratman et al. 2010).

Pericyte recruitment along EC tubes occurs exclusively along the EC abluminal

surface, and this recruitment results in vascular basement membrane assembly

along this polarized EC basal surface (Stratman and Davis 2012; Stratman

et al. 2009a) (Fig. 9.4). Thus, the intrinsic polarity of capillary tubes is enhanced

and perhaps maintained by this polarized recruitment of pericytes (Figs. 9.2, 9.3,

and 9.4). This is followed by the polarized deposition of vascular basement

membrane matrix proteins along this abluminal surface and in between the ECs

and recruited pericytes (Stratman et al. 2009a; Stratman and Davis 2012) (Fig. 9.4).

We have demonstrated using multiple systems in our laboratory in either colla-

gen or fibrin matrices that ECs create tube networks and pericytes recruit to these

tubes on the abluminal surface where basement membrane matrices form (Davis
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Fig. 9.1 Critical functional ability of endothelial cells to form cell-lined tubes in the absence or

presence of pericytes in 3D extracellular matrices. (A) Human ECs were seeded as single cells in

3D collagen matrices and after 24 h were fixed and stained with the indicated antigens including

acetylated tubulin (AcTub) and collagen type I (Col I) or were stained with a nuclear dye. Arrows
indicate the border of the polarized EC tube within a vascular guidance tunnel space created

through proteolysis of collagen matrices during the morphogenic process. L indicates EC lumen.

Bar equals 50 μm. (B–E) ECs were seeded as single cells and form multicellular networks of tubes

in 3D collagen matrices in the absence (B and C) or presence of pericytes (D and E) over 3 days

(B and D), or 5 days (c and e) of culture. The hematopoietic stem cell cytokines, SCF, IL-3, and

SDF-1α, in conjunction with FGF-2 were added to stimulate the tube morphogenic process. Note

that the EC tube diameter progressively becomes wider from 3 to 5 days in EC-only cultures while

they remain narrow in the EC–pericyte co-cultures. Bar equals 50 μm

Fig. 9.2 Transmission electron microscopy of EC tubulogenesis and EC–pericyte tube

co-assembly in 3D collagen matrices reveals polarized EC-lined tubes with an apical domain

exposed to fluid and a basal surface in contact with ECM or recruited pericytes. EC-only (A) or

EC–pericyte co-cultures (B) were established in 3D collagen matrices using hematopoietic stem

cell cytokines with FGF-2 and were processed for transmission electron microscopy. The EC

lumen space is indicated and arrowheads indicate ECs or pericytes in the co-culture. Collagen type
I matrix is indicated as Col I. Bar equals 2 μm
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Fig. 9.3 Polarized recruitment of pericytes to the abluminal surface of EC-lined tubes within

vascular guidance tunnels. EC–pericyte co-cultures were established and allowed to assemble in

collagen matrices over 3 days using hematopoietic stem cell cytokines and FGF-2. After this time,

cultures were fixed and stained with CD31 to label ECs while pericytes express GFP (A and B).

(C) Cultures were stained with antibodies to collagen type I (Col I) to reveal vascular guidance

tunnels which are created during EC tube formation and pericytes are recruited to the abluminal

surface within these tunnel spaces. (D) Cross sections from plastic embedded cultures reveal

lumen and tube structures throughout the 3D collagen matrices. Bar equals 50 μm

Fig. 9.4 Confocal microscopy of EC–pericyte tube co-assembly reveals polarized vascular

basement membrane deposition along the EC tube abluminal surface in between ECs and recruited

pericytes. EC–pericyte co-cultures were fixed and immunostained with the indicated antibodies.

(A and B) CD31; (C) laminin (LM); (D) fibronectin (FN); (E and F) collagen type I (Col I) which
reveals the vascular guidance tunnels in which EC tubes and the vascular basement membrane are

embedded. Pericytes were labeled with GFP. L indicates EC lumen. Arrows indicate the border of
vascular guidance tunnels in which EC tubes are embedded. Bar equals 50 μm
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et al. 2011; Stratman et al. 2009a, 2010; Smith et al. 2013) (Figs. 9.1, 9.2, 9.3, 9.4,

and 9.5). In each case, EC tubes are polarized apically with their apical membrane

in contact with fluid (and in preparation for the onset of flow forces), and their basal

surfaces are in contact with provisional ECM (while they are forming) and then in

contact with remodeled ECM when ECs and recruited pericytes work together to

form polarized basement membranes underlying the abluminal surface (Stratman

and Davis 2012; Senger and Davis 2011). Importantly, both ECs and mural cells are

polarized with respect to each other and the ECM that they are exposed to during

vascular morphogenesis and maturation events. Many important questions remain

concerning the molecular basis for these processes, and it is clear that a combi-

nation of in vitro and in vivo models will be necessary to elucidate this critical

biology, which is fundamental to our ability to appropriately develop therapeutic

strategies to regulate the vasculature to treat human disease.

9.2 Development of Polarity During EC Tube Formation

in 3D Matrices

The ability of ECs to form tubes creates cell polarization during vascular morpho-

genesis in 3D extracellular matrices (Davis et al. 2011; Senger and Davis 2011; Xu

and Cleaver 2011; Lizama and Zovein 2013). This process rapidly creates both

Fig. 9.5 Time-lapse microscopy of EC–pericyte tube co-assembly in 3D fibrin matrices in

response to recombinant hematopoietic stem cell cytokines and FGF-2. The ECs are labeled

with membrane GFP while the pericytes were labeled with mCherry. A representative field is

shown from 0 to 72 h of culture, which reveals marked EC tube morphogenesis and recruitment of

pericytes to the EC tube abluminal surface. Bar equals 100 μm
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apical and basal membrane surfaces which are necessary for this intrinsic polarity

(Bryant and Mostov 2008). A fascinating aspect of the tubulogenic process is that

ECs locally degrade the ECM to create physical spaces in the matrix in which the

tubes reside to facilitate the polarization process (Saunders et al. 2006; Stratman

et al. 2009b). We have termed these physical spaces vascular guidance tunnels

(Stratman et al. 2009b), which support EC tubulogenesis and allow for rapid tube

remodeling events once the tunnels have been formed (Figs. 9.1 and 9.4). Our work

has shown that these tunnels are created through proteolysis by the cell surface-

expressed membrane type 1-matrix metalloproteinase (MT1-MMP) (or MMP-14)

(Stratman et al. 2009b; Saunders et al. 2006) which acts in conjunction with integrin

signaling and downstream Cdc42- and Rac-dependent events to create EC lumens

and tube networks. Blockade of any of these molecules leads to absence of EC tubes

as well as vascular guidance tunnels showing that the creation of both structures

occurs in a coordinated fashion (Stratman et al. 2009b). Importantly, the tunnel

spaces allow for cell adhesion events on the EC basal surface to occur during tube

formation, which directly contributes to polarization of the apical vs. basal surfaces

while tubes are remodeled and stabilized. It is also very interesting that these

processes occur very rapidly (within hours to a few days); this is necessary in

order to establish the vasculature for embryonic viability. The highly dynamic

nature of these processes has been observed using real-time movies in vitro and

in vivo, suggesting that dramatic remodeling events are central to the process

(Saunders et al. 2006; Kamei et al. 2006; Iruela-Arispe and Davis 2009; Stratman

et al. 2009b) (Fig. 9.5). Thus, many views of tube morphogenesis, such as the role

of stable junctional contacts that are observed during epithelial tubulogenesis

(Bryant and Mostov 2008; Bryant et al. 2010; Goldstein and Macara 2007;

Martin-Belmonte and Mostov 2008), might not be operative during this much

more rapid EC process.

There appear to be two major ways that apical membrane surfaces are generated

during EC tubulogenesis (i.e., intracellular vacuolation within single cells or mem-

brane invagination between two cells) (Davis and Camarillo 1996; Davis

et al. 2002; Kamei et al. 2006; Bayless and Davis 2002; Bayless et al. 2000), but

in both cases, a transfer of basal membranes to an apical position is occurring

(Sacharidou et al. 2012) (Fig. 9.6). This has been discussed in detail in previous

reviews from our laboratory (Sacharidou et al. 2012; Davis et al. 2011). Recent data

suggests that the signaling molecules and pathways that control EC lumen forma-

tion appear to be controlling this membrane transfer process in either case. We have

previously reported that Cdc42 and Rac1 are expressed in apical membranes and

that membranes which appear to be enriched in these GTPases can be shown to be

targeting apically during EC lumen formation in 3D matrices (Bayless and Davis

2002) (Figs. 9.6 and 9.7). Both of these GTPases are critical for the EC tubulogenic

process (Bayless and Davis 2002; Koh et al. 2008a, 2009; Sacharidou et al. 2010).

Furthermore, our data shows a fundamental role for integrins, MT1-MMP, protein

kinase C epsilon, Src family kinases (i.e., Src, Yes, Fyn), the Cdc42 effectors, Pak-2

and Pak-4, as well as downstream kinases such as Raf, Mek, and Erk (Koh

et al. 2008a, 2009; Davis et al. 2011). In addition, we have demonstrated a
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concurrent requirement for polarity signaling involving Par6b, Par3 (Koh

et al. 2008a), and the Par3 binding proteins, JamB and JamC (Sacharidou

et al. 2010; Ebnet et al. 2003). Par6b is also a direct Cdc42 effector (Joberty

et al. 2000) which plays a role along with Pak-2 and Pak-4 during EC lumen

formation (Koh et al. 2008a). Thus, there is a direct link between Cdc42 and

polarity signaling pathways during EC lumen formation (Koh et al. 2008a; Zovein

et al. 2010; Sacharidou et al. 2010, 2012; Davis et al. 2011). In addition, work by

others has revealed a role for VE-cadherin during these processes, and this may

occur through its ability to also interact with Par3 (Lampugnani et al. 2010).

Interestingly, in unpublished work, we have shown that siRNA suppression leads

to blockade of EC lumen formation even at a single cell level prior to them

assembling with other ECs, showing a non-junctional role for VE-cadherin. We

reported similar findings for JamB and JamC (Sacharidou et al. 2010), so it is likely

that these three adhesion molecules coordinate with integrins, MT1-MMP, polarity

proteins, Rho GTPase signaling, and activation of kinase cascades to control EC

tube formation (Davis et al. 2011; Sacharidou et al. 2012). In support of these

Fig. 9.6 Polarized trafficking of Rac1- and Cdc42-enriched membrane vacuoles to the developing

apical surface along subapically polarized microtubules containing acetylated tubulin during EC

lumen formation in 3D matrices. ECs were induced to express GFP, GFP-Cdc42, GFP-Rac1, or

GFP-V12Rac1 (constitutively active Rac1). Cultures were established in 3D collagen matrices and

at 12 or 24 h were fixed and stained for acetylated tubulin (AcTub) or for F-actin with phalloidin.

Note that F-actin is concentrated in a basal position (black arrowhead) while acetylated tubulin

shows a strong subapical polarization (white arrowheads). There is strong co-localization of

acetylated tubulin with GFP-Cdc42 (black arrows). L indicates EC lumen and v equals intracel-

lular vacuoles. Bar equals 50 μm
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concepts, previous work revealed a role for JamA in the directional guidance of

single neutrophils during inflammatory responses (Cera et al. 2009).

9.3 Cytoskeletal Polarization During EC Lumen and Tube

Formation in 3D Matrices

Our previous studies address which major cytoskeletal structures are critical for the

shape and branching pattern of EC-lined tubes in 3D matrices (Bayless and Davis

2004; Kim et al. 2013). When networks of EC tubes were treated with cytoskeletal

Fig. 9.7 Activated Src family kinases target the developing EC apical surface to control lumen

and tube formation in 3D matrices. ECs were seeded in 3D collagen matrices and at the indicated

times were stained with phospho-Src antibodies or with phalloidin to label F-actin. Note that pSrc

staining shows a strong localization to intracellular vacuoles (observed at 6 h) and the developing

apical surface (observed at 12 and 24 h) (white arrowheads), while F-actin is localized in a

predominant basal position (black arrowheads). The lower panels show ECs that were induced to

express GFP-Rac1 and then were stained with pSrc which demonstrates a partial overlap of

GFP-Rac1 with apically targeted pSrc during EC lumen formation in 3D matrices. L indicates

EC lumen and v indicates intracellular vacuoles. Bar equals 50 μm
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disrupting agents including those that caused actin disassembly vs. microtubule

disassembly, it became apparent that only microtubule disruption led to rapid EC

tube collapse (Bayless and Davis 2004). This important data suggested that the

major cytoskeletal structure that supports what we observe as EC-lined tubes are

secondary to microtubules (Bayless and Davis 2004; Kim et al. 2013). If these

agents were added at the onset of EC morphogenesis, both types of agents

completely disrupted the ability of ECs to undergo lumen and tube formation

(Davis and Camarillo 1996).

To address these issues in more molecular detail, we recently investigated how

microtubules affected the ability of ECs to form tubes and then maintain these

structures once they have formed. We identified the microtubule tip complex pro-

teins, EB1, p150glued, and Clasp1, to be critical in EC lumen formation as they

control EC microtubule assembly and posttranslational modifications such as

tubulin acetylation (Kim et al. 2013). siRNA suppression of these molecules

blocked tube formation and interfered with tubulin acetylation, a modification

that is strongly increased during lumen formation but which also directly correlated

with the time course of EC tube formation (Kim et al. 2013). Their influence is

likely mediated in part through modulating the activity of the tubulin deacetylases,

Sirt2 and HDAC6 (a known binding partner of EB1). siRNA suppression of these

deacetylases increases lumen formation, while increasing their expression blocks

the process (Kim et al. 2013).

9.4 Polarized Trafficking of Intracellular Vacuoles Along

Microtubule Tracks with Acetylated Tubulin to Direct

and Support the Developing Apical Membrane Surface

During EC Lumen Formation

Immunofluorescent staining and confocal microscopy during a time course of EC

lumen formation suggest that acetylated tubulin is oriented in a subapical location

which supports the developing apical membrane surface during lumen formation

(Kim et al. 2013) (Fig. 9.6). A key point is that this modified tubulin is observed to

surround intracellular vacuoles (i.e., which are similar to macropinosomes) to

facilitate membrane transport from a basal to apical position during this process

(Fig. 9.6). Thus, our data suggests that microtubule arrays (or tracks) which

emanate from the centrosome are playing a critical role in vacuole trafficking to

create the apical membrane surface which is required to create EC polarization

secondary to lumen formation. We have previously reported that GFP-Rac1 or

GFP-Cdc42 could be shown to target to intracellular vacuole membranes and that

these vacuoles move toward the apical membrane and fuse to stimulate lumen

expansion (Bayless and Davis 2002; Davis et al. 2002; Kamei et al. 2006) (Fig. 9.6).

Our new data suggests that microtubules and, in particular, modified tubulins such

as acetylated tubulin appear to be critical for directing this membrane transport
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event (Fig. 9.6). Cdc42 is known to affect centrosome and nuclear positioning as

well as directional motility and cell invasion of 3D matrices (Cau and Hall 2005;

Etienne-Manneville and Hall 2001; Gomes et al. 2005; Fisher et al. 2009) and is

required for EC lumen formation which we first demonstrated more than a decade

ago (Bayless and Davis 2002). GFP-Cdc42 appears in particular to cup or support

vacuoles (Davis et al. 2007) as well as the perinuclear subapical membrane area and

is strongly co-localized with acetylated tubulin in this polarized region of ECs

during lumen formation (Fig. 9.6).

Studies from our laboratory have demonstrated that EC lumen formation and

invasion of single cells in 3D matrices require co-dependent Cdc42 and MT1-MMP

signaling events that allows for polarized morphogenic and invasive cellular events

(Sacharidou et al. 2010; Fisher et al. 2009; Stratman et al. 2009b). In both of these

distinct cases, the Cdc42 and MT1-MMP co-dependent processes require a con-

comitant kinase activation cascade (Sacharidou et al. 2010; Fisher et al. 2009).

During EC lumen formation, key required kinases include PKC epsilon, Src family

kinases, Pak-2, Pak-4, Raf, Mek, and Erk (Koh et al. 2008a, 2009). Interestingly,

increased expression of PKC epsilon leads to marked Src phosphorylation which

then activates Pak kinases, followed by activation of Raf kinases (B-Raf and C-Raf)

(Koh et al. 2009). Raf activation further leads to downstream Mek and Erk

phosphorylation events which are necessary for EC lumen formation (Koh et al.

2009). To address whether there was evidence for polarized kinase activation

during this process, immunostaining was performed which identified a strong apical

targeting of activated Src kinases. Activated phospho-Src is observed in early

intracellular vacuoles as they pinocytose from the basal surface and then is highly

localized in the apical membranes as lumen structures develop (Fig. 9.7). Blockade

of Src kinases using chemical inhibitors or the protein inhibitor, Csk, markedly

interferes with EC lumen formation in 3D matrices (Koh et al. 2009). Overall, this

suggests that Cdc42-, Rac1-, MT1-MMP-, and integrin-dependent signaling leads

to Src activation which stimulates membrane pinocytosis (from the basal surface)

and trafficking of intracellular vacuole membranes along microtubules (Figs. 9.6

and 9.7). These vacuoles then fuse to the EC apical membrane surface to expand the

lumen space during the tubulogenic process (Fig. 9.7).

9.5 Fundamental Role for Pericytes in Regulating

and Maintaining EC Luminal Polarity in Capillary

Tube Networks in 3D Matrices

For many years, pericytes were defined by their anatomical presence around small

capillary vessels and by the presence of immunomarkers such as NG2 proteo-

glycan, 3G5 antigen, or PDGFRβ (Armulik et al. 2011; Stratman and Davis

2012). Past work suggested that small vessels were more susceptible to regression

when they were devoid of pericytes, raising the possibility that they promoted the
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stability of vessels (Benjamin et al. 1998, 1999). Work from our laboratory has

begun to provide a functional definition for pericytes based on their behaviors in

defined in vitro model systems (Saunders et al. 2006; Stratman et al. 2009a, 2010;

Stratman and Davis 2012; Smith et al. 2013). We have shown that pericytes

(1) invade and recruit to small blood vessel networks in 3D matrices in an

EC-dependent manner secondary to EC production of PDGF-BB and HB-EGF

(Stratman et al. 2010), (2) proliferate in response to EC-derived PDGF-BB and

HB-EGF during these events (in contrast to ECs which do not proliferate during

tube assembly or pericyte-induced tube maturation) (Stratman et al. 2010),

(3) recruit to the abluminal surface of EC-lined tubes leading to vascular basement

membrane matrix assembly which results in more narrowed and extended tubes in

3D matrices (Stratman et al. 2009a; Smith et al. 2013), (4) actively migrate along

the abluminal EC tube surface to work in conjunction with actively motile ECs to

assemble the vascular basement membrane (Stratman et al. 2009a; Smith

et al. 2013), and (5) protect EC tubes from pro-regressive proteinases including

MMP-1 and MMP-10 by their production of the MMP and ADAM proteinase

inhibitor, TIMP-3 (Saunders et al. 2006). Thus, pericytes have many important

functions that can now be investigated in detail using in vitro models of EC–

pericyte tube co-assembly in 3D matrices under serum-free defined conditions

(Stratman and Davis 2012) (Figs. 9.1, 9.2, 9.3, 9.4, and 9.5).

Pericytes modulate EC polarity during tube morphogenesis by affecting the

outcome of tubulogenesis in that tubes continue to widen and become less branched

and unstable in EC only compared to EC–pericyte co-cultures, where tubes are

narrow, highly elongated, and protected against pro-regressive stimuli (Stratman

and Davis 2012) (Fig. 9.1). During tubulogenesis, EC-only tubes show polarity as

indicated in that the EC apical surface is exposed to fluid and the basal surface is

exposed to ECM such as collagen or fibrin. Under these circumstances, morpho-

genesis can continue because collagen and fibrin exposure promotes tubulogenesis

and sprouting (Senger and Davis 2011), while pericyte recruitment leads to ECM

remodeling and deposition of vascular basement membrane matrix (Fig. 9.4) which

also contains TIMP-3, an MMP, and MT1-MMP inhibitor, which reduces and

prevents further morphogenic processes (Stratman and Davis 2012; Senger and

Davis 2011; Saunders et al. 2006). Furthermore, the vascular basement membrane

matrix appears to have additional inhibitory signals such as from laminin isoforms

(Davis and Senger 2005) which results in changes in differential integrin signaling

(activating integrins that bind basement membrane proteins such as α3β1, α6β1,
α1β1, α5β1) to promote a more mature EC tube phenotype which likely also

facilitates maturation of pericytes as well (Stratman et al. 2009a). Importantly, we

demonstrated that these basement membrane binding integrins were important

selectively during EC–pericyte tube co-assembly in 3D collagen matrices, but not

during tube formation in EC-only cultures (α2β1-dependent, a collagen-binding

integrin) (Stratman et al. 2009a). Thus, pericyte recruitment narrows EC tube

diameter allowing for more elongated and branched tubes that have an abluminal

surface with deposited basement membrane and pericytes, which are selectively

localized along this surface (Stratman et al. 2009a; Stratman and Davis 2012)
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(Fig. 9.1). How this recruitment alters the overall polarity of ECs with regard to

their distribution of apical or basally oriented proteins is currently not known;

however, models are now in place that can directly address this question at a

molecular level.

We hypothesize that unique signaling events occur between the two cell types

due to growth factor and other molecule cross talks. These cell–cell interactions are

further coordinated through unique signals delivered by the basement membrane

matrix (via integrins, other ECM receptors, and additional co-associated receptors)

which is uniquely deposited during EC–pericyte tube co-assembly. This specialized

ECM can be decorated by growth factors (EC and pericyte derived) and molecules

such as TIMP-3 (pericyte derived) which adsorb to this matrix on the abluminal

tube surface. The unique matrix–growth factor interactions and other molecules

that associate with vascular basement membrane proteins and glycosaminoglycans

allow for unique signaling opportunities for the recipient ECs and pericytes. These

signals will play a major role in controlling the behavior of ECs (shape, gene

profile, polarity) or pericytes in different vascular beds. Functional EC behavioral

and structural differences (including polarity) in distinct tissues may be explained

by alterations in the signals delivered by variations in the vascular basement

membrane matrices in these tissues since the unique cells that are adjacent to

small vessels will contribute differing combinations of molecules that decorate

these matrices. Thus, the polarized vascular basement membrane will contribute

unique basal signals that could act in conjunction with unique apical signals

delivered to blood ECs depending on the arterial, capillary, or venous origins of

the ECs (which are exposed to different shear forces). This discussion reveals at

least one way that the known functional diversity of ECs could be achieved through

differential signaling related to EC apical–basal polarization.

9.6 Growth Factor Requirements for the Establishment

of EC Tube Networks and Luminal Polarity in 3D

Extracellular Matrices

A fundamental question that underlies how ECs establish polarity in 3D matrices

during vascular tube morphogenesis is what growth factors are necessary for this

process to occur. Our laboratory has established over many years the first serum-

free defined assays of human EC tubulogenesis and sprouting that allow us to define

the actual growth factor requirements for tube formation in 3D matrices (Koh

et al. 2008b; Stratman et al. 2011; Smith et al. 2013). A central assumption for

many years is that isoforms of vascular endothelial growth factor (VEGF) are the

primary growth factors that stimulate vascular morphogenesis (Adams and Alitalo

2007). Using our serum-free defined models adding VEGF-A or VEGF-C even in

combination with fibroblast growth factor (FGF)-2 were unable to stimulate or

sustain human EC tube formation. For many years, we added phorbol ester to
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stimulate tubulogenesis, and it was the major agent that affected these processes

(Davis and Camarillo 1996; Koh et al. 2008b). Several years ago, we screened

hundreds of combinations of recombinant growth factors and identified a combi-

nation that supported both tube assemblies when ECs were seeded as single cells

within the 3D ECM or when they were seeded on a monolayer surface and allowed

to sprout to form tubes (Stratman et al. 2011). Four factors in combination allow

human ECs to undergo tubulogenesis and sprouting and they are stem cell factor

(SCF), interleukin-3 (IL-3), stroma-derived factor-1α (SDF-1α), and FGF-2

(Stratman et al. 2011; Smith et al. 2013) (Figs. 9.1, 9.2, 9.3, 9.4, and 9.5). VEGF

isoforms do not substitute for either SCF or FGF-2 in these systems (Stratman

et al. 2011; Smith et al. 2013). After many additional years of screening other

factors, we have yet to find another combination of recombinant growth factors that

can support human EC tubulogenesis and sprouting under serum-free defined

conditions. Importantly, these factors work very well under serum-free defined

conditions in collagen or fibrin matrices and also when pericytes are added

(Stratman et al. 2011; Smith et al. 2013). As described above, this serum-free

defined system with hematopoietic stem cell cytokines and FGF-2 allows for

dramatic pericyte recruitment and vascular basement membrane assembly around

the human EC tubes in 3D collagen or fibrin matrices (Stratman et al. 2009a; Smith

et al. 2013; Stratman and Davis 2012). The growth factors work best when they are

added into the matrices prior to polymerization, suggesting a relationship between

the ECM and growth factor presentation as an important regulator of vascular

morphogenesis. A key question that is under investigation is how this combination

of recombinant growth factors is able to coordinate the human EC tubulogenic

signaling pathway in conjunction with the other regulators of cell polarity and

lumen formation that are discussed above. The general approach that we have taken

is critical to understand both the growth factor and downstream molecular signaling

requirements for vascular morphogenesis in 3D matrices. In this way, many impor-

tant applications of this knowledge could be forwarded that have implications for

the successful therapeutics of human diseases where the vasculature plays a

pathogenic role.

9.7 Conclusions

In this chapter, we have discussed the functional relationship between the ability of

ECs to form tube networks in 3D matrices and the establishment of polarization at

the level of apical vs. basal membranes but also the cytoskeleton where tubulins

such as acetylated tubulin are distributed subapically, while F-actin is predomi-

nantly oriented in a basal fashion. It is important to state that although other cells

make tubes such as epithelial cells, EC-lined tubes are unique in that they are

exposed to fluid and shear forces, particularly EC tubes exposed to blood. ECs are

very flat compared to epithelial cells in tube structures which is necessitated due to

these shear forces, but it also implies that the polarity mechanisms will likely show
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distinct features. It should also be stated that much work needs to be done to

understand how this unique EC polarity is established and how it varies depending

on which vascular bed is examined. This chapter focused on the fact that the EC

tubulogenic pathway, for which considerable information now exists, is funda-

mentally required for the establishment of EC polarity in a 3D matrix environment.

Furthermore, the recruitment of pericytes around capillary tubes, the major vessels

that perfuse and nourish tissues, adds another element of polarity since this recruit-

ment is necessary for vascular basement membrane assembly, an event which

selectively occurs on the abluminal tube surface.

Thus, the major determinants of EC polarity are tubulogenesis which creates

apical and basal membrane surfaces which become the surfaces that allow for

stimuli such as flow forces on the apical membrane as well as basement membrane

matrices and pericytes on the basal membrane to provide further EC polarity

specialization to developing and maturing EC tubes. This sequence of events also

implies that EC polarization will change over time during the processes of EC

tubulogenesis, maturation, and eventual tube stabilization with EC quiescence

(processes that can be altered in disease states). Recognizing EC polarity as a

dynamic process, and determining the key proteins and signals involved in these

dynamics, may reveal more appropriately targeted vascular therapeutics for the

treatment of a wide range of human diseases.
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Chapter 10

Phosphoinositides as Determinants
of Membrane Identity, Apicobasal Polarity,
and Lumen Formation

Annette M. Shewan, Aline Awad, Juan Peng, and Ama Gassama-Diagne

Abstract Epithelial cells sense their surrounding environment via mechanical and

chemical stimuli, responding to multiple sources of tension and force, including

those generated by cell–cell and cell–extracellular matrix (ECM) interaction: they

respond to these cues by developing an apicobasal axis of polarity. Phosphoi-

nositides (PIs) are structural components of biological membranes that control a

diverse array of signaling pathways through spatiotemporal recruitment of effectors

containing PI-specific binding domain(s). Thus they have been shown to modulate

a plethora of cellular processes including actin polymerization, cell migration,

proliferation, differentiation, and vesicular trafficking. PIs are enriched in different

membranes and their levels are tightly regulated by specific PI kinases and phos-

phatases. During the past decade, PIs have come to the fore as specific markers that

define membrane identity, acting as critical regulators of the cell polarization

process. In this review, we have examined how PIs are able to assign identity to

polarized epithelial cell plasma membrane domains and integrate in space and time

complex signaling pathways to trigger appropriate cellular responses to environ-

mental cues. PIs are implicated in a vast array of cellular responses that are central

for morphogenesis such as, but not limited to, cytoskeletal changes, cytokinesis,

and recruitment of downstream effectors to govern mechanisms involved in polar-

ization and lumen formation. Subversion by pathogens of PI metabolism and
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plasma membrane identity in polarized cells and the clinical relevance of research

on PIs were also discussed.

Keywords Epithelial polarity • Phosphoinositide • PI3K • SHIP2 • PTEN •

Membrane identity • Lumen formation

10.1 Introduction

Epithelia are coherent sheets of cells that form a barrier between the interior of the

body and the outside. These sheets can be one cell thick in the case of simple

epithelia or many cells thick for stratified epithelia. Some epithelia cover the

outside of the organism, whereas others are a spherical monolayer of cells that

line internal organs and enclose a central lumen. Timely and proper establishment

of intrinsic cellular polarity is crucial to tissue form and function and follows

precise spatial and temporal parameters. Epithelial cells differentiate and polarize

along their apicobasal axis, providing the basic building blocks that support tissue

architecture and that enabled the tissues to achieve their various functions, includ-

ing barrier formation (Gibson and Perrimon 2003). The study of the molecular

mechanisms of epithelial polarity is important for understanding a number of

disease processes where polarity is disrupted, such as cancer and infectious

diseases.

Polarity is a multistage and dynamic process requiring cues from cell–cell and

cell–extracellular matrix (ECM) that leads to the asymmetric organization of the

plasma membrane, intracellular organelles, and the cytoskeleton (Nelson 2003;

Nelson and Bissell 2006; Bryant and Mostov 2008; Guillot and Lecuit 2013).

Analysis of the polarization of unicellular eukaryotes has yielded enormous insights

into the mechanisms that underlie cell polarity (Goldstein and Macara 2007).

During the last decade further studies have revealed the role of

mechanotransduction as a main driver of cell differentiation and polarity during

morphogenesis (Houk et al. 2012; Nelson 2013; Rodrı́guez-Fraticelli and Martı́n-

Belmonte 2013).

The polarized cell phenotype is established and maintained by the segregation

and retention of specific proteins and lipids in distinct apical and basolateral plasma

membrane domains. The biological membranes are constituted of bilayer of lipids

mainly composed of phospholipids that move freely and make the membrane a fluid

area. Fluid organization of the membrane facilitates redistribution of lipids to

ensure membrane remodeling and curvature required for vesicle formation and

trafficking are achievable.

Phosphoinositides (PIs) represent only a small percentage of the total cellular

phospholipids, but they have a well-established, important role in the activation and

regulation of signaling pathways (Berridge and Irvine 1989; Martin 1998). Major

advances have been made toward understanding their role in an increasing number

of biological processes, including proliferation, migration, differentiation, and

polarization (Gassama-Diagne and Payraste 2009 and Comer 2007). A
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comprehensive review of the role of PIs in all of these important processes is

beyond the scope of this review; however the contribution of PIs to these processes

has been extensively reviewed recently (Balla 2013). In this chapter we present

some important features of PIs and discuss how this minor class of lipids shape and

determine membrane identity and integrate cascades of signaling pathways to

govern apicobasal polarization and lumen formation in epithelial cells.

10.2 Phosphoinositides, Basic Features

Phosphatidylinositol (PtdIns) is the most abundant member of the family of PIs and

represents up to 10 % of total phospholipids. Spatiotemporal regulation of produc-

tion and turnover of PIs by enzymes that metabolize them, coupled with the

recruitment of specific effectors that control PI function and their specific presence

within the different cellular membranes, act in concert to define and reinforce

membrane identity (Fig. 10.1) (Cho and Stahelin 2005; Lemmon 2008). The

complexity of these reactions is such that 18 PI interconversion reactions mediated

by 19 PI kinases and 28 PI phosphatases have been identified in mammals

(Payrastre 2004; Sasaki et al. 2009). PIs relay signals through recruitment and

binding to cytosolic protein effectors that are able to recognize the arrangement of

phosphate groups around the inositol ring (Kutateladze 2010). The pleckstrin

homology (PH) domain was the first effector found to associate with PIs (Harlan

et al. 1994). The number of PI-binding domains has since grown rapidly and these

modules display a wide range of affinities and selectivities for lipid membranes as

depicted in Fig. 10.2 (Lemmon 2008). The number is still increasing with the recent

characterization of a pseudo C2 domain in IQGAP proteins (Dixon et al. 2012).

The function of PIs as determinants of internal membrane identity and as crucial

regulators of membrane trafficking has been reviewed elsewhere (Di Paolo and De

Camilli 2006; Jean and Kiger 2012; Balla 2013). Here we will consider the role of

PIs in plasma membrane identity in polarized epithelial cells.

10.3 Phosphoinositides and Plasma Membrane Identity
in Polarized Cells

Phosphoinositide 3-kinases (PI3Ks) phosphorylate the hydroxyl group on

3-position of the inositol ring of PtdIns. The PI3K family of enzymes comports

three different classes (class I, II, and III), based on their substrate specificity and

molecular structure (Vanhaesebroeck et al. 2012). Phosphatidylinositol-3,4,5-

trisphosphate (PtdIns(3,4,5)P3) is the major product of class I PI3Ks and a key

mediator in diverse intracellular signaling pathways including cell proliferation,

differentiation, and migration and is targeted for research in inflammation,
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immunity, cancer, and metabolic diseases (Cantley 2002; Vanhaesebroeck

et al. 2001; Wymann and Marone 2005; Wymann et al. 2008). This signaling is

mediated in part by recruiting proteins that carry a specialized lipid-binding

domain, such as a PH domain (Fig. 10.2). These PH domain-containing proteins

include guanine nucleotide exchange factors (GEFs) that activate Rho family

GTPases and also the serine/threonine protein kinase B (also known as Akt)

which is one of the best-studied targets of the PtdIns(3,4,5)P3. Besides the PI3Ks,

several inositol polyphosphatases such as PTEN and SHIP (Backers et al. 2003;

Fig. 10.1 The network of interconversions between phosphoinositides. The inositol ring (in black
and numbered) of phosphatidylinositol (PtdIns) can be phosphorylated at three hydroxyl positions
(positions 3, 4, and 5), generating seven phosphoinositides (PIs): one PI triphosphate (PtdIns

(3,4,5)P3 in green), three PI biphosphates (PtdIns(3,4)P2 in blue, PtdIns(4,5)P2 in red, and PtdIns
(3,5)P2 in orange), and finally three PI monophosphates (PtdIns(3)P in yellow, PtdIns(4)P in pink,
and PtdIns(5)P in purple). These PIs are produced by kinases (black arrows) and phosphatases

(gray arrows) that catalyze these phosphorylation and dephosphorylation events, respectively

(Krauss and Haucke 2007; Sasaki et al. 2009). Indicated in the figure are the relevant enzymes

of PtdIns(3,4,5)P3 signaling participating in the reactions discussed in this review (PI3K, PTEN,

and SHIP). PtdIns(3,4,5)P3 is generated at the plasma membrane by the class I PI3K that

phosphorylate PtdIns(4,5)P2 at the 3 position of the inositol ring (Cantley 2002). PtdIns(3,4,5)

P3 is dephosphorylated on the 3 position by the phosphatase and tensin homolog (PTEN) and by

SHIPs (SH2-cotaining inositol phosphatase) on the 5 position to produce PtdIns(4,5)P2 and PtdIns

(3,4)P2, respectively (Balla 2013). PtdIns(3,4,5)P3, PtdIns(3,4)P2, and PtdIns(4,5)P2 are enriched

at the plasma membrane, and all other PIs are mainly present at the membrane of subcellular

organelles
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Elong Edimo et al. 2014) actively control the dephosphorylation of the PI3K

products (Fig. 10.1).

The segregation of PIs in the plasma membrane is a crucial event for the cell

polarization process across different systems. Among them, the role of PtdIns

(3,4,5)P3 in chemotaxic cell migration using Dictyostelium discoideum or neutro-

phils as a model system is among the most thoroughly studied examples of PI

Fig. 10.2 Subcellular distribution of PIs and their recognized effectors binding domains in

polarized epithelial cells. PIs have specific subcellular positions and are polarized. PtdIns(4,5)P2

in red is enriched at the apical membrane while PtdIns(3,4)P2 in blue and PtdIns(3,4,5)P3 in green
are enriched at the basolateral membrane. PtdIns(3)P in yellow is concentrated on early endosomal

membranes and in multivesicular bodies. PtdIns(4)P in pink is localized at the Golgi membrane.

PtdIns(5)P in purple is found in the nucleus and is also associated with the ER, although there is

some debate about its exact distribution. PtdIns(3,5)P2 in orange is localized in lysosomes and

multivesicular bodies. Each PI binds specific domains with unique design features that play a

critical role in their cellular localization and function (Lemmon 2008; Kutateladze 2010). The

different PI-binding domains and their target PIs are presented according to their predominant

subcellular distribution. ANTH (AP180 amino-terminal homology), C2 (conserved region 2 of

protein kinase C), ENTH (epsin amino-terminal homology), FERM (band 4.1, ezrin, radixin,

moesin), FYVE (Fab1, YOTB, Vac1, and EEA1), GOLPH3 (Golgi phosphoprotein 3), PDZ

(postsynaptic density protein (PSD95)), Drosophila disc large tumor suppressor (Dlg1), and

zonula occludens-1 protein (ZO-1), PH (pleckstrin homology), PTB (phosphotyrosine-binding

domain), PX (phox homology), PROPPINs (B-propellers that bind PIs), PHD (plant

homeodomain). TJ tight junctions
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function in plasma membrane polarization (Kölsch et al. 2008; Cai and Devreotes

2011; Weiger and Parent 2012; Wang et al. 2002; Weiner et al. 2002). In addition,

multiple cell types use polarization of phosphatidylinositol signaling components to

drive migration, cytokinesis, and phagocytosis (Balla 2013; Cain and Ridley 2009).

10.3.1 PtdIns(3,4,5)P3 and PtdIns(3,4)P2 Identify
the Basolateral Membrane

While in many systems polarization of PtdIns(3,4,5)P3 is a transient phenomenon,

in polarized MDCK (Madin–Darby canine kidney) cells, PtdIns(3,4,5)P3 is stably

localized at the basolateral membrane and is excluded from the apical plasma

membrane (Watton and Downward 1999). Addition of exogenous PtdIns(3,4,5)P3

to the apical surface of polarized MDCK cells induced rapid formation of PtdIns

(3,4,5)P3-rich protrusions extending above the apical surface that is normally

devoid of this lipid product. A similar but much less efficient effect was observed

upon addition of PtdIns(3,4)P2, which is also able to bind to the PH domain of Akt

(Scheid et al. 2002), while other species of PIs such as PtdIns(4)P and PtdIns(4,5)P2

were unable to stimulate apical protrusion formation (Gassama-Diagne et al. 2006).

Previous studies using MDCK cells stably expressing a fusion protein consisting of

the PtdIns(4,5)P2-binding domain of phospholipase C fused to GFP (GFP-PH-PLC)

(Balla and Várnai 2009; Várnai et al. 2002) indicated that apical addition of PtdIns

(3,4,5)P3 did not result in GFP-PH-PLC labeling of the protrusions. These studies

demonstrate that PtdIns(4,5)P2 is not concentrated in the protrusions from the

apical surface, thus confirming the specificity of the PI3K lipid products for the

basolateral membrane. Together, these results indicate that PtdIns(3,4,5)P3 is able

to rapidly form transient membranous protrusions in the absence of growth factors

or other stimuli.

The Ras and Rho family GTPases are key regulators of cell polarization,

chemotaxis, and cell migration (Fukata et al. 2003; Sasaki and Firtel 2006;

Heasman and Ridley 2008). Complex direct and indirect feedback interactions

dictate how these proteins influence each other’s activity. In chemotaxing neutro-

phils a positive feedback loop between PtdIns(3,4,5)P3, the small GTPases, and

actin polymerization contributes to the sharp, front–rear polarization as well as the

secondary recruitment and activation of PI3K (Wang et al. 2002; Weiner

et al. 2002; Srinivasan et al. 2003; Marée et al. 2012). In polarized epithelial

cells, it has been suggested that de novo synthesis of endogenous PtdIns(3,4,5)P3

by PI3K is required to amplify the initial signal provided by exogenous PtdIns

(3,4,5)P3 (Gassama-Diagne et al. 2006), suggesting a positive feedback loop

similar to that operating in the generation of polarity during chemotaxis (Weiner

et al. 2002). Another study suggested that PI3-kinase exerts a Rac-dependent

morphogenetic effect in cultured epithelial cells through regulation of cell height

(Jeanes et al. 2009). A recent study by Yang and colleagues has further unraveled
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the complexities of Ras and Rho cooperativity in migrating cells. These authors

demonstrate cooperative activation of PI3K by Ras and Rho family small GTPases

(Yang et al. 2012). Conditionally specific activation of endogenous small GTPases

failed to activate PI3K, while the broad-spectrum GEF, Vav2, induced PI3K

activation. Using a combination of in vitro data and mathematical modeling, this

study demonstrates that PI3K activity can be amplified by its downstream activators

through cooperative, positive feedback loops in migrating cells. The authors sug-

gest that simultaneous activation of multiple downstream activators of PI3K (Rac1,

RhoG, and Cdc42) is required to maintain cell polarity during cell migration. It is

possible that this circumstance contributes to spatiotemporally controlled PI3K

activation in polarized epithelial cells and tissues.

A recent study highlighted the role of PtdIns(3,4)P2 and SHIP2 as additional

determinants of basolateral membrane formation (Awad et al. 2013). In

non-polarized and unstimulated cells, SHIP2 has a perinuclear and cytoplasmic

localization, while in serum-stimulated cells SHIP2 can be localized at the plasma

membrane and at focal contacts (Elong Edimo et al. 2014). Of particular interest,

and as has been reported for PtdIns(3,4,5)P3 (Yu et al. 2008) in MDCK cells grown

as cysts in 3D Matrigel culture, SHIP2 was enriched in the basolateral membrane.

The lipid product of SHIP2, PtdIns(3,4)P2, was also detected at the basolateral

domain using either a lipid antibody or the PH domain of TAPP (Wullschleger

et al. 2011) as a probe (Awad et al. 2013). The presence of PtdIns(3,4)P2 at the

basal membrane is regulated by SHIP2 enzymatic activity. Indeed overexpression

of SHIP2 in MDCK cysts led to an increase of both SHIP2 and PtdIns(3,4)P2 at the

basal membrane, while the PtdIns(3,4)P2 signal was strongly reduced and dispersed

in the cysts expressing the catalytic mutant of SHIP2 (D607A) (Pesesse et al. 2001;

Zhang et al. 2007). Thus, these data argue in favor of the presence of PtdIns(3,4)

P2 at the basal membrane and its production by SHIP2.

Together these data indicate that both PtdIns(3,4,5)P3 and PtdIns(3,4)P2 are

present at the basolateral membrane of polarized MDCK cysts and are supportive of

a comprehensive interrogation of their specific functional contributions to

apicobasal polarity. The function of SHIP2 may not be limited to the

downregulation of PtdIns(3,4,5)P3 levels, since SHIP2 is involved in signaling at

focal adhesions (Elong Edimo et al. 2014) and could play a role in the establishment

and stabilization of the basement membrane. It is worth noting that the majority of

studies across different systems of polarization make use of a probe to detect PtdIns

(3,4,5)P3 that consists of the PH domain of Akt, which recognizes both PtdIns

(3,4,5)P3 and PtdIns(3,4)P2. So the observed cellular phenotypes could be attri-

buted to either of these particular PIs; thus further studies using specific tools and

cutting edge approaches (Lippincott-Schwartz and Manley 2009) will be required

to determine the spatiotemporal localization of these two lipids during cell

polarization.
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10.3.2 PtdIns(4,5)P2 Identifies the Apical Membrane

MDCK cells grown in three-dimensional (3D) culture form polarized cysts with a

central lumen located at the apical surface (O’Brien et al. 2001). During the early

stages of cyst formation, PtdIns(3,4,5)P3 and PtdIns(4,5)P2 are colocalized at the

plasma membrane of non-polarized cells, while PtdIns(4,5)P2 became concentrated

at the apical surface of polarized cells (Martin-Belmonte et al. 2007). Importantly,

the knockdown of PTEN caused defects in the segregation of PtdIns(3,4,5)P3 and

PtdIns(4,5)P2 and disruption of lumen formation. Analogous to the change in

membrane identity following addition of exogenous PtdIns(3,4,5)P3 to the apical

surface (Gassama-Diagne et al. 2006), the delivery of exogenous PtdIns(4,5)P2 to

the basolateral surface of cysts caused lumen reduction and ectopic recruitment of

apical membrane proteins, indicative of a change in membrane identity (Martin-

Belmonte et al. 2007).

The localization of PTEN and PtdIns(4,5)P2 to the apical membrane is also

shown by the work on Drosophila embryonic epithelia (Von Stein et al. 2005; Pilot

et al. 2006). However, PtdIns(3,4,5)P3 may not always be strictly localized to the

basolateral domain. There are likely to be PI microdomains found within the greater

apical and basolateral surfaces to carry out specific functions. In a specialized

Drosophila photoreceptor cell, PTEN is localized to cell–cell junctions where it

functions to restrict PtdIns(3,4,5)P3 to the apical membrane domain (Pinal

et al. 2006). This photoreceptor domain is a modified cilium which is a specialized

organelle distinct from the bulk of the apical membrane (Reiter and Mostov 2006).

As suggested previously, the function of PTEN at the apical membrane could be

restriction of PtdIns(3,4,5)P3 generated by PI3K to the basolateral membrane

(Martin-Belmonte et al. 2007; Shewan et al. 2011). If this is the case, then the

question arises: how are PtdIns(4,5)P2 levels generated and maintained at the apical

pole? A common mechanism for PI(4,5)P2 synthesis at the plasma membrane is the

sequential phosphorylation of the large pool of PtdIns by PI4-kinases to form

PtdIns4P, the latter being phosphorylated in turn by type I phosphatidylinositol-4-

phosphate 5-kinases (PIP5Ks) at the 50 position of its inositol group (De Matteis and

Godi 2004; Krauss and Haucke 2007). Perhaps this scenario occurs at the apical

membrane of polarized epithelial cells? Indeed recent publications report the role of

PIP5K in apical membrane trafficking (Rousso et al. 2013; Szalinski et al. 2013).

Nevertheless, an unresolved issue concerns the origin and the exact pool of PtdIns

and PtdIns(4)P and the associated kinases present at the apical membrane. Indeed it

was recently demonstrated that the presence of PtdIns(4)P at the plasma membrane

of non-polarized cells is not the only source of PtdIns(4)P required for PtdIns(4,5)

P2 synthesis (Hammond et al. 2012).

An increasing number of studies highlight the critical function of PIs as an

identity code that label specific membranes, including both intracellular mem-

branes (Di Paolo and De Camilli 2006; Krauss and Haucke 2007; Jean and Kiger

2012) or plasma membranes, as described here. It is important to take into account

that tight regulation of local levels of the different PIs occurs due to the action of
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cascades of kinases and phosphatases: their regulation in time and space requires

further study. Insights into the molecular mechanisms at play in governing the

spatial and temporal formation and distribution of PIs will uncover events that drive

establishment of polarity.

10.4 PIs, Apicobasal Polarity, and Lumen Formation

In polarized epithelial cells, the plasma membrane is separated into apical and

basolateral domains by tight junctions (Gibson and Perrimon 2003). Work by many

labs has led to a general model for the acquisition of epithelial polarity via signaling

generated through cell interactions with neighboring cells and with the surrounding

extracellular matrix (ECM) (O’Brien et al. 2002). β1-Integrin is a critical compo-

nent of this signaling pathway in MDCK cells and is a known modulator of PI(3)-

kinase and PtdIns(3,4,5)P3 levels (Parise et al. 2000; Yu et al. 2008). Consequently,

the specification of basolateral membrane identity through the generation of

integrin-mediated PtdIns(3,4,5)P3 production could be involved in the earliest

steps in epithelial polarization. Furthermore, E-cadherin-mediated PI(3)-kinase

activation following cell–cell contact formation provides a significant source of

PtdIns(3,4,5)P3 during initial polarization (Pece et al. 1999; Woodfield et al. 2001;

Yap and Kovacs 2003). The activation of PI3K at sites of cell–cell and cell–ECM

contacts could in turn contribute to increased activity of Rac1 (Noren et al. 2001).

This cascade subsequently directs assembly of the cytoskeleton that serves as a

scaffold for recruitment and binding of cytosolic signaling proteins and polarity

complexes to the membrane that further define and reinforce the identity of the

respective membrane domain (Jacobson and Mostov 2007; Miyoshi and Takai

2008).

Cortical domains are defined by a complex that incorporates Par3, Par6, aPKC,

and Cdc42 (Goldstein and Macara 2007). PTEN regulated the apical recruitment of

Par3, Par6, and Cdc42 and annexin 2 (Anx2) and is required for lumen development

(Martin-Belmonte et al. 2007). Interestingly, it was shown that Par3 membrane

targeting is dependent of the binding of its PDZ domain to PtdIns(4,5)P2, the

product of PTEN (Wu et al. 2007; Krahn et al. 2010; Krahn and Wodarz 2012).

Likewise, as outlined below, SHIP2 enzymatic activity is required to maintain discs

large 1 (Dlg1) at the basolateral membrane. These studies highlight the function of

PI3K signaling in the establishment of apicobasal polarity (Fig. 10.3).

In order to form epithelial organs, the component cells must polarize and

construct an apical cell surface and lumen (Fig. 10.3). Coordinated interactions of

specific Rabs and PIs are coming to the fore as regulated mechanisms to control the

fidelity of membrane trafficking (Jean and Kiger 2012). The Rab GTPases are the

largest family of proteins that regulate membrane traffic. Recently, a molecular

mechanism was reported that couples membrane trafficking and cortical polarity

machinery in generation of the apical surface de novo (Bryant, Datta et al. 2010).

This mechanism is driven by Rab11a that regulates lumen formation and apical
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Fig. 10.3 PIs in epithelial cell polarity. Polarized epithelial cells form a cyst whereby a monolayer

of tightly associated cells encloses a central lumen. The plasma membrane of polarized epithelial

cell consists of basolateral membrane that contains adherens junctions and desmosomes (involved

in cell–cell adhesion) and that also interacts with underlying basement membrane and extracellular

matrix (ECM) components. The apical membranes are facing the lumen and are physically

separated from basolateral membrane by tight junctions (TJs; O’Brien et al. 2002). At the initial

steps of epithelial cell polarization, signals from cell–cell and cell–ECM contacts mediated

through E-cadherin and integrin, respectively, induce PI3K activation leading to accumulation

of PtdIns(3,4,5)P3 to define the apicobasal axis and lumen initiation (Bryant and Mostov 2008).

Indeed PtdIns(3,4,5)P3 acts as a compass for orientation of the cell polarity axis (Gassama-Diagne

et al. 2006). Later, phosphatases are activated to downregulate PtdIns(3,4,5)P3. PTEN is activated

at the apical pole to generate PtdIn(4,5)P2 and has a critical role in lumen formation by recruiting
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traffic via association with Rabin8, the GEF for Rab8a. Par3 was targeted to the

cortex via the action of Rab8a and Rab11a through the exocyst, which in turn

controlled Cdc42 activation at the apical pole. Here we consider the apically

implicated Rab proteins and their interactions with PIs and accessory proteins in

lumen development.

Mammalian phosphatidylinositol 4-kinase beta (PI4KB) interacts with

GTP-bound Rab11a, and inhibition of this interaction blocked Rab11 recruitment

to the Golgi in kidney fibroblasts (De Graaf et al. 2004). In Drosophila ovarian

follicle cells, phosphatidylinositol 4-kinase III alpha (PI4KIIIα) is required to

control apical protein localization and oocyte polarization (Yan et al. 2011). Fur-

thermore, in polarized MDCK cells, PI4KB regulated Golgi to basolateral mem-

brane traffic (Bruns et al. 2002), and exit from the recycling endosome is facilitated

by the association of Rab11 with Myosin V (Hales et al. 2002; Lapierre et al. 2001).

Myo2p (the yeast homolog of Myosin V) binds Ypt31/32p (the yeast homolog of

Rab11) and Sec4p (the yeast homolog of Rab8a), although the structural require-

ments for Myo2p binding are distinct (Santiago-Tirado et al. 2011). This is analo-

gous to the interaction of Myosin V with Rab11a and Rab8a (Roland et al. 2007).

As suggested, distinct structural requirements for Rab binding to Myosin V could

facilitate compartment-specific regulation. Thus, the ternary complex consisting of

the Rab protein, PtdIns(4)P, and Myosin V serves as a coincidence detection

mechanism, to allow the motor to discern between secretory compartments and

the cell surface. Importantly, in polarized epithelial cells, Myosin V is required for

apical membrane trafficking and lumen formation and was dependent upon associ-

ation with both Rab8a and Rab11a, although whether this requires simultaneous or

sequential interactions is unclear (Roland, Bryant et al. 2011). In addition, targeting

of Myosin V to recycling vesicles required Rab11a association. Whether this

association requires PtdIns(4)P is not known, but it is plausible to suggest that

this mechanism could contribute to apical membrane traffic in polarized epithelial

cells. Indeed, in yeast, it has been shown that the secretory membranes transported

by Myo2p, namely, the late Golgi, the TGN Ypt31–32p compartment, and Sec4p

secretory vesicles, are enriched in PtdIns(4)P (Santiago-Tirado et al. 2011). The

arrival of PtdIns(4)P-decorated secretory vesicles at the cortex could provide a

source of PtdIns(4)P for PtdIns(4,5)P2 synthesis to generate the apical membrane as

discussed in the precedent section.

⁄�

Fig. 10.3 (continued) TJ complex proteins including Annexin2 (Anx2), Cdc42, Par3, Par6, and

atypical protein kinase C (aPKC) (Martin-Belmonte et al. 2007). The aPKC restricts PtdIns(3,4,5)

P3 to the basolateral membrane (Takahama et al. 2008). PTEN is recruited at adherens junction

through MAGI (membrane-associated guanylate kinase-inverted proteins) (Kotelevets

et al. 2005). Phosphatidylinositol 5-kinase that produces PtdIns(4,5)P2 from PtdIns(4)P is also

present at the apical domain and involved in apical vesicle trafficking (Rousso et al. 2013;

Szalinski et al. 2013). SHIP2 is activated at the basal pole to produce PtdIns(3,4)P2 and maintain

cell polarity by stabilization of polarity complex proteins like Dlg1/Scribble which supports

epithelial architecture (Awad et al. 2013)
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Type Iγ phosphatidylinositol-4-phosphate 5-kinase (PIPKIγ) associates with the

exocyst via a direct interaction with Exo70 (Xiong et al. 2012). Exo70 is the subunit

that targets the polarized delivery of the exocyst to the cortex. This interaction

mediates the association of E-cadherin with Exo70, targeting Exo70 to adherens

junctions. The Exo70 subunit of the exocyst associates with the plasma membrane

via its association with PtdIns(4,5)P2 where it is required for docking and fusion of

post-Golgi secretory vesicles (Liu et al. 2007). Interestingly, accumulation of

PtdIns(4,5)P2 was observed as nascent E-cadherin adhesions were assembling.

PIPKIγ-generated PtdIns(4,5)P2 is necessary to recruit Exo70 to newly formed

E-cadherin adhesions, where it is required for the polarized targeting and clustering

of E-cadherin at the cell surface. This is potentially an important point of conver-

gence between the axis of polarity pathway and the pathway controlling de novo
generation of the apical domain, whereby PIPKIγ acts upon PtdIns(4)P delivered

via polarized vesicular trafficking to nascent E-cadherin adhesions. This mecha-

nism could reinforce the initial symmetry-breaking cue, acting to define the apical

pole via spatiotemporally localized PtdIns(4,5)P2 production. Together these

data and those indicating the association of Myo2p-transported Sec4p vesicles

with PtdIns(4)P reinforced the presumed role of PtdIns(4)P from vesicles delivered

to the apical pole as the main precursors of apical membrane PtdIns(4,5)P2.

Furthermore, microlumens have been observed at the basolateral surface of

polarized MDCK cysts, possibly forming after cell division, and these coalesce to

form the lumen (Cerruti et al. 2013). How PIs contribute to this process is not

understood. It is reasonable to suggest that E-cadherin dynamism is a key factor that

enables microlumen sliding along the cell–cell contact, suggesting a role for PIs and

their metabolizing enzymes in this process.

Apical secretion in epithelial tubules in the Drosophila embryo requires the

Formin family protein, Diaphanous (Dia) (Massarwa et al. 2009). Dia is apically

localized and is activated by Rho1 and a pair of apically localized GEFs (Gef2 and

Gef64C). Myosin V has been linked to polarized secretion, and the simultaneous

disruption of apical actin organization and apical secretion in Dia mutant tissues

suggested that Dia builds actin filaments to serve as highways for Myosin V-based

polarized apical secretion (Massarwa et al. 2009). Importantly, PtdIns(4,5)P2 levels

at the cortex regulate Dia localization in polarized MDCK cysts and in Drosophila
tubular epithelia (Rousso et al. 2013). The interaction with Rho triggers a confor-

mation switch in Dia that facilitates interaction with PtdIns(4,5)P2. The N-terminal

basic domain of Dia is crucial for apical localization, implying that Dia binds

directly to PtdIns(4,5)P2 (Rousso et al. 2013). Dia family actin nucleators function

in apical secretion in the secretory organs of mice (pancreas) and flies (Geron

et al. 2013). Interestingly, the in vivo distribution of PtdIns(4,5)P2 in the rat

pancreas appears to be somewhat different to the distribution observed in cultured

cells (Hicks et al. 2006). Fujimoto and colleagues (Ozato-Sakurai et al. 2011) show

that instead of being enriched apically, PtdIns(4,5)P2 exhibits its highest concen-

tration at the gap junction, possibly via association with connexin proteins (Van

Zeijl et al. 2007). The significance and function of the differential PtdIns(4,5)P2

distribution for Myosin V-polarized secretion and tissue organization remains to be

fully elucidated.
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In addition to the 3-phosphatase action of PTEN, cellular PtdIns(3,4,5)P3 con-

centrations are also regulated by the activity of the inositol 5-phosphatase SHIP2,

producing PtdIns(3,4)P2. SHIP2 is mainly located to the cell–ECM contact in

polarized cells (Awad et al. 2013) and is reflective of reports of the role of SHIP2

as a docking protein for a large number of cytoskeletal, focal adhesion proteins and

tyrosine kinase-associated receptors (Dyson et al. 2001; Prasad et al. 2001; Erneux

et al. 2011; Elong Edimo et al. 2014). Accordingly SHIP2 could regulate polarity

via the stabilization of both cell to cell and cell to ECM contacts. Let us consider

this possibility in more detail.

The specific function of SHIP family of phosphatases in cell polarization has

been reported in migrating cells. In murine neutrophils, deletion of the PTEN gene

had little or no effect on chemotaxis or polarization in response to fMLP or C5a,

whereas deletion of SHIP1 caused a major failure in polarization and cell motility

(Nishio et al. 2007). Additional data supporting a significant role for PtdIns(3,4)P2

and 5-phosphatase action in regulating cellular polarity comes from studies of

neuronal polarization, wherein aberrant polarization was caused by mutation of

PI3K/age-1 or PTEN/daf-18 or the selective PtdIns(3,4)P2-binding target

lamellipodin/MIG10 (Adler et al. 2006).

What do we know of the interactions of the basolateral PIs, SHIP2, and the

basolateral polarity machinery? The Scribble polarity module defines the

basolateral surface and is comprised of Scrib (Scribble), Discs large (Dlg), and

Lgl (Lethal giant larvae; Elsum et al. 2012). Awad et al. (2013) recently reported

that SHIP2 regulates apicobasal polarity. Repression of SHIP2 via RNAi led to the

formation of MDCK cysts with multilumens, indicating that SHIP2 contributes to

lumen formation. This phenotype was dependent of SHIP2 lipid phosphatase

activity since its catalytically inactive mutant disrupted apicobasal polarity with

formation of multilumen cysts. In SHIP2-depleted cysts, the basolateral polarity

proteins β-catenin, Scribble, and Dlg1 were delocalized from cell contacts, and their

expression was significantly reduced, suggesting that SHIP2 is required for the

localization and stability of basolateral complex proteins to maintain epithelial

morphogenesis. Furthermore, Dlg1 (SAP97) bound mainly to PtdIns(3,4)P2 and

to a lesser extent to PtdIns(3,4,5)P3, the two PIs localized at the basolateral

membrane and depletion of Dlg1 led to the formation of cysts with filled lumens

and multilumen cysts. In contrast to the reduction in Scrib levels observed upon

SHIP2 depletion, no change was observed in Scrib expression levels in Dlg1 RNAi-

treated cysts; however an important mislocalization of Scrib was observed in these

cells. Mutual dependence of the basolateral polarity proteins for appropriate sub-

cellular localization has been reported previously (Bilder et al. 2000). Collectively,

these data indicate that SHIP2 contributes to Dlg1 and Scrib localization in mam-

malian cells and supports the model whereby the SHIP2/Scrib/Dlg1 axis contrib-

utes to epithelial architecture.

Furthermore, Dlg1 is an important regulator of myelination where it acts as part

of the myelin “brake” (Macklin 2010). Akt activity is an important driver of

myelination (Flores et al. 2008; Narayanan et al. 2009; Tyler et al. 2009; Goebbels

et al. 2010). The Dlg1–PTEN interaction in Schwann cells stabilizes PTEN,

resulting in reduced Akt activity and transiently braking myelination (Cotter
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et al. 2010; Noseda et al. 2013). Moreover, abnormal distribution of Dlg1 and

PTEN has been observed in premalignant lesions and invasive cervical cancer

where abnormal distribution or expression of PTEN correlates with mislocalization

of Dlg1 (Vázquez-Ulloa et al. 2011). In light of the above-mentioned reports and

considering that Dlg interacts with the p85 subunit of PI3K (Laprise et al. 2004),

it can be assumed that basolaterally localized PIs co-operate to recruit polarity

proteins at E-cadherin adhesions; thereby building an adhesion dependent PI3K

signaling platform at the surface to reinforce basolateral identity. This pathway acts

to maintain and support epithelial architecture and suppress cancer progression.

However, more studies are required to identify the network of binding partners,

how these interactions are regulated, and the domain(s) of Dlg1 that are involved in

its binding to PtdIns(3,4)P2 and other accessory proteins.

The interaction of polarity proteins with specific PIs to stabilize signaling

networks at the membrane could be a common mechanism in epithelial morpho-

genesis. Support for this premise is drawn from studies of the multi-PDZ domain

protein FRMPD2 (FERM and PDZ-domain-containing 2). FRMPD2 is localized at

the basolateral surface in polarized epithelial cells, where the binding of FRMPD2

to PtdIns(3,4P)2 is dependent of its PDZ2 domain and is sufficient for its basolateral

localization (Stenzel et al. 2009). Furthermore PTEN binding to MAGI (membrane-

associated guanylate kinase-inverted proteins) stabilizes complexes containing

E-cadherin at the apical domain of adherens junctions (Kotelevets et al. 2005;

Subauste et al. 2005). These data strongly suggest that a similar mechanism,

governed by the specific interaction of the PDZ domain of the polarity proteins to

PIs, could be responsible for the polarization process in epithelial cells.

Moreover SHIP2 induced increased activation of RhoA in epithelial cells (Awad

et al. 2013) consistent with a report of enhanced RhoA activation in SHIP2-

dependent polarization and migration of glioma cells (Kato et al. 2012). Indeed

the Rho family of GTPases, in particular RhoA and Rac1 that, respectively, regulate

the formation of stress fibers and lamellipodia (Burridge and Wennerberg 2004),

play a pivotal role in cell polarity (O’Brien et al. 2002; Datta et al. 2011).

To conclude, these insights into SHIP2 function have increased our understand-

ing of the role of PIs in the apicobasal polarization process. It will be important to

determine what determines the spatiotemporal regulation of the cellular pools of

PtdIns(3,4,5)P3, PtdIns(3,4)P2, and PtdIns(4,5)P2 during cell polarization and in

particular to define the precise involvement of PTEN and SHIP2 at the apical and

basolateral membranes, respectively. For instance, PtdIns(3,4,5)P3 is absent from,

or is a minor component of, the PI pool at the apical membrane while it is present in

higher proportions at the basolateral membrane (Gassama-Diagne et al. 2006;

Martin-Belmonte et al. 2007). Hence, it is reasonable to suggest then that SHIP2

may act through distinct signals of PI3K to perform complementary roles that are

required for basolateral identity and epithelial polarization.
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10.5 Subversion of PIs and Apicobasal Polarity
by Pathogens

Polarized epithelia are the most fundamental component of the innate immune

system, protecting organisms from the vast environmental microbiota: indeed

>90 % of infectious agents enter through the epithelia. Thus numerous pathogens

including viruses and bacteria acquired strategies to subvert or inactivate host

defense mechanisms, leading to colonization, invasion, and disease (Kazmierczak

et al. 2001; Bomsel and Alfsen 2003). Given the importance of PI metabolism for

cellular signaling and trafficking events (Di Paolo and De Camilli 2006), many

intracellular pathogens modulate and exploit PIs to ensure survival and efficient

intracellular replication (Behnia and Munro 2005), and an important literature

addresses these aspects (Pizarro-Cerdá and Cossart 2004; Chukkapalli et al. 2008;

Weber et al. 2009; Hsu et al. 2010; Alvisi et al. 2011; Inlora et al. 2011; Altan-

Bonnet and Balla 2012; Bishé et al. 2012). Here we provide a brief oversight of the

literature around subversion of PIs by pathogens.

Bacteria such as Salmonella and Shigella are enteric pathogens that inject toxins
into the host cell that subvert host signal transduction pathways and manipulate the

cell cytoskeleton and membrane trafficking machineries in order to allow entry of

the pathogen into the apical surface of the mucosal barrier (Cossart and Sansonetti

2004; Muthuswamy and Xue 2012). SigD, a virulence factor of Salmonella, is a
4-phosphatase that dephosphorylates PtdIns(4,5)P2 to form PI(5)P. As a conse-

quence of SigD microinjection, depletion of PtdIns(4,5)P2 at the apical domain was

observed and was associated with modifications of cytoskeletal architecture and

loss of tight junctions (Mason et al. 2007).

Pseudomonas aeruginosa (P. aeruginosa), a gram-negative pathogen, is a lead-

ing cause of nosocomial infections in hospitalized patients (Salyers andWhitt 2002;

Engel 2002). In tissue culture models, P. aeruginosa is observed to preferentially

bind to and enter the cells at the edge and at basolateral surfaces (Geiser et al. 2001).

Other studies, using MDCK cells as a model system, revealed that P. aeruginosa
binding activates the PI3K signaling pathway that is necessary for its entry from the

apical surface of polarized epithelial cells (Kierbel et al. 2005). Moreover

P. aeruginosa subverts the PI3K/PtdIns(3,4,5)P3/Akt pathway to transform a

patch of the apical surface into one with basolateral characteristics and to gain

entry from the apical surface (Kierbel et al. 2007). Together these studies indicate

that P. Aeruginosa subverted PtdIns (3,4,5)P3, a determinant of the basolateral

membrane (Gassama-Diagne et al. 2006), to transform apical into basolateral

membrane, creating a local microenvironment that facilitates its colonization and

entry into the mucosal barrier. We surmise that in wounded or disrupted epithelium,

the cells at the edge are poorly polarized and P. aeruginosa could efficiently recruit
PI3K and generate PtdIns(3,4,5)P3 at the apical surface. On the other hand, as the

mucosal barrier becomes increasingly differentiated and polarized, the scenario is

not as efficient and correlates with the decreased susceptibility of the intact epithe-

lium to P. aeruginosa-mediated invasion.
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Hepatitis C virus (HCV) is a positive-stranded RNA virus belonging to the

family Flaviviridae, which is a major public health problem and the leading

cause of liver cirrhosis and cancer. The main target of HCV are hepatocytes that

are highly polarized cells, with their plasma membranes being separated by tight

junctions into apical (canalicular) and basolateral (sinusoidal) domains (Wang and

Boyer 2004; Treyer and Müsch 2013). For its entry HCV exploits tight junction

proteins such as claudin1 (Evans et al. 2007) and IFITM1 (Wilkins et al. 2013).

HCV replication is intimately associated with specially arranged host intracellular

membrane structures that establish a viral replication complex (Egger et al. 2002;

Brass et al. 2009). An increasing body of literature reports that PIPs and their

metabolizing enzymes are host factors essential for HCV replication (Berger

et al. 2009; Borawski et al. 2009; Trotard et al. 2009; Berger et al. 2011; Reiss

et al. 2011; Bianco et al. 2012; Hsu et al. 2010). In particular PI 4-kinases type III as

PtdIns4P and PtdIns(4,5)P2 are required for HCV replication. In a recent publica-

tion, Awad et al. (2013) examined HCV core protein (HCP) localization and cell

morphogenesis in MDCK cells grown in 3D culture. Even though MDCK cells

don’t present the complex polarized phenotype of hepatocytes, the system allows

studies of HCP influence on cell polarization. MDCK cells expressing HCP formed

multilumen cysts and further analysis indicated that in those multilumens cysts,

expression of SHIP2 and PI(3,4)P2 were reduced at the basal membrane that

contacted the ECM. In contrast a high level of expression of HCP was observed

at the ECM contact. Interestingly, overexpression of SHIP2 cDNA in

HCP-expressing cells restored single-lumen formation and polarity. Together

these data indicate that HCV core is able to subvert SHIP2 to disrupt cell polarity

in polarized cells (Awad et al. 2013).

Considered collectively these reports raise challenging questions that warrant

further investigation. In pathological conditions, does HCV exploit SHIP2 signal-

ing for its intracellular replication? Does HCV interact with PIs at the basal

membrane in wounded or poorly polarized epithelium to enter the cell and invade?

To date relatively few studies have been dedicated to unraveling the link between

HCV and epithelial apicobasal polarity; nonetheless previous studies strongly

suggest that appropriate polarization restricts HCV entry in epithelial cells (Mee

et al. 2008, 2009; Snooks et al. 2008; Liu et al. 2009; Benedicto et al. 2011; Harris

et al. 2013). Future studies on the subversion of epithelial polarity by pathogens

through hijacking PI metabolism and signaling await careful investigation.

10.6 Conclusion

Extensive research on PIs over several decades has led to major advances in our

understanding of their central role in cell signaling. While their importance in

epithelial cell morphogenesis is becoming more established, we have fundamental

gaps in our knowledge around their function. In particular, the mechanistic details

that direct integration of the spatiotemporal distribution of these PIs to the cell
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polarization process are unclear. Important avenues for future investigation encom-

pass developing a deeper understanding of the relationship of PIs with the cell

cortex to spatiotemporally control cytoskeleton organization and in honing our

understanding of their role in membrane trafficking, paying attention to their

functional cooperation with Rab GTPases. Indeed there is a striking physical and

functional relation between Rab effectors and PIs (Jean and Kiger 2012) that

requires in-depth investigation. Moreover the contribution of PIs to membrane

localization of the polarity regulators such as the Par and Scribble complexes also

forms a part of this fundamental gap in knowledge.

There is an intimate relationship between loss of polarity in epithelial cells and

the development of cancer, and most cancers are derived from epithelial cells

(Royer and Lu 2011). Due to the essential role of PIs in regulation of epithelial

cell signaling and polarity, there is growing interest in inhibiting PI3K signaling

pathway in the area of drug development (Martini et al. 2013). Indeed PI3-kinase

inhibitors are in clinical trials targeting many diseases such as cancer, autoimmu-

nity, allergy, and metabolic disorders (Vanhaesebroeck et al. 2010; Banham-Hall

et al. 2012). As we’ve outlined, PIs are coming to the fore as critical factors for

numerous pathogens to infect epithelia. Clearly, there are a multitude of reasons to

believe that PI research is one of the most promising avenues of scientific endeavor

in terms of delivering important advances relevant to human disease.
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Part III

Cell Polarity and Cell–Cell Interactions:
The Role of Cell Adhesion



Chapter 11

Immunological Synapse Formation: Cell

Polarity During T Cell–APC Interaction

Xin Liu and Morgan Huse

Abstract Intercellular communication is essential for coordinating a successful

immune response. The immunological synapse provides a platform for such com-

munication by coupling activated lymphocytes specifically to their target cells. The

formation of an IS in T cells is triggered by stimulation of the T cell antigen

receptor and depends on the rapid and polarized remodeling of the cytoskeleton.

This dramatic change in cell polarity is required to achieve optimal T cell activation

and function. In this chapter, we will discuss the structure of the IS, how it forms,

and how it contributes to T cell function during immune responses.

Keywords Actin • Cell polarity • Centrosome • Immunological synapse • T cell

11.1 Synapse Formation in T Cells

Lymphocytes function by specific communication with small numbers of target

cells in densely packed environments filled with largely irrelevant bystanders. To

maintain specificity in this context, lymphocytes form a specialized cell–cell

junction with their targets known as an immunological synapse (IS) (Dustin

et al. 2010). IS formation restricts the scope of certain effector responses, thereby

limiting inappropriate inflammation, cytotoxicity, and signaling in the surrounding

tissue. The IS enables cytotoxic T lymphocytes (CTLs) and natural killer (NK) cells

to kill infected or transformed target cells selectively (Stinchcombe and Griffiths
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2007). It has also been implicated in antigen gathering by B cells (Harwood and

Batista 2011), the directional secretion of cytokines by T cells (Huse et al. 2006;

Kupfer et al. 1991; Poo et al. 1988), and the specific delivery of T cell help to B cells

(Boisvert et al. 2004).

This review will focus on the T cell IS, which is the most extensively studied

lymphocyte synapse with respect to its ontogeny and function. Mature T cells are

roughly divided into two subgroups based on their expression of the coreceptors

CD4 and CD8. CD4+ T cells, which are also called “helper T cells,” coordinate

immune responses by communicating with other leukocytes, typically via cell–cell

contact or the secretion of specific cytokines. CD8+ T cells, for their part, differ-

entiate into CTLs capable of killing target cells presenting their cognate antigen.

In T cells, IS formation is initiated by T cell receptor (TCR) binding of cognate

peptide major histocompatibility complexes (pMHC) on the surface of the antigen-

presenting cell (APC). This is in many respects the signature moment in a T cell’s
life. In addition to driving IS assembly, antigen recognition induces the robust

proliferation, differentiation, and cytokine secretion that are typically associated

with lymphocyte activation. Within seconds of TCR engagement, the T cell begins

to spread over the surface of the APC, forming a radially symmetric contact that

evolves into a mature IS in a matter of minutes. The IS has long been characterized

by its stereotyped concentric domains, referred to by some as supramolecular

activation clusters (SMACs) (Dustin et al. 2010) (Fig. 11.1). At the very center of

the interface is the central SMAC (cSMAC), which contains a large cluster of TCR.

Costimulatory receptors such as CD2 and CD28, which boost lymphocyte activa-

tion in certain contexts, also accumulate in this region. Surrounding the cSMAC is

the peripheral SMAC (pSMAC), which is dominated by the αLβ2 integrin LFA-1

and essentially serves as an adhesion ring. Surrounding the pSMAC at the very edge

Fig. 11.1 Schematic diagram of the T cell IS. A side view is shown to the left and an en face view
(from the perspective of the APC) to the right. Microtubules are drawn as thick black lines and
F-actin is thin gray lines. The nucleus is orange. Other important components are labeled
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of the synapse is the distal SMAC (dSMAC), which is enriched in filamentous actin

(F-actin) and regulatory molecules such as the phosphatase CD45.

This reorganization of the T cell–APC interface is accompanied and enabled by

the polarized remodeling of the T cell cytoskeleton (Gomez and Billadeau 2008;

Huse et al. 2013) (Fig. 11.1). IS growth over the surface of the APC is driven by

robust actin polymerization beneath the plasma membrane. Subsequently, this

cortical F-actin resolves into the dSMAC, which maintains synaptic size and pro-

motes the compartmentalization of cell surface proteins into their appropriate

domains. Concomitant with F-actin ring formation, the centrosome (also called

the microtubule-organizing center, or MTOC) reorients to a position just beneath

the cSMAC, taking along with it the Golgi apparatus, endosomal compartment, and

other vesicular organelles. This apposes the secretory machinery of the T cell with

the plasma membrane at the center of the IS, which is relatively free of cortical

F-actin and therefore available for vesicular fusion. In this manner, centrosome

reorientation, coupled to synaptic F-actin ring formation, facilitates the release of

cytokines and cytolytic factors toward the APC.

Although the polarized configuration of the centrosome, F-actin ring, and

SMACs can persist for tens of minutes, even hours, the mature synapse is in

actuality a highly dynamic structure requiring sustained antigenic input for its

maintenance. Recognition of pMHC induces the formation of distinct TCR

“microclusters” in the plasma membrane, which then traffic centripetally toward

the center of the IS where they coalesce into the cSMAC (Yokosuka and Saito

2010) (Fig. 11.1). Studies from a number of labs indicate that TCR microclusters

actively signal in the periphery but become downregulated in the cSMAC

(Mossman et al. 2005; Vardhana et al. 2010; Varma et al. 2006; Yokosuka

et al. 2005). Hence, new peripheral microclusters must be generated continuously

in order to sustain the T cell activation that drives synaptic architecture. In turn,

proper synaptic architecture shapes T cell activation and effector function. In the

sections that follow, we will first discuss what is known about the molecular

mechanisms coupling TCR activation to cytoskeletal reorganization at the

IS. Then, we will discuss the functional consequences of these remodeling events.

11.2 Centrosome Reorientation

Centrosome polarization has been documented in a number of adherent cell types,

including neurons, fibroblasts, and astrocytes, where it contributes to the direction-

ality of cell migration (Li and Gundersen 2008). Studies in fibroblasts have dem-

onstrated that this process results from the rearrangement of organelles, with

minimal displacement of the centrosome itself (Gomes et al. 2005; Luxton

et al. 2010). The reorientation response in T cells differs from these systems in

two important respects. First, it features net translocation of the centrosome to the

plasma membrane. Second, the process is much more dynamic; both the acquisition

and the dissolution of the polarized state occur in minutes, as opposed to hours.
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This reflects the transient nature of even the most stable lymphocyte cell–cell

interactions. Hence, although one might expect that certain aspects of adherent

cell polarity are conserved in T cells, it is reasonable to predict that there are other,

more unique features that have been tailored to the specific needs of the T cell

response. This expectation has, for the most part, been largely borne out by

research.

11.2.1 Coupling TCR Activation to Polarizing Signals

It has been known for some time that TCR signaling drives centrosome

reorientation to the IS. The centrosome is particularly responsive to the TCR and

will faithfully polarize toward the APC even if integrins and costimulatory recep-

tors are engaged more robustly at a different interface (Sedwick et al. 1999). TCR

engagement rapidly induces the phosphorylation of immunotyrosine-based activa-

tion motifs (ITAMs) in its associated CD3 chains by the Src kinase Lck. These

phosphorylated ITAMs then recruit the Syk family kinase Zap70, which in turn

phosphorylates the membrane-associated scaffolding molecule LAT (linker for the

activation of T cells). LAT then binds to another scaffolding molecule, Slp76, and

the resulting LAT-Slp76 complex serves as a platform for recruitment of important

downstream signaling molecules. These receptor-proximal components all

colocalize with the TCR in signaling microclusters. Many of them, including

Lck, Zap70, LAT, and Slp76, are also required for centrosome reorientation

(Kuhne et al. 2003; Lowin-Kropf et al. 1998), indicative of the importance of

TCR signaling for this process.

One of the key enzymes recruited to the LAT-Slp76 complex is phospholipase-

Cγ (PLCγ), which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) in the

plasma membrane to yield two second messengers, inositol trisphosphate (IP3) and

diacylglycerol (DAG) (Huse 2009). IP3 diffuses into the cytoplasm, where it

triggers calcium (Ca2+) flux through the IP3 receptor-STIM-Orai1 pathway. DAG,

for its part, accumulates in the plasma membrane, forming a gradient that is

centered at the IS (Spitaler et al. 2006). Pharmacological inhibition of PLCγ
abrogates centrosome reorientation (Quann et al. 2009), strongly implicating one

or both of these second messengers in the polarization response. Indeed, recent

studies indicate that the synaptic DAG gradient plays an essential role (Quann

et al. 2009) (Fig. 11.2). High-resolution imaging experiments have revealed that

DAG accumulation at the IS consistently precedes centrosome reorientation by 10–

15 s. Perturbations that disrupt the ability of the T cell to maintain or respond to

synaptic DAG accumulation block polarization responses. Furthermore, localized

photoactivation of caged DAG in the plasma membrane can induce transient

centrosomal recruitment. The role of Ca2+ signaling, however, is more controver-

sial, with certain studies suggesting it is necessary and others that it is dispensable

(Kuhne et al. 2003; Quann et al. 2009; Yi et al. 2013; Maul-Pavicic et al. 2011).

Interpretation of these results is complicated by the fact that Ca2+ flux is required
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for strong adhesion to the APC (Huse et al. 2013). Hence, the centrosome

reorientation phenotype observed in the absence of Ca2+ could be secondary to a

defect in productive contact formation. Alternatively, it is possible that Ca2+ is not

necessary for initial centrosome polarization, but is required for maintenance of the

polarized state.

DAG transduces signals by recruiting proteins that contain DAG-binding C1

domains. Prominent among this class of molecules is the protein kinase C (PKC)

family of serine–threonine kinases, which transduce plasma membrane-derived

signals into a myriad of downstream responses (Newton 2010). PKCs are divided

into three subfamilies based on their regulatory properties. Conventional PKCs

(cPKCs—PKCα, PKCβ, and PKCγ) require both Ca2+ and DAG for their activa-

tion, novel PKCs (nPKCs—PKCδ, PKCε, PKCη, PKCθ) require DAG but not Ca2+,

and atypical PKCs (aPKCs, PKCζ, PKCι) require neither DAG nor Ca2+ and are

instead regulated by protein–protein interactions. Consistent with the importance of

synaptic DAG for T cell polarity, it was recently found that three nPKC isoforms,

PKCε, PKCη, and PKCθ, are involved in centrosome reorientation (Quann

et al. 2011). All three of these enzymes accumulate at the IS prior to the arrival

of the centrosome, and they do so in a DAG-dependent manner (Fig. 11.2). PKCε
and PKCη are recruited first (~15 s before the centrosome), and they occupy the

entirety of the synaptic membrane. By contrast, PKCθ arrives ~5 s later and

occupies a more restricted zone that includes only the cSMAC and the pSMAC.

The distinct recruitment behavior displayed by these nPKCs is mirrored by differ-

ences in their functional properties. Thus, whereas siRNA-mediated suppression of

PKCθ alone impairs centrosome polarization, simultaneous knockdown of both

PKCε and PKCη is required to inhibit the response. Furthermore, T cells lacking

both PKCε and PKCη also exhibit defective PKCθ recruitment to the IS. Taken

together, these data indicate that PKCε and PKCη operate redundantly with each

other and do so in a manner upstream of PKCθ. Although the molecular basis for

this differential behavior is not clear, it is consistent with the fact that PKCε and

PKCη are more closely related to each other than to PKCθ or any other member of

Fig. 11.2 Schematic diagram of the centrosome reorientation response. Microtubules are drawn

as thick black lines and F-actin is thin gray lines. The nucleus is orange. Other important

components are labeled
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the PKC family (Huse et al. 2013). Redundancy between PKCε and PKCηmay also

explain why mice lacking either isoform alone display weak or undetectable

phenotypes in T cell development and TCR-induced activation (Fu et al. 2011;

Gruber et al. 2005).

Recent studies have also implicated aPKC in the centrosome polarization

response (Bertrand et al. 2010, 2013). In adherent cells, aPKC isoforms operate

as components of the Par (for “partitioning defective”) polarity complex that also

includes the adaptor proteins Par6 and Par3. The Par complex organizes specialized

membrane domains by interacting with a specific set of cell surface proteins and

cytoskeletal components, and it plays a crucial role in the establishment of polar-

ized structures such as neuronal axons and the apical surface of epithelial cells

(Etienne-Manneville and Hall 2003; Li and Gundersen 2008). In T cells, both

phosphorylated PKCζ and Par3 have been observed at the IS (Bertrand

et al. 2010; Ludford-Menting et al. 2005), suggestive of a role in cytoskeletal

polarization. Consistent with this notion, centrosome reorientation is hindered by

pretreatment with a small molecule PKCζ inhibitor and also by expression of a

dominant-negative PKCζ mutant (Bertrand et al. 2010, 2013). Furthermore, a

dominant-negative version of Par1b, a kinase that shapes the localization of the

Par complex, also disrupts centrosome polarization responses (Lin et al. 2009).

Taken together, these data strongly suggest that aPKC signaling plays an important

role in T cell polarity. Precisely how it is coupled to upstream signals emanating

from the TCR is not known. In other systems, the Par complex is activated by the

GTPase Cdc42 (Etienne-Manneville and Hall 2003). Whether Cdc42 contributes to

centrosome polarization in T cells remains controversial, however (Chemin

et al. 2012; Gomez et al. 2007; Stowers et al. 1995). Alternatively, it is possible

that the Par complex might be regulated by lipid-based signaling. In that regard, it is

interesting to note that phosphatidic acid (PA), a lipid second messenger that is

generated from DAG by diacylglycerol kinases, is an allosteric activator of PKCζ
and has also been shown to bind directly to Bazooka, the drosophila ortholog of

Par3 (Limatola et al. 1994; Yu and Harris 2012). These results imply that aPKC,

like the nPKCs, might also operate downstream of DAG in this system.

There is now good evidence that the recruitment and polarized activation of

nPKCs and aPKCs is required for centrosome reorientation in T cells. Precisely

how the activity of these enzymes contributes to the polarization process is still

largely unclear and awaits the identification of relevant PKC substrates capable of

transducing signals to the cytoskeletal machinery.

11.2.2 Molecular Motors That Move the Centrosome

Microtubules radiate from the centrosome with a uniform minus end to plus end

configuration. Hence, a minus end-directed microtubule motor anchored at the IS

could in principle drag the centrosome toward it, much like a fisherman reeling in

his catch. The elegance of this model has motivated a number of labs to investigate
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cytoplasmic dynein, the sole minus end-directed microtubule motor available in the

cytoplasm of most eukaryotic cells. Dynein is a large, multisubunit protein that

carries out a diverse set of cellular functions, which range from organelle trafficking

to positioning of the mitotic spindle (Kardon and Vale 2009). It is composed of two

heavy chains, which contain the motor domains, and a number of intermediate and

light chains, which stabilize the assembly and mediate interactions with cargo. TCR

stimulation induces robust synaptic recruitment of dynein that precedes the arrival

of the centrosome by ~5 s (Combs et al. 2006; Martin-Cofreces et al. 2008; Quann

et al. 2009) (Fig. 11.2). Furthermore, suppression of dynein protein or dynein

activity inhibits centrosome reorientation in primary T cells and T cell lines (Liu

et al. 2013; Martin-Cofreces et al. 2008; Yi et al. 2013), indicative of an important

role in the response. It has generally been thought that dynein moves the centro-

some by walking along the microtubules that radiate from it. Recent data, however,

suggests an alternative model in which dynein at the center of the IS captures

microtubules and then induces their depolymerization from the plus end

(Yi et al. 2013). This end-on shrinkage effectively drags the centrosome toward

the IS.

Although there is general agreement that synaptic dynein accumulation is a

prerequisite for centrosome reorientation, the molecular mechanisms mediating

this polarized accumulation are not entirely clear. In Jurkat T cells, dynein recruit-

ment to the IS requires ADAP (Combs et al. 2006), a scaffolding protein that

associates with the TCR signaling complex via Slp76. ADAP knockdown impairs

centrosome reorientation in this system, consistent with the notion that ADAP

binding is crucial for dynein-mediated polarization. ADAP is not required for

centrosome reorientation in primary mouse T cells (Combs et al. 2006), however,

casting doubt on the generalizability of this mechanism. DAG and nPKC signaling

also appears to play an important role. Indeed, TCR-induced dynein accumulation

can be blocked both by disruption of the synaptic DAG gradient and by shRNA-

mediated suppression of nPKCs (Liu et al. 2013). That being said, global activation

or inhibition of PKCs has no effect on the distribution of cortical dynein in T cells

(Liu et al. 2013). Taken together, these data suggest that the mechanism linking

nPKCs and dynein is likely to be more complex than the simple linear activation of

the latter by the former. It is tempting to speculate that the dynein recruitment

system may be designed to read out the gradient of PKC activity rather than its

absolute level.

Interestingly, a considerable amount of residual centrosome reorientation can be

observed in the absence of dynein (Hashimoto-Tane et al. 2011; Liu et al. 2013;

Martin-Cofreces et al. 2008), implying that other molecular motors also participate

in the process. Consistent with this interpretation, it was recently shown that

nonmuscle myosin II (NMII), an actin-based motor, collaborates with dynein to

mediate centrosome reorientation (Liu et al. 2013). Simultaneous suppression of

both dynein and NMII activity induces a much more pronounced polarization

defect than that observed in cells lacking either motor alone. Although these

functional data are indicative of a partially redundant relationship, imaging exper-

iments suggest that dynein and NMII drive centrosome reorientation in different
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ways (Liu et al. 2013). Thus, whereas dynein accumulates at the site of TCR

stimulation, NMII forms transient clusters in the membrane behind the centrosome

(Fig. 11.2). These cortical NMII clusters are not induced by TCR signaling. Rather,

they appear to form constitutively and are locally repressed at the site of TCR

stimulation. This introduces asymmetry into the overall distribution of NMII, which

is then coupled to centrosome movement. Cortical NMII dynamics appear to be

regulated directly by nPKCs (Liu et al. 2013). TCR-induced depletion of NMII is

blocked in cells lacking PKCε, PKCη, and PKCθ and in cells treated with a broad

specificity PKC inhibitor. Furthermore, global PKC activation with phorbol ester

drives NMII clusters off the membrane, whereas inhibition of PKC activity inten-

sifies clustering. PKCs are known to regulate NMII activity and localization via

phosphorylation of three amino acids at the N-terminus of the myosin regulatory

light chain (MyoRLC) (Bengur et al. 1987; Ikebe et al. 1987; Ikebe and Reardon

1990; Komatsu and Ikebe 2007). Mutation of two out of three of these residues

inhibits TCR-induced NMII remodeling (Liu et al. 2013), strongly suggesting that

MyoRLC is a direct substrate of nPKCs in this system. Collectively, these results

are consistent with a model whereby dynein “pulls” the centrosome from the front

while NMII “pushes” it from behind (Fig. 11.2).

Precisely how NMII clusters move the centrosome is not entirely clear. It is

known, however, that the NMII-dependent component of the response requires

microtubules (Liu et al. 2013). This suggests that contractile forces induced by

NMII in the cortex are propagated along microtubules to the centrosome. In that

regard, it is interesting that several diaphanous formin proteins, including FMNL1,

DIA1, and INF2, have been implicated in centrosome reorientation (Andres-

Delgado et al. 2012; Gomez et al. 2007). Although they are best known as inducers

unbranched F-actin growth, formins are also required for the formation of long-

lived microtubules containing detyrosinated tubulin monomers (Chesarone

et al. 2010). It has been proposed that these detyrosinated microtubules promote

centrosome reorientation by “pushing” on the back of the cell (Andres-Delgado

et al. 2013). Whether NMII-based contraction serves as the backstop for this force

transduction remains to be seen and is an interesting topic for future research. It is

worth noting that other regulators of microtubule stability and growth dynamics,

including stathmin (Filbert et al. 2012), casein kinase 1δ (Zyss et al. 2011), and

histone deacetylase 6 (Serrador et al. 2004), have also been implicated in the

polarization response. Hence, centrosome dynamics in T cells depends not only

on the distribution of molecular motors but also on the local disposition of micro-

tubules. These overlapping and compensatory layers of control may appear some-

what excessive for a process as seemingly straightforward as centrosome

reorientation. The T cell cytoplasm is a complex and crowded environment,

however, and the machinery that moves the centrosome must be robust enough to

overcome physical impediments that render one or more of its components

inoperative.
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11.3 F-Actin Ring Formation

In contrast to the centrosome, which in most cells is a unique entity, actin serves as

a building block for myriad distinct cellular structures. This complicates experi-

mental analysis, as care must be taken to focus on the relevant pool of F-actin in

both space and time. It is becoming increasingly clear that, although there are a

large number of potential F-actin regulators that play important roles in T cell

activation, only a subset of these proteins are directly involved in the establishment

and maintenance of the synaptic F-actin ring.

11.3.1 Regulation of Actin Polymerization by Rho Family
GTPases

The Rho family GTPases Rac, Rho, and Cdc42 are widely recognized as “master

regulators” of the cortical actin cytoskeleton (Jaffe and Hall 2005). Like all small

GTPases, Rho family members cycle between an inactive, GDP-bound form and an

active, GTP-bound form capable of recruiting downstream effector molecules. Rac

activity is typically associated with the growth of sheetlike lamellipodial structures,

while Rho generally promotes myosin-based contractility and the formation of

stress fibers. Cdc42, for its part, drives fingerlike projections such as filopodia

and has also been linked to polarity induction in multiple adherent cell types.

Over the past decade, the roles played by each of these GTPases during T cell

activation have been assessed, and consequently a coherent picture of how they

influence synaptic F-actin dynamics is beginning to emerge.

IS growth and F-actin ring formation appear to be primarily dependent on Rac.

This is not particularly surprising, given that the mature IS resembles a radially

symmetric lamellipodium (Dustin 2007). TCR stimulation induces rapid and

sustained Rac activation that occurs concurrently with IS formation

(Ku et al. 2001; Le Floc’h et al. 2013; Sanui et al. 2003). In addition, shRNA-

mediated suppression of either Rac1 or Rac2, the two isoforms expressed in T cells,

reduces cell spreading and impairs F-actin ring formation (Le Floc’h et al. 2013).

Simultaneous knockdown of both isoforms induces more pronounced defects in IS

growth and organization, indicating that the two proteins function additively in this

context. Expression of a constitutively active Rac1 mutant (G12V) has the opposite

effect, robustly enhancing synaptic actin polymerization and IS growth (Le Floc’h
et al. 2013).

Rac most likely mediates these effects through WAVE2, a member of the

nucleation promoting factor (NPF) family of actin regulators (Derivery and

Gautreau 2010) (Fig. 11.3). WAVE2 functions as part of a multiprotein assembly

that also contains Sra-1, Nap1, Abi-1/2, and HSPC300. Activated Rac binds

directly to Sra-1, thereby recruiting and organizing WAVE2-dependent F-actin

growth. In Jurkat T cells, siRNA-mediated suppression of WAVE2 leads to a
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dramatic reduction in TCR-induced actin polymerization and cell spreading (Nolz

et al. 2006; Zipfel et al. 2006), indicative of a crucial role for the protein in

establishing IS architecture. Consistent with this interpretation, components of the

WAVE2 complex localize to the leading edge of the synaptic lamellipodium during

IS growth and also accumulate within the F-actin ring as the IS matures (Nolz

et al. 2006; Zipfel et al. 2006; Le Floc’h et al. 2013). Most NPF proteins function by

recruiting and activating the Arp2/3 complex, which induces actin polymerization

from the sides of existing filaments, thereby generating branched arrays. In Jurkat

cells, suppression of Arp2 or Arp3 dramatically reduces TCR-induced F-actin

accumulation (Gomez et al. 2007), indicative of a key role for the complex in IS

architecture. The Arp2/3 loss-of-function phenotype, however, is less pronounced

than that of WAVE2; residual, filopodial structures persist at the T cell–APC

interface, likely resulting from formin activity. Furthermore, WAVE2-deficient T

cells exhibit additional signaling phenotypes that have not been reported in cells

lacking Arp2 or Arp3 (Gomez et al. 2007; Nolz et al. 2006, 2008; Zipfel

et al. 2006). Collectively, these results suggest that WAVE2 has both Arp2/3-

dependent and Arp2/3-independent functions at the IS.

The role of Cdc42 in the establishment and maintenance of synaptic F-actin is, in

contrast to Rac, largely unclear. Like Rac, Cdc42 is robustly activated by TCR

signaling (Cannon et al. 2001). Loss-of-function experiments, however, have found

that Cdc42 is not strictly required for T cell activation and synaptic F-actin

accumulation (Chemin et al. 2012; Gomez et al. 2007). In T cells, Cdc42 is thought

to signal through WASp, another prominent member of the NPF family (Derivery

and Gautreau 2010). Mutations in WASp lead to Wiskott-Aldrich syndrome

(WAS), an X-linked recessive disease in humans characterized by

Fig. 11.3 Schematic diagram of synaptic F-actin ring formation. A side view is shown to the left
and an en face view (from the perspective of the APC) in the center. Microtubules are drawn as

thick black lines and F-actin is thin gray lines. The nucleus is orange. Other important components

are labeled. A pathway diagram linking TCR and LFA-1 stimulation to F-actin polymerization is

shown to the right
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thrombocytopenia and immune deficiency (Ochs 1998). The majority of cellular

WASp is associated with WIP (for WASp interacting protein), an adaptor protein

that regulates WASp activity (Martinez-Quiles et al. 2001; Sasahara et al. 2002).

Consistent with an important role in immune function, WASp-deficient T cells

display defects in differentiation and effector responses (Dupre et al. 2002; Gallego

et al. 1997; Molina et al. 1993; Snapper et al. 1998; Trifari et al. 2006; Zhang

et al. 1999). Synaptic F-actin accumulation, however, is largely intact (Cannon and

Burkhardt 2004), indicating that WASp is not required for the establishment of IS

architecture. It does, however, appear to be necessary for IS stabilization and

maintenance (Sims et al. 2007). WASp�/� T cells form unstable synapses on

stimulatory lipid bilayers that quickly “break symmetry,” enabling migration to

other locations. T cells lacking PKCθ have the opposite phenotype, forming

hyperstable, relatively immobile synapses. Importantly, PKCθ can modulate

WASp activity via phosphorylation of WIP (Sasahara et al. 2002), providing a

possible mechanistic basis for the reciprocal effects of the two proteins on IS

stability. Although the functional significance of these observations remains to be

seen, it is interesting to note that WASp�/� and PKCθ�/� T cells have reciprocal

developmental phenotypes: loss of WASp inhibits helper T cell differentiation into

the TH1 lineage, while loss of PKCθ inhibits TH2 development (Marsland

et al. 2004; Trifari et al. 2006). This raises the intriguing possibility that IS stability

may be coupled to T cell differentiation.

WASp�/� T cells also display a specific defect in IL-2 secretion that is seemi-

ngly independent of stable IS formation (Cannon and Burkhardt 2004; Zhang

et al. 1999). Interestingly, it was recently found that loss of Cdc42 affects T cell

secretion of IFNγ (Chemin et al. 2012). Whether these phenotypes are related is not

known, and it is unclear if they have anything to do with actin dynamics. Finally,

WASp has been implicated in ligand-induced internalization of the TCR (Zhang

et al. 1999). Although the basis for this role is poorly understood, it is consistent

with the fact that WASp colocalizes with the TCR in plasma membrane

microclusters, in contrast to WAVE2, which accumulates in the synaptic

F-actin ring.

Little is known about how Rho influences IS structure, if at all. RhoA, the

predominant isoform expressed in T cells, is required for thymocyte development

and appears to play an important role in the regulation of integrin-mediated

adhesion during T cell migration (Corre et al. 2001; Galandrini et al. 1997; Henning

et al. 1997; Laudanna et al. 1996). Loss-of-function experiments using a cell

permeable form of a dominant-negative RhoA mutant, however, suggest that the

protein is not required for F-actin accumulation at the IS (Tskvitaria-Fuller

et al. 2006). Additional studies, preferably using T cells that lack endogenous

RhoA, are required in order to draw a more definitive conclusion. Interestingly, a

distantly related isoform, RhoG, has been implicated in TCR internalization and

trafficking (Martinez-Martin et al. 2011). Whether it operates in the same

downregulation pathway as Cdc42 and WASp is unclear, however. Taken together,

the extant data indicate that Rac signaling is primarily responsible for synaptic
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growth and F-actin ring formation, with Cdc42 and Rho influencing other features,

such as IS stability and the surface distribution of TCR.

11.3.2 Signaling Pathways That Shape GTPase Activity

As with centrosome reorientation, TCR signaling plays a critical role in driving

F-actin dynamics at the IS. Indeed, a number of receptor-proximal kinases and

adaptors, including Lck, Zap70, LAT, and Slp76, are absolutely required for

synaptic F-actin accumulation and IS growth (Bubeck Wardenburg et al. 1998;

Bunnell et al. 2001; Morgan et al. 2001; Zeng et al. 2003). Determining how these

proteins influence F-actin regulators has been a subject of intense interest over the

last decade. Much of the effort in this area has focused on guanine nucleotide

exchange factors (GEFs) that might couple Rho GTPases to upstream signals

emanating from the TCR. The Dbl-family GEF Vav is probably the most exten-

sively studied protein in this class. It is a large, multisubunit adaptor that contains a

number of protein–protein interaction modules in addition to its GEF domain,

which can activate both Rac and Cdc42 (Tybulewicz 2005). Vav directly associates

with the LAT-Slp76 complex and is an integral component of TCR microclusters

(Huse 2009; Sylvain et al. 2011). As such, it is ideally positioned to transduce

signals from receptor-proximal machinery to the actin cytoskeleton. Indeed, loss of

Vav-1, the predominant isoform in T cells, inhibits synaptic F-actin enrichment and

the formation of strong T cell–APC conjugates (Ardouin et al. 2003; Krawczyk

et al. 2002; Miletic et al. 2009). However, Vav-1�/� T cells exhibit a wide range of

additional phenotypes (Fischer et al. 1998; Penninger et al. 1999; Tarakhovsky

et al. 1995; Zhang et al. 1995; Costello et al. 1999; Holsinger et al. 1998; Reynolds

et al. 2002, 2004), including defects in LAT-Slp76 complex assembly and PLC-γ
activation. This reduces downstream signaling through the Ca2+, MAP kinase, and

NF-κB pathways, leading to impaired proliferation and cytokine secretion. Vav-1�/

� mice also display a partial block in thymocyte development. While these data

leave little doubt that Vav is critically important for T cell activation, it is difficult

to distinguish a role for Vav GEF activity in the direct activation of Rac or Cdc42

from a role as an essential scaffold within the LAT-Slp76 complex. Recently, this

issue was addressed by reconstituting Vav-deficient primary T cells with a mutant

of Vav-1 lacking GEF activity (Miletic et al. 2009). Surprisingly, this protein

completely rescued T cell development and function. Although this result remains

controversial, it has clearly cast doubt on the notion that Vav GEF activity is

required for the establishment and maintenance of IS structure.

T cells also express Dock2, a Rac-specific GEF from the atypical CDM (CED-5,

Dock180, myoblast city) family (Cote and Vuori 2007). Members of this family

contain a GEF module called the DHR-2 (for Dock homology region 2) domain in

addition to a conserved DHR-1 domain that binds to phosphatidylinositol

trisphosphate (PIP3). Certain CDM proteins, including Dock2, also associate con-

stitutively with the adaptor Elmo, which stabilizes their expression and promotes
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their activity. T cells lacking Dock2 form miniaturized synapses that mediate

suboptimal adhesion to the APC (Le Floc’h et al. 2013), indicative of a crucial

role for the protein in synaptic F-actin dynamics. This structural phenotype is

associated with dramatic reductions in both basal- and TCR-induced Rac activation

(Le Floc’h et al. 2013; Sanui et al. 2003), as one would expect for a Rac-specific

GEF. Importantly, other TCR-driven signaling events, including AKT phosphory-

lation, Ca2+ flux, and centrosome polarization, are unaffected by loss of Dock2,

indicating that the disruption in IS architecture is not secondary to a defect in

upstream TCR signaling. Consistent with this interpretation, the Dock2-Elmo

complex does not localize in TCR microclusters, but rather in the periphery of

the IS, overlying the F-actin ring (Le Floc’h et al. 2013) (Fig. 11.3). Hence, Dock2

specifically coordinates the actin cytoskeleton downstream of TCR proximal sig-

naling events.

Recent studies have indicated that the synaptic accumulation pattern of Dock2 is

dictated by PIP3, which engages Dock2 via its DHR-1 domain (Le Floc’h
et al. 2013). PIP3 forms a striking annular gradient in the mature IS that superim-

poses with F-actin (Fig. 11.3). Blocking PIP3 production with PI3K inhibitors or

shRNA against key PI3K isoforms prevents Dock2/Elmo recruitment to the IS,

reduces IS size, and abrogates TCR-induced Rac activation. Conversely, suppres-

sion of PTEN, a lipid phosphatase that antagonizes PI3K signaling in multiple

contexts, enhances Rac activation and IS growth. Interestingly, inhibition or sup-

pression of PI3K also disrupts F-actin ring formation, a phenotype that is not

observed after depletion of Dock2. This suggests that other PIP3-dependent regu-

lators collaborate with the Dock2–Elmo complex to shape F-actin at the IS. In that

regard, it is interesting to note that PI3K activity has also been linked to the

activation of cofilin, an actin regulator that is required for IS formation and

downstream effector responses (Samstag et al. 2013; Wabnitz et al. 2006).

Although there is some debate on the subject (Alcazar et al. 2007), most studies

indicate that TCR-induced PIP3 production is mediated by class IA PI3K isoforms

(Garcon et al. 2008; Le Floc’h et al. 2013; Sauer et al. 2008). These heterodimeric

enzymes contain one of three catalytic subunits (p110α, p110β, or p110δ) paired
with a regulatory subunit in the p85/p55 family (Fruman and Bismuth 2009).

p85/p55 proteins bear two SH2 domains that enable recognition of sequences

containing phosphotyrosine (pTyr), and they generally couple PI3K activity to

tyrosine kinase signaling pathways. Imaging experiments have demonstrated that

class IA PI3K isoforms are recruited to TCR microclusters (Le Floc’h et al. 2013),

which contain a number of pTyr containing proteins that can interact directly with

p85 (Shim et al. 2004, 2011; Zhang et al. 1998). This process likely stimulates PI3K

activity, as well, as it is known that p85/p55 engagement can allosterically activate

the p110 subunit (Carpenter et al. 1993; Holt et al. 1994). PI3K is also regulated by

the GTPase Ras, which in its GTP-loaded form can bind to a specific domain in the

p110 subunit (Jimenez et al. 2002; Rodriguez-Viciana et al. 1994, 1996). Ras is

strongly activated by TCR signaling and plays an important role in driving prolif-

erative responses and cell survival (Genot and Cantrell 2000). Recent work has

demonstrated that Ras also functions as a cytoskeletal organizer. It is required for
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TCR-induced activation of PI3K, upregulation of Rac and cofilin, IS growth, and

F-actin ring formation (Le Floc’h et al. 2013; Wabnitz et al. 2006).

Taken together, these results are consistent with a model whereby TCR stimu-

lation induces recruitment of class IA PI3K isoforms into microclusters, where they

encounter activated Ras and generate PIP3. This PIP3 then recruits Dock2-Elmo to

the periphery of the IS in order to drive Rac-dependent actin polymerization,

thereby establishing the synaptic F-actin ring (Fig. 11.3). The incorporation of

class IA PI3K into TCR microclusters may, in part, explain why PIP3 accumulation

is annular; microclusters are more active in the periphery of the IS (Vardhana

et al. 2010; Varma et al. 2006; Yokosuka et al. 2005) and presumably generate more

PIP3 in this zone. There is evidence that the same pathway also controls synaptic

F-actin in natural killer cells (Sakai et al. 2013), indicating that this may be a

general mechanism for shaping cell–cell interactions in lymphocytes. PI3K-Dock2

signaling plays a well-established role in leukocyte migration by establishing a

protrusive leading edge lamellipodium (Fukui et al. 2001; Nishikimi et al. 2009;

Nombela-Arrieta et al. 2004). The implication of this pathway in IS formation

establishes a molecular link between these functionally disparate structures.

On stimulatory bilayers, robust F-actin ring formation requires co-engagement

of the integrin LFA-1 (Le Floc’h et al. 2013). Although the pathway(s) linking

integrins to synaptic F-actin are poorly understood, it has been shown in Jurkat cells

that simultaneous stimulation of the TCR and LFA-1 is required for robust Ras

activation at the plasma membrane (Mor et al. 2007). Hence, LFA-1 signaling, by

activating Ras, could promote PI3K activity at the membrane, leading to activation

of Rac in the IS periphery. Although this model is appealing, it is complicated by

evidence indicating that Rac can also function upstream of LFA-1. TCR signaling

drives the conversion of integrins from their bent, low affinity states to their

extended, high affinity conformations, thereby enabling strong adhesion to the

APC (Kinashi 2005). This “inside-out” activation process depends on the GTPase

Rap1, a master regulator of integrin function. Studies have shown that WAVE2

induces the affinity maturation of LFA-1 by recruiting the Rap1 exchange factor

C3G (Nolz et al. 2008). Rac-WAVE2 signaling also contributes to integrin function

through the F-actin ring itself. Retrograde flow within this ring promotes LFA-1

clustering leading to stronger IS formation (Yi et al. 2012). Indeed, suppression of

Arp2/3 components affects integrin dependent adhesion and conjugate formation to

a similar extent as loss of WAVE2 (Gomez et al. 2007). Collectively, Ras-mediated

signaling from LFA-1 to PI3K-Dock2 together with WAVE2-mediated signaling

back to LFA-1 represents a putative positive feedback loop that couples integrin

engagement to Rac-dependent F-actin growth. One can envision this loop playing

an important role in locally accentuating adhesion and actin polymerization within

the IS periphery.

It is noteworthy that both centrosome reorientation and F-actin ring formation,

the signature cytoskeletal remodeling events associated with the IS, are guided by

synaptic lipid gradients: DAG for the centrosome and PIP3 for F-actin. This

remarkable mechanistic parallel highlights the value of lipid second messenger

signaling as a tool for patterning the cortical cytoskeleton. Lipid gradients can be
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formed quickly and are highly responsive to change (Swaney et al. 2010). As such,

they are ideal for propagating signals within a cellular “neighborhood” in order to

generate transient, polarized structures.

11.4 Purpose of Cytoskeletal Polarity at the T Cell IS

It was initially proposed that the large-scale clustering of TCR and LFA-1 observed

in the cSMAC and pSMAC, respectively, was required to transduce strong activat-

ing signals (Grakoui et al. 1999; Monks et al. 1998). Subsequent studies, however,

demonstrated conclusively that the synapse is a product of TCR signaling rather

than its cause (Bunnell et al. 2002; Lee et al. 2002). That being the case, what

purpose does it serve? The cellular reorganization that accompanies IS formation

polarizes the T cell toward the APC and redistributes key organelles. This contrib-

utes to T cell activation in at least three important ways. First, it regulates the spatial

distribution of receptor complexes so as to achieve optimal signal duration. Second,

it enables the directional secretion of soluble cytokines and cytolytic molecules

toward the APC, which preserves the specificity of effector responses. Finally, it

plays a key role in T cell differentiation by establishing a polarized framework for

asymmetric cell division. Below, we will discuss each of these features in turn.

11.4.1 The IS Regulates TCR Signaling

Concomitant with centrosome reorientation and F-actin ring formation,

microclusters containing activated TCR, LAT, Slp76, and a number of other

receptor-proximal signaling molecules begin to traffic toward the center of the IS

(Bunnell et al. 2002; Campi et al. 2005; Yokosuka et al. 2005). It is generally

thought that signaling from these microclusters is downregulated as they coalesce

into the cSMAC. Zap70 and Slp76 appear to dissociate prior to cSMAC formation,

and markers for active signal transduction, such as pTyr, are either absent or

substantially reduced in centralized clusters relative to their peripheral counterparts

(Campi et al. 2005; Yokosuka et al. 2005). Consistent with the idea that centrali-

zation reduces signaling, loss of CD2AP, a sorting protein required for cSMAC

formation, actually enhances T cell activation (Lee et al. 2003). Furthermore,

physically restraining centripetal microcluster motility appears to boost TCR sig-

naling (Mossman et al. 2005). Studies suggest that the cSMAC is a focal point for

the internalization and/or degradation of TCR signaling complexes. Markers for the

endosomal compartment and multivesicular bodies have been localized to this

central domain (Varma et al. 2006). In addition, both ubiquitin and TSG101, a

member of the ESCRT (endosomal sorting complex required for transport) family

of proteins, are required for cSMAC formation (Vardhana et al. 2010). The

microcluster centralization and downregulation process imposes a defined lifetime
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on each TCR signaling module. Hence, continuous formation of new peripheral

microclusters is likely to be required for sustained TCR signaling and maintenance

of the IS.

Microcluster dynamics depend almost entirely on the cytoskeleton. At the

periphery, centripetal motion is driven by retrograde flow of F-actin (Nguyen

et al. 2008; Varma et al. 2006; Yi et al. 2012). Indeed, the application of agents

that depolymerize F-actin, such as latrunculin A, arrests microcluster motility

within seconds. As microclusters approach the cSMAC, however, F-actin becomes

somewhat scarce. Recent work suggests that, in this zone, microclusters associate

with dynein and traffic along microtubules radiating outward from centrosome

(Hashimoto-Tane et al. 2011). Other studies suggest that dynein is not required

and that motility near the central domain results from NMII-dependent assembly of

peripheral F-actin into contractile arcs (Ilani et al. 2009; Yi et al. 2012). Still other

studies argue that NMII plays no role in either TCR signaling or microcluster

motility (Babich et al. 2012; Jacobelli et al. 2004). Additional work will obviously

be required to resolve these issues. It is worth noting, however, that certain features

of TCR microcluster centralization, including retrograde F-actin flow and dynein-

dependent trafficking, have also been implicated in the gathering and internaliza-

tion of receptor-bound antigen at the B cell IS (Harwood and Batista 2011;

Schnyder et al. 2011). Hence, centripetal motility and endocytosis are likely to be

conserved features of activating cell–cell contacts in lymphocytes.

Cytoskeletal polarity at the IS also appears to play an important role in the

replenishment of depleted signaling components. It has been known for some time

that the TCR and Lck are recycled back to the IS in intracellular vesicles (Das

et al. 2004; Ehrlich et al. 2002). The centrosome plays an important role in this

process by acting as a focal point for vesicular structures and thereby targeting them

to the synaptic membrane. Recent studies suggest that this process is decidedly

more complex than initially imagined. Indeed, whereas the TCR requires

synaptotagmin-7 and Ca2+ for its trafficking, Lck is transported in a Ca2+-indepen-

dent manner by vesicles containing the MAL protein (Soares et al. 2013). TCR

recycling also involves the intraflagellar transport (IFT) proteins IFT20, IFT57, and

IFT88 (Finetti et al. 2009). These factors are best known for their roles moving

molecules into and out of the primary cilium, a centrosome-based sensory structure

that is present in most eukaryotic cells but, interestingly, absent in lymphocytes

(Christensen et al. 2008). This result establishes an intriguing link between the

primary cilium and the IS and suggests that the IS may represent an alternative

cilium of sorts (Griffiths et al. 2010).

Other cell surface receptors also form microclusters at the IS, which share some,

but not all, of the dynamic properties exhibited by the TCR and its associated

proteins. Both LFA-1 and the costimulatory receptor CD28 form ligand-induced

clusters that traffic centripetally toward the center of the contact. Neither structure

incorporates into the cSMAC, however. LFA-1 clusters arrest in the pSMAC to

form a dense adhesion ring (Yi et al. 2012), while CD28 accumulates in a distinct

annulus between the pSMAC and the cSMAC (Yokosuka et al. 2008). The segre-

gation of CD28 and LFA-1 from the TCR may allow these receptors to escape the
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downregulation that occurs at the cSMAC and thereby signal in a more sustained

manner. Indeed, the profound dephosphorylation of signaling proteins observed for

centralized TCR microclusters is not observed in the CD28 annulus (Yokosuka

et al. 2008). The mechanistic basis for differential synaptic localization is in general

not well understood and remains an interesting topic for future investigation.

11.4.2 The IS Facilitates Polarized Secretion

The combination of centrosome reorientation and F-actin ring formation positions

vesicular organelles in close apposition to the relatively F-actin free plasma mem-

brane at the center of the IS. This is generally thought to enable directional secretion

toward the APC (Huse et al. 2013; Stinchcombe and Griffiths 2007). The molecular

machinery that mediates the release of cytokines and cytolytic factors from T cells

has been described in detail in recent publications (de Saint Basile et al. 2010;

Duitman et al. 2011; Stow and Murray 2013) and will not be discussed at length in

this chapter. We will focus instead on the purpose of directional secretion and the

role of synaptic architecture in guiding this process.

Directional release of cytokines into the synaptic space was first suggested by

imaging studies demonstrating that compartments containing nascent IL-2 and IL-4

accumulate just beneath the synaptic membrane (Kupfer et al. 1991, 1994)

(Fig. 11.4). These studies were consistent with experiments showing that T cells,

when attached to porous membranes coated with stimulatory antibodies, tend to

secrete cytokines through the membranes (Poo et al. 1988). It was later shown that

T cells use at least two directionally distinct pathways for cytokine secretion (Huse

et al. 2006). One pathway targets cytokines like IL-2 and IFNγ to the IS, while

another releases TNF-α and certain chemokines in an unpolarized, multidirectional

manner. This discovery suggested a mechanism by which T cells could shape the

scope of intercellular communication. Thus, molecules mediating “private” com-

munication between the T cell and the APC would be secreted synaptically.

Meanwhile “public” factors designed to affect cells distal to the T cell–APC

conjugate (e.g., inflammatory molecules or chemokines) would be released

multidirectionally. While this model is intellectually appealing, recent studies

have cast doubt on the notion that synaptic secretion actually constrains cytokine

diffusion. In ex vivo cultures of CD8+ CTLs and astrocytes, CTL-derived IFNγ was
observed to activate APCs at a great distance from the IS (Sanderson et al. 2012).

Similar observations were reported for CD4+ T cells using an in vivo model of

Leishmania major infection (Muller et al. 2012). It is possible that directional

secretion into the IS does limit the scope of cytokine-mediated communication in

certain contexts, where cell–cell adhesion is particularly tight or the amount of

secreted cytokine is very small. At the moment, however, the exact purpose of this

process is quite mysterious.

Cytolytic perforins and granzymes, for their part, are stored in specialized

secretory lysosomes called lytic granules (de Saint Basile et al. 2010). TCR
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stimulation induces the Ca2+-dependent trafficking of these granules toward the

centrosome, which delivers them to the IS (Beal et al. 2009). Once there, they fuse

with the synaptic membrane, releasing their contents into a “synaptic cleft” just

adjacent to the cSMAC (Stinchcombe et al. 2001) (Fig. 11.4). Secreted perforins

form membrane pores in the APC that induce, through a series of steps, the delivery

of granzymes into the cytoplasm, where they trigger apoptosis by cleaving a

number of substrates (Chowdhury and Lieberman 2008; Thiery et al. 2011). Unlike

cytokines, the effects of this targeted secretory event do remain localized. Only the

APC that is actively engaged by the CTL undergoes apoptosis. This specificity

probably reflects a predisposition of perforins to bind to the first membrane they

encounter (Pipkin and Lieberman 2007) rather than the ability of the IS to physi-

cally restrict their diffusion. Recent studies have shown that CTLs and NK cells are

capable of inducing APC death in the absence of centrosome polarization (Bertrand

et al. 2013; Chauveau et al. 2010). Taken together, these results suggest that

synaptic lytic granule exocytosis functions to ensure the safety of innocent

Fig. 11.4 Schematic diagrams of synaptic secretion. T cells are depicted in yellow, with the

centrosome as two orthogonal gray cylinders and microtubules as green lines. The APC is depicted

as a rectangular cell embedded in a line of bystanders. Above, directional secretion of lytic

granules (red) ensures the specific killing of the APC. Below, directional secretion of cytokine

(orange compartments) induces the selective activation of the APC and cells close to it (gradient of

brown colors)
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bystander cells rather than to focus the strength of cytolytic secretion. That being

said, there are indications that the IS, by virtue of its polarized cytoskeletal

architecture, can also enhance the power of each “lytic hit” (Le Floc’h
et al. 2013). CTLs lacking Dock2, which form small, weakly adhesive synapses,

display a marked reduction in killing potential. Conversely, suppression of PTEN,

which enhances IS size, dramatically increases both the speed and the efficiency of

cytotoxic responses. Importantly, loss of Dock2 or PTEN has no effect on

TCR-induced degranulation, indicating that the observed killing phenotypes are

not caused by changes in levels of secretion. Rather, these results suggest that

synaptic architecture, specifically the size and adhesive strength of the synaptic

F-actin ring, plays an important role in modulating cytotoxic efficiency. The

mechanistic basis for this relationship remains to be explored. One particularly

intriguing possibility is that the IS contributes an important physical component to

the killing process, either holding or deforming the APC in a manner that optimizes

the cytotoxic effects of degranulation. Investigating hypotheses like this will

require methods that enable the quantitative, high-resolution analysis of CTL–

APC interactions.

11.4.3 Polarity Promotes T Cell Differentiation

TCR activation induces robust T cell proliferation that occurs over a period of days.

Imaging studies have indicated that this proliferative burst begins while the T cell is

attached to its APC, implying that the IS might influence the cell divisions that

occur. Indeed, work from multiple labs suggests that these mitotic events are

oriented orthogonally to the IS and that they lead to asymmetric inheritance of

several key intracellular and cell surface proteins (Chang et al. 2007, 2011; Oliaro

et al. 2010) (Fig. 11.5). Conspicuous among these are the components of the

Par/PKCζ and Scribble/Dlg complexes, which are known to control asymmetric

division in other cell types. In dividing cells, Scribble/Dlg appears to localize to the

membrane facing the APC, whereas Par/PKCζ accumulates in the rear. Interest-

ingly, this accumulation pattern, which is observed after about 10 h of TCR

stimulation, is essentially the reverse of what is seen in early (~30 min) synapses,

which contain Par3 and phosphorylated PKCζ but exclude Scribble (Ludford-

Menting et al. 2005). The molecular mechanisms that drive this remarkable inver-

sion are not known. Regardless, these polarity complexes do appear to be important

for asymmetric T cell division. Pharmacological inhibition or siRNA-mediated

suppression of PKCζ, for example, abrogates the differential accumulation of

polarity determinants in dividing T cells (Chang et al. 2011; Oliaro et al. 2010).

Asymmetric cell division contributes to the differentiation of multiple cell types

by ensuring the unequal inheritance of key signaling proteins and transcriptional

regulators (Betschinger and Knoblich 2004). It appears to play a similar role in

naı̈ve T cells, which differentiate during their antigen-induced proliferative burst to

become either effector or memory cells. Effector cells are short-lived (1–3 weeks)
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and mediate rapid responses to pathogens, whereas memory cells persist for years

and confer protection against future infections. Studies have shown that the acqui-

sition of a robust memory pool is tightly correlated with asymmetric cell division

(Chang et al. 2007; King et al. 2012). The daughter cell oriented more proximally to

the IS appears to adopt an effector cell fate, whereas the distal daughter cell exhibits

the properties of a memory cell precursor. Recent results suggest that this distinc-

tion results, at least in part, from asymmetric partitioning of the lineage specifying

transcription factor Tbet, which accumulates preferentially in the proximal daugh-

ter (Chang et al. 2011). This hypothesis remains to be rigorously tested, however.

Indeed, there is much about the mechanisms and physiological functions of T cell

asymmetric cell division that we still do not understand. It will no doubt be the

focus of intense research in the coming years.

11.5 Concluding Remarks

Although the field has made considerable progress, there is still a great deal that we

do not understand about the molecular mechanisms of T cell polarity. It remains

largely unclear, for example, how synaptic PKC activity is translated into centro-

some reorientation and also how cortical F-actin is cleared from the center of the

IS. Even less is known about how these processes contribute to T cell function in

physiological settings. In the coming years, it is our hope that a deeper mechanistic

understanding of the signaling pathways guiding microtubule and F-actin

remodeling at the IS will identify molecular handles that can be used for selective

perturbation of these processes in vivo. This should enable scientists to address the

real purpose(s) of synaptic T cell polarity during immune responses.

Fig. 11.5 Schematic diagram of asymmetric T cell division. The dividing T cell is shown above

and the boundary of the APC below. The centrosome is represented as two orthogonal gray
cylinders and microtubules as thick black lines. Asymmetric partitioning of cellular contents is

depicted as a separation of the T cell into red and blue halves
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Chapter 12

Homotypic Cell–Cell Interactions

and Apicobasal Polarity in Epithelial Cells

and Endothelial Cells

Benjamin Franz Brinkmann, Hüseyin Tuncay, and Klaus Ebnet

Abstract Epithelial and endothelial cells are embedded in sheets of cells and have

a pronounced apicobasal polarity. The development of apicobasal polarity is reg-

ulated by a conserved set of cell polarity proteins which regulate different aspects of

cellular polarization in various contexts. In epithelial and endothelial cells,

apicobasal polarity is initiated when cells start to form cell–cell contacts and long

before the cells have developed mature cell–cell junctions and have acquired a fully

polarized phenotype. Cell–cell adhesion has turned out to be intimately involved in

the regulation of polarization. In this chapter, we will highlight the molecular

mechanisms through which cell–cell adhesion molecules act in concert with cell

polarity proteins to regulate various aspects of cellular polarization in vertebrate

epithelial and endothelial cells.

Keywords Apicobasal polarity • Junctional adhesion molecule • Lumen

formation • Par proteins • Spindle orientation • Tight junctions

12.1 Introduction

Epithelial and endothelial cells are polarized cells with a distinctive asymmetry in

the plasma membrane. The asymmetry is characterized by a selective localization

of lipids and membrane proteins in the apical versus the basolateral membrane

(Simons and Fuller 1985), with the apical domain being defined as the membrane

domain that faces the free space and the basolateral membrane being defined as the

membrane that is in contact with either neighboring cells or with the extracellular

matrix (ECM) (Nelson 2003) (Fig. 12.1). This asymmetry in the plasma membrane,

also called apicobasal membrane polarity, is the basis for functional differences of

the membrane domains which in turn are the prerequisites for the functioning of the
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organ, such as uptake and vectorial transport of nutrients, formation of a selective

barrier for hydrophilic substances, or the regulated passage of cells during

inflammation.

The formation of membrane asymmetry is initiated when epithelial or endothe-

lial cells form cell–cell contacts. When polarizing epithelial cells are kept as single

cells in suspension, apical or basolateral marker proteins are evenly distributed

along the entire cell surface. Only when cells form cell–cell contacts these markers

segregate to the apical and basolateral membrane domains (Rodriguez-Boulan

et al. 1983; Wang et al. 1990). A new cell–cell contact area can also be generated

when single cells grown in a three-dimensional environment divide to generate two

daughter cells (Fig. 12.1). Cell–cell adhesion thus generates a cell surface area that

is in contact with other cells which allows the cell to distinguish this area from the

free cell surface area as a first step during the development of cell surface polarity.

Once established, these sites of cell–cell adhesion serve as targeting patches for the

delivery of proteins selectively localized at the bounded surfaces. Signals derived

from sites of cell–cell adhesion but also from cell–matrix adhesion regulate the

maturation of intercellular junctions when cells are grown in two dimensions or

when cells are grown in three dimensions. This chapter addresses the molecular

mechanisms through which adhesion molecules localized at epithelial and

a b

c

Fig. 12.1 Apicobasal membrane polarity in polarized epithelial cells. (a, b) The apical membrane

domain (red) is free of contact (a) and faces the lumen of lumen-containing organs (b); the

basolateral membrane domain (blue) faces other cells and the extracellular matrix. (c) Lumen

formation is initiated at sites of cell–cell contact. Polarization begins with the first cell division

which generates a first site of cell–cell contact (magenta). Apical membrane markers co-localize

with cell adhesion complexes (blue) at these contact sites. Lumenogenesis proceeds by separation

of the opposed membranes and segregation of cell adhesion complexes from apical membranes

forming apical (red) and basolateral (blue) membrane domains
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endothelial cell contacts contribute to the formation of stable cell–cell contacts and

the development of apicobasal polarity.

12.2 Homotypic Cell–Cell Contacts of Epithelial

and Endothelial Cells

Epithelial and endothelial cells form sheets in which individual cells are connected

to their neighbors through homotypic cell–cell contacts. On the basis of their

appearance at the ultrastructural level, their molecular composition, and their

biological function, several substructures can be distinguished within the cell

contacts, the tight junctions (TJ), adherens junctions (AJ), and desmosomes. The

TJs restrict the diffusion of molecules though intercellular junctions and are

responsible for the barrier function of epithelial or endothelial sheets (Schneeberger

and Lynch 2004). In addition, TJs prevent the intermixing of apical and basolateral

membrane domains, which is important to maintain surface polarity (van Meer and

Simons 1986). AJs serve to connect the intercellular junctions to the actin cyto-

skeleton (Gumbiner 1996) and play important role during tissue morphogenesis

(Gumbiner 2005). Finally, desmosomes are anchoring sites for intermediate fila-

ments which provide resistance to shearing forces to epithelial monolayers (Green

and Simpson 2007). In all three structures, the physical contact between adjacent

cells is mediated by cell–cell adhesion molecules, of which some build up the

barrier, some have a prominent role in mediating physical adhesion, and others have

primarily a regulatory role as signaling molecules. All adhesion molecules that are

localized at specific structures are directly associated with peripheral membrane

proteins through their cytoplasmic domains (Fig. 12.2). These interactions serve

several purposes: First, the recruitment of cytoplasmic proteins to the specific site

of cell–cell contact. Second, the formation of a cytoplasmic plaque structure to

bring various integral membrane proteins in close proximity to support their

interactions. Third, the generation of a physical link between cell surface and the

actin cytoskeleton. The adhesion molecules which have a prominent role in the

development of apicobasal membrane polarity will be discussed in more detail in

this chapter.

12.3 Adhesion Molecules at Tight Junctions

and Their Associated Cytoplasmic Proteins

The major family of integral membrane proteins at the TJs consists of proteins with

four transmembrane domains and includes occludin, claudins, and tricellulin.

Claudins form a family of 26 members in humans and undergo homophilic and

heterophilic interactions in cis and in trans. These cis- and trans-interactions result
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in the formation of the TJ strands, i.e., regions where the two outer membrane

leaflets of adjacent cells are in direct physical contact (Tsukita et al. 2001). The TJ

strands form a barrier for ions and small hydrophilic substances (Van Itallie and

Anderson 2006; Tsukita et al. 2008). Claudins as well as occludin associate with

members of the membrane-associated guanylate kinase (MAGUK) family of scaf-

folding proteins including zonula occludens (ZO)-1, ZO-2, and ZO-3 (Itoh

et al. 1999) (Fig. 12.2), and this interaction is most likely necessary for the assembly

of claudins into TJ strands. In the absence of these three MAGUK proteins,

claudin

JAM-A

occludin

CRB3

ZO-1

ZO-3 ZO-2

PATJ

Pals1

JAM-A

CAR

Par3

Par6

aPKC

CRB3

b-catenin

p120-catenin

a-cateninCadherin

Nectins

Afadin

Tight
Junctions

Adherens
Junctions

Fig. 12.2 Integral membrane proteins at tight junctions and adherens junctions. A number of

integral membrane proteins localize at tight junctions and adherens junctions of epithelial and

endothelial cells. The integral membrane proteins interact with cytoplasmic scaffolding proteins as

indicated by arrows. The major protein complexes at tight junctions are indicated by gray boxes.
In many cases, the cytoplasmic scaffolding proteins link the integral membrane proteins to the

actin cytoskeleton. Note that the protein–protein interactions depicted are dynamic and that the

composition of the major protein complexes at tight junctions as well as their interaction with

integral membrane proteins is subject to change depending on the state of junction maturation and

during junction remodeling
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epithelial cells fail to form TJ strands and to develop a functional epithelial barrier

(Umeda et al. 2006). The interaction between claudins and ZO proteins thus

illustrates one example that scaffolding proteins regulate the functional activity of

the integral membrane proteins.

A second family of adhesion molecules at TJs belongs to the CD2 subfamily of

the immunoglobulin (Ig) superfamily, the junctional adhesion molecule (JAM)

family (Ebnet et al. 2004). The JAM family consists of eight members (JAM-A,

JAM-B, JAM-C, JAM4, JAM-L, ESAM, CAR, CLMP). It should be noted that not

all JAMs are expressed by epithelial cells, and, among those which are, not all

localize at TJs. In addition, some (e.g., JAM-A) are enriched but not exclusively

localized at TJs. As opposed to claudins, JAMs are not components of the TJ

strands but localize to areas at TJs where the lipid bilayers of the adjacent cells

are not in a direct physical contact (Tsukita et al. 2001) (Fig. 12.2). The three JAM

family members JAM-A, JAM-B, and JAM-C directly interact with the polarity

protein PAR-3 (Ebnet et al. 2001, 2003) (Fig. 12.2). PAR-3 is a member of the

highly conserved PAR-3-aPKC-PAR-6 polarity protein complex which is involved

in the regulation of cell polarity in different contexts such as apicobasal polarity in

epithelial cells, neuronal polarity in neuronal cells, or directed cell migration in

epithelial cells and astrocytes (Macara 2004; Suzuki and Ohno 2006). The two PAR

proteins in this complex, PAR-3 and PAR-6, regulate the localization and the

activity, respectively, of aPKC. In the absence of Rho family GTPases, aPKC is

inactive. The binding of GTP-bound Cdc42 or Rac1 to PAR-6 results in a confor-

mational change of PAR-6 which releases aPKC from restraints and allows it to

adopt the active conformation (Yamanaka et al. 2001). As we will see below, the

direct interaction of PAR-3 with JAM-A most likely serves to recruit the PAR-3-

aPKC-PAR-6 complex to nascent cell junctions. This interaction represents an

example that adhesion molecules can act as positional cue for the localization of

the associated cytoplasmic protein.

Finally, a third integral membrane protein at epithelial TJs is the vertebrate

homologue of Drosophila Crumbs, called CRB3 (Tepass et al. 1990; Makarova

et al. 2003). Although the role of the extracellular domain of Crumbs has been

unclear for a long time, recent evidence indicates that Drosophila Crumbs

undergoes homophilic interaction in trans (Thompson et al. 2013). As opposed to

Drosophila Crumbs, vertebrate CRB3 has only a very short extracellular domain

consisting of 33 amino acids (AA), and it is unclear if this short extracellular

domain mediates homophilic interactions. CRB3 assembles another cell polarity

protein complex consisting of CRB3 and the two scaffolding proteins Pals1 and

PATJ (Roh et al. 2002) (Fig. 12.2). CRB3 contains a PDZ domain-binding motif at

its C-terminus through which it directly interacts with the PDZ domain of Pals1,

which in turn interacts with the multi-PDZ domain protein PATJ (Roh et al. 2002).

In addition to the interaction with Pals1, CRB3 also interacts with PAR-6

(Lemmers et al. 2004). It should be noted that CRB3 does not exclusively localize

to TJs, but is also localized at the apical membrane (Lemmers et al. 2004).
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12.4 Adhesion Molecules at Adherens Junctions and Their

Associated Cytoplasmic Proteins

AJs contain two families of adhesion molecules, cadherins and nectins (Pokutta and

Weis 2007; Takai et al. 2008). Classical cadherins contain five characteristic ~110

amino acid domains in the extracellular part of the protein, and E-cadherin is a

prototypic member of classical cadherins that is expressed in epithelial cells. In the

presence of Ca2+, the cadherin ectodomains interact in trans to mediate trans-
homophilic interactions and to promote mechanical cell–cell adhesion (Brasch

et al. 2012). In addition, the extracellular domains interact in cis resulting in clusters
of oligomers which explain the parallel alignment of the plasma membranes from

apposed cells in AJs (Harrison et al. 2011). The cytoplasmic domain of E-cadherin

associates with two members of the armadillo family of proteins, p120ctn and

β-catenin, through the juxtamembrane and the C-terminal domain of the cytoplas-

mic domain, respectively (Fig. 12.2). The interaction with β-catenin serves to link

the AJs to the actin cytoskeleton, probably through the actin-binding proteins

α-catenin and EPLIN, whereas the association with p120ctn regulates the stability

and turnover rate of E-cadherin at cell–cell contacts (Pokutta and Weis 2007; Abe

and Takeichi 2008). The coupling of sites of cell adhesion to the underlying actin

cytoskeleton by β-catenin is required to help in the organization of cell structure as

well as during morphogenesis to transmit forces within the epithelial tissue. The

second family of adhesion molecules that is localized at AJs comprises the Ig-SF

members nectins (Takai et al. 2008) (Fig. 12.2). Nectins contain three Ig-like

domains, form cis-dimers through the second Ig domain, and undergo trans-
homophilic and heterophilic interactions through the first, membrane-distal Ig

domain (Aricescu and Jones 2007). The large number of possible homophilic and

heterophilic interactions between nectins and nectin-like molecules probably serves

to regulate cell–cell interactions in different tissues and between different cells

types (Rikitake et al. 2012). Similar to JAMs, nectins contain a PDZ domain-

binding motif at the C-terminus through which they can interact with PDZ

domain-containing proteins. The major nectin-binding protein is afadin, a scaffold-

ing protein with a C-terminal F-actin-binding region (Mandai et al. 1997; Takahashi

et al. 1999). One function of afadin is to connect nectins to the underlying actin

cytoskeleton.

12.5 The Process of Cell–Cell Contact Formation

The formation of new epithelial cell–cell contacts is a process that occurs during

embryonic development. The majority of epithelial cells are generated by elonga-

tion and branching of the primary epithelial-like sheets derived from the ectoderm

and the endoderm. However, a number of epithelial sheets originate from mesen-

chymal cells in the mesoderm including the endothelium, the tubular cells of the
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kidney, the epithelial cells in male and female reproductive tracts, or the

trophectoderm during implantation of the embryo (Ekblom 1989). Mesenchymal

cells are not directly attached to each other, are highly motile, and display no

apicobasal polarity. In contrast, epithelial cells are embedded in a cellular sheet

through cell–cell contacts, display a prominent apicobasal membrane polarity, and

are sessile. The transition from a mesenchymal cell into an epithelial cell—also

called mesenchymal to epithelial transition (MET)—is accompanied by the forma-

tion of new cell–cell contacts, altered interaction with the extracellular environ-

ment, and a dramatic change in cell morphology. The reverse process, epithelial to

mesenchymal transition (EMT), also occurs during embryonic development and

regulates mesoderm formation, neural crest formation, or the formation of the

cardiac valves or neural derivatives (Thiery and Sleeman 2006; Yang andWeinberg

2008). Importantly, both MET and EMT contribute to the development and pro-

gression of carcinoma, whereby EMT allows cells to escape from the primary site

and adopt a migratory phenotype and MET allows these cells to form cellular

aggregates and metastases at remote sites (Yang and Weinberg 2008).

The process of MET cannot be mimicked in vitro as it is a dynamic process and

regulated by a plethora of signals present in the embryonic tissue. However, several

aspects of MET can be addressed experimentally using epithelial cell lines. A

frequently used cell line is the kidney-derived Madin-Darby canine kidney cell

line (MDCK). MDCK cells share many aspects of polarized epithelial cells, such as

stable cell–cell contacts, formation of a monolayer with barrier-forming TJs,

apicobasal membrane polarity, and the development of cysts when grown in a

three-dimensional matrix (Simons and Fuller 1985; O’Brien et al. 2002). The new

formation of cell–cell contacts can be induced by seeding cells at a low density or

alternatively by mechanically introducing an artificial wound into the monolayer

and to allow the cells to close the gap (Adams et al. 1996; Yonemura et al. 1995).

When cells are fixed and stained at different time points after seeding or wounding,

the process of junction formation can be analyzed by the appearance of cell

adhesion molecules and their associated cytoplasmic proteins at the nascent con-

tacts. This approach has led to the model of a stepwise formation and maturation of

cell–cell junctions (Fig. 12.3), according to which opposing cells first form numer-

ous transient contacts which are subsequently stabilized to form adhesive micro-

domains or “puncta” (McNeill et al. 1993; Adams et al. 1996). Puncta contain

several proteins which in mature junctions are localized at AJs, which has led to the

term “primordial, spotlike adherens junctions” (pAJs) (Yonemura et al. 1995).

After some time, the puncta-like contacts spread along the opposed membranes

by a zippering activity, resulting in a linear appearance of cell–cell junctions.

Finally, when cells have assembled stable, linear cell–cell junctions, the junctions

mature in vertical direction, and proteins start to segregate from each other,

resulting in the formation of specific substructures like TJs, AJs, and desmosomes.
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12.6 The Role of Cell Adhesion Molecules During Cell–Cell

Contact Formation and Development of Apicobasal

Polarity

Scratch-wounding assays or sparse cell seeding combined with immunofluores-

cence microscopy has revealed a stepwise appearance of adhesion molecules and

peripheral membrane proteins at sites of cell–cell contact during contact formation

(Fig. 12.3). Among the first proteins which are detectable at the pAJs are the

adhesion molecules E-cadherin, JAM-A, and nectin-2 but also the peripheral

membrane proteins α-catenin, β-catenin, afadin, and ZO-1 (Adams et al. 1996;

Yonemura et al. 1995; Asakura et al. 1999; Ando-Akatsuka et al. 1999; Ebnet

et al. 2001). All peripheral membrane proteins are binding partners for one or more

adhesion molecules. For example, E-cadherin interacts with α-catenin and

β-catenin (Pokutta and Weis 2007), JAM-A interacts with afadin and ZO-1

(Ebnet et al. 2000), and nectin-2 interacts with afadin (Takahashi et al. 1999). As

individual pAJs are associated with a bundle of actin filaments (Adams et al. 1996),

the interaction with the cytoplasmic proteins that contain actin-binding sites serves

to strengthen and stabilize initially weak cell–cell contacts. It is unclear if in each

molecular pair the adhesion molecule recruits the cytoplasmic partner or if vice

versa the cytoplasmic protein recruits the adhesion molecule. Recent studies

E-cadherin, α-catenin
JAM-A, ZO-1

Nectin-2, Afadin

Occludin Claudin-1
Par3
aPKC
Par6

MIGRATION PRIMORDIAL AJ
(“PUNCTA“)

JUNCTION
ELONGATION

MATURE
JUNCTIONS

Fig. 12.3 Stages of cell–cell contact formation. Migrating epithelial cells form dynamic pro-

trusions to sample the environment for other epithelial cell surfaces. Upon encountering pro-

trusions of cells in close proximity, cell adhesion molecules like E-cadherin, JAM-A, or nectin-2

stabilize these contacting membrane areas by homophilic and perhaps heterophilic interactions,

which leads to the formation of primordial, spotlike AJs or “puncta.” Stabilization of cell–cell

contacts is further enhanced by the association of the adhesion molecules with actin filaments,

which is mediated by cytoplasmic proteins like α-catenin, ZO-1, or afadin. Subsequently, the
spotlike contact sites gradually fuse to more linear patterns of cell junctions, and concomitantly

new molecules are recruited into the maturing intercellular junctions. Occludin is recruited after

pAJs have formed but before claudins and before members of the Par polarity protein complex.

The recruitment and activation of the Par complex is a key step for the development of pAJs into

mature junctions. The green bar reflects the increase in the contacting membrane area during

junction maturation
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showed that the ectodomain of E-cadherin is sufficient to localize at pAJs and to

stimulate pAJs formation, suggesting that cytoplasmic interactions are not required

for its stable localization at pAJs (Ozaki et al. 2010; Hong et al. 2010). On the other

hand, some evidence exists that afadin recruits the adhesion molecules JAM-A and

nectin-2 to intercellular junctions, at least in heterologous expression systems

(Ebnet et al. 2000; Takahashi et al. 1999). So it might depend on the adhesive

strength of an adhesion molecule if its stable localization at pAJs requires cyto-

plasmic interaction. Following this initial localization at pAJs, the next integral

membrane protein that is recruited is occludin (Ando-Akatsuka et al. 1999)

(Fig. 12.3). Occludin has most likely a signaling activity during the formation of

TJs (Yu et al. 2005). Its early localization at pAJs shortly after the onset of

maturation therefore suggests that it also might have a signaling role during

maturation of early cell junctions. After the localization of occludin at maturing

cell–cell junctions, the next adhesion molecule that appears is claudin-1 (Suzuki

et al. 2002). Claudins might be recruited through their association with ZO-1 or the

related ZO-2 and/or ZO-3, since ZO proteins are also required to assemble claudins

into TJ strands (Umeda et al. 2006). Interestingly, the PAR polarity protein com-

plex is recruited considerably later than the molecules to which the PAR complex

can bind, i.e., JAM-A and nectin-2 (Suzuki et al. 2002). PAR-3 appears simulta-

neously with claudin-1, and probably with a further delay, PAR-6 and aPKC appear

at cell–cell junctions which have adopted now a clear linear arrangement (Suzuki

et al. 2002).

The PAR complex most likely plays a central role for the maturation of pAJs into

functional intercellular junctions of polarized epithelial cells. Expression of a

dominant-negative mutant of aPKC does not affect the formation of pAJs, but

blocks their maturation into linear junctions (Suzuki et al. 2001, 2002). Therefore,

the correct localization and local activation of the PAR polarity complex at pAJs is

critical for the development of functional intercellular junctions. Based on the

current literature, the following model can be proposed which illustrates the

functions of cell adhesion molecules in the process of cell–cell contact formation

and the development of apicobasal polarity. In contact-naı̈ve migrating cells, the

cells sample the environment by forming long protrusions (Yonemura et al. 1995).

These protrusions are transient and will be retracted unless adhesion molecules

expressed at their tips or along their sides undergo homophilic interaction with

protrusions from other cells. The association of the adhesion molecules with actin

filaments through cytoplasmic proteins like α-catenin, ZO-1, or afadin probably

contributes further to their stabilization. Once stable pAJs have been formed, the

adhesion molecules now have additional functions. One of these functions is to

recruit the PAR complex to the stabilized pAJs, and this function is most likely

mediated by JAM-A (Ebnet et al. 2001). Since PAR-3 and aPKC appear with

slightly different kinetics, it is assumed that PAR-3 is recruited first by JAM-A to

generate a platform for the recruitment of PAR-6-aPKC and thus for the assembly

of a PAR-3-aPKC-PAR-6 complex at pAJs (Suzuki et al. 2002). After its assembly

at pAJs, the PAR complex is activated by the binding of Cdc42 or Rac1 to PAR-6

(Yamanaka et al. 2001; Joberty et al. 2000; Lin et al. 2000). How these two Rho
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family GTPases are activated is incompletely understood. However, it is very likely

that adhesion molecules present at pAJs trigger their activation. E-cadherin can

activate Rac1 (Nakagawa et al. 2001; Kovacs et al. 2002; Ehrlich et al. 2002;

Yamada and Nelson 2007). Intriguingly, active Rac1 is concentrated at the earliest

sites of cell–cell contacts, and its activity diminishes at more mature cell–cell

contact regions (Ehrlich et al. 2002; Yamada and Nelson 2007; Kitt and Nelson

2011), suggesting that Rac1 activity is particularly important during the first steps

of junctional maturation. However, Cdc42 cannot be excluded as alternative acti-

vator of the PAR complex at pAJs. Cdc42 can principally be activated by nectins

(Fukuhara et al. 2004; Fukuyama et al. 2005), and Cdc42 is required for junction

formation (Yamanaka et al. 2006; Du et al. 2009; Elbediwy et al. 2012), but a

localization at pAJs has not been demonstrated yet.

The next step in the process is the regulation of junctional maturation by

activated aPKC. The identification of aPKC substrates is key to the understanding

of this process. Among the substrates identified so far is the Ser/Thr kinase PAR-1

(Hurov et al. 2004; Suzuki et al. 2004). Phosphorylation by aPKC results in a

protein 14-3-3-dependent removal of PAR-1 from the membrane (Hurov

et al. 2004; Suzuki et al. 2004) and thus in a PAR-1-free membrane compartment.

At the same time, the phosphorylation of PAR-3 by PAR-1 results in inactivation of

the PAR-3-aPKC-PAR-6 complex (Benton and St Johnston 2003). This reciprocal

phosphorylation between PAR-1 and the PAR-3-aPKC-PAR-6 complex provides

the basis for a biochemical mechanism to generate membrane asymmetry. A second

aPKC substrate is PAR-3 (Nagai-Tamai et al. 2002). aPKC phosphorylates

PAR-3 at Ser827, and this phosphorylation reduces the stability of the ternary

PAR-3-aPKC-PAR-6 complex, suggesting that a Par-6-aPKC unit operates inde-

pendently of PAR-3 once aPKC is activated. Interestingly, in Drosophila epithelial
cells, the phosphorylation of PAR-3/Bazooka by aPKC is necessary to establish a

boundary between apical domain and lateral domain (Morais-de-Sa et al. 2010).

Although not demonstrated yet for vertebrate epithelial cells, it is likely that aPKC-

mediated phosphorylation of PAR-3 plays a key role in the establishment of

apicobasal membrane polarity in epithelial cells. Another aPKC substrate is the

protein Numb (Smith et al. 2007). Phosphorylation of Numb by aPKC prevents the

diffusion of Numb into the apical membrane domain (Smith et al. 2007). Whether

Numb plays a regulatory role for junctional maturation is unclear. The fourth

substrate of aPKC during junction formation is JAM-A (Iden et al. 2012). JAM-A

is phosphorylated by aPKC at Ser285 in cells, and this phosphorylation regulates

the timely maturation of cell–cell junctions. Interestingly, JAM-A present at pAJs is

not phosphorylated at Ser285, and phosphorylation at Ser285 only occurs after the

recruitment of aPKC to slightly more mature junctions. How Ser285-

phosphorylated JAM-A regulates junctional maturation is unclear, but it is likely

that phosphorylated JAM-A recruits cytoplasmic proteins that might promote the

maturation through unknown mechanisms. JAM-A phosphorylation not only regu-

lates junction maturation but also epithelial barrier function, indicating that JAM-A

phosphorylation by aPKC regulates the formation of functional TJs as well (Iden

et al. 2012).
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Interestingly, the development of cell surface polarity starts very early and

almost simultaneously with the formation of E-cadherin-based cell–cell contacts.

Studies with aquaporin-3 (AQP-3) and AQP-5, which are markers for the

basolateral and the apical membrane domain, respectively, have shown that

AQP-3 but not AQP-5 co-distributes with E-cadherin at early cell–cell contact

sites (Nejsum and Nelson 2007). Components of the cellular machinery which

regulates vesicle trafficking from the post-Golgi network to specific sites at the

membrane, such as microtubules and the exocyst and SNARE complexes, localize

to nascent cell–cell contacts similarly early (Nejsum and Nelson 2007). These

observations thus indicate that E-cadherin sites of cell adhesion provide an extrinsic

signal to generate a targeting patch for various components of polarized protein

transport, such as microtubules, the exocyst, and SNARE complexes, for the

selective targeting of basolateral proteins. They also indicate that cell surface

polarization is initiated already at the level of early cell–cell contact formation,

long before cells have developed fully mature intercellular junctions.

In summary, adhesion molecules play several important roles during formation

and maturation of cell–cell contacts. The first important function is the formation of

the first sites of cell–cell contacts through homophilic interactions and their stabi-

lization by association with actin fibers through adapter proteins. E-cadherin,

JAM-A, and nectin-2 interact with actin-binding proteins and could mediate this

function. The second function is the recruitment of key regulators of cell–cell

contact maturation to pAJs, and this function regulates the localization of the

regulatory machinery at the right sites. JAM-A as recruiter of the PAR-aPKC

complex is one example. The third important function is the activation of the

regulatory machinery at the correct subcellular localization. E-cadherin is the

major candidate molecule to activate aPKC through its ability to activate Rac1.

Finally, as a fourth function, adhesion molecules might also influence the levels of

their associated proteins at the transcriptional, translational, or posttranslational

level. Recent evidence indicates that CRB3 regulates the levels of the two CRB3

complex members Pals1 and PATJ but not of other proteins at TJs like occludin or

ZO-1 (Whiteman et al. 2013).

After the establishment of stable cell–cell junctions and the formation of func-

tional TJs, the role of cell adhesion molecules for apicobasal polarity is less well

understood. One role might still be to localize cytoplasmic proteins to sites of cell–

cell adhesion. However, it seems that in fully polarized cells, the complexity of

protein interactions is much higher than during the process of junction formation

(Hurd et al. 2003b; Wells et al. 2006), which might allow many proteins to be

localized to TJs even in the absence of their direct interaction with an integral

membrane protein. A still unresolved issue is the nature of the intramembrane

diffusion barrier which in vertebrate epithelial cells is localized at the TJs. Cells

lacking the ZO proteins ZO-1, ZO-2, and ZO-3 have no TJ strands; the

TJ-associated cell adhesion molecules claudins, occludin, and JAM-A are not

present at cell contacts; and the barrier function for the paracellular diffusion of

small hydrophilic molecules is completely lost (Umeda et al. 2006). Surprisingly,

the intramembrane diffusion barrier is unaffected by the loss of TJ strands (Umeda
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et al. 2006). This indicates that apicobasal membrane polarity does not depend on

the presence of TJ strands. It is therefore unclear how intramembrane diffusion is

regulated. The diffusion could have a physical nature as suggested for the diffusion

barrier at the axonal hillock of neurons (Nakada et al. 2003) or could be purely

biochemical in nature as described for the mutual exclusion of PAR proteins (Hao

et al. 2006; Benton and St Johnston 2003; Morais-de-Sa et al. 2010; Hurd

et al. 2003a; Hurov et al. 2004; Suzuki et al. 2004).

12.7 Loss of Cell–Cell Adhesion and Cell Polarity

During EMT

As pointed out before, EMT is a process during which cells convert from a static

epithelial to a migratory mesenchymal phenotype, and when inappropriately acti-

vated, EMT can contribute to cancer metastasis (Yang and Weinberg 2008).

Hallmarks of EMT are a loss of cell–cell adhesion and a loss of apicobasal polarity.

Stimuli which trigger EMT frequently target cell adhesion molecules as well as cell

polarity proteins.

EMT can be triggered by a variety of extracellular signals, including soluble

growth factors like members of the transforming growth factor (TGF)β family, of

the fibroblast growth factor (FGF) family, of the epidermal growth factor (EGF)

family, or of the Wnt family, which cooperate with signals derived from the

ECM-like hyaluronic acid or collagen (Thiery and Sleeman 2006). The activation

of intracellular signaling pathways by these factors results in the activation of

transcription factors of the Snail and ZEB families which in turn can repress the

expression of proteins that regulate cell–cell adhesion. The primary target of these

transcription factors is E-cadherin (Cano et al. 2000; Comijn et al. 2001; Peinado

et al. 2007), and the loss of E-cadherin together with the new expression of

mesenchymal markers like the intermediate filament protein vimentin is a hallmark

of EMT (Thiery and Sleeman 2006). Reduced levels of E-cadherin will not only

affect cell cohesion but also trigger new gene expression as a result of enhanced

β-catenin-dependent nuclear signaling through LEF/TCF4 transcription factors.

However, E-cadherin is not the only adhesion molecule that is targeted for repres-

sion during EMT. The transcription factor ZEB1 represses the genes encoding

occludin, tricellulin, claudin-7, CRB3, and JAM-A (Aigner et al. 2007). Among

these, CRB3 has been found to be negatively regulated by Snail at the level of

protein stability as well, probably through a mechanism that involves differential

glycosylation of CRB3 (Harder et al. 2012). It should be noted that the repression of

adhesion molecule gene expression during EMT may not only be regulated by

direct repression of target genes but also indirectly by upregulation of certain

microRNA (miRNA) species. The two miRNAs miR-9 and miR-661 which target

E-cadherin and nectin-1, respectively, were found to be upregulated during EMT

(Ma et al. 2010; Vetter et al. 2010). Together these observations indicate that a
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number of cell–cell adhesion molecules are subject to downregulation during EMT,

suggesting an important role of these molecules for the maintenance of the epithe-

lial phenotype. This is further supported by the recent observations that the adhe-

sion molecules claudin-3 and claudin-4 prevent mesenchymal characteristics by

positively regulating the levels of E-cadherin and negatively regulating the expres-

sion of the EMT transcription factor Twist (Lin et al. 2013).

In most cases, the mechanisms through which cell adhesion molecules regulate

EMT are incompletely understood. However, in the case of occludin, a mechanism

has been delineated that underlines the intimate relation between cell adhesion

molecules and cell polarity proteins and their role during EMT. TGFβ induces EMT

by signaling through the two TGFβ receptors TβRI and TβRII (Huber et al. 2005).
One of these two receptors, TβRI, is directly associated with occludin, thereby

recruiting TβRI to TJs (Barrios-Rodiles et al. 2005). TGFβ induces a heterodi-

merization of TβRI and TβRII, resulting in the formation of an active TβR complex.

Interestingly, TβRI is also directly associated with PAR-6, which allows a direct

phosphorylation of PAR-6 at Ser345 by the TβR complex (Ozdamar et al. 2005).

Ser345 phosphorylation of PAR-6 results in the recruitment of the ubiquitin ligase

Smurf1 which triggers the localized ubiquitination and subsequent degradation of

RhoA (Ozdamar et al. 2005). Since TJ integrity depends on RhoA activity (Terry

et al. 2011), the local degradation of RhoA results in the dissolution of TJs as a step

contributing to EMT. The association of occludin with TβRI highlights one princi-
pal mechanism through which cell adhesion molecules regulate the formation or

dissolution of epithelial cell–cell contacts, which is the recruitment of signaling

molecules to specific subcellular sites.

It should be noted that many of the findings regarding the molecular mechanisms

underlying EMT have been obtained from cultured cells that were stimulated

in vitro with specific factors. As mentioned above, epithelial cells in vivo are

exposed to a much wider variety of stimuli, and the effect of a given EMT inducer

depends on the context. Nevertheless, the demonstrated role of cell adhesion

molecules and cell polarity proteins during tumor development (Huber

et al. 2005; McSherry et al. 2009; Zhang et al. 2013); see also the book chapters

6, 7, and 8 of Vol. 2 of this book) strongly suggests that adhesion molecules

cooperate with cell polarity proteins during EMT.

12.8 Adhesion Molecules, Endothelial Polarity,

and Vascular Lumen Formation

Although endothelial and epithelial junctions share common features, there are

differences in junctional organization. Endothelial cells have AJs and TJs, but lack

desmosomes. In addition, while in polarized epithelial cells the TJs are at the

most apical sites of cell–cell contacts and the AJ are localized below, the two

types of structures are frequently intermingled in endothelial cells (Bazzoni and
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Dejana 2004). However, similar to epithelial cells which line the lumen in

lumenized organs such as in the kidney tubules or in the intestine, endothelial

cells lining the lumen of the blood and lymphatics vessels display apicobasal

membrane polarity, and the border between these two domains is most likely at

the most apicolateral region of the cell–cell contact.

As expected from the similarities between epithelial and endothelial cells, it is

not surprising that adhesion molecules were found to be involved in endothelial

lumen formation, which most likely reflects a role of these proteins in endothelial

polarization. Among the adhesion molecules identified are the three JAMs JAM-A,

JAM-B, and JAM-C. Interestingly, downregulation or inactivation of JAM-B or

JAM-C leads to impaired lumen formation in three-dimensional collagen matrices,

whereas the inactivation of JAM-A has the opposite effect. It has been suggested

that JAM-B and JAM-C are part of a lumen-regulating signaling complex

consisting of Cdc42, Par3, Par6B, MT1-MMP, and α2β1-integrin (Sacharidou

et al. 2010). Since endothelial polarity and lumen formation is the topic of a specific

chapter in this book, the reader is referred to chapter 9 of Vol. 1 of this book.

One interesting observation shall be discussed in more detail as it relates to one

specific function of adhesion molecules during the initiation of lumen formation.

Although demonstrated for vascular endothelial cells, the underlying molecular

mechanism might be applicable to epithelial lumen formation as well. The major

cell–cell adhesion molecule at endothelial cell–cell contacts is VE-cadherin

(Giannotta et al. 2013). Inactivation of the VE-cadherin gene in mice or gene

silencing in zebrafish lead to vascular defects and disturbed lumen formation

(Carmeliet et al. 1999; Montero-Balaguer et al. 2009). Recent studies imply that

VE-cadherin has a crucial role in establishing endothelial membrane polarity during

lumen formation (Fig. 12.4). During the development of the mouse aorta,

VE-cadherin is localized at cell–cell contacts in a cord of vascular cells and

marks the sites of cell–cell contact even in the absence of a lumen (Strilic

et al. 2009). VE-cadherin is required for the localization of the CD34-sialomucins

CD34 and podocalyxin at the cell–cell contacts, whose extracellular domains are

decorated with oligosaccharides that contain a large number of negatively charged

sialic acids (Nielsen and McNagny 2008). Once recruited and inserted in the

membrane, the negatively charged extracellular domains of the sialomucins result

in electrostatic surface repulsion leading to membrane separation and formation of

an intercellular space (Strilic et al. 2010). These repulsive forces seem to overcome

the adhesive forces mediated by trans-homophilic VE-cadherin interaction since

VE-cadherin relocalizes to the lateral regions of cell–cell contacts. The subsequent

recruitment of moesin and its phosphorylation by PKC links this membrane domain

to the F-actin cytoskeleton, which allows VEGF-A-induced shape changes through

nmMyosin II. As a result of these actomyosin-induced changes in the cell shapes,

the apical membrane domains separate further away from each other and the lumen

size increases (Zeeb et al. 2010). Consistent with these observations in the murine

aorta, a study in zebrafish shows that VE-cadherin and moesin are crucial for

polarization and lumen formation in intersomitic vessels and the dorsal aorta during

zebrafish development (Wang et al. 2010). In further support of VE-cadherin as

290 B.F. Brinkmann et al.



critical regulator of vascular lumen formation, downregulation of VE-cadherin in

cultured endothelial cells disturbs endothelial polarity and impairs lumen formation

in three-dimensional collagen gels (Hayashi et al. 2013). This activity of VE-cadherin

depends at least partially on its ability to interact with the cell polarity protein Par3,

Fig. 12.4 Mechanism of lumen formation in the developing mouse aorta. Lumen formation

requires stable intercellular junctions which are mainly mediated by VE-cadherin. The sialomucin

podocalyxin that is initially stored in vesicles is recruited by VE-cadherin to sites of cell–cell

adhesion. Repulsive forces generated by the negatively charged extracellular domains of

podocalyxin molecules from opposing cells induces the separation of the two membranes. At

the same time, VE-cadherin is relocalized from the center of the junctional region to the periphery.

The phosphorylation of the actin-binding protein moesin by PKC generates binding sites for

F-actin leading to the enrichment of F-actin at the newly formed apical membrane domain. Finally,

angiogenic growth factors such as VEGF induce the phosphorylation of the myosin regulatory

light chain (MLC) and the recruitment of nonmuscle myosin II to the apical F-actin cytoskeleton,

and the resulting actomyosin contractile activity results in endothelial shape changes required for

lumen formation. This model is based on Strilic et al. (2009)
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Par6, and Pals1 (Iden et al. 2006) (Brinkmann B.F. et al. unpublished observations).

VE-cadherin thus represents another example how adhesionmolecules cooperate with

cell polarity proteins to regulate apicobasal polarity and lumen formation.

12.9 Mitotic Spindle Orientation, Epithelial Polarity,

and Lumen Formation

Recently, an interesting link between mitotic spindle orientation and the process of

lumen formation has been uncovered (Jaffe et al. 2008). When epithelial cells are

cultured in a three-dimensional matrix of collagen or matrigel, they develop into

spheroid-like structures consisting of a single-layered epithelial sheet that sur-

rounds a fluid-filled single lumen (O’Brien et al. 2002). In individual cells,

PAR-3 localizes to the basolateral membrane, whereas PAR-6 and aPKC localize

to the apical membrane (Durgan et al. 2011), which is consistent with previous

studies showing that PAR-6-aPKC separate from PAR-3 after activation of the

complex by Cdc42 and/or Rac1 (Yamanaka et al. 2001). Surprisingly, knockdown

of Cdc42 as ubiquitous regulator of cell polarity and putative upstream regulator of

aPKC activity does not alter apicobasal membrane polarity but results in a

mislocalization of the mitotic spindle and in the formation of multiple ectopic

lumens (Jaffe et al. 2008). Ectopic lumens probably form as a consequence of a

mislocalized midbody when the mitotic spindle is misaligned. Under normal

conditions, the midbody distributes asymmetrically at the apical region of the

cleavage furrow (Reinsch and Karsenti 1994; Fleming et al. 2007). Assuming that

the midbody is the site of apical membrane patches deposition, its mislocalization

would trigger ectopic sites of apical membrane deposition and thus the develop-

ment of ectopic lumens. These observations therefore suggest that Cdc42 regulates

the stable interaction of aster microtubules with the lateral cortex to align the

spindle axis parallel to the plane of the cell sheet.

The planar orientation of the spindle is mediated through the stable interaction of

the microtubule plus ends with the lateral cortex. This interaction is mediated

through the dynein–dynactin motor protein complex, a microtubule minus

end-directed motor (Dujardin and Vallee 2002). Dynein–dynactin can interact

with cortical dynein-interacting proteins which are enriched at the midcortex, and

at the same time it can interact with the microtubule plus ends. The motor activity

results in tension toward the centrosome and in torque on the mitotic apparatus that

finally aligns the spindle apparatus in the plane of the sheet (Laan et al. 2012). Two

pathways have been described as to how the plus ends of the aster microtubules

stably interact with the lateral cell cortex during mitosis to align the spindle axis in

the plane of the epithelial sheet (Fig. 12.5). One pathway depends on a ternary

protein complex consisting of NuMA, LGN, and Gαi (Kotak and Gonczy 2013).

Dynein interacts with NuMA (Kotak et al. 2012), which interacts with LGN

(Du and Macara 2004). LGN can simultaneously interact with NuMA and with
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myristoylated, membrane-bound Gαi-GDP (Du et al. 2001; Du and Macara 2004;

Zheng et al. 2010) which is inserted in the membrane through myristoylation and

thus anchors the entire complex at the membrane. The second pathway is less well

understood. This pathway depends on the localization of the phosphoinositide

PtdIns(3,4,5)P3 as well as on the reorganization of the cortical actin cytoskeleton

(Toyoshima et al. 2007; Toyoshima and Nishida 2007; Mitsushima et al. 2009) at

the lateral midcortex. Cdc42 turned out as an upstream regulator of this pathway, as

Cdc42 is required for the generation of PtdIns(3,4,5)P3 through activation of PI(3)

K and is required to reorganize the actin cytoskeleton through p21-activated kinase

2 (PAK2) and the Rac1 GEF βPIX (Mitsushima et al. 2009). How PtdIns(3,4,5)P3

interacts with dynein/dynactin is still unknown.

Although cell–cell contacts have been proposed to regulate mitotic spindle

orientation in cell sheets almost two decades ago (Goldstein 1995), the nature of

the cell adhesion molecules that provide cortical cues for planar spindle orientation

has remained unclear. More recently, cadherins have been identified to regulate

planar spindle orientation in MDCK cells (den Elzen et al. 2009). E-cadherin and
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Fig. 12.5 Cell adhesion molecules and mitotic spindle orientation. Two mechanisms have been

described which involve the immobilization of the MT-associated dynein–dynactin motor protein

complex at the lateral cortex during mitosis. In the NuMA-LGN-Gαi pathway (top),
MT-associated dynein is connected to the cortex through a ternary complex consisting of

NuMA, LGN, and Gαi, in which Gαi is directly anchored to the lipid bilayer through

myristoylation. In the Cdc42-PI(3)K-PtdIns(3,4,5)P3 pathway (middle), dynein is recruited to

PtdIns(3,4,5)P3 through an as yet unidentified linker molecule. Extrinsic signals that regulate

planar spindle orientation include JAM-A, which operates through the Cdc42-PI(3)K-PtdIns

(3,4,5)P3 pathway, and E-cadherin and Cadherin-6, which cooperatively regulate spindle orien-

tation through a pathway which involves the adenomatous polyposis coli (APC) protein but not the

dynein–dynactin complex
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cadherin-6 act in a redundant manner to regulate the localization of adenomatous

polyposis coli (APC) at the cell–cell contacts. APC can interact with the microtu-

bule plus end-binding protein EB1 (Green et al. 2005). However, the cadherin-

dependent pathway of planar spindle orientation seems not to regulate the interac-

tion of the dynein–dynactin complex with the cortex as dynein–dynactin is not

mislocalized in cells expressing a dominant-negative mutant of E-cadherin (den

Elzen et al. 2009). Although the mechanisms on how cadherins regulate the planar

orientation of the mitotic spindle are still unclear, these findings support the role of

cell adhesion molecules during planar spindle orientation. We have recently iden-

tified an unexpected role for JAM-A during planar spindle orientation in polarized

epithelial cells (Tuncay et al., manuscript submitted for publication). We found that

JAM-A knockdown or ectopic expression of a dimerization-deficient JAM-A

mutant results in a multilumenal phenotype and in spindle misorientation when

MDCK cells are grown in a three-dimensional collagen gel, which is similar to what

has been observed upon Cdc42 knockdown (Jaffe et al. 2008). We also found that

JAM-A activates Cdc42 and PI(3)K during mitosis and regulates the cortical

localization of dynactin and of PtdIns(3,4,5)P3 at the cortex. These observations

thus indicate that the Cdc42-dependent pathway of planar spindle orientation is

regulated by JAM-A, and they identify JAM-A as the first adhesion molecule that

regulates the stable interaction of the dynein–dynactin complex with the cortex

during mitosis. It is to be expected that additional cell adhesion molecules will be

identified which regulate signaling events to govern the correct immobilization of

the aster microtubules at the lateral cortex.

12.10 Conclusion

Epithelial cell polarization is a highly dynamic process and involves a complex

series of signaling events that occur at the cell–cell contact sites. It starts with the

formation of early, primordial cell–cell contacts and is finished when cells have

developed fully mature intercellular junction with substructures such as TJs, AJs,

and desmosomes. Among these structures, the TJs are particularly important since

they present the boundary between apical and basolateral membrane domains and

harbor—even though molecularly not understood—the diffusion barrier for lipids

and intramembrane proteins. Adhesion molecules are involved in the development

of epithelial cell polarity at various steps of the process and through different

mechanisms. One important function of cell adhesion molecules is their ability to

interact in a trans-homophilic and trans-heterophilic manner which in combination

with their intracellular association with the actin cytoskeleton generates a mechan-

ically resistant sheet of cells. A second important function is their ability to interact

intracellularly with cell polarity proteins which regulates the correct subcellular

localization of the polarity regulators. This function as “positional cue” for cell

polarity proteins is probably among their most important functions for epithelial

cell polarization. A third function is their ability to stimulate signaling events,
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which is due to their property to interact with scaffolding proteins for signaling

molecules such as small GTPases and their regulators. In combination, the latter

two functions regulate the precise spatial activation of cell polarity regulators.

These different functions place cell adhesion molecules at a central position in

the process of epithelial and endothelial cell polarization.

According to this widely accepted model on the role of cell adhesion during

epithelial and endothelial polarization, cell adhesion initiates and is thus a prereq-

uisite for polarization. However, it should be noted that not all aspects of epithelial

cell polarity depend on the cell–cell adhesion and that some features of the

polarized state can develop in contact-naı̈ve cells. For example, absorptive epithe-

lial cells develop a dense array of microvilli at the apical membrane domain, the

brush border. The activation of the Ser/Thr kinase LKB1, originally identified as the

polarity regulator PAR-4 in C. elegans (Kemphues et al. 1988), in E-cadherin

mutant epithelial cells results in the rapid formation of the brush border which

normally develops at the apical membrane only after long-term culture at

confluency, and this occurs in single cells in the absence of cell–cell contacts

(Baas et al. 2004). In addition, activation of LKB1 also induces the relocalization

of junctional proteins around the periphery of the brush border as well as the sorting

of apical and basolateral markers to the apical membrane (defined by the position of

the brush border) and the basolateral membrane (defined as the membrane domain

excluded from the brush border), respectively. These findings indicate that some

aspects of epithelial cell polarity can develop in a cell-autonomous manner without

a need for cell–cell adhesion. A second aspect on the role of cell–cell adhesion

during cellular polarization that should be noted is the interrelation between cell

adhesion molecules and polarity proteins. According to the standard model, cell

adhesion drives polarization, but there are instances where polarity proteins seem to

act upstream of cell adhesion molecules. For example, the two cell polarity proteins

Pals1 and Scribble regulate the trafficking and stable localization of E-cadherin at

intercellular junctions (Wang et al. 2007; Lohia et al. 2012). In addition, the polarity

protein PATJ regulates endocytosis of CRB3, probably to fine-tune the levels of

CRB3 at apical cell contacts, and in addition PATJ restricts the localization of

occludin and ZO-3 to TJs (Michel et al. 2005). Together, these observations

indicate that the activity of cell polarity proteins may not only be secondary to

cell–cell contact formation, and they suggest that it might depend on the state of

polarization if cell adhesion precedes polarization or if polarity regulates adhesion.

These examples also illustrate that the process of cellular polarization is a highly

dynamic process that depends on feedback mechanisms. The most likely scenario is

that cell–cell adhesion is of particular importance during early steps of the polar-

ization process. Once the initial cell–cell contacts have been formed and polariza-

tion has been initiated, polarity proteins can regulate cell adhesion as a positive

feedback to reinforce the polarization process. Thus, cell adhesion molecules and

cell polarity proteins cooperate intimately to govern the complex process of epi-

thelial and endothelial cell polarity.
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Chapter 13

Cell–Cell Interactions, Cell Polarity,

and the Blood–Testis Barrier

Elizabeth I. Tang, Dolores D. Mruk, Will M. Lee, and C. Yan Cheng

Abstract The study of polarity and its role in cell–cell interactions, such as

spermatid polarity and adhesion in the seminiferous epithelium, and blood–testis

barrier (BTB) in the testis during the epithelial cycle of spermatogenesis in recent

years has yielded some unexpected and interesting observations. Similar to other

polarized tissues, Sertoli and germ cells in the seminiferous epithelium express

many of the component proteins of the Par-, Scribble- and Crumb-based polarity

protein complexes. These polarity proteins are working in concert with

non-receptor protein kinases, adhesion proteins, and cytoskeletons to confer sper-

matid and Sertoli cell polarity, and these proteins are also involved in germ cell

transport in the epithelium during the epithelial cycle. In this review, we summarize

the latest findings in the field. Based on the available data in the literature, it is

increasingly clear that polarity proteins are crucial in (1) conferring spermatid and

Sertoli cell polarity, (2) regulating spermatid adhesion and transport, and (3) regu-

lating BTB dynamics in the testis during the epithelial cycle. We also highlight

specific areas of research that deserve attention in future years. This information

should be helpful to investigators in other blood–tissue and epithelial barriers in the

field.

Keywords Blood–testis barrier • Cell polarity • Cell–cell interactions •

Ectoplasmic specialization • F-actin • Germ cell • Microtubule • Sertoli cell •

Spermatogenesis • Testis
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13.1 Introduction

13.1.1 Concept of Cell–Cell Interactions, Cell Polarity,
and the BTB in the Testis

The two major functions of the mammalian testis are to produce testosterone, a

hormone synthesized by the interstitial Leydig cells to maintain sexual character-

istics of the male, and spermatozoa in the seminiferous tubules for fertilization to

safeguard the continuation of a species. One man produces>300 million spermato-

zoa, as compared to ~10 and 50 million in a male mouse and rat, respectively, via

spermatogenesis each day following puberty until death (Auharek et al. 2011;

Johnson et al. 1980; Mauss and Hackstedt 1972). This thus illustrates there are

tightly regulated and robust cellular events that take place in the testis to maintain

this tempo of sperm output. Spermatogenesis is a complex cellular process, and it

can be divided into three discrete events: (1) mitosis, for self-renewal of spermato-

gonial stem cells (SSC) and spermatogonia; (2) meiosis, to ensure that the amount

of genetic material carried in each spermatid is half that of spermatocytes; and

(3) spermiogenesis, for the development of spermatids into functional spermatozoa,

such that during fertilization, the fusion of a single sperm and an ovum reconstitute

the genetic material similar to other somatic cells. These events all take place in the

seminiferous epithelium of the seminiferous tubule—the functional unit in the testis

that produces sperm—via the epithelial cycle of spermatogenesis (Fig. 13.1). These

events are supported by testosterone produced by Leydig cells in the interstitium

and also estrogen produced by Sertoli and germ cells (Sharpe 1994; O’Donnell
et al. 2001; Carreau and Hess 2010; Carreau et al. 2010; Verhoeven et al. 2010;

Wang et al. 2009; McLachlan et al. 2002; Mruk and Cheng 2004b). Recent studies

have shown that peritubular myoid cells in the tunica propria also play an important

role in supporting spermatogenesis (Welsh et al. 2009; Qian et al. 2013). It is

conceivable that there are extensive cell–cell interactions in the testis, in particular

at the Sertoli–Sertoli and Sertoli–germ cell interface (Fig. 13.2) during the epi-

thelial cycle of spermatogenesis (Fig. 13.1).

As noted in Fig. 13.2 illustrating the cross section of a typical seminiferous

tubule, such as in the rat testis, during the 14 stages of epithelial cycle from I

through XIV (Fig. 13.1), elongating/elongated spermatids are highly polarized cells

in which their heads are all pointing toward the basement membrane (BM) with

their tails toward the tubule lumen (Fig. 13.2), such that the maximal number of

developing spermatids can be packed in the tubule to allow the simultaneous

development of millions of germ cells. It is noted that spermatid polarity is affected

during toxicant- or drug-induced disruption in spermatogenesis such as following

treatments with cadmium or adjudin [1-(2,4-dichlorobenzyl)-1H-indazole-3-

carbohydrazide, a potential male contraceptive under development in our labora-

tory (Cheng et al. 2005, 2011a)] in which exposure of rats to these toxicants induces

misorientation of elongating/elongated spermatids in the epithelium (Cheng

et al. 2011b; Wong et al. 2008b). This loss of spermatid polarity appears to be
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related to the subsequent loss of spermatid adhesion in the epithelium, causing their

eventual departure from the testis prematurely (Wong and Cheng 2009; Wong

et al. 2008a), thereby leading to infertility (Siu et al. 2009; Mok et al. 2011).

Besides spermatids, Sertoli cells in the epithelium are also highly polarized cells

in which their nuclei are located restrictively near the basement membrane

(Fig. 13.1). The ultrastructures that constitute the blood–testis barrier (BTB), such

as the actin-based tight junction (TJ), basal ectoplasmic specialization (basal ES),

and gap junction, as well as the intermediate-based desmosome, are also restricted

near the basement membrane which also physically divides the seminiferous

epithelium into the basal and the adluminal (apical) compartments (Fig. 13.2).

On the other hand, the testis-specific actin-rich anchoring device only found at

the Sertoli–spermatid (steps 8–19) interface is restricted to the adluminal compart-

ment (Fig. 13.2). Collectively, these findings illustrate that the Sertoli cell is a

highly polarized cell type in the epithelium. Furthermore, Sertoli cells are cyclic in

nature during the epithelial cycle. For instance, the protein secretory and phagocytic
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Fig. 13.1 Stages of the seminiferous epithelial cycle of spermatogenesis. The epithelial cycle of

spermatogenesis in the rat is divided into 14 (I–XIV) stages and lasts 12.8 days, and the duration,

in hour (h), of each cycle from I through XIV is shown. It is crucial to note that each stage does not

contain one type of germ cell; rather each stage is unique and contains germ cells at different stages

in their maturation and development. For instance, in the seminiferous epithelium of a stage VIII

tubule, only type A1 spermatogonia, preleptotene spermatocytes, pachytene spermatocytes, and

step 8 and 19 spermatids are found. However, a type A1 spermatogonium (at the bottom of the

figure on the left panel) will go through the epithelial cycle ~4.5 times until it finally matures into

step 19 spermatid, taking a total of ~58 days to complete. Spermatogonia, type A (A) containing

A1, A2, A3 and A4, type A1 undergo mitosis (A1
m), type A2 undergo mitosis (A2

m), type A3

undergo mitosis (A3
m), type A4 undergo mitosis (A4

m), intermediate (ln), type In undergo mitosis

(Inm), and type B (B), type B undergo mitosis (Bm). Spermatocytes, preleptotene (Pl), leptotene

(L), zygotene (Z), pachytene (P), and diplotene (Di). Spermatids, round spermatids (steps 1–8),

and elongate spermatids (steps 9–19). This figure was prepared based on the earlier reports and

reviews (Dym and Clermont 1970; de Kretser and Kerr 1988; Mruk et al. 2008). Sertoli cell

nucleus near the base of the seminiferous epithelium in each stage of the cycle is also shown
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activities of Sertoli cells are stage-dependent. It is also noted that at each stage of

the epithelial cycle, Sertoli cells are catered to specific cellular events that are

unique to that specific stage. For example, in the rat testis, meiosis takes place at
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Fig. 13.2 A schematic drawing of the cross section of a seminiferous tubule, illustrating different

cell junctions at the Sertoli–Sertoli and Sertoli–germ cell interface in the rat testis. The BTB,

which is constituted by coexisting actin-based TJ (tight junction), basal ES (ectoplasmic special-

ization) and gap junction, as well as intermediate filament-based desmosome, physically divides

the seminiferous epithelium into the basal and the adluminal compartment. The basal compartment

is in close contact with the basement membrane, a modified form of extracellular matrix in the

mammalian testis. Apical ES is restricted to the Sertoli–spermatid interface of step 8–19 sperma-

tids, whereas gap junction and desmosome are at the Sertoli–spermatid interface of step 1–7

spermatids. Preleptotene spermatocytes transformed from type B spermatogonia at stage VII of the

cycle will be transported across the BTB at late VII–VIII of the cycle (see Fig. 13.1). Thus, the

actin-based cytoskeleton undergoes extensive restructuring, and this event is tightly coordinated

with the tubulin-based cytoskeleton which serves as the track for the transport of germ cells across

the BTB. This mechanism is also used to transport developing spermatids across the adluminal

compartment during spermiogenesis
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stage XIV of the cycle (Fig. 13.1), whereas the release of sperm at spermiation and

the transit of preleptotene spermatocytes at the BTB take place at stage VIII of the

cycle (Figs. 13.1 and 13.3). Thus, at stage VIII, Sertoli cells are working in concert

with elongated spermatid to prepare for apical ES degeneration at the adluminal

compartment, and Sertoli cells per se are also undergoing restructuring in which a

“new” BTB behind and the “old” BTB above the preleptotene spermatocytes (note:

preleptotene spermatocytes transformed from type B spermatocytes are the only

germ cell type that are transported across the BTB to enter the adluminal compart-

ment for further development) in transit are being assembled and disassembled,

respectively. Furthermore, these spermatocytes are connected in “clones” via

intercellular bridges (Weber and Russell 1987; Fawcett 1961), making their trans-

port across the BTB a highly coordinated and regulated cellular event. These

findings thus illustrate Sertoli cells are highly cyclic in function during the epi-

thelial cycle in which the Sertoli cell performs different functions according to the

cycle of the epithelium (Fig. 13.1). As such, in order for spermatogenesis to proceed

flawlessly during the epithelial cycle, Sertoli cells must be highly polarized, and

perhaps compartmentalized, ultrastructurally and functionally, so that different

functions can be performed at discrete domains of a Sertoli cell throughout

spermatogenesis. This is particularly important since it is known that a single

Sertoli cell is in close contact with ~30–50 germ cells at different stages of their

development (Wong and Russell 1983; Weber et al. 1983) to support these germ

cells functionally, structurally, and nutritionally, as each type of germ cell has

distinct functional needs that are different from each other.

13.2 The Seminiferous Epithelial Cycle of Spermatogenesis

and Ectoplasmic Specialization

13.2.1 The Epithelial Cycle of Spermatogenesis

The seminiferous epithelial cycle refers to the specific pattern of cellular associ-

ation between Sertoli and germ cells and the cellular events pertinent to spermato-

genesis that take place within the epithelium (de Kretser and Kerr 1988; Hess and

de Franca 2008; Mruk et al. 2008). The cycle of events is divided into 14 stages (I–

XIV) in the rat (Fig. 13.1) versus 12 (I–XII) and 6 (I–VI) stages in the mouse and

human testis, respectively (Hess and de Franca 2008; Amann 2008; Mruk

et al. 2008; Parvinen and Vanha-Perttula 1972). Each stage has its own defining

characteristics; for instance, in the rat testis, preleptotene spermatocytes are found

only in stages VII–VIII of the cycle, spermiation is restricted to stage VIII (lasts

~29.1 h), and meiosis is limited to stage XIV (lasts ~17.6 h) (Fig. 13.2). The

duration of a complete epithelial cycle (stages I–XIV) is about 12.8 days in the

rat testis. However, a type A1 spermatogonium takes ~58 days to develop into a

step 19 (mature) spermatid. Thus, a type A1 spermatogonium goes through the
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Fig. 13.3 Stage specific expression of actin and α-tubulin. Dual-labeled immunofluorescence

analysis was performed in which α-tubulin (red) was found to co-localize with and F-actin (green)
throughout stages I–XIV of the seminiferous epithelial cycle in the rat. Stage I–XIV of the

epithelial cycle can also be found in Fig. 13.1. Scale bar, 30 μm
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epithelial cycle a total of 4.5 times (Fig. 13.1). In short, Sertoli-germ cell associ-

ations differ with each stage, as each stage contains specific types of germ cells

progressing through the epithelial cycle (Fig. 13.1). If a discrete section of a

seminiferous tubule at stage VIII is visualized under a transillumination micro-

scope, one will witness the progression to stages IX through XIV and then I through

VIII again in 12.8 days (Fig. 13.1) (Parvinen 1982; Mruk et al. 2008; Lie

et al. 2011).

13.2.2 Ectoplasmic Specialization

When the cross section of a seminiferous tubule, such as in the rat testis, is

examined under electron microscope, a testis-specific actin-rich anchoring junction

called ectoplasmic specialization (ES) is readily noted which is known to confer

cell polarity, cell adhesion, and cellular structural support (Russell and Peterson

1985; Vogl et al. 2008; Cheng and Mruk 2002; Mruk and Cheng 2004a). In the

testis, ES is either found in the basal compartment at the Sertoli cell–cell interface

at the BTB called basal ES or in the adluminal (apical) compartment at the Sertoli–

spermatid interface called apical ES (Fig. 13.2). ES is typified by the presence of

actin filament bundles that lie perpendicular to the apposing plasma membranes of

either Sertoli–Sertoli (basal ES) or Sertoli–spermatid (apical ES), which are

sandwiched in between cisternae of the endoplasmic reticulum and the apposing

plasma membranes (Fig. 13.2). Ultrastructurally, apical and basal ES are indistin-

guishable except that since actin filament bundles are only found in Sertoli cells and

not in germ cells, a single array of actin filament bundles is found at the apical ES,

whereas a double array of actin microfilaments is found at the basal ES. Once apical

ES appears at the interface of Sertoli cells and step 8 spermatids in stage VIII

tubules, it becomes the only anchoring device from steps 8 to 19 spermatids,

replacing desmosome and gap junction at the Sertoli–spermatid (1–7) interface,

and persists until its degeneration at spermiation. Unlike apical ES, basal ES at the

Sertoli cell–cell interface never exists alone; rather it coexists with either TJ or gap

junction, which together with desmosome constitutes the BTB, one of the tightest

blood–tissue barriers in the mammalian body (Franca et al. 2012; Cheng and Mruk

2012; Pelletier 2011; Wong and Cheng 2005) (Fig. 13.2). In fact, when the force

that is required to disrupt adhesion induced by apical ES versus desmosome is

compared and quantified, ES is at least twice as strong as desmosome to confer

steps 8–19 spermatid adhesion to the Sertoli cell (Wolski et al. 2005). This

observation is unusual since desmosome, the predominant anchoring junction in

skin, is considered to be the strongest adhesive junction in the mammalian body

(Green and Simpson 2007; Thomason et al. 2010; Jamora and Fuchs 2002). This

unusual strength of the ES apparently is contributed by the extensive network of

actin filament bundles (Russell et al. 1988) (Fig. 13.2). It is of interest to note that

while the appearance of apical ES at the Sertoli–spermatid (step 8) interface at stage

VIII of the cycle replaces desmosome and gap junction between Sertoli cells and
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step 1–7 spermatids, apical ES is a hybrid atypical adherens junction (AJ)

(Wong et al. 2008a; Yan et al. 2007) since it is constituted by proteins that are

found in AJ (e.g., nectins, afadins, N-cadherin, β-catenin), TJ (e.g., JAM-C, CAR),

gap junction (e.g., connexin 43), and focal adhesion complex (or focal contact)

(e.g., α6β1-integrin, laminin-α3,β3,γ3, FAK, c-Src, c-Yes) (Cheng and Mruk 2010).

Regardless of the ultrastructural similarity between the apical and basal ES, pro-

teins that are found at the basal ES/BTB are quite different from those at the apical

ES (Cheng and Mruk 2010).

13.2.3 The Uniqueness of the Seminiferous Epithelium
Versus Other Epithelia

As noted in Fig. 13.1, the seminiferous epithelium is unique compared to other

epithelia due to the seminiferous epithelial cycle of spermatogenesis. This is a

unique cellular process in the mammalian body due to the cyclic events of the

epithelial cycle such that millions of sperm can be produced from the tubules via

spermatogenesis. Furthermore, as germ cells change shape, orientation, and size

during maturation, they undergo extensive “adhesion” and “de-adhesion,” which

involves major restructuring of junctions at the cell–cell interface. Additionally,

germ cells are transported progressively from the basal to the adluminal compart-

ment across the epithelium throughout the epithelial cycle so that step 19 spermatids

can be lined up at the adluminal edge of the apical compartment to prepare for their

release once they are transformed into spermatozoa at late stage VIII of the cycle

(Figs. 13.1 and 13.2). Thus, it is envisioned that actin filament bundles at the ES

must undergo cyclic reorganization from their “bundled” to “de-bundled” configu-

ration and vice versa to facilitate the transport of preleptotene spermatocytes and

spermatids across the BTB and the epithelium. It is of interest to note that germ

cells per se are not motile cells, since they lack cellular structures, such as

lamellipodia and filopodia found in fibroblasts, macrophages, and keratinocytes,

and they rely solely on the Sertoli cell for their transport across the BTB and the

epithelium. Thus, the transport of spermatids across the epithelium during spermio-

genesis requires the presence of tubulin-based cytoskeleton/microtubules which

serve as the track for cargo (e.g., spermatids) to be transported across the epi-

thelium. In short, the actin- and tubulin-based cytoskeletons are working in concert

via yet-to-be defined mechanism(s) to facilitate germ cell transport across the

epithelium.
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13.3 Polarity Proteins on Cell Polarity and Cell Adhesion

During Spermatogenesis

13.3.1 Why Is Polarity Important During Spermatogenesis?

Spermatids are highly polarized cells in which the heads of spermatids point toward

the basement membrane, while the tails point toward the tubule lumen. Spermatid

polarity is crucial to maximize the production of sperm during spermatogenesis

since the arrangement of polarized spermatids in the epithelium as noted in

Fig. 13.1 allows the maximal number of spermatids that can be packed and

developed simultaneously in the epithelium in the tubule. Similarly, polarized

Sertoli cells can coordinate cellular events across the epithelium more efficiently

so that signals can be sent across the Sertoli cell orderly and Sertoli cell can also

communicate with its neighboring cells effectively during the epithelial cycle. In

the testis, cell polarity is conferred by the Par (partitioning defective)-based protein

complex (e.g., Par6, Par3, Cdc42, aPKC, Pals1, and PatJ), the Scribble-based

complex (e.g., Scribble, Dlg, Lgl), and the Crumbs-based complex (e.g., CRB-3,
Pals1, Patj) (Wong and Cheng 2009; Wong et al. 2008a). Each of these polarity

protein complexes recruits its own binding partners, thus conferring cellular asym-

metry; this is because a multiprotein complex can be effectively created for each

protein complex and also because there is mutually exclusive distribution between

Par-/CRB- and Scribble-based protein complexes across an epithelial cell, such as

the Sertoli cell (Iden and Collard 2008; Assemat et al. 2008; Head et al. 2013;

Goldstein and Macara 2007). During spermiogenesis, most of the cytosol is elimi-

nated from the developing spermatids and transported to the residual body to be

scavenged and cleaned up by the Sertoli cell (Fig. 13.2). Thus, there is scant cytosol

remaining in the more mature spermatids, such as step 8–19 spermatids, parti-

cularly in the head region where apical ES is present both to anchor spermatids to

the Sertoli cell and to confer spermatid polarity (note: acrosome that is found at the

spermatid head represents a giant proteasome containing acrosin, a serine protease

with trypsin-like specificity, and is to be used by the sperm to penetrate the zona

pellucida at fertilization (Honda et al. 2002)). The mechanism(s) through which

polarity proteins expressed by germ cells (Wong et al. 2008b; Su et al. 2012b)

involved in conferring or regulating spermatid polarity is still not known.

13.3.2 Role of Par-Based Polarity Proteins on Cell Adhesion
and Polarity in the Testis

Studies in the testis have shown that a knockdown of either Par3 or Par6 specifically

by RNAi without detectable off-target effects impedes Sertoli cell TJ barrier. In

these studies, proteins at the Sertoli cell–cell interface, such as JAM-A and

α-catenin, became mis-localized, as these proteins no longer tightly localized to
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the Sertoli cell BTB, but relocated to the cell cytosol, thereby destabilizing the BTB

function via a loss of Sertoli cell adhesion (Wong et al. 2008b). Furthermore, it

appears that Par3 and Par6 regulate the localization of different BTB proteins

differentially since the knockdown of Par3, but not Par6, induces mis-localization

of ZO-1, whereas the knockdown of Par6, but not Par3, induces mis-localization of

N-cadherin selectively (Wong et al. 2008b). These changes in protein localization

appear to be the result of changes in the kinetics of endocytic vesicle-mediated

protein trafficking, since the knockdown of Par5 (also known as 14-3-3) is found to

accelerate the endocytosis of JAM-A and N-cadherin, thereby destabilizing the

Sertoli cell BTB (Wong et al. 2009), illustrating the role of polarity proteins in cell

adhesion function. Par6 was also found to be crucial to confer spermatid polarity in

the rat testis. Adjudin induces spermatid loss; however, prior to spermatid loss,

there is a loss of spermatid polarity as evidenced by the presence of misoriented

spermatids in rats treated with the drug. Treatment of rats with adjudin was

associated with considerable loss of Par6 surrounding the spermatid heads, which

were pointed in all directions in the epithelium (Wong et al. 2008b). More impor-

tant, this loss of spermatid polarity occurs before a disruption of spermatid adhesion

onto the Sertoli cell in the epithelium is detected, seeming to suggest that spermatid

polarity and adhesion are two intimately related events regulated by polarity pro-

teins, such as Par3 and Par6, during spermatogenesis in the testis.

13.3.3 Role of Scribble-Based Polarity on Cell Polarity
and Adhesion Is Mediated by Changes in the Actin-
Based Cytoskeleton in the Testis

Scribble, Lgl (lethal giant larvae), and Dlg (discs large) are found to be expressed

by both Sertoli and germ cells in the rat testis (Su et al. 2012b). Scribble is localized

most notably at the Sertoli cell–cell interface when Sertoli cells establish a func-

tional TJ-permeability barrier in vitro but it is also found in the cell cytosol

(Su et al. 2012b). Scribble is also localized predominantly to the BTB in the

seminiferous epithelium in vivo in virtually all stages of the epithelial cycle in

the rat testis (Su et al. 2012b), illustrating polarity protein Scribble is involved in

Sertoli cell polarity and adhesion, and it is involved in BTB dynamics during the

epithelial cycle. While the knockdown of Scribble or Dlg1 alone fails to modulate

the Sertoli cell TJ-barrier function, the simultaneous knockdown of Scribble and its

two integral component proteins Dlg1 and Lgl2 by RNAi using specific siRNA

duplexes with no detectable off-target effects is shown to promote the Sertoli cell

TJ-permeability barrier, making it “tighter” (Su et al. 2012b), illustrating its role in

inducing BTB restructuring during the epithelial cycle. This promoting effect of

Scribble on the Sertoli cell BTB function is supported by studies using immuno-

fluorescence microscopy since a considerable increase in occludin and β-catenin
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localization to the Sertoli cell–cell interface is found in the Sertoli cell epithelium

following the simultaneous knockdown of Scribble, Dlg1 and Lgl2 (Su et al.

2012b). More important, when Scribble/Dlg1/Lgl2 is knocked down in the testis

in vivo, an increase in occludin localization to the BTB is detected in stage VIII

tubules. This change is accompanied by a loss of spermatid polarity in the

adluminal compartment in which spermatids no longer orientate properly with

their heads pointing toward the basement membrane; instead spermatid alignment

is disarrayed, concomitant with a downregulation of laminin-γ3 (Su et al. 2012b),

an apical ES protein limited to the spermatid which forms a bona fide adhesion

complex with α6β1-integrin in the Sertoli cell (Yan and Cheng 2006; Koch

et al. 1999). Interestingly, this loss of spermatid polarity, downregulation of lam-

inin-γ3 at the apical ES, and the increase in occludin at the BTB are associated with

changes in the organization of F-actin at these sites; when F-actin is visualized by

rhodamine phalloidin, more F-actin is found at the BTB whereas reduced levels of

F-actin are detected at the apical ES (Su et al. 2012b). Collectively, these findings

thus illustrate that the Scribble-based polarity protein complex supports spermatid

polarity and adhesion, while it also promotes BTB dynamics possibly via

restructuring, illustrating its antagonistic effects on the apical and basal ES in the

testis during the epithelial cycle.

13.4 Actin- and Microtubule-Based Cytoskeletons

and Their Role in Cell–Cell Interactions, Cell

Polarity, and BTB Function

13.4.1 Cross Talk Between Actin and Tubulin Cytoskeletons

Across different cell types, both the actin filament and microtubule networks play

critical roles in a variety of processes such as cell division, cell polarization,

transport, and migration. Although actin- and tubulin-based cytoskeletons are

usually portrayed as functionally independent networks, recent research has

begun to unravel the cooperative interaction between them via some routes of

communication or cross talk (Gavin 1997; Goode et al. 2000). The Sertoli cell is

a highly polarized cell, as earlier described, and also is very dynamic via cyclic

changes functionally, adapting to the evolving shape of germ cells as they progress

through different stages of the epithelial cycle. This is made possible due to the

dynamicity of both actin and microtubule (MT) cytoskeletons, both of which

exemplify stage specificity within the seminiferous epithelial cycle. For example,

at late stage VIII in the rat, both actin and tubulin (e.g., α-tubulin) levels diminish

significantly at the apical ES at the onset of the spermiation (Fig. 13.3). Spermiation

is a highly regulated temporal event; if not tightly regulated, it can result in

premature or delayed release of spermatids (O’Donnell et al. 2011; Mruk and

Cheng 2004b). As shown in Fig. 13.3, actin and α-tubulin co-localize in the
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majority of the 14 stages of the epithelial cycle in the rat testis (note: α- and

β-tubulin are the structural components of tubulin-based cytoskeleton; see

Fig. 13.4). Though this is a morphological observation, it lays the foundation for

expanding this information on how actin and MT cytoskeletons work in concert to

regulate spermatogenesis.

There are a number of MT regulatory proteins that not only associate with MTs

but also with the actin cytoskeleton. For example, CLIP-170 (cytoplasmic linker

protein of 170 kDa) is one MT regulatory protein that associates with myosin VI,

which is an ATP-dependent actin motor protein, thus linking the actin and MT

networks together. CLIP-170 is also known to be involved in the dynein and

dynactin pathway (Akhmanova et al. 2005). In general, motor proteins are either

plus- or minus-end-directed along MTs. Some formins, such as mDia1, are actin-

nucleating proteins that also can stabilize MTs. Both CLIP-170 and mDia1 are

present in testis and thus may be the subject of future studies on cross talk between

the actin and tubulin networks in regulating key events of spermatogenesis.

Table 13.1 summarizes results of findings that illustrate the likely function of

microtubule regulatory proteins in microtubule dynamics and their role in male

fertility via the use of genetic (such as gene knockout KO or N-ethyl-N-nitrosourea-

induced mutation) or knockdown (KD) models. However, the molecular mecha-

nism(s) by which these proteins regulate spermatogenesis remain largely unknown.

γ-Tubulin ring complex

+-

GTP Tubulinβ α

GDP Tubulinβ α

Fig. 13.4 Microtubule structure in mammalian cells including the Sertoli cell in the testis.

Microtubules (MTs) are assembled from αβ-tubulin dimers. β-tubulin designates the MT plus

(+) end, and α-tubulin the minus (�) end. Polymerization of a MT occurs through the interaction of

the α-subunit of an incoming dimer with the β-subunit of a preexisting dimer on a MT

protofilament. GTP is bound to both α and β-subunits; however, only the β-tubulin GTP exhibits

GTPase activity. GTP hydrolysis occurs as the MT is assembled, leaving most of the MT

comprised of GDP-tubulin and the growing plus end as the only region where GTP is still

bound to β-tubulin, known as the GTP-cap. γ-tubulin forms a protein complex called the

γ-tubulin ring complex and is responsible for nucleation and stabilization of MTs
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Table 13.1 KO/KD studies of microtubule regulatory proteins

Protein Function(s)

KO/KD/

Mutation Phenotype Reference(s)

CLASP1 &

2

MT stability: pro-

mote MT rescue,

suppress MT

catastrophe

KD Decreased axon and den-

drite length in neurons;

defects in mitotic spindle

and delayed metaphase

(Drabek

et al. 2012;

Mimori-Kiyosue

et al. 2006)

CLIP-170 Regulation of MT

dynamics, cell

polarity,

MT-dependent

organelle transport

KO Male mice were viable,

but subfertile with

abnormal spermatid head

shape

(Akhmanova

et al. 2005)

EB1 Regulation of MT

dynamics and inter-

action with cellular

elements

KD Disruption in PKC sig-

naling pathways, cell

migration, spindle pole

movement

(Schober

et al. 2012;

Bruning-

Richardson

et al. 2011)

KATNAL1 MT severing ENU-

induced

mutation

Premature release of

immature sperm and

male infertility

(Smith et al. 2012)

KATNB1 MT severing ENU-

induced

mutation

Mice were sterile;

decrease in sperm pro-

duction; abnormal sper-

matid head shape

(O’Donnell
et al. 2012)

MCAK Regulation of MT

dynamics and mito-

sis, depolymerizes

MTs

KD Defects in chromosome

congression and

segregation

(Stout et al. 2006;

Ganem

et al. 2005; Kline-

Smith et al. 2004)

mDia1 Actin polymeriza-

tion and MT

stabilization

KD Decreased MT

stabilization

(Bartolini

et al. 2012)

Tau MT assembly and

stabilization; pre-

dominant in neurons

KO Mice develop normally,

delay in neuronal matu-

ration, some behavioral

effects reported

(Dawson

et al. 2001;

Harada
et al. 1994; Denk

and Wade-

Martins 2009)

Stathmin Regulation of MT

dynamics and

mitosis

KO Mice displayed normal

phenotype, but devel-

oped axonopathy of CNS

and PNS as they aged

(Schubart

et al. 1996;

Liedtke

et al. 2002)

KD Delayed mitotic entry in

HeLa cells

(Silva and

Cassimeris 2013)

(continued)
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13.4.2 Functional Role of Actin- and Tubulin-Based
Cytoskeletons in the Testis

The current understanding of spermatid transport via MTs and the involvement of

actin-based cytoskeleon in the seminiferous epithelium remains elusive. Micro-

tubules are abundant in Sertoli cells, and research thus far has implicated their role

by serving as the tracks for translocation of spermatids throughout the epithelial

cycle. As germ cells mature, they adopt an elongate shape; concomitant with

elongation, spermatids are enveloped by the Sertoli cell, and these cells, unlike

macrophages, neutrophils, and fibroblasts, are not motile cells. Instead, their transport

across the epithelium during the epithelial cycle relies completely on Sertoli cells,

and as such, it is logical to speculate that the “cargoes” (i.e., germ cells) require the

presence of a “track” (i.e., polarized microtubules) for their transport (Redenbach and

Vogl 1991). Indeed, microtubules, which are intrinsically polar, are arranged with

their plus and minus ends directed basally and apically, respectively, within the

Sertoli cell. Studies have revealed the presence of microtubule motor proteins in

the testis, such as dynein and kinesin, which are MT minus and plus-end-directed

motor proteins (Hall et al. 1992), supporting the idea that microtubules are in part

responsible for the organized movement of spermatids across the seminiferous

epithelium. Dynein is classified as a minus-end-directed motor protein, but when it

forms a complex with dynactin, an adaptor, it can also be targeted to the plus end

(Kardon and Vale 2009). During the epithelial cycle, germ cells are transported

progressively up from the basal to the apical region of the seminiferous epithelium;

however, during stage V in the rat, developing spermatids actually return to the basal

region and are found deep inside the Sertoli cell crypts. This suggests the importance

of bidirectional transport along the MTs during spermatogenesis. It has been pro-

posed that the cytoplasmic side of the endoplasmic reticulum (ER) of the apical ES

comes into contact with the microtubules, MTs thus confer ER the ability to move

along the tracks while the actin filaments of the apical ES anchor the spermatid (Hall

et al. 1992; Russell 1977).

Microtubules are polar cylindrical structures made from protofilaments of α-
β-tubulin heterodimers. Protofilaments, which are assembled by the head-to-tail

addition of αβ-tubulin subunits, arrange laterally to form a hollow tube (Fig. 13.3).

MTs possess a property called dynamic instability, which describes both the

Table 13.1 (continued)

Protein Function(s)

KO/KD/

Mutation Phenotype Reference(s)

XMAP215 Regulation of MT

dynamics, MT

polymerase

KD Reduced axon growth (Lowery

et al. 2013)

CLASP CLIP-170 associated protein, CLIP-170 cytoskeletal linker protein 170, EB1 end-binding

protein 1, KATNAL1 katanin p60 subunit A-like1, KATNB1 p80 regulatory subunit of katanin,

MCAK mitotic centromere-associated kinesin, mDia1 mammalian protein diaphanous homolog

1, XMAP215 Xenopus microtubule-associated protein 215; KO, knock-out; KD, knockdown;

ENU, N-ethyl-N-nitrosourea.
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polymerization and depolymerization that occurs at the plus end of MTs (Wade

2007; Mitchison and Kirschner 1984). As listed in Table 13.1, there are a number of

proteins that regulate microtubules. For example, MT plus-end tracking proteins

(+TIPs) such as CLIP-170 and EB1 can stabilize MTs. It is conceivable that these

proteins are helping to stabilize MTs as spermatids are transported directionally

across the epithelium. Stabilizing agents ensure a “steady ride” as the spermatids

migrate ultimately toward the apex of the epithelium. Severing proteins, another

type of MT regulatory protein, like katanin, which has been studied in the testis

(Smith et al. 2012; O’Donnell et al. 2012), may play an important role in regulating

transport. Tubulin expression is stage specific, as immunohistological staining

show (Fig. 13.3), for instance, in some stages of the epithelial cycle, the length of

the MTs that appears as “stalks” in the seminiferous epithelium in late VIII-IX

stages are shorter than in others such as at stages V-VII (Wenz and Hess 1998). This

observation may be attributed to severing proteins which as the name suggests,

sever or cut the MT, to promote generation of new MTs. Transport which occurs

across the seminiferous epithelium is a continuous process; thus it is probable that

generation of new MTs coincides with spermatid movement.

In epithelia, apicobasal polarity requires specific targeting of proteins to both the

apical and basal regions of the cell type. In the testis, protein trafficking in the

seminiferous epithelium is crucial for regulation of discrete cellular events of

spermatogenesis, such as mitosis, meiosis, spermiogenesis, and spermiation. Most

of the current research on protein trafficking and cell–cell communication in the

testis has only begun to elucidate the intimate relationship between the actin

cytoskeleton and regulation of these cellular events (Su et al. 2013). Although

most studies focus on actin dynamics and protein trafficking, there is much yet to be

uncovered. In addition, the microtubule cytoskeleton is also at play in regulating the

events of spermatogenesis, but how it does so is still the subject of future research.

Cell junction protein recruitment and endocytosis are two types of processes, not

only found in the seminiferous epithelium but across all epithelia. Polarity proteins

such as Par3/Par6, Scribble, Lgl, 14-3-3, and Cdc42 are involved in regulating these

processes in the testis (Wong et al. 2008b; Su et al. 2012b). For example, Par3/Par6,

which are established polarity proteins, has been shown to confer spermatid adhe-

sion at the apical ES (Wong et al. 2008a). Changes in cell adhesion regulated by Par

proteins may likely coordinate protein endocytosis, which is in part regulated by the

actin network (Wong et al. 2009). Microtubules also play a role in endocytosis, via

transport of endosomes and lysosomes (Matteoni and Kreis 1987), but the mecha-

nism in the testis has yet to be defined. As previously mentioned, CLIP-170 is one

MT regulatory protein that is involved in MT dynamics. This protein was first

discovered for its role in linking endocytic vesicles to the MTs (Pierre et al. 1992);

in addition to its role as a + TIP, it is a likely player in endocytic trafficking in the

testis.
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13.5 Polarity Proteins and Cytoskeletons in the Apical ES–

BTB–Basement Membrane (BM) Functional Axis

13.5.1 The Apical ES–BTB–BM Functional Axis

The concept of a local functional axis that coordinates and regulates cellular events

taking place across the seminiferous epithelium during the epithelial cycle was first

reported in 2008 (Yan et al. 2008). It was noted that overexpression of fragments of

laminin chains at the apical ES or purified recombinant proteins perturbed the

Sertoli cell TJ-permeability barrier function by downregulating expression of pro-

teins at the BTB, such as occludin and N-cadherin, but also β1-integrin at the

hemidesmosome (HD) at the Sertoli-BM interface (Yan et al. 2008). These findings

thus illustrate that matrix metalloproteinase-2 (MMP-2) which is highly expressed

at the apical ES at stage VIII of the epithelial cycle (Siu and Cheng 2004) is capable

of inducing cleavage of laminin chains at the apical ES during its degeneration to

prepare for spermiation to release biologically active fragments. These autocrine-

like fragments in turn induce BTB restructuring to facilitate the transit of

preleptotene spermatocytes across the BTB. These fragments also perturb HD

function, which creates a positive regulatory loop to further potentiate BTB

restructuring. This possibility was confirmed by silencing β1-integrin at the HD

in Sertoli cells, which indeed was found to perturb the Sertoli cell TJ-permeability

function (Yan et al. 2008). Taken collectively, these data illustrate the presence of a

functional axis that links cellular events that occur at the apical ES in the adluminal

compartment at spermiation with BTB restructuring near the BM in the semini-

ferous epithelium, and also HD in the BM, at stage VIII of the epithelial cycle.

Subsequently studies have shown that MMP-9 is also capable of inducing cleavage

of collagen chains, mostly collagen α3(IV), in the BM to release the NC1

(non-collagenous 1) domain peptide, which was shown to perturb the Sertoli cell

TJ barrier function (Wong and Cheng 2013). While the purified NC1 recombinant

protein was shown not to downregulate the expression of BTB-associated proteins

such as CAR-ZO-1 and N-cadherin-β-catenin, it effectively induced

mis-localization of these proteins at the Sertoli cell BTB, so that they no longer

localized predominantly at the Sertoli cell–cell interface; instead, they were

relocalized to the cell cytosol, thereby destabilizing the Sertoli cell TJ-barrier

function (Wong and Cheng 2013). Studies using the phthalate-toxicant model

have confirmed the presence of this local functional axis in which a disruption of

the apical ES by phthalate induces BTB restructuring and can compromise its

integrity (Yao et al. 2009, 2010). Collectively, these data demonstrate unequi-

vocally that there is a functional autocrine-based regulatory axis that coordinates

cellular events, such as spermiation and BTB restructuring, which take place

simultaneously at the opposite ends of the epithelium at stage VIII of the epithelial

cycle . In brief, apical ES degeneration as well as HD/BM restructuring contribute

to BTB restructuring, which is further induced by re-organization of collagen

network in the BM at the tunica propria by generating NC1 domain-containing

peptide. A recent study has identified the biologically active domain of the laminin-

γ3 chain that induces BTB restructuring, and synthetic peptide based on this
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functional domain designated F5-peptide is known to perturb BTB integrity in vivo

reversibly and it also induces germ cell loss from the epithelium, illustrating its

potential to serve as an endogenously produced male contraceptive peptide

(Su et al. 2012a). These findings using F5-peptide based on the biologically active

fragment of laminin-γ3 chain illustrate that the apical ES-BTB-BM axis can be a

target of male contraceptive development. In fact, studies have shown that this

functional axis is a target of environmental toxicants, such as phthalates, BPA,

cadmium, and PFOS (perfluorooctane sulfonate) (Wan et al. 2013b; Mazaud-

Guittot 2011). A disruption of the critical regulatory components in this axis

following exposure of men to these toxicants is likely the cause of reduced semen

quality and sperm count as recently reported (Rolland et al. 2013; Toft et al. 2012).

13.5.2 Role of Focal Adhesion Kinase (FAK), Polarity
Proteins, and Cytoskeletons at the Apical ES–BTB–
BM Functional Axis

While the apical ES–BTB–BM functional is crucial to coordinate cellular events

that take place in the seminiferous epithelium during the epithelial cycle, the

molecules that are involved in the regulation and the underlying molecular mecha-

nism(s) remain unknown. Recent studies have shown that non-receptor protein

tyrosine kinases, such as FAK (Lie et al. 2012) and c-Yes (Xiao et al. 2013);

polarity proteins, such as Par6 (Xiao et al. 2013); and actin-based cytoskeleton

(Su et al. 2012a) are critical players in this functional axis. For instance, studies

using different mutants of FAK have shown that p-FAK-Tyr407 and p-FAK-Tyr397

are crucial to the integrity of the BTB and apical ES, respectively (Lie et al. 2012).

In fact, these two phosphorylated forms of FAK are shown to display antagonistic

effects on the BTB integrity in which p-FAK-Tyr407 promotes whereas

p-FAK-Tyr397 disrupts the Sertoli cell TJ-permeability barrier function (Lie

et al. 2012). However, p-FAK-Tyr397 plays a dominant role in maintaining sper-

matid adhesion via its effects on the adhesive function of the apical ES (Wan

et al. 2013a). Thus, p-FAK-Tyr407 and p-FAK-Tyr397 likely serve as the molecular

“switches” by turning “on” and “off” cell adhesion function at the Sertoli cell BTB

and also Sertoli–spermatid interface along the apical ES–BTB–BM axis. It has been

reported that overexpression of p-FAK-Tyr407 that promotes BTB integrity can

block the F5-peptide-induced Sertoli cell TJ-permeability barrier disruption

(Su et al. 2012a). Also, the F5-peptide-mediated BTB disruption and spermatid

loss in vivo is accompanied by a mis-localization of p-FAK-Tyr407 in which this

activated form of FAK is no longer restricted tightly to the BTB and the apical ES

(Su et al. 2012a). This, in turn, perturbs the organization of F-actin at the apical ES

and the BTB (Su et al. 2012a), such that actin filament bundles fail to be properly

reorganized at both sites in response to the epithelial cycle of spermatogenesis,

likely the result of a disruption in actin polymerization. Thus, a failure in F-actin
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organization can no longer support adhesive function at the BTB and the apical ES,

leading to unwanted BTB and apical ES restructuring or degeneration. This postu-

late is supported by studies in vitro since the promoting effects of p-FAK-Tyr407 on

BTB integrity is mediated, at least in part, via the Arp2/3-N-WASP protein

complex that alters the kinetics of branched actin polymerization (Lie et al. 2012;

Cheng et al. 2013). In this context, it is of interest to note that since the F5-peptide

administered to the testis can be rapidly metabolized and cleared, its disruptive

effects on spermatogenesis are reversible and germ cells gradually re-populate the

epithelium (Su et al. 2012a).

13.5.3 The Role of c-Yes, p-FAK-Tyr407, Par6, and F-actin
on BTB and Apical ES Function at the Apical
ES–BTB Axis

Studies have shown that FAK is the putative substrate of Src family kinases (SFK)

such as c-Src and c-Yes in most epithelia including the seminiferous epithelium

(Zhao and Guan 2010; Boutros et al. 2008; Xiao et al. 2012). Also, multiple proteins

at the BTB and apical ES are binding partners of SFK and/or FAK (Xiao et al. 2012;

Li et al. 2013; Cheng and Mruk 2012). In fact, the dual FAK/Src complex is one of

the primary targets of chemotherapy (Bolos et al. 2010) and inflammatory and

autoimmune diseases (Lowell 2011). Thus, it is not surprising that c-Yes is recently

shown to be a crucial player in the apical ES–BTB axis (Xiao et al. 2013). For

instance, a knockdown of c-Yes by RNAi was shown to perturb the Sertoli cell

TJ-barrier function both in vitro and in vivo, mediated via a disorganization of

F-actin at the BTB, in which actin microfilaments no longer tightly restricted to the

BTB near the BM (Xiao et al. 2013). These findings are consistent with an earlier

report by using SU6656, a selective inhibitor of c-Yes, to probe the role of c-Yes in

modulating F-actin organization in Sertoli cells (Xiao et al. 2011). Interestingly, the

knockdown of c-Yes in the testis that affects the BTB integrity also perturbs apical

ES function, disrupting spermatid polarity and adhesion, which is mediated by a

mis-localization of p-FAK-Tyr407 and also polarity protein Par6 (Xiao et al. 2013),

illustrating there is a feedback loop between the apical ES and the BTB. These

changes, namely, mis-localization of p-FAK-Tyr407 and Par6 at the apical ES, thus

impede actin microfilaments at the apical ES, leading to mis-localization of adhe-

sion protein nectin-3, causing defects in spermatid transport and spermiation, so

that elongated spermatids are entrapped in the seminiferous epithelium even at the

site close to the BM in stage IX tubules (Xiao et al. 2013). These data thus illustrate

the intimate functional relationship between FAK/SKF (e.g., p-FAK-Tyr407,

c-Yes), polarity proteins (e.g., Par6), and cytoskeletons (e.g., actin microfilaments).

Any changes on the cross talk between these proteins would impede cell adhesion

function at the apical ES and/or the BTB, illustrating their pivotal role in the apical

ES–BTB–BM functional axis.
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13.6 Concluding Remarks and Future Perspectives

Findings discussed herein thus illustrate the intimate relationship between polarity

proteins, cell–cell interactions at the Sertoli–Sertoli, and Sertoli–spermatid inter-

face and cytoskeleton in the seminiferous epithelium during the epithelial cycle. It

is also noted that non-receptor protein tyrosine kinases, in particular FAK and SFK

(e.g., c-Yes and c-Src), are intimately involved in these events. At the time of this

writing, no concrete data were found in the literature providing credible informa-

tion regarding the mechanism(s) by which polarity proteins regulate cytoskeleton

and vice versa in the testis. Except for in studies using different animal models, such

as the adjudin model, it was shown that the loss of spermatid polarity due to a

downregulation of Par6 was likely mediated by adjudin-induced truncation and

defragmentation of actin filament bundles at the apical ES (Wong et al. 2008b).

This thus destabilized the actin-based adhesion protein complexes at the apical ES,

such as integrin–laminin, nectin–afadin, leading to premature loss of spermatids

from the epithelium, analogous to “spermiation.” Also, we have yet to integrate the

concept regarding the role of tubulin-based cytoskeleton into the biology of sper-

matid transport using the apical ES and the biology of preleptotene spermatocyte

transport at the BTB using the basal ES, and how actin- and tubulin-based cyto-

skeletons are working in concert to regulate germ cell transport. For instance,

several actin regulatory proteins have been identified and studied in the testis;

virtually no tubulin regulatory proteins have been investigated in the testis except

for several microtubule motor proteins, such as dynein and kinesin. This is an area

of research that deserves some attention in future years.

Disclosure Statement The authors have nothing to disclose.
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Chapter 14

Membrane Traffic and Apicobasal Polarity

in Drosophila Epithelial Cells

Barry J. Thompson

Abstract Previous chapters have introduced the core determinants of apicobasal

polarity in different cell types. This chapter will examine how these determinants

become localised to particular membrane domains in Drosophila. In some cell

types, such as neuroblasts, polarity does not rely on transmembrane proteins or

membrane trafficking. In contrast, epithelial cell polarity involves several key

transmembrane proteins, such as Crumbs and E-cadherin, and their distribution

depends critically on the exocytic and endocytic machinery. In addition, certain

types of epithelial cells secrete an apical extracellular matrix and a basement

membrane matrix, processes that must involve polarised exocytic delivery of

matrix components. Disruption of membrane trafficking can therefore lead to loss

of epithelial polarity and tumour-like phenotypes in Drosophila.

Keywords Epithelial polarity • Drosophila • Crumbs • E-cadherin • Endocytosis •

Exocytosis

14.1 Polarity Without Membrane Trafficking: Drosophila
Neuroblasts

Any discussion of the role of transmembrane proteins in cell polarity must begin

with the observation that some cell types, such as Drosophila neuroblasts, do not

require transmembrane proteins or the endocytic machinery to polarise (Fig. 14.1).

Neuroblasts divide asymmetrically in a stem cell pattern to produce one differen-

tiating daughter cell and one neuroblast (Homem and Knoblich 2012; Wodarz and

Gonzalez 2006). Polarity in neuroblasts only appears during mitosis, in order to

segregate cell fate determinants basally, so that they are inherited by the differen-

tiating daughter cell following cytokinesis (Wirtz-Peitz et al. 2008). These fate

determinants include Miranda, Prospero, Brat and Numb (a regulator of Delta–

Notch signalling) (Homem and Knoblich 2012). The apical domain of neuroblasts
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is determined by the Bazooka/Par3–aPKC–Par6–Cdc42 complex, which appears to

self-recruit to the plasma membrane and acts in a mutually antagonistic manner

with the transiently basal Lgl protein (Homem and Knoblich 2012).

None of the key determinants of neuroblast polarity are transmembrane proteins,

suggesting that polarisation of neuroblasts is determined purely by association and

dissociation of these proteins from the plasma membrane. In keeping with this

notion, the endocytic machinery is dispensable for neuroblast polarity (Halbsgut

et al. 2011) (Fig. 14.1). In the absence of clathrin-mediated endocytosis, determi-

nants of neuroblast cell fate are normally polarised (Halbsgut et al. 2011)

(Fig. 14.1). The same mutants do exhibit severe numb-like phenotypes later in the

process of cellular differentiation, due to mis-regulation of Delta–Notch signalling

in daughter cells (Fig. 14.1) (Berdnik et al. 2002). This observation demonstrates

that cell polarity need not depend on membrane trafficking in all cell types.

Why neuroblasts do not make use of transmembrane proteins for their

polarisation remains a mystery. One suggestion is that polarisation in neuroblasts

only occurs during cell division, a time when cellular endosomes can undergo

dramatic reorganisation to accommodate mitosis and cytokinesis. Another possi-

bility is that the endosomal machinery itself may be asymmetrically distributed

during neuroblast division to help bias Delta–Notch signalling following

Fig. 14.1 Clathrin-mediated endocytosis is dispensable for polarity in neuroblasts
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cytokinesis (Coumailleau et al. 2009). Whatever the case, neuroblasts prove that the

Bazooka/Par3 complex is able to polarise without the help of the membrane

trafficking machinery (Fig. 14.1).

14.2 Polarity via Membrane Trafficking: Drosophila
Epithelial Cells

In Drosophila epithelia, membrane trafficking is essential to organise polarity.

RNAi knockdown or mutation of the endocytic machinery causes a loss of epithe-

lial polarity, with apical and basolateral determinants overlapping around the

plasma membrane (Fig. 14.2) (Lu and Bilder 2005; Thompson et al. 2005; Vaccari

and Bilder 2005; Menut et al. 2007; Fletcher et al. 2012). As a result of the loss

of polarity, epithelial cells round up and pile atop one another, resembling a

carcinoma. In both the Drosophila follicle cell epithelium and imaginal disc

epithelia, the mutant tissue also overproliferates to form a tumour-like mass of

cells (Fig. 14.2). In the case of imaginal disc tumours, this results in a delay in larval

pupariation and developmental arrest as giant-sized pupae (Fig. 14.2). Notably,

Fig. 14.2 Clathrin-mediated endocytosis is essential for epithelia polarity in Drosophila ovarian

follicle and imaginal disc epithelia
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small clones of endocytic mutants do not form tumours because they are rapidly

eliminated by neighbouring wild-type cells in a protective process known as cell

competition (Thompson et al. 2005; Vaccari and Bilder 2005; Menut et al. 2007).

Phenotypically, loss of the endocytic machinery closely resembles loss of the

basolateral polarity determinants Lgl (lethal giant larvae), Dlg (discs large) or Scrib

(scribble) (Bryant and Schmidt 1990; Woods and Bryant 1991; Woods et al. 1996;

Bilder and Perrimon 2000; Bilder et al. 2000). These basolateral determinants

normally act to antagonise the localisation of the apical determinants to the plasma

membrane (Bilder and Perrimon 2000; Bilder et al. 2000; Tanentzapf and Tepass

2003). This suggests that the primary function of the endocytic pathway in epithe-

lial polarity is to restrict the spreading of the apical determinants (Fig. 14.2).

Of the apical polarity determinants, only one molecule—Crumbs—is a trans-

membrane protein. Thus, trafficking of Crumbs is likely to be central in maintaining

epithelial polarity (Fig. 14.3). Consistent with this idea, Crumbs accumulates

around the entire plasma membrane when endocytosis is inhibited in Drosophila
epithelia (Lu and Bilder 2005; Fletcher et al. 2012). Furthermore, overexpression of

Crumbs is sufficient to cause ectopic spreading of the other apical determinants into

the basolateral domain and thus a loss of polarity and tumour-like phenotype

(Wodarz et al. 1995; Lu and Bilder 2005; Fletcher et al. 2012). Given the impor-

tance of Crumbs trafficking to epithelial polarity, a detailed examination of how this

molecule is localised by the exocytic and endocytic machinery is warranted.

Fig. 14.3 Polarisation of Crumbs in epithelial cells occurs through regulated membrane

trafficking
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14.3 Trafficking and Localisation of Crumbs in Drosophila
Epithelia

It is now clear that Crumbs localisation depends on continuous clathrin/AP2-

mediated endocytosis and on the early endosome protein Rab5 (Lu and Bilder

2005; Fletcher et al. 2012; Menut et al. 2007). Thus, Crumbs must be removed from

the plasma membrane to prevent its accumulation and ectopic spreading around the

membrane. Once in early endosomes, Crumbs—like other transmembrane pro-

teins—can be trafficked via multivesicular bodies (MVBs) to the lysosome for

degradation. In mutants of the ESCRT machinery, which sorts proteins into the

MVB for degradation, Crumbs accumulates with other transmembrane proteins on

the outer limiting membrane of abnormal MVBs (Vaccari and Bilder 2005; Thomp-

son et al. 2005). Thus, a significant proportion of endocytosed Crumbs must traffic

through the MVB (Fig. 14.3).

An alternative route for endocytosed Crumbs molecules is to be recycled to the

plasma membrane. An important mediator of Crumbs recycling is the retromer

complex, which retrieves transmembrane proteins from the endocytic pathway and

returns them to the Golgi for re-secretion to the plasma membrane (Pocha

et al. 2011; Zhou et al. 2011). In the absence of retromer function, all endocytosed

Crumbs is degraded in the lysosome, such that the total level of Crumbs remaining

at the apical domain is reduced (Pocha et al. 2011; Zhou et al. 2011) (Fig. 14.3).

From the Golgi, both newly synthesised Crumbs and retromer-recycled Crumbs

must travel to the plasma membrane via the secretory pathway. A critical way

station on this journey is the Rab11 ‘recycling endosome’, which is essential for

Crumbs to reach the plasma membrane. In the absence of Rab11, Crumbs accumu-

lates in abnormal and swollen endosomes rather than at the plasma membrane

(Roeth et al. 2009; Fletcher et al. 2012). Trafficking of Crumbs from Rab11

endosomes to the plasma membrane appears to be promoted by the exocyst

complex, as Crumbs levels are reduced in Exo84 mutant embryos (Blankenship

et al. 2007) (Fig. 14.3). However, whether the exocyst is strictly essential for

Crumbs to localise apically in all epithelia remains to be explored.

How Crumbs becomes polarised and maintains its apical localisation is an

important unanswered question. Computer modelling suggests that polarity arises

from the combination of a positive feedback loop among apical determinants

together with mutual antagonism between apical and basolateral determinants

(Fletcher et al. 2012). In the case of Crumbs, positive feedback could be achieved

firstly by Crumbs–Crumbs homomeric interactions via its large extracellular

domain, which would stabilise neighbouring Crumbs molecules at the plasma

membrane (Fletcher et al. 2012; Letizia et al. 2013; Roper 2012; Hafezi

et al. 2012; Thompson et al. 2013). Secondly, Crumbs recruits Stardust, PATJ

and other apical determinants, including the key aPKC–Par6–Cdc42 complex,

which is essential to confer apical membrane domain identity. Thus, aPKC–Par6–

Cdc42 may help recruit the exocyst complex and potentially other factors that could

promote polarised delivery of Crumbs and prevent endocytosis of Crumbs (Fletcher
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et al. 2012). Understanding the molecular nature of this positive feedback loop is

critical to understanding Crumbs polarisation.

The mutual antagonism between apical and basolateral determinants is partly

understood for the aPKC–Lgl interaction, in which aPKC phosphorylates Lgl to

remove it from the apical domain, while Lgl inhibits aPKC kinase activity to

prevent ectopic spreading of the apical domain (Betschinger et al. 2003; Atwood

and Prehoda 2009). This aPKC–Lgl mutual antagonism is actively involved in

polarising the Bazooka/Par3 complex in neuroblasts, yet may also be relevant for

Crumbs polarisation in epithelia, since Crumbs localisation depends on aPKC

kinase activity and since ectopic activation of aPKC kinase activity causes ectopic

spreading of Crumbs (Fletcher et al. 2012).

How the other basolateral determinants, Dlg and Scrib, contribute to mutual

antagonism with the apical determinants is not understood. However, one attractive

hypothesis is that Dlg and Scrib may directly compete with Stardust and PATJ,

respectively, as the proteins have very similar domain structures. In addition, the

basolateral FERM domain proteins Yurt and Coracle contribute to restricting

Crumbs to the apical domain, presumably by antagonising Crumbs localisation to

the basolateral membrane (Laprise et al. 2006, 2009). In contrast, the apical FERM

domain protein Expanded promotes Crumbs localisation to the apical membrane by

operating in parallel with the Kibra protein (Fletcher et al. 2012). Crumbs has a

FERM-binding domain in its intracellular tail, so these different FERM domain

proteins may bind to Crumbs to either promote or inhibit its endocytosis from the

plasma membrane. Further work is needed to understand the mechanism of action

of these FERM domain proteins in Crumbs polarisation and how they are them-

selves localised to either the apical or basolateral domains.

Together, the above findings provide an emerging picture of how Crumbs can

maintain its polarised subcellular location in epithelia (Fig. 14.3). How the

polarisation of Crumbs is initiated is less clear, but its localisation appears to follow

that of the Bazooka/Par3 complex, which appears to polarise first in early embryos

and follicle cell epithelia and with which the Crumbs complex has an important and

complex relationship.

14.4 The Crumbs and Bazooka/Par3 Complexes Are

Interlinked Yet Redundant Systems

The Crumbs–Stardust–PATJ complex and Bazooka/Par3 complex are similar in

that they both act to recruit aPKC–Par6–Cdc42 to the apical plasma membrane

domain. This fact means that polarisation of one complex can recruit aPKC–Par6–

Cdc42 to then assist the polarisation of the other complex to the same location.

Importantly, removal of both Crumbs (or Stardust) and Bazooka/Par3 is necessary

to completely abolish the localisation of aPKC–Par6–Cdc42 to the plasma mem-

brane and apical domain identity (Tanentzapf and Tepass 2003; Fletcher
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et al. 2012). Thus, the two complexes act in a semi-redundant fashion, and Crumbs

and Bazooka/Par3 can be dispensable for maintaining apicobasal polarity in many

epithelia—unlike aPKC–Par6–Cdc42, which is always essential (Fig. 14.4).

The fact that only one of either the Crumbs complex or Bazooka/Par3 complex is

normally required to maintain apicobasal polarity may explain a curious interaction

between the two complexes. When Crumbs is expressed in cells, it tends to promote

aPKC phosphorylation of Bazooka/Par3 on a site that disrupts its association with

the rest of the apical determinants at the plasma membrane (Morais-de-Sa

et al. 2010; Walther and Pichaud 2010). The result of this phosphorylation event

is that Bazooka/Par3 tends to associate with adherens junctions, through its ability

to bind directly to them (Morais-de-Sa et al. 2010; Walther and Pichaud 2010)

(Fig. 14.4). In the absence of Crumbs, more Bazooka/Par3 complexes form at the

apical domain, yet some Bazooka/Par3 is still phosphorylated by aPKC and local-

ises to adherens junctions (Morais-de-Sa et al. 2010). Thus, the Bazooka/Par3 exists

in two pools, one in a complex with other apical determinants at the apical domain

and the other at adherens junctions.

The pool of Bazooka/Par3 at adherens junctions is able to perform distinct

functions from the one that normally maintains apicobasal polarity in parallel

with the Crumbs complex. For example, during embryonic gastrulation, morpho-

genetic movements involve planar polarisation of Bazooka/Par3 at adherens junc-

tions (Zallen and Wieschaus 2004; Simoes Sde et al. 2010). A similar role for

Bazooka/Par3 at junctions appears during retinal morphogenesis in Drosophila eye
development (Walther and Pichaud 2010). It is no surprise, then, that these two

points in development are those at which Crumbs begins to have an essential

function in maintaining polarity (Campbell et al. 2009; Pellikka et al. 2002; Walther

and Pichaud 2010).

The Crumbs complex can also adopt a planar polarised localisation at certain

points in development. During the formation of epithelial tubes, such as the salivary

gland placode or the tracheal pits of the Drosophila embryo, Crumbs expression is

elevated within a patch of cells compared to the surrounding neighbours (Roper

Fig. 14.4 Either the Bazooka/Par3 complex or the Crumbs complex is sufficient to maintain

epithelial polarity and localise adherens junctions
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2012; Letizia et al. 2011). This difference in Crumbs expression levels creates a

planar polarisation of Crumbs in the cells at the boundary (Roper 2012). The planar

polarisation of Crumbs then directs formation of an actin cable that generates

contractile forces that drive invagination of the epithelium to initiate tube formation

(Roper 2012). Bazooka/Par3 presumably maintains apicobasal polarity, while

Crumbs performs these planar polarity functions.

The redundancy between the Crumbs complex and the Bazooka/Par3 complex

also reveals that Crumbs has an additional function in regulating the Hippo signal-

ling pathway, a key regulator of tissue growth. Loss of Crumbs in Drosophila
imaginal discs does not affect apicobasal polarity, but instead leads to tissue

overgrowth due to activation of the Hippo signal transducer Yorkie (YAP/TAZ in

mammals) (Ling et al. 2010; Robinson et al. 2010; Chen et al. 2010). This signalling

role for Crumbs is thought to be mediated by the apical FERM domain protein

Expanded, which binds directly to the Crumbs intracellular domain (Ling

et al. 2010). Why an apical polarity determinant like Crumbs must signal to the

Hippo pathway remains a major mystery, but several interesting functions have

been proposed.

The first hypothesis is that Crumbs–Expanded–Hippo signalling is primarily

involved in signalling to the cytoskeleton rather than the nucleus. Hippo signalling

involves activation of the upstream kinase Hippo (MST1/2 in humans) and the

downstream kinase Warts (LATS1/2 in humans). Warts not only phosphorylates the

nuclear effector Yorkie but also phosphorylates the actin cytoskeleton regulator

Ena (VASP in humans) (Lucas et al. 2013). Thus, Crumbs–Expanded–Hippo

signalling can help to polarise the actin cytoskeleton, a function that seems partic-

ularly important for cells that rely upon a dramatically polarised actin cytoskeleton,

such as collectively migrating Drosophila border cells (Lucas et al. 2013). In these

cells, the role of Warts phosphorylation of Yorkie appears to be primarily involved

in providing a negative feedback loop to limit pathway activity and the speed of

migration (Lucas et al. 2013). In addition, Hippo signalling can also regulate the

actin cytoskeleton in the imaginal disc epithelia, even though the major function of

this pathway is to regulate the tissue growth in imaginal discs (Fernandez

et al. 2011).

The second hypothesis is that Crumbs–Expanded–Hippo signalling is involved

in regulating cell competition in imaginal disc epithelia (Hafezi et al. 2012). Cell

competition is a short-range signalling process whereby healthy cells kill their

unhealthy neighbours. When populations of cells express different levels of

Crumbs, cells with high Crumbs tend to act as ‘losers’ that are killed by

neighbouring ‘winner’ cells with low Crumbs (Hafezi et al. 2012). Thus, Crumbs

may be involved in sensing differences between winner and loser cells during cell

competition.

The above discussion highlights the crucial role that Crumbs plays in apicobasal

polarity and planar polarity in epithelia. Once epithelial cells have obtained their

polarity, they use this information to polarise many other molecules that direct cell

behaviour. One of the most important molecules acting downstream of the core

epithelial polarity determinants is E-cadherin, which forms adherens junctions to
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organise the cytoskeleton, connects neighbouring cells and directs epithelial cell

shape. How E-cadherin is trafficked in Drosophila epithelia will be considered in

the next section.

14.5 Trafficking and Localisation of E-Cadherin

in Drosophila Epithelia

E-cadherin is a transmembrane protein that forms homophilic adhesive interactions

that connect neighbouring epithelial cells at adherens junctions (Meng and Takeichi

2009). The cytoplasmic tail of E-cadherin binds to the actin cytoskeleton via the

beta-catenin and alpha-catenin proteins. A ring of filamentous actin and myosin-II

forms around adherens junctions to provide tensile strength to the epithelium. The

balance between tension and adhesion forces at adherens junctions is responsible

for determining the polygonal shapes of epithelial cells at the apical surface. Subtle

alterations in tension and adhesion by planar polarised cues underlie many cell

shape changes and cell–cell rearrangements during development, although the

nature of these upstream cues remains unclear in most cases (Vichas and Zallen

2011). Complete absence of E-cadherin, beta-catenin or alpha-catenin causes a

failure to maintain epithelial integrity and leads to a rounding up of epithelial cells

that then pile atop one another (Tepass et al. 1996; Peifer 1995; Sarpal et al. 2012).

The strong cell shape phenotype observed in the absence of adherens junctions

suggests that one of the major functions of epithelial polarity determinants is to

localise E-cadherin to the correct position within cells. It is striking that adherens

junctions are generally most concentrated right at the boundary between the apical

and basolateral membrane domains (Fig. 14.4). However, very little is known about

how determinants of apicobasal polarity might control the trafficking of E-cadherin.

One possibility is that polarity determinants might influence the formation of the

apical actomyosin ring, which is then responsible for binding to and stabilising

adherens junctions at the correct position (Gomez et al. 2011). But this possibility

remains to be explored experimentally in Drosophila.
Much more attention has been paid to more immediate regulators of actomyosin

contractility and their role in organising adherens junctions. In particular, the small

GTPase Rho (also called Rho1 or RhoA) is known to be important for actomyosin

contractility and junction maintenance in many contexts, including embryos, imag-

inal discs and the pupal retina (Magie et al. 1999, 2002; Bloor and Kiehart 2002;

Fox et al. 2005; Yan et al. 2009; Warner and Longmore 2009). Rho localises to the

adherens junctions and to the entire apical surface of epithelial cells. The two key

effectors of Rho are the formin Diaphanous, which promotes actin polymerisation,

and the Rho-kinase, which phosphorylates and activates myosin-II. However, the

precise contribution of Rho-kinase and Diaphanous in the regulation of adherens

junctions remains controversial. Evidence in retinal epithelia suggests that removal

of both Rho-kinase and Diaphanous does not affect Rho’s ability to maintain
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adherens junctions (Warner and Longmore 2009). Furthermore, planar polarised

activation of Rho-kinase and Dia during convergent extension movements in the

Drosophila embryo leads to endocytosis of E-cadherin and shrinkage of cell–cell

junctions, rather than stabilisation of E-cadherin at the membrane (Levayer

et al. 2011). Similarly, activation of Rho-kinase and Dia across the entire apical

surface during ventral furrow invagination in the embryo also leads to shrinkage of

adherens junctions and apical surface area (Mason et al. 2013). Thus, further work

is necessary to understand the basic mechanism by which Rho acts to stabilise

adherens junctions in most epithelial cells and why high levels of Rho activity seem

to have a destabilising effect on adherens junctions.

As a transmembrane protein, E-cadherin polarisation must depend on the mem-

brane trafficking machinery. Delivery of E-cadherin to the plasma membrane

appears to require the exocyst complex, as E-cadherin accumulates in intracellular

vesicles in embryos, follicle cells, imaginal discs and pupal notum epithelia lacking

exocyst components (Blankenship et al. 2007; Langevin et al. 2005; Wan

et al. 2013; Guichard et al. 2010). However, cells lacking exocyst function still

appear to have normal epithelial shape, indicating that functional adherens junc-

tions are still present in these cells (Blankenship et al. 2007; Langevin et al. 2005;

Wan et al. 2013; Guichard et al. 2010). Delivery of E-cadherin also appears to

depend to some extent on Rab11 recycling endosomes in the embryo (Roeth

et al. 2009). However, a complication in interpreting data on the role of membrane

trafficking in polarising adherens junctions in the embryo is that effects on

E-cadherin may be a consequence of loss of Crumbs, which is essential for

maintaining polarity during embryo morphogenesis (when the Baz complex is

planar polarised) (Blankenship et al. 2007; Roeth et al. 2009; Campbell

et al. 2009; Zallen and Wieschaus 2004). Thus, trafficking of E-cadherin may be

best studied in tissues where Crumbs and Baz act redundantly, so that effects on

Crumbs do not disturb the overall epithelial polarity. For example, in the follicle

cell epithelium, the retromer complex is required to recycle Crumbs and thus

maintain Crumbs levels at the apical domain, but appears to be dispensable for

adherens junction formation as epithelial cell shape is unaffected (Zhou et al. 2011).

Thus, further work is necessary to understand the extent to which different mem-

brane trafficking pathways are required to localise E-cadherin to adherens junctions

(Fig. 14.4).

14.6 The Multiple Roles of Bazooka/Par3 in Establishment

and Maintenance of Adherens Junctions

Bazooka/Par3 has several distinct roles in regulating adherens junctions. The first of

these is due to its primary function in recruiting aPKC–Par6–Cdc42—in parallel

with Crumbs—to maintain apicobasal polarity. Without aPKC–Par6–Cdc42 to

maintain apicobasal polarity, adherens junctions cannot be maintained in their
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usual location. However, since Bazooka/Par3 acts redundantly with Crumbs, it is

actually dispensable for maintaining adherens junctions in tissues where Crumbs is

expressed, such as imaginal disc epithelia or follicle cell epithelia. Crumbs is not

expressed during the very earliest establishment of epithelial polarity in the blas-

toderm embryo, and here Bazooka/Par3 has an essential role (presumably with

aPKC–Par6–Cdc42) in defining apicobasal polarity and directing the localisation of

adherens junctions.

The second role of Bazooka/Par3 appears to be independent of aPKC–Par6–

Cdc42. A pool of Bazooka/Par3 that is phosphorylated by aPKC localises to

adherens junctions rather than forming a complex with aPKC–Par6–Cdc42 at the

apical domain. Note also that Bazooka/Par3 does not localise to the basolateral

membrane due to phosphorylation by the basolateral Par1 kinase (Benton and St

Johnston 2003). The direct function of Bazooka/Par3 at the adherens junction is still

unclear, but it is suggestive that planar polarisation of junctional Bazooka/Par3

correlates with planar polarised junctional rearrangements during embryonic con-

vergent extension movements (Zallen and Wieschaus 2004; Simoes Sde

et al. 2010). In addition, the localisation of Bazooka/Par3 correlates with junctional

rearrangements during embryonic ventral furrow invagination, and, in this case,

Bazooka/Par3 is required for the junctional rearrangements involved (Wang

et al. 2012). In Par1 mutant embryos, spreading of Bazooka/Par3 basolaterally

leads to a basolateral re-localisation of adherens junctions (Wang et al. 2012). How

Bazooka/Par3 is able to promote localisation of E-cadherin is not known, but one

possibility is that it induces clustering of E-cadherin through its oligomerisation

domain. However, it is interesting that this function of Bazooka/Par3 tends to occur

during periods of cellular morphogenetic change, when the actin cytoskeleton is

undergoing dynamic alterations (and thus may not be sufficient to sustain the

normal localisation of adherens junctions) and E-cadherin is also altering its

localisation.

This second role of Bazooka/Par3 may explain an important element of the

cdc42 mutant phenotype. Unlike in aPKC or Par6 null mutants, which disperse

adherens junctions, cells mutant for cdc42 retain a single small patch of E-cadherin

at the surface for some time before this patch is finally internalised as one giant

endosome (Fletcher et al. 2012; Harris and Tepass 2008). This E-cadherin patch

appears to form in cdc42 mutants for the following reasons. Firstly, Cdc42 is

required to activate aPKC kinase activity and to maintain Crumbs at the plasma

membrane (Fletcher et al. 2012). Secondly, Cdc42 is required for Bazooka/Par3 to

form a normal apical domain (note that the polarisation of Bazooka/Par3 does not

depend on aPKC kinase activity, so this function must require other effectors of

Cdc42) (Fletcher et al. 2012; Kim et al. 2009). Thirdly, in the absence of Cdc42 and

a normal apical domain, Bazooka/Par3 can still bind directly to both adherens

junctions and to aPKC–Par6, so that the residual patch of E-cadherin also

co-localises with aPKC–Par6 (note that because the aPKC kinase is inactive in

cdc42 mutants, Bazooka/Par3 is not phosphorylated by aPKC) (Harris and Tepass

2008; Fletcher et al. 2012). Fourthly, the Bazooka/Par3–aPKC–Par6 complex
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maintains a single patch of E-cadherin at the membrane for a sustained period

despite the complete absence of normal apicobasal polarity.

These findings suggest that Bazooka/Par3 has only a limited ability to cluster

E-cadherin on its own (as in aPKC or Par6 mutants), but that the complex of

Bazooka/Par3 with aPKC–Par6 complex has an enhanced ability (as in cdc42
mutants) (Fletcher et al. 2012; Harris and Tepass 2008). When Cdc42 is also present

to form the Bazooka/Par3–aPKC–Par6–Cdc42 complex, fully normal apicobasal

polarity emerges and active aPKC kinase then segregates Bazooka/Par3 into two

pools, an apical Bazooka/Par3–aPKC–Par6–Cdc42 complex and a junctional,

phosphorylated Bazooka/Par3 (Morais-de-Sa et al. 2010). Further work is needed

to understand how phosphorylation of Bazooka/Par3 gives rise to these two distinct

pools.

Notably, the principles governing how E-cadherin becomes polarised in cells

may be similar in many respects to those governing polarisation of Crumbs. Both

Crumbs and E-cadherin are delivered apically by Rab11 and the exocyst machinery,

and both form apical–lateral cell–cell junctions with neighbouring cells via

homotypic interactions in cis and trans. The two domains do not overlap,

suggesting that the Crumbs complex helps prevent apical spreading of adherens

junctions, just as basolateral determinants must help prevent basal spreading of

adherens junctions. This mechanism appears to involve aPKC phosphorylation of

Bazooka/Par3 to exclude it from the Crumbs domain and Par1 phosphorylation of

Bazooka/Par3 to exclude it from the basolateral domain (Morais-de-Sa et al. 2010;

Benton and St Johnston 2003) but must also involve other mechanisms, as Bazooka/

Par3 is not strictly essential to maintain adherens junctions once they are formed. It

is possible that the actomyosin ring that forms around adherens junctions may also

be able to sustain these junctions in the absence of other inputs from the apicobasal

polarity determinants, but further work is necessary to explore this notion in vivo.

14.7 Elaborating Apicobasal Polarity: Polarised

Trafficking of Other Transmembrane Proteins

and Matrix Proteins in Drosophila Epithelia

The apicobasal polarisation of all other transmembrane proteins, endosomal traf-

ficking pathways and the cytoskeleton depends on the core apicobasal polarity

determinants. Many of the other polarised transmembrane proteins mediate the

polarised functions of epithelial cells. In general, relatively little is understood of

how these effectors become localised to their respective positions within epithelia,

but the process must involve polarised membrane trafficking in some way.

At the basal surface of certain Drosophila epithelia is a basement membrane

extracellular matrix (ECM) that is composed of collagen IV, perlecan, laminins and

nidogens. In some tissues, such as imaginal disc epithelia, the collagen IV and

perlecan are secreted by another tissue (the fat body) and then bind to the exposed
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basal surface of the imaginal disc epithelia (Pastor-Pareja and Xu 2011). Once

formed, the basement membrane provides a mechanical constraint that helps to

shape the tissue (Pastor-Pareja and Xu 2011). In other tissues, such as the follicle

cell epithelium that surrounds the ovary, the collagen IV is secreted by the follicle

cells themselves but also provides a mechanical constraint to help shape the tissue

(Haigo and Bilder 2011; Lerner et al. 2013). Trafficking of collagen IV, perlecan

and laminin to the basal surface requires Rab10, which is normally found in basal

endosomes (Lerner et al. 2013). In the absence of Rab10, basement membrane

proteins begin to be trafficked apically (Lerner et al. 2013). Another molecule that

is critical to prevent apical trafficking of basement membrane proteins is Crag, a

cytoplasmic DENN domain protein that could potentially regulate Rab10 in some

way (Denef et al. 2008; Lerner et al. 2013). The basement membrane is attached to

the base of epithelial cells via transmembrane proteins of the integrin family (which

binds to collagen IV) and dystroglycan (which binds to perlecan) (Haigo and Bilder

2011; Schneider et al. 2006; Deng et al. 2003; Mirouse et al. 2009). The basal

localisation of these transmembrane proteins appears to depend on the basal

secretion or localisation of their extracellular matrix ligands, but might also depend

on basally directed secretion route.

At the apical surface of externally facing Drosophila epithelia is a secreted

cuticle exoskeleton composed of chitin polymers. Just beneath this layer of cuticle

lies the apical extracellular matrix (aECM), which is composed of the zona

pellucida (ZP) domain proteins Piopio, Papillote and Dumpy. Dumpy is a very

large transmembrane protein that appears to link epithelial cells to the fibres of the

aECM and the overlying cuticle (Wilkin et al. 2000; Jazwinska et al. 2003; Bokel

et al. 2005). The cuticle provides a rigid exoskeleton that protects the animal from

the external environment, while the aECM is important for connecting epithelial

cells to the cuticle. Very little is known about how these apically secreted proteins

are trafficked to the correct location within epithelial cells, but presumably this

occurs through an apical endosome compartment of some sort.

On the lateral sides of epithelial cells, just beneath the adherens junctions, lie the

septate junctions. Septate junctions are composed of claudins, four transmembrane

proteins that provide a tight seal between neighbouring epithelial cells known as the

‘paracellular permeability barrier’ to prevent diffusion of solutes through the

epithelial layer. This epithelial barrier function only arises in certain epithelial

tissues, but is critical for the blood–brain barrier, for tracheal tube size control

and for the function of the intestinal epithelium (Yanagihashi et al. 2012; Izumi

et al. 2012; Banerjee et al. 2008; Stork et al. 2008; Baumann 2001). The major

claudins in Drosophila are Kune-kune, Megatrachea and Sinuous, while other

transmembrane proteins involved in septate junctions include Neuroglian,

Neurexin, Contactin, Lachesin, Na/K ATPase, Gliotactin, Fasciclin III, Wunen,

Mesh and Snakeskin as well as the membrane-associated proteins Varicose, Cora-

cle, Scrib and Dlg (Woods et al. 1997; Izumi et al. 2012; Yanagihashi et al. 2012;

Ile et al. 2012; Banerjee et al. 2011; Nelson et al. 2010; Laval et al. 2008; Bachmann

et al. 2008; Moyer and Jacobs 2008; Wu et al. 2004, 2007; Strigini et al. 2006;

Faivre-Sarrailh et al. 2004; Llimargas et al. 2004; Behr et al. 2003; Paul et al. 2003;
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Genova and Fehon 2003). A secreted protein, Boudin, is also involved (Hijazi

et al. 2009). Importantly, these molecules can be expressed and localised differently

in different tissue contexts, although much more remains to be learned about how

and why septate junction components are used in each tissue type.

In summary, a wide range of transmembrane proteins and secreted proteins are

polarised in various epithelial cells to enable epithelial cell morphogenesis and

function (Fig. 14.5). Some proteins not discussed here are the transporter proteins

that must polarise the transport of solutes across the epithelia in the intestine and

certain other epithelia. Very little is known about the role of transporters in

Drosophila physiology and metabolism. How such transporters might polarise is

yet another outstanding question in Drosophila epithelial biology. Another set of

proteins not discussed here are the planar polarised Frizzled–Flamingo–Strabismus

planar polarity proteins and the Dachsous–Fat cadherin planar polarity proteins

whose distributions are similar to adherens junctions except that they are addition-

ally polarised in the plane of the epithelium. How this planar polarity comes about

is also a major mystery that must involve regulated membrane trafficking in some

way.

Fig. 14.5 Apicobasal

polarity determinants can

direct formation of apical

microvilli, apical cuticle

and ECM, septate junctions

and basement membrane

ECM in certain Drosophila
cell types
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14.8 Conclusions

In summary, membrane trafficking has a profound role in apicobasal polarity in

Drosophila epithelia. Firstly, the trafficking machinery polarises Crumbs, a key

apical determinant. Part of the Crumbs polarisation process involves polarisation of

the exocyst complex, which then delivers Crumbs to the apical domain in a positive

feedback loop. The polarised exocyst complex then helps deliver adherens junc-

tions to the boundary between the apical and basolateral determinants. Adherens

junctions then organise the actin cytoskeleton and the overall shape of the epithelial

cell and its interactions with neighbours. Whether the exocyst is the only mecha-

nism localising Crumbs and adherens junctions in Drosophila remains unclear.

Many other transmembrane proteins and secreted proteins are then localised api-

cally, basally, laterally or in a planar polarised manner by a polarised membrane

trafficking machinery whose nature is still very poorly understood. However,

progress is being made here, and we can expect many insights into how different

epithelial cells acquire their unique characteristics to emerge over the coming years.

Acknowledgements I thank Georgina Fletcher and Eliana Lucas for helping in preparing the

figures. I also apologise to my colleagues working with C. elegans, or mammalian cells in culture,

whose important work could not be cited here due to space limitations.

References

Atwood SX, Prehoda KE (2009) aPKC phosphorylates Miranda to polarize fate determinants

during neuroblast asymmetric cell division. Curr Biol 19(9):723–729. doi:10.1016/j.cub.2009.

03.056

Bachmann A, Draga M, Grawe F, Knust E (2008) On the role of the MAGUK proteins encoded by

Drosophila varicose during embryonic and postembryonic development. BMC Dev Biol 8:55.

doi:10.1186/1471-213X-8-55

Banerjee S, Bainton RJ, Mayer N, Beckstead R, Bhat MA (2008) Septate junctions are required for

ommatidial integrity and blood-eye barrier function in Drosophila. Dev Biol 317(2):585–599.

doi:10.1016/j.ydbio.2008.03.007

Banerjee S, Paik R, Mino RE, Blauth K, Fisher ES, Madden VJ, Fanning AS, Bhat MA (2011) A

Laminin G-EGF-Laminin G module in Neurexin IV is essential for the apico-lateral localiza-

tion of Contactin and organization of septate junctions. PLoS One 6(10):e25926. doi:10.1371/

journal.pone.0025926

Baumann O (2001) Posterior midgut epithelial cells differ in their organization of the membrane

skeleton from other Drosophila epithelia. Exp Cell Res 270(2):176–187. doi:10.1006/excr.

2001.5343

Behr M, Riedel D, Schuh R (2003) The claudin-like megatrachea is essential in septate junctions

for the epithelial barrier function in Drosophila. Dev Cell 5(4):611–620

Benton R, St Johnston D (2003) Drosophila PAR-1 and 14-3-3 inhibit Bazooka/PAR-3 to establish

complementary cortical domains in polarized cells. Cell 115(6):691–704

Berdnik D, Torok T, Gonzalez-Gaitan M, Knoblich JA (2002) The endocytic protein alpha-

Adaptin is required for numb-mediated asymmetric cell division in Drosophila. Dev Cell 3

(2):221–231

14 Membrane Traffic and Apicobasal Polarity in Drosophila Epithelial Cells 343

http://dx.doi.org/10.1016/j.cub.2009.03.056
http://dx.doi.org/10.1016/j.cub.2009.03.056
http://dx.doi.org/10.1186/1471-213X-8-55
http://dx.doi.org/10.1016/j.ydbio.2008.03.007
http://dx.doi.org/10.1371/journal.pone.0025926
http://dx.doi.org/10.1371/journal.pone.0025926
http://dx.doi.org/10.1006/excr.2001.5343
http://dx.doi.org/10.1006/excr.2001.5343


Betschinger J, Mechtler K, Knoblich JA (2003) The Par complex directs asymmetric cell division

by phosphorylating the cytoskeletal protein Lgl. Nature 422(6929):326–330. doi:10.1038/

nature01486

Bilder D, Perrimon N (2000) Localization of apical epithelial determinants by the basolateral PDZ

protein Scribble. Nature 403(6770):676–680. doi:10.1038/35001108

Bilder D, Li M, Perrimon N (2000) Cooperative regulation of cell polarity and growth by

Drosophila tumor suppressors. Science 289(5476):113–116

Blankenship JT, Fuller MT, Zallen JA (2007) The Drosophila homolog of the Exo84 exocyst

subunit promotes apical epithelial identity. J Cell Sci 120(Pt 17):3099–3110. doi:10.1242/jcs.

004770

Bloor JW, Kiehart DP (2002) Drosophila RhoA regulates the cytoskeleton and cell-cell adhesion

in the developing epidermis. Development 129(13):3173–3183

Bokel C, Prokop A, Brown NH (2005) Papillote and Piopio: Drosophila ZP-domain proteins

required for cell adhesion to the apical extracellular matrix and microtubule organization. J

Cell Sci 118(Pt 3):633–642. doi:10.1242/jcs.01619

Bryant PJ, Schmidt O (1990) The genetic control of cell proliferation in Drosophila imaginal discs.

J Cell Sci Suppl 13:169–189

Campbell K, Knust E, Skaer H (2009) Crumbs stabilises epithelial polarity during tissue

remodelling. J Cell Sci 122(Pt 15):2604–2612. doi:10.1242/jcs.047183

Chen CL, Gajewski KM, Hamaratoglu F, Bossuyt W, Sansores-Garcia L, Tao C, Halder G (2010)

The apical-basal cell polarity determinant Crumbs regulates Hippo signaling in Drosophila.

Proc Natl Acad Sci U S A 107(36):15810–15815. doi:10.1073/pnas.1004060107

Coumailleau F, Furthauer M, Knoblich JA, Gonzalez-Gaitan M (2009) Directional Delta and

Notch trafficking in Sara endosomes during asymmetric cell division. Nature 458

(7241):1051–1055. doi:10.1038/nature07854

Denef N, Chen Y, Weeks SD, Barcelo G, Schupbach T (2008) Crag regulates epithelial architec-

ture and polarized deposition of basement membrane proteins in Drosophila. Dev Cell 14

(3):354–364. doi:10.1016/j.devcel.2007.12.012

Deng WM, Schneider M, Frock R, Castillejo-Lopez C, Gaman EA, Baumgartner S, Ruohola-

Baker H (2003) Dystroglycan is required for polarizing the epithelial cells and the oocyte in

Drosophila. Development 130(1):173–184

Faivre-Sarrailh C, Banerjee S, Li J, Hortsch M, Laval M, Bhat MA (2004) Drosophila contactin, a

homolog of vertebrate contactin, is required for septate junction organization and paracellular

barrier function. Development 131(20):4931–4942. doi:10.1242/dev.01372

Fernandez BG, Gaspar P, Bras-Pereira C, Jezowska B, Rebelo SR, Janody F (2011) Actin-Capping

Protein and the Hippo pathway regulate F-actin and tissue growth in Drosophila. Development

138(11):2337–2346. doi:10.1242/dev.063545

Fletcher GC, Lucas EP, Brain R, Tournier A, Thompson BJ (2012) Positive feedback and mutual

antagonism combine to polarize Crumbs in the Drosophila follicle cell epithelium. Curr Biol

22(12):1116–1122. doi:10.1016/j.cub.2012.04.020

Fox DT, Homem CC, Myster SH, Wang F, Bain EE, Peifer M (2005) Rho1 regulates Drosophila

adherens junctions independently of p120ctn. Development 132(21):4819–4831. doi:10.1242/

dev.02056

Genova JL, Fehon RG (2003) Neuroglian, Gliotactin, and the Na+/K+ ATPase are essential for

septate junction function in Drosophila. J Cell Biol 161(5):979–989. doi:10.1083/jcb.

200212054

Gomez GA, McLachlan RW, Yap AS (2011) Productive tension: force-sensing and homeostasis of

cell-cell junctions. Trends Cell Biol 21(9):499–505. doi:10.1016/j.tcb.2011.05.006

Guichard A, McGillivray SM, Cruz-Moreno B, van Sorge NM, Nizet V, Bier E (2010) Anthrax

toxins cooperatively inhibit endocytic recycling by the Rab11/Sec15 exocyst. Nature 467

(7317):854–858. doi:10.1038/nature09446

344 B.J. Thompson

http://dx.doi.org/10.1038/nature01486
http://dx.doi.org/10.1038/nature01486
http://dx.doi.org/10.1038/35001108
http://dx.doi.org/10.1242/jcs.004770
http://dx.doi.org/10.1242/jcs.004770
http://dx.doi.org/10.1242/jcs.01619
http://dx.doi.org/10.1242/jcs.047183
http://dx.doi.org/10.1073/pnas.1004060107
http://dx.doi.org/10.1038/nature07854
http://dx.doi.org/10.1016/j.devcel.2007.12.012
http://dx.doi.org/10.1242/dev.01372
http://dx.doi.org/10.1242/dev.063545
http://dx.doi.org/10.1016/j.cub.2012.04.020
http://dx.doi.org/10.1242/dev.02056
http://dx.doi.org/10.1242/dev.02056
http://dx.doi.org/10.1083/jcb.200212054
http://dx.doi.org/10.1083/jcb.200212054
http://dx.doi.org/10.1016/j.tcb.2011.05.006
http://dx.doi.org/10.1038/nature09446


Hafezi Y, Bosch JA, Hariharan IK (2012) Differences in levels of the transmembrane protein

Crumbs can influence cell survival at clonal boundaries. Dev Biol 368(2):358–369.

doi:10.1016/j.ydbio.2012.06.001

Haigo SL, Bilder D (2011) Global tissue revolutions in a morphogenetic movement controlling

elongation. Science 331(6020):1071–1074. doi:10.1126/science.1199424

Halbsgut N, Linnemannstons K, Zimmermann LI, Wodarz A (2011) Apical-basal polarity in

Drosophila neuroblasts is independent of vesicular trafficking. Mol Biol Cell 22

(22):4373–4379. doi:10.1091/mbc.E11-03-0219

Harris KP, Tepass U (2008) Cdc42 and Par proteins stabilize dynamic adherens junctions in the

Drosophila neuroectoderm through regulation of apical endocytosis. J Cell Biol 183

(6):1129–1143. doi:10.1083/jcb.200807020

Hijazi A, Masson W, Auge B, Waltzer L, Haenlin M, Roch F (2009) boudin is required for septate

junction organisation in Drosophila and codes for a diffusible protein of the Ly6 superfamily.

Development 136(13):2199–2209. doi:10.1242/dev.033845

Homem CC, Knoblich JA (2012) Drosophila neuroblasts: a model for stem cell biology. Devel-

opment 139(23):4297–4310. doi:10.1242/dev.080515

Ile KE, Tripathy R, Goldfinger V, Renault AD (2012) Wunen, a Drosophila lipid phosphate

phosphatase, is required for septate junction-mediated barrier function. Development 139

(14):2535–2546. doi:10.1242/dev.077289

Izumi Y, Yanagihashi Y, Furuse M (2012) A novel protein complex, Mesh-Ssk, is required for

septate junction formation in the Drosophila midgut. J Cell Sci 125(Pt 20):4923–4933.

doi:10.1242/jcs.112243

Jazwinska A, Ribeiro C, Affolter M (2003) Epithelial tube morphogenesis during Drosophila

tracheal development requires Piopio, a luminal ZP protein. Nat Cell Biol 5(10):895–901.

doi:10.1038/ncb1049

Kim S, Gailite I, Moussian B, Luschnig S, Goette M, Fricke K, Honemann-Capito M,

Grubmuller H, Wodarz A (2009) Kinase-activity-independent functions of atypical protein

kinase C in Drosophila. J Cell Sci 122(Pt 20):3759–3771. doi:10.1242/jcs.052514

Langevin J, Morgan MJ, Sibarita JB, Aresta S, Murthy M, Schwarz T, Camonis J, Bellaiche Y

(2005) Drosophila exocyst components Sec5, Sec6, and Sec15 regulate DE-Cadherin traffick-

ing from recycling endosomes to the plasma membrane. Dev Cell 9(3):365–376

Laprise P, Beronja S, Silva-Gagliardi NF, Pellikka M, Jensen AM, McGlade CJ, Tepass U (2006)

The FERM protein Yurt is a negative regulatory component of the Crumbs complex that

controls epithelial polarity and apical membrane size. Dev Cell 11(3):363–374. doi:10.1016/j.

devcel.2006.06.001

Laprise P, Lau KM, Harris KP, Silva-Gagliardi NF, Paul SM, Beronja S, Beitel GJ, McGlade CJ,

Tepass U (2009) Yurt, Coracle, Neurexin IV and the Na(+), K(+)-ATPase form a novel group

of epithelial polarity proteins. Nature 459(7250):1141–1145. doi:10.1038/nature08067

Laval M, Bel C, Faivre-Sarrailh C (2008) The lateral mobility of cell adhesion molecules is highly

restricted at septate junctions in Drosophila. BMC Cell Biol 9:38. doi:10.1186/1471-2121-9-38

Lerner DW, McCoy D, Isabella AJ, Mahowald AP, Gerlach GF, Chaudhry TA, Horne-Badovinac

S (2013) A Rab10-dependent mechanism for polarized basement membrane secretion during

organ morphogenesis. Dev Cell 24(2):159–168. doi:10.1016/j.devcel.2012.12.005

Letizia A, Sotillos S, Campuzano S, Llimargas M (2011) Regulated Crb accumulation controls

apical constriction and invagination in Drosophila tracheal cells. J Cell Sci 124(Pt 2):240–251.

doi:10.1242/jcs.073601

Letizia A, Ricardo S, Moussian B, Martin N, Llimargas M (2013) A functional role of the

extracellular domain of Crumbs in cell architecture and apicobasal polarity. J Cell Sci 126

(Pt 10):2157–2163. doi:10.1242/jcs.122382

Levayer R, Pelissier-Monier A, Lecuit T (2011) Spatial regulation of Dia and Myosin-II by

RhoGEF2 controls initiation of E-cadherin endocytosis during epithelial morphogenesis.

Nat Cell Biol 13(5):529–540. doi:10.1038/ncb2224

14 Membrane Traffic and Apicobasal Polarity in Drosophila Epithelial Cells 345

http://dx.doi.org/10.1016/j.ydbio.2012.06.001
http://dx.doi.org/10.1126/science.1199424
http://dx.doi.org/10.1091/mbc.E11-03-0219
http://dx.doi.org/10.1083/jcb.200807020
http://dx.doi.org/10.1242/dev.033845
http://dx.doi.org/10.1242/dev.080515
http://dx.doi.org/10.1242/dev.077289
http://dx.doi.org/10.1242/jcs.112243
http://dx.doi.org/10.1038/ncb1049
http://dx.doi.org/10.1242/jcs.052514
http://dx.doi.org/10.1016/j.devcel.2006.06.001
http://dx.doi.org/10.1016/j.devcel.2006.06.001
http://dx.doi.org/10.1038/nature08067
http://dx.doi.org/10.1186/1471-2121-9-38
http://dx.doi.org/10.1016/j.devcel.2012.12.005
http://dx.doi.org/10.1242/jcs.073601
http://dx.doi.org/10.1242/jcs.122382
http://dx.doi.org/10.1038/ncb2224


Ling C, Zheng Y, Yin F, Yu J, Huang J, Hong Y, Wu S, Pan D (2010) The apical transmembrane

protein Crumbs functions as a tumor suppressor that regulates Hippo signaling by binding to

Expanded. Proc Natl Acad Sci U S A 107(23):10532–10537. doi:10.1073/pnas.1004279107

Llimargas M, Strigini M, Katidou M, Karagogeos D, Casanova J (2004) Lachesin is a component

of a septate junction-based mechanism that controls tube size and epithelial integrity in the

Drosophila tracheal system. Development 131(1):181–190. doi:10.1242/dev.00917

Lu H, Bilder D (2005) Endocytic control of epithelial polarity and proliferation in Drosophila. Nat

Cell Biol 7(12):1232–1239. doi:10.1038/ncb1324

Lucas EP, Khanal I, Gaspar P, Fletcher GC, Polesello C, Tapon N, Thompson BJ (2013) The

Hippo pathway polarizes the actin cytoskeleton during collective migration of Drosophila

border cells. J Cell Biol 201(6):875–885. doi:10.1083/jcb.201210073

Magie CR, Meyer MR, Gorsuch MS, Parkhurst SM (1999) Mutations in the Rho1 small GTPase

disrupt morphogenesis and segmentation during early Drosophila development. Development

126(23):5353–5364

Magie CR, Pinto-Santini D, Parkhurst SM (2002) Rho1 interacts with p120ctn and alpha-catenin,

and regulates cadherin-based adherens junction components in Drosophila. Development 129

(16):3771–3782

Mason FM, Tworoger M, Martin AC (2013) Apical domain polarization localizes actin-myosin

activity to drive ratchet-like apical constriction. Nat Cell Biol 15(8):926–936. doi:10.1038/

ncb2796

Meng W, Takeichi M (2009) Adherens junction: molecular architecture and regulation. Cold

Spring Harb Perspect Biol 1(6):a002899. doi:10.1101/cshperspect.a002899

Menut L, Vaccari T, Dionne H, Hill J, Wu G, Bilder D (2007) A mosaic genetic screen for

Drosophila neoplastic tumor suppressor genes based on defective pupation. Genetics 177

(3):1667–1677. doi:10.1534/genetics.107.078360

Mirouse V, Christoforou CP, Fritsch C, St Johnston D, Ray RP (2009) Dystroglycan and perlecan

provide a basal cue required for epithelial polarity during energetic stress. Dev Cell 16

(1):83–92. doi:10.1016/j.devcel.2008.11.006

Morais-de-Sa E, Mirouse V, St Johnston D (2010) aPKC phosphorylation of Bazooka defines the

apical/lateral border in Drosophila epithelial cells. Cell 141(3):509–523. doi:10.1016/j.cell.

2010.02.040

Moyer KE, Jacobs JR (2008) Varicose: a MAGUK required for the maturation and function of

Drosophila septate junctions. BMC Dev Biol 8:99. doi:10.1186/1471-213X-8-99

Nelson KS, Furuse M, Beitel GJ (2010) The Drosophila Claudin Kune-kune is required for septate

junction organization and tracheal tube size control. Genetics 185(3):831–839. doi:10.1534/

genetics.110.114959

Pastor-Pareja JC, Xu T (2011) Shaping cells and organs in Drosophila by opposing roles of fat

body-secreted Collagen IV and perlecan. Dev Cell 21(2):245–256. doi:10.1016/j.devcel.2011.

06.026

Paul SM, Ternet M, Salvaterra PM, Beitel GJ (2003) The Na+/K+ ATPase is required for septate

junction function and epithelial tube-size control in the Drosophila tracheal system. Develop-

ment 130(20):4963–4974. doi:10.1242/dev.00691

Peifer M (1995) Cell adhesion and signal transduction: the Armadillo connection. Trends Cell Biol

5(6):224–229

Pellikka M, Tanentzapf G, Pinto M, Smith C, McGlade CJ, Ready DF, Tepass U (2002) Crumbs,

the Drosophila homologue of human CRB1/RP12, is essential for photoreceptor morphogen-

esis. Nature 416(6877):143–149. doi:10.1038/nature721

Pocha SM, Wassmer T, Niehage C, Hoflack B, Knust E (2011) Retromer controls epithelial cell

polarity by trafficking the apical determinant Crumbs. Curr Biol 21(13):1111–1117.

doi:10.1016/j.cub.2011.05.007

Robinson BS, Huang J, Hong Y, Moberg KH (2010) Crumbs regulates Salvador/Warts/Hippo

signaling in Drosophila via the FERM-domain protein Expanded. Curr Biol 20(7):582–590.

doi:10.1016/j.cub.2010.03.019

346 B.J. Thompson

http://dx.doi.org/10.1073/pnas.1004279107
http://dx.doi.org/10.1242/dev.00917
http://dx.doi.org/10.1038/ncb1324
http://dx.doi.org/10.1083/jcb.201210073
http://dx.doi.org/10.1038/ncb2796
http://dx.doi.org/10.1038/ncb2796
http://dx.doi.org/10.1101/cshperspect.a002899
http://dx.doi.org/10.1534/genetics.107.078360
http://dx.doi.org/10.1016/j.devcel.2008.11.006
http://dx.doi.org/10.1016/j.cell.2010.02.040
http://dx.doi.org/10.1016/j.cell.2010.02.040
http://dx.doi.org/10.1186/1471-213X-8-99
http://dx.doi.org/10.1534/genetics.110.114959
http://dx.doi.org/10.1534/genetics.110.114959
http://dx.doi.org/10.1016/j.devcel.2011.06.026
http://dx.doi.org/10.1016/j.devcel.2011.06.026
http://dx.doi.org/10.1242/dev.00691
http://dx.doi.org/10.1038/nature721
http://dx.doi.org/10.1016/j.cub.2011.05.007
http://dx.doi.org/10.1016/j.cub.2010.03.019


Roeth JF, Sawyer JK, Wilner DA, Peifer M (2009) Rab11 helps maintain apical crumbs and

adherens junctions in the Drosophila embryonic ectoderm. PLoS One 4(10):e7634.

doi:10.1371/journal.pone.0007634

Roper K (2012) Anisotropy of Crumbs and aPKC drives myosin cable assembly during tube

formation. Dev Cell 23(5):939–953. doi:10.1016/j.devcel.2012.09.013

Sarpal R, Pellikka M, Patel RR, Hui FY, Godt D, Tepass U (2012) Mutational analysis supports a

core role for Drosophila alpha-catenin in adherens junction function. J Cell Sci 125

(Pt 1):233–245. doi:10.1242/jcs.096644

Schneider M, Khalil AA, Poulton J, Castillejo-Lopez C, Egger-Adam D, Wodarz A, Deng WM,

Baumgartner S (2006) Perlecan and Dystroglycan act at the basal side of the Drosophila

follicular epithelium to maintain epithelial organization. Development 133(19):3805–3815.

doi:10.1242/dev.02549

Simoes Sde M, Blankenship JT, Weitz O, Farrell DL, Tamada M, Fernandez-Gonzalez R, Zallen

JA (2010) Rho-kinase directs Bazooka/Par-3 planar polarity during Drosophila axis elonga-

tion. Dev Cell 19(3):377–388. doi:10.1016/j.devcel.2010.08.011

Stork T, Engelen D, Krudewig A, Silies M, Bainton RJ, Klambt C (2008) Organization and

function of the blood-brain barrier in Drosophila. J Neurosci 28(3):587–597. doi:10.1523/

JNEUROSCI. 4367-07.2008

Strigini M, Cantera R, Morin X, Bastiani MJ, Bate M, Karagogeos D (2006) The IgLON protein

Lachesin is required for the blood-brain barrier in Drosophila. Mol Cell Neurosci 32

(1–2):91–101. doi:10.1016/j.mcn.2006.03.001

Tanentzapf G, Tepass U (2003) Interactions between the crumbs, lethal giant larvae and bazooka

pathways in epithelial polarization. Nat Cell Biol 5(1):46–52. doi:10.1038/ncb896

Tepass U, Gruszynski-DeFeo E, Haag TA, Omatyar L, Torok T, Hartenstein V (1996) shotgun

encodes Drosophila E-cadherin and is preferentially required during cell rearrangement in the

neurectoderm and other morphogenetically active epithelia. Genes Dev 10(6):672–685

Thompson BJ, Mathieu J, Sung HH, Loeser E, Rorth P, Cohen SM (2005) Tumor suppressor

properties of the ESCRT-II complex component Vps25 in Drosophila. Dev Cell 9(5):711–720.

doi:10.1016/j.devcel.2005.09.020

Thompson BJ, Pichaud F, Roper K (2013) Sticking together the Crumbs—an unexpected function

for an old friend. Nat Rev Mol Cell Biol 14(5):307–314. doi:10.1038/nrm3568

Vaccari T, Bilder D (2005) The Drosophila tumor suppressor vps25 prevents nonautonomous

overproliferation by regulating notch trafficking. Dev Cell 9(5):687–698. doi:10.1016/j.devcel.

2005.09.019

Vichas A, Zallen JA (2011) Translating cell polarity into tissue elongation. Semin Cell Dev Biol

22(8):858–864. doi:10.1016/j.semcdb.2011.09.013

Walther RF, Pichaud F (2010) Crumbs/DaPKC-dependent apical exclusion of Bazooka promotes

photoreceptor polarity remodeling. Curr Biol 20(12):1065–1074. doi:10.1016/j.cub.2010.04.

049

Wan P, Wang D, Luo J, Chu D, Wang H, Zhang L, Chen J (2013) Guidance receptor promotes the

asymmetric distribution of exocyst and recycling endosome during collective cell migration.

Development 140(23):4797–4806. doi:10.1242/dev.094979

Wang YC, Khan Z, Kaschube M, Wieschaus EF (2012) Differential positioning of adherens

junctions is associated with initiation of epithelial folding. Nature 484(7394):390–393.

doi:10.1038/nature10938

Warner SJ, Longmore GD (2009) Distinct functions for Rho1 in maintaining adherens junctions

and apical tension in remodeling epithelia. J Cell Biol 185(6):1111–1125. doi:10.1083/jcb.

200901029

Wilkin MB, Becker MN, Mulvey D, Phan I, Chao A, Cooper K, Chung HJ, Campbell ID,

Baron M, MacIntyre R (2000) Drosophila dumpy is a gigantic extracellular protein required

to maintain tension at epidermal-cuticle attachment sites. Curr Biol 10(10):559–567

14 Membrane Traffic and Apicobasal Polarity in Drosophila Epithelial Cells 347

http://dx.doi.org/10.1371/journal.pone.0007634
http://dx.doi.org/10.1016/j.devcel.2012.09.013
http://dx.doi.org/10.1242/jcs.096644
http://dx.doi.org/10.1242/dev.02549
http://dx.doi.org/10.1016/j.devcel.2010.08.011
http://dx.doi.org/10.1523/JNEUROSCI.%204367-07.2008
http://dx.doi.org/10.1523/JNEUROSCI.%204367-07.2008
http://dx.doi.org/10.1016/j.mcn.2006.03.001
http://dx.doi.org/10.1038/ncb896
http://dx.doi.org/10.1016/j.devcel.2005.09.020
http://dx.doi.org/10.1038/nrm3568
http://dx.doi.org/10.1016/j.devcel.2005.09.019
http://dx.doi.org/10.1016/j.devcel.2005.09.019
http://dx.doi.org/10.1016/j.semcdb.2011.09.013
http://dx.doi.org/10.1016/j.cub.2010.04.049
http://dx.doi.org/10.1016/j.cub.2010.04.049
http://dx.doi.org/10.1242/dev.094979
http://dx.doi.org/10.1038/nature10938
http://dx.doi.org/10.1083/jcb.200901029
http://dx.doi.org/10.1083/jcb.200901029


Wirtz-Peitz F, Nishimura T, Knoblich JA (2008) Linking cell cycle to asymmetric division:

Aurora-A phosphorylates the Par complex to regulate Numb localization. Cell 135

(1):161–173. doi:10.1016/j.cell.2008.07.049

Wodarz A, Gonzalez C (2006) Connecting cancer to the asymmetric division of stem cells. Cell

124(6):1121–1123. doi:10.1016/j.cell.2006.03.004

Wodarz A, Hinz U, Engelbert M, Knust E (1995) Expression of crumbs confers apical character on

plasma membrane domains of ectodermal epithelia of Drosophila. Cell 82(1):67–76

Woods DF, Bryant PJ (1991) The discs-large tumor suppressor gene of Drosophila encodes a

guanylate kinase homolog localized at septate junctions. Cell 66(3):451–464

Woods DF, Hough C, Peel D, Callaini G, Bryant PJ (1996) Dlg protein is required for junction

structure, cell polarity, and proliferation control in Drosophila epithelia. J Cell Biol 134

(6):1469–1482

Woods DF, Wu JW, Bryant PJ (1997) Localization of proteins to the apico-lateral junctions of

Drosophila epithelia. Dev Genet 20(2):111–118. doi:10.1002/(SICI)1520-6408(1997)

20:2<111::AID-DVG4>3.0.CO;2-A

Wu VM, Schulte J, Hirschi A, Tepass U, Beitel GJ (2004) Sinuous is a Drosophila claudin required

for septate junction organization and epithelial tube size control. J Cell Biol 164(2):313–323.

doi:10.1083/jcb.200309134

Wu VM, Yu MH, Paik R, Banerjee S, Liang Z, Paul SM, Bhat MA, Beitel GJ (2007) Drosophila

Varicose, a member of a new subgroup of basolateral MAGUKs, is required for septate

junctions and tracheal morphogenesis. Development 134(5):999–1009. doi:10.1242/dev.02785

Yan J, Lu Q, Fang X, Adler PN (2009) Rho1 has multiple functions in Drosophila wing planar

polarity. Dev Biol 333(1):186–199. doi:10.1016/j.ydbio.2009.06.027

Yanagihashi Y, Usui T, Izumi Y, Yonemura S, Sumida M, Tsukita S, Uemura T, Furuse M (2012)

Snakeskin, a membrane protein associated with smooth septate junctions, is required for

intestinal barrier function in Drosophila. J Cell Sci 125(Pt 8):1980–1990. doi:10.1242/jcs.

096800

Zallen JA, Wieschaus E (2004) Patterned gene expression directs bipolar planar polarity in

Drosophila. Dev Cell 6(3):343–355

Zhou B, Wu Y, Lin X (2011) Retromer regulates apical-basal polarity through recycling Crumbs.

Dev Biol 360(1):87–95. doi:10.1016/j.ydbio.2011.09.009

348 B.J. Thompson

http://dx.doi.org/10.1016/j.cell.2008.07.049
http://dx.doi.org/10.1016/j.cell.2006.03.004
http://dx.doi.org/10.1002/(SICI)1520-6408(1997)20:2%3C111::AID-DVG4%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1520-6408(1997)20:2%3C111::AID-DVG4%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1520-6408(1997)20:2%3C111::AID-DVG4%3E3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1520-6408(1997)20:2%3C111::AID-DVG4%3E3.0.CO;2-A
http://dx.doi.org/10.1083/jcb.200309134
http://dx.doi.org/10.1242/dev.02785
http://dx.doi.org/10.1016/j.ydbio.2009.06.027
http://dx.doi.org/10.1242/jcs.096800
http://dx.doi.org/10.1242/jcs.096800
http://dx.doi.org/10.1016/j.ydbio.2011.09.009


Chapter 15

Roles of Rab Family Small G Proteins

in Formation of the Apical Junctional

Complex in Epithelial Cells

Ayuko Sakane and Takuya Sasaki

Abstract Epithelial tissue formation and function require organization of mono-

layer sheets, which is mediated through the apical junctional complex (AJC). The

AJC comprises a diverse set of key factors: adhesion molecules including

E-cadherin, claudins, and occludin; polarity proteins that support organization

and function of apical and basolateral membranes; and proteins that support

adhesion, vesicle transport, actin cytoskeletal rearrangement, and membrane scaf-

folds. These proteins form a dynamic cooperative network that is engaged in the

highly elaborate regulation of AJC. Several lines of evidence indicate that Rab

family small G proteins play important roles in the regulation of epithelial apical

junctions and that the assembly and disassembly of these junctions can be driven by

Rab proteins localized at either endosomes or apical junctions. In this review, we

provide an overview of the influence of Rab proteins on AJC functions, focusing

especially on the role of the complex containing Rab13 and JRAB/MICAL-L2

(junctional Rab13-binding protein/molecule interacting with CasL-like 2) in the

regulation of epithelial apical junctions.

Keywords Actin cytoskeletal reorganization • Apical junctional complex •

Membrane traffic • Rab family small G proteins • Rab13-JRAB/MICAL-L2 complex

15.1 Introduction

The principal property of epithelial cells is their ability to form monolayer sheets

that can be molded into different shapes. These sheets function as selective and

dynamic barriers between compartments within the body, as well as between the

environment and the interior of the body. The ability of epithelial cells to organize

into monolayer sheets is based on cell–cell adhesion, which is mediated through the

apical junctional complex (AJC). Tight junctions (TJs) and adherens junctions
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(AJs) constitute the AJCs by which neighboring epithelial cells adhere to each other

and determine tissue organization. In most epithelial cells, an AJC segregates the

apical membrane from the basolateral membrane. This complex contains adhesive

elements that bind cells into epithelial sheets, as well as a junction that seals the

intercellular space to regulate diffusion of ions or molecules across these sheets.

Together with the barrier function, bidirectional active transport allows epithelia to

regulate compartment composition and organ function. The AJC is a highly

dynamic structure that undergoes continuous remodeling during physiological

morphogenesis, as well as under pathological conditions. The assembly and disas-

sembly of the AJC require the dynamic integration of several cellular machineries:

(1) vesicle transport of apical junctional proteins that deliver cargo to specific

membrane domains; (2) plasma membrane domain-specific scaffolds of polarity

proteins that support organization and function of apical and basolateral mem-

branes; and (3) remodeling of the actin cytoskeleton and the associated machinery

that support adhesion, vesicle transport, and membrane scaffolds (Bryant and

Mostov 2008; Li and Gundersen 2008; Mellman and Nelson 2008). Significant

progress has been made in the identification of components of different modules

within the AJC network and in understanding the function of individual cellular

machineries. However, the mechanisms by which these machineries cooperate in

AJC formation remain incompletely understood.

Several lines of evidence indicate that Rab family small G proteins (Rab pro-

teins) are crucially involved in regulation of the AJC. Rab proteins localized at

either endosomes or apical junctions can influence the assembly and disassembly of

epithelial apical junctions. In this review, following an overview of Rab proteins,

we describe how Rab proteins influence epithelial apical junctions. We then discuss

our emerging understanding of the role of the Rab13–JRAB/MICAL-L2 complex in

regulating cooperation between cytoskeletal organization and vesicle transport

during AJC formation.

15.2 Rab Proteins

Rab proteins were first identified in the 1980s as evolutionarily conserved, essential

regulators of membrane traffic (Stenmark 2009; Hutagalung and Novick 2011;

Mizuno-Yamasaki et al. 2012). They are members of the larger Ras superfamily

of small G proteins (Takai et al. 2001); to date, omitting “putative” and Rab-like

proteins, more than 60 Rab proteins have been identified in human (Colicelli 2004).

Cross-species mammalian sequence analyses have revealed five Rab family (RabF)

regions within the sequence that distinguish Rab proteins from other Ras family

members and four Rab subfamily-specific (RabSF) regions that are highly con-

served within each Rab subfamily (Pereira-Leal and Seabra 2000). Phylogenetic

analyses based on RabF and RabSF regions allow classification of the Rab proteins

into eleven subfamilies and eight functional groups (Pereira-Leal and Seabra 2000,

2001).
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Rab proteins cycle between the GDP-bound inactive and GTP-bound active

states. This cycling is regulated by three types of regulators: GDP dissociation

inhibitors (GDIs), guanine nucleotide exchange proteins (GEPs), and GTPase-

activating proteins (GAPs) (Stenmark 2009; Hutagalung and Novick 2011;

Mizuno-Yamasaki et al. 2012). Rab proteins also undergo a cycle of membrane

association and dissociation that is coupled to the GTP/GDP cycle. Most Rab

proteins are posttranslationally modified with geranylgeranyl moieties that enable

their association with membranes. GDIs bind to geranylgeranylated Rab proteins in

their GDP-bound form, masking their geranylgeranyl anchor and thereby extracting

the Rab proteins from the membranes to maintain them in the cytosol. Therefore,

membrane attachment of Rab proteins requires GDI displacement factors (GDFs),

which dissociate Rab proteins from Rab–GDI complexes. Once dissociated from

GDIs, Rab proteins are converted to their GTP-bound state by specific GEPs.

Active, membrane-bound Rab proteins are then able to fulfill a wide range of

functions in membrane traffic by binding to their specific effectors. After inactiva-

tion by specific GAPs, the GDP-bound Rab proteins can be extracted from the

membrane by GDIs and recycled back into the cytosol.

Each Rab effector protein responds to a specific Rab protein and mediates at

least one element of its downstream effects (Stenmark 2009; Hutagalung and

Novick 2011; Mizuno-Yamasaki et al. 2012). The rapidly growing list of Rab

effector proteins has revealed that each Rab protein appears to signal through

multiple effector proteins, which act together to translate the signal from the Rab

protein to multiple cellular processes. Rab proteins contribute to specificity in

membrane traffic and the establishment of specific membrane domains called

“Rab domains” (Pfeffer 2003). They also play important regulatory roles in

membrane–cytoskeleton interactions by associating with molecular motors and

other cytoskeleton-binding proteins (Hammer and Wu 2002; Seabra and Coudrier

2004). In addition, they participate in the regulation of numerous signal transduc-

tion pathways (Stenmark 2009; Jean and Kiger 2012).

15.3 Rab Proteins in Membrane Traffic

In the context of membrane traffic, Rab proteins can control cargo collection during

transport vesicle formation, enable motor proteins to interact with membranes to

drive vesicle motility, and mediate the complicated series of events involved in

accurate tethering and fusion of transport vesicles with their target membranes

(Stenmark 2009; Hutagalung and Novick 2011). Rab9 is an example of a Rab

protein involved in cargo collection during transport vesicle formation. TIP47, a

Rab9 effector protein, binds to GTP-bound Rab9 and increases its affinity for

mannose 6-phosphate receptor (M6PR), facilitating the capture of M6PR in

Rab9-positive transport carrier vesicles (Carroll et al. 2001). In the context of

attachment of motors to vesicles, several Rab proteins contribute to interactions

along actin filaments (F-actin) and microtubules; for example, GTP-bound Rab6
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binds to the microtubule motor Rabkinesin-6 and promotes the delivery of vesicles

from the Golgi to endoplasmic reticulum (Echard et al. 1998). Several factors that

tether vesicles to target membranes prior to fusion are Rab effectors. p115, a long

coiled-coil protein that tethers endoplasmic reticulum-derived vesicles to the Golgi,

has been identified as a Rab1 effector protein (Allan et al. 2000). Such Rab effector-

mediated vesicle tethering has also been implicated in the subsequent membrane

fusion step. GTP-bound Rab5 recruits another long coiled-coil tethering factor,

EEA1, onto early endosomes, followed by the interaction between EEA1 and

SNARE (soluble N-ethylmaleimide-sensitive fusion protein attachment protein

receptor) protein, syntaxin 13, which is required for homotypic early endosome

fusion (McBride et al. 1999).

A vital aspect of Rab function is the specific localization of each Rab protein to a

particular subcellular membrane compartment and its involvement in a specific

transport step. Each compartment has a unique set of Rab proteins, which are

frequently used as markers of the particular organelle (Seabra and Wasmeier

2004). For example, Rab1 is on the endoplasmic reticulum, Rab6 is on the Golgi,

Rab3 is on secretory granules and synaptic vesicles, Rab5 is associated with early

endosomes, Rab11 is a marker for recycling endosomes, and Rab7 and Rab9 are

primarily associated with the late endosomal compartment. The correct targeting of

Rab proteins to their specific membranes was originally thought to depend on the

unique, hypervariable C-terminal domains of Rab proteins, which serve as signal

sequences. However, several lines of evidence suggest that multiple factors includ-

ing GDIs, GDFs, GEPs, GAPs, and effector proteins contribute to the specificity of

Rab localization and the close coordination of membrane targeting with Rab

activation. Rab proteins also contribute to the establishment of specific membrane

domains called “Rab domains,” which have been well characterized in the

endocytic pathway (Zerial and McBride 2001; Pfeffer 2003; Pfeffer 2013). Early

endosomes harbor only Rab5 or a combination of Rab4 and Rab5, whereas

recycling endosomes carry distinct Rab4 and Rab11 domains, and late endosomes

contain distinct Rab7 and Rab9 domains. The Rab5 GEP Rabex-5 activates Rab5

on early endosomes, and activated Rab5 interacts with Rab5 effector Rabaptin-5,

which in turn binds to Rabex-5 and increases the exchange activity of Rabex-5 with

respect to Rab5 (Horiuchi et al. 1997). This Rabex-5–Rabaptin-5 complex serves as

a positive-feedback loop that establishes Rab5 domains on early endosomes.

Importantly, Rab5-containing early endosomes can be converted into Rab7-

containing late endosomes. During this process, the Mon1/Ccz-1 complex, a

Rab7 GEP, plays a key role (Kinchen and Ravichandran 2010). The Mon1 com-

ponent of this complex is recruited to early endosomes by interaction with

phosphatidylinositol 3-phosphate, which is generated by Rab5 effector, phosphati-

dylinositol 3-OH kinase (Poteryaev et al. 2010). Mon1 also displaces Rabex-5 from

early endosomes. These mechanisms contribute to Rab5-to-Rab7 conversion to

discriminate early and late endosomes. In addition, there are several mechanisms

for achieving specificity in membrane domain and membrane traffic by coupling a

downstream Rab GEP or Rab GAP with an upstream Rab effector, e.g., Rab9–
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Hps1/Hps4 (Rab32 GEP)–Rab32 and Rab9-RUTBC1 (Rab32 GAP)–Rab32 in late

endosome-lysosome-related organelle (Nottingham et al. 2011).

15.4 Apical Junctional Complex

In epithelial cells, cell–cell adhesion is mediated through AJC. The organization of

the AJC is defined by TJs, which seal the intercellular space and delineate the

boundaries between the apical and basolateral membranes, and AJs, which initiate

and maintain cell–cell contacts (Farquhar and Palade 1963). Both TJs and AJs are

constructed according to the same architectural principles as other adhesion com-

plexes. In these structures, cell–cell adhesion is mediated by sets of different

transmembrane proteins, which are linked to cytosolic plaque proteins that anchor

the junction to the cytoskeleton. At TJs, claudins function as the principal trans-

membrane proteins that form the paracellular diffusion barrier (Tsukita et al. 2001;

Furuse 2010). Other transmembrane proteins identified at TJs include occludin,

tricellulin, junction adhesion molecules (JAMs), coxsackievirus and adenovirus

receptor (CAR), and Crumb3 (CRB3). Occludin is the first identified transmem-

brane protein at TJs, whose physiological function remains to be established

(Furuse et al. 1993). Tricellulin was recently identified as another TJ component

specifically localized to tricellular junctions (Ikenouchi et al. 2005). JAMs are

IgG-superfamily cell-adhesion molecules that consist of at least five JAM family

members. The first JAM to be identified, JAM-A, is involved in the accumulation of

a cell polarity protein complex, the Par3/Par6/atypical protein kinase C (aPKC)

complex, at TJs (Ebnet et al. 2004; Monteiro and Parkos 2012). CAR associates

with JAM-C and mediates attachment and infection by group B coxsackieviruses

(CVB) and adenoviruses (Coyne and Bergelson 2005). CRB3 is a member of

another cell-polarity protein complex, the CRB3/PALS1/PATJ complex (Shin

et al. 2006; Assemat et al. 2008). At AJs, the transmembrane protein E-cadherin

is a key cell adhesion molecule. E-cadherin is a member of the cadherin superfam-

ily, which comprises over 100 members, each of which is expressed in

non-epithelial cells as well as in epithelial cells (Takeichi 2007; Hulpiau and van

Roy 2009; Oda and Takeichi 2011). Nectins, another set of IgG-superfamily cell

adhesion molecules, are transmembrane proteins involved in the organization of

AJs, either in cooperation with or independently of E-cadherin (Takai et al. 2008a,

b). These transmembrane proteins are clustered by AJC plaques, which are in turn

linked to the actin cytoskeleton. The AJC plaque is an organizing platform for a

variety of scaffolding, signaling, and membrane traffic proteins, including zonula

occludens (ZO) proteins (ZO-1, ZO-2, and ZO-3), membrane-associated guanylate

kinase inverted (MAGI) proteins (MAGI-1, MAGI-2, andMAGI-3), catenins, Par3/

Par6/aPKC, CRB3/PALS1/PATJ complexes, Rab3B, Rab8, and Rab13 (Harris and

Tepass 2010; Shin et al. 2006).
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15.5 Endocytic Recycling Pathways in Epithelial Cells

Endocytosis regulates the entry of small and large extracellular molecules into

cells. It is a complex and multistep process, involving the invagination/budding of

the plasma membrane and the formation of membrane vesicles, followed by their

delivery and fusion with specific intracellular compartments (Conner and Schmid

2003). Endocytic vesicles initially fuse with a juxtamembrane cytosolic compart-

ment, the early endosome which consists of two spatially separated populations of

apical and basolateral early endosome (AEEs and BEEs) in polarized epithelial

cells (Fig. 15.1). Some internalized proteins in AEEs or BEEs may return directly to

the apical or basolateral membranes or be delivered to multivesicular bodies

(MVBs), where they are targeted for degradation in lysosomes. Other proteins in

AEEs and BEEs are eventually delivered to common recycling endosomes (CREs),

which serve as a sorting station that determines the fate of internalized proteins

Fig. 15.1 Endocytic recycling pathways in epithelial cells. Multiple Rab proteins are involved in

regulation of endocytic recycling in epithelial cells. Some biosynthetic proteins are transported

from the trans-Golgi network through common recycling endosomes to apical or basolateral

domains. AEE apical early endosome, BEE basolateral early endosome, CRE common recycling

endosome, ARE apical recycling endosome, TGN trans-Golgi network, MVB multivesicular body,

TJ tight junctions, AJ adherens junctions

354 A. Sakane and T. Sasaki



(Hoekstra et al. 2004; Apodaca et al. 2012). Subsequently, proteins may enter apical

recycling endosomes (AREs) to return to the apical membrane or instead be

delivered directly to the basolateral membrane. It remains controversial whether

CREs and AREs are separate entities or merely subdomains of the same structure.

Endocytic recycling pathways are strictly regulated processes requiring elabo-

rate vesicle targeting and fusion machinery. Two critical components of this

machinery are the Rab and SNARE proteins. The former are responsible for

recognition and initial docking of vesicles with their target compartments, whereas

the latter mediate intermembrane fusion (Jahn and Scheller 2006). In humans, there

are more than 30 SNARE proteins; these proteins are characterized by the SNARE

motif, an evolutionarily conserved stretch of 60–70 amino acids arranged in heptad

repeats. Functionally, SNAREs can be classified as v-SNAREs (vesicle SNAREs)

and t-SNAREs (target SNAREs). Each endosomal vesicle carries a specific

v-SNARE that interacts with a cognate t-SNARE on its target membrane; specific

interaction of v-SNARE with the t-SNARE forms a SNARE complex that drives

membrane fusion. In polarized epithelial cells, two major t-SNARE proteins,

syntaxin 3 and syntaxin 4, appear to be spatially segregated into different plasma

membrane domains, with syntaxin 3 confined to the apical surface and syntaxin

4 confined to the basolateral plasma membrane (Carmosino et al. 2010). Apical

targeting requires the tetanus neurotoxin (TeNT)-resistant v-SNARE TI-VAMP

(VAMP7), whereas basolateral targeting involves the TeNT-sensitive v-SNARE

cellubrevin (VAMP3).

Before the SNARE-dependent fusion reaction, endosomal recycling vesicles

need to be tethered to the plasma membrane. Rab proteins and a large octameric

complex called the exocyst play central roles in the tethering of vesicles to the

plasma membrane (Yu and Hughson 2010). The exocyst is composed of Sec3,

Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84, and it is associated with apical

junctions and recycling endosomes in polarized epithelial cells (Grindstaff

et al. 1998; Oztan et al. 2007). It interacts with several known regulators of

epithelial apical junctions, such as Ral, ARF6, and Rab11, and functions in

endocytic recycling as well as basolateral membrane transport (Oztan et al. 2007;

He and Guo 2009; Hazelett et al. 2011).

ARF family small G proteins are also crucial regulators of endocytic recycling

(D’Souza-Schorey and Chavrier 2006; Donaldson and Jackson 2011). In mamma-

lian cells, the ARF protein family has six members, each of which localizes to

distinct subsets of intracellular membranes. ARF6 is a key regulator of the

endocytic recycling of cell adhesion molecules (Schweitzer et al. 2011). ARF6

activation results in the internalization of E-cadherin from AJC into early

endosomes, whereas interference with ARF6 activation inhibits this internalization

and prevents cell–cell dissociation (Palacios et al. 2001; D’Souza-Schorey 2005).

Furthermore, ARF6 can interact with the same effector proteins as Rab11 (FIP3 and

FIP4; see Sect. 7.5, below), which also regulate an endocytic recycling pathway

(Shin et al. 2001; Hickson et al. 2003).
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15.6 Remodeling of Apical Junctions

Epithelial cells are very plastic, and they remodel intercellular junctions even

within apparently stable, confluent cultured monolayers. To assemble or disassem-

ble epithelial apical junctions, epithelial cells need to regulate the functions of

apical junctional proteins at the cell surface. Remodeling of the actin cytoskeleton

and endocytic recycling of apical junctional proteins serve important physiological

functions. Failure of this regulation is manifested in a variety of diseases, such as

tissue fibrosis and tumor invasion/metastasis (Delva and Kowalczyk 2009).

The significance of the actin cytoskeleton in the assembly and maintenance of

epithelial apical junctions is demonstrated by the fact that actin-disrupting phar-

macological agents such as cytochalasin D and latrunculin A rapidly and efficiently

disrupt epithelial apical junctions (Bershadsky 2004; Mege et al. 2006). During the

assembly of epithelial apical junctions, the formation of E-cadherin-mediated

contacts triggers remodeling of the actin cytoskeleton, and maturation of junctions

is accompanied by assembly of a circumferential actin belt and TJs. An established

model of E-cadherin-mediated AJ formation predicts that the stable linkage

between the E-cadherin/β-catenin complex and the actin cytoskeleton is mediated

by α-catenin. However, more recent data shows that α-catenin does not stably

couple E-cadherin to the circumferential actin belt, but instead directly regulates

F-actin organization by suppressing Arp2/3-mediated actin polymerization

(Yamada et al. 2005).

Under basal conditions, apical junctional proteins exist predominantly at the cell

surface, but they can be detected in endosomal pools in a variety of cellular contexts

(Bryant and Stow 2004; D’Souza-Schorey 2005; Ivanov et al. 2005; Delva and

Kowalczyk 2009; Harris and Tepass 2010). For endocytosis of apical junction

proteins, four distinct pathways have been revealed. These include

macropinocytosis (Bruewer et al. 2005; Coyne et al. 2007), clathrin-dependent

endocytosis (Le et al. 1999; Ivanov et al. 2004) (Izumi et al. 2004), caveolin-

dependent endocytosis (Akhtar and Hotchin 2001) (Hopkins et al. 2003; Shen and

Turner 2005), and clathrin-independent endocytosis (Paterson et al. 2003). Inter-

nalized apical junction proteins have also been detected in multiple sites, including

Rab5-positive early endosomes (Le et al. 1999), Rab11-positive recycling

endosomes (Bruewer et al. 2005; Hopkins et al. 2003; Balzac et al. 2005), Rab7-

positive late endosomes (Matsuda et al. 2004), Rab13-positive vesicles (Morimoto

et al. 2005), syntaxin 4-positive compartments (Ivanov et al. 2004), and syntaxin

3-positive vacuolar apical compartments (Utech et al. 2005). Although the

endocytosed proteins in Rab7-positive late endosomes are usually targeted to

lysosomes, others can be recycled from individual compartment back to the plasma

membrane.

Indeed, multiple lines of evidence indicate that endocytosis and recycling of

E-cadherin are important for maintenance and remodeling of apical junctions

(Bryant and Stow 2004; D’Souza-Schorey 2005; Delva and Kowalczyk 2009;

Harris and Tepass 2010). It seems reasonable to hypothesize that endocytic
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recycling should be regulated coordinately with the regulation of actin cytoskeletal

organization; to date, however, there has little direct evidence of such a relation-

ship, and no important molecules have yet been shown to be involved. Rab proteins

have emerged as leading candidate factors that link these cellular functions: each

Rab protein can transport actin-binding proteins, signal transduction molecules,

polarity proteins, and scaffold proteins in addition to cell–cell adhesion molecules,

leading to the spatiotemporal regulation of actin cytoskeletal reorganization accom-

panied by remodeling of apical junctions.

15.7 Rab Proteins Involved in Regulation of

Apical Junctions

15.7.1 Rab3B

Although Rab3 subfamily proteins (Rab3A, Rab3B, Rab3C, and Rab3D) are

enriched in neuronal/secretory cells and control regulated exocytosis through

their interactions with the Rab3 effector proteins Rabphilin3, Rim1/2, and Noc2,

Rab3B expression has also been detected in other cells (Takai et al. 2001). In

epithelial cells, Rab3B is recruited to TJs upon formation of cell–cell contacts, and

it is involved in the transport of polymeric immunoglobulin receptor (Weber

et al. 1994; van Ijzendoorn et al. 2002). In neuroendocrine PC12 cells, Rab3B

also regulates the reorganization of actin cytoskeleton and the targeting of ZO-1 to

the plasma membrane through a process involving phosphatidylinositol 3-kinase

(PI3K) (Sunshine et al. 2000). Recently, Rab3B has been implicated in the forma-

tion of apical membrane domains in epithelial cells (Galvez-Santisteban

et al. 2012). In addition, Rab3 GAP1, a GAP for the Rab3 subfamily, regulates

exocytosis of claudin-1, resulting in acquisition of the barrier function during

epidermal development (Youssef et al. 2013).

15.7.2 Rab4

Rab4 is localized predominantly to the early endosome and, to a lesser extent, to

recycling endosome; it is mainly involved in recycling from the early endosome to

plasma membrane. In fibroblasts, the short-loop recycling regulated by Rab4 is

well-studied. Rab4 regulates interactions between the cell and the extracellular

matrix by controlling the PDGF-dependent recycling of αvβ3 integrin through its

interaction with protein kinase D-phosphorylated Rabaptin-5 (Roberts et al. 2001;

Christoforides et al. 2012). In Sertoli cells, Rab4 associates with α- and β-catenins
as well as with the actin cytoskeleton. Furthermore, it is involved in “ectoplasmic

specialization,” the disassembly of a testis-specific F-actin-based junctional
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structure that shares features of TJs, AJs, and focal adhesion (Mruk et al. 2007).

Recently, N-myc downregulated gene 1 (NDRG1) was identified as a novel Rab4

effector in several epithelial cancers; this protein is involved in recycling of

E-cadherin (Kachhap et al. 2007).

15.7.3 Rab5

Rab5 is a key regulator of transport from the plasma membrane to early endosomes

and has also been implicated in macropinocytosis. In CVB-exposed Caco2 cells,

Rab5 and its effector Rabankyrin-5 regulate the endocytosis of occludin (Coyne

et al. 2007). In MDCK cells, Rab5 activation is involved in the hepatocyte growth

factor (HGF)/scatter factor (SF)- or 12-O-tetradecanoylphorbol-13-acetate (TPA)-
induced disruption of cell–cell adhesion and subsequent cell migration by mediat-

ing co-endocytosis of E-cadherin and c-Met (Imamura et al. 1998; Kamei

et al. 1999). In HGF/SF-stimulated MDCK cells, Rab5 activation is mediated by

the sequential action of c-Met, Ras, and Rab5 GEP RIN2 (Kimura et al. 2006). In v-

Src-induced epithelial-to-mesenchymal transitions (EMT), Rab5 activation also

mediates the lysosomal targeting of E-cadherin (Palacios et al. 2005). During

zebrafish gastrulation, Rab5 controls the Wnt11-dependent endocytosis of

E-cadherin and the cohesion of mesendodermal cells (Ulrich et al. 2005). In

Drosophila epithelial cells, loss of Rab5 results in the cellular accumulation of

the cell polarity protein CRB (Lu and Bilder 2005). In Drosophila embryonic

salivary gland, Rab5-dependent E-cadherin endocytosis contributes to Pak1-

regulated lumenal size control (Pirraglia et al. 2010).

15.7.4 Rab8

Rab8 is localized to the trans-Golgi network (TGN), recycling endosome, and

cytosolic vesicular structures (Huber et al. 1993a, b; Ang et al. 2003). Rab8 was

originally implicated in basolateral sorting events, and it may control the bio-

synthetic traffic from the TGN through recycling endosomes to the basolateral

surface, rather than traffic of endocytosed proteins through recycling endosomes

(Henry and Sheff 2008). Recent work has shown that Rab8 is involved in the primary

cilia formation (Nachury et al. 2007; Yoshimura et al. 2007), suggesting that this

protein plays a role in the sorting of apical proteins. This idea is consistent with the

observation that Rab8-knockout mice exhibit missorting of apical peptidase and

transporters in the small intestine (Sato et al. 2007). Moreover, Rab8 is required for

de novo formation of the apical surface and lumen in MDCK cells (Bryant

et al. 2010; Galvez-Santisteban et al. 2012). Rab8 associates with myosin Vb

(Roland et al. 2007), optineurin–myosin VI (Au et al. 2007), Rab8 GEP Rabin8
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(Hattula et al. 2002), JRAB/MICAL-L2 (Yamamura et al. 2008), optineurin-

huntingtin (Hattula and Peranen 2000), and cenexin 1/Odf2 (Yoshimura

et al. 2007; Chang et al. 2013); these interactions connect Rab8 with the actin and

microtubule cytoskeletons.

Rab8 is also involved in cell–cell adhesion during Dictyostelium discoideum
development and associates with E-cadherin as well as the actin cytoskeleton in

Sertoli cells (Lau and Mruk 2003; Powell and Temesvari 2004). In epithelial cells,

Rab8-mediated basolateral transport, dependent on the epithelial-specific adaptor

protein complex AP-1B, is observed (Hattula and Peranen 2000; Sahlender

et al. 2005; Au et al. 2007). Although E-cadherin was initially recognized as an

AP-1B-independent basolateral cargo (Miranda et al. 2001; Folsch 2005), recent

studies have demonstrated that E-cadherin is related to AP-1B through its inter-

action with type Iγ phosphatidylinositol-4-phosphate 5-kinase (Ling et al. 2007).

Consistent with this, the Rab8–JRAB/MICAL-L2 complex is involved in

E-cadherin transport (Yamamura et al. 2008).

15.7.5 Rab11

The Rab11 subfamily (Rab11A, Rab11B, and Rab11C/Rab25) is distributed across

a variety of post-Golgi membranes, but it serves as the most prominent marker of

recycling endosomes. Rab11 interacts with Sec15, a component of the exocyst, and

is implicated in regulating post-Golgi traffic (Zhang et al. 2004). In Drosophila
epithelial cells, E-cadherin accumulates in Rab11-positive recycling endosomes

upon inactivation of components of the exocyst Sec5, Sec6, and Sec15 (Langevin

et al. 2005). In MDCK cells, Rab11A regulates apical traffic and lumen formation

through Rabin8, a GEP for Rab8 and Rab11A, which acts through the exocyst to

target Par3 to the apical surface (Bryant et al. 2010). Rab11 also interacts with five

effectors, the Rab11 family-interacting proteins (FIPs; FIP1–5). FIP3/arfophilin-1

and FIP4/arfophilin-2 are also the effector proteins of ARF6, a key regulator for the

endocytic recycling of E-cadherin. In epithelial cells, these proteins control the

transport of E-cadherin from the TGN to basolateral membranes via an intermediate

compartment, the Rab11-positive recycling endosome (Hickson et al. 2003; Lock

and Stow 2005). Furthermore, FIP5 phosphorylation by EGF receptor-activated

ERK controls Rab11A endosome distribution and polymeric immunoglobulin A

(plgA)–plgA receptor transcytosis in MDCK cells (Su et al. 2010).

15.7.6 Rab13

In fibroblasts, Rab13 associates with vesicles throughout the cytosol. In polarized

epithelial cells, by contrast, it accumulates at TJs and is recruited to cell–cell

contacts from a cytosolic pool at an early stage of junctional complex assembly
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(Zahraoui et al. 1994; Sheth et al. 2000). Consistent with this, Rab13 mediates the

endocytic recycling of occludin and claudins and is therefore implicated in the

assembly of functional TJs in epithelial cells (Marzesco et al. 2002; Morimoto

et al. 2005; Yamamura et al. 2008). Rab13 has recently been shown to have more

versatile functions in various cell types: in MDCK cells, it regulates the bio-

synthetic transport of cell-surface proteins from the TGN through the recycling

endosome to the plasma membrane (Nokes et al. 2008) as well as scattering in

response to TPA (Kanda et al. 2008); in neurons, it regulates neurite outgrowth and

neuronal regeneration (Di Giovanni et al. 2005, 2006; Sakane et al. 2010); and in

L6 muscle cells, it mediates the translocation of glucose transporter-4 to the

cell surface (Sun et al. 2010). cGMP phosphodiesterase δ subunit (δ-PDE),
protein kinase A (PKA), JRAB/MICAL-L2, and endospanins have been identified

as Rab13-binding proteins. δ-PDE, which possesses two putative carboxyl PDZ

binding motifs, regulates the membrane association and disassociation of Rab13

(Marzesco et al. 1998). GTP-bound Rab13 interacts directly with PKA and inhibits

the PKA-dependent phosphorylation and TJ recruitment of vasodilator-stimulated

phosphoprotein (VASP) (Kohler et al. 2004). Endospanins (endospanin-1 and

endospanin-2) are implicated in the cell-surface expression of leptin receptor and

growth hormone receptor, but the Rab13-endospanin interaction seems to function

in a process other than cell-surface transport (Hirvonen et al. 2013).

15.8 JRAB/MICAL-L2

15.8.1 JRAB/MICAL-L2, a Member of the MICAL Family

JRAB/MICAL-L2, which is one of the effector proteins of Rab13, mediates the

endocytic recycling of occludin resulting in the formation of functional TJs (Terai

et al. 2006). JRAB/MICAL-L2 belongs to the MICAL family, which consists of

MICAL-1, MICAL-2, MICAL-3, and MICAL-L1, in addition to JRAB/MICAL-L2

(Suzuki et al. 2002; Terman et al. 2002). MICAL family proteins are large,

multidomain, cytosolic proteins expressed in specific neuronal and nonneuronal

cells both during development and in adulthood. All MICAL proteins contain

calponin homology (CH), LIM, and coiled-coil (CC) domains, and MICAL-1,

MICAL-2, andMICAL-3 also possess a flavin-adenine dinucleotide (FAD)-binding

monooxygenase domain. Although MICAL was identified originally in mammals,

its function has been studied primarily in Drosophila (Terman et al. 2002). Droso-
phila MICAL (D-MICAL) binds to the semaphorin receptor Plexin and functions

downstream of this receptor in axon guidance (Terman et al. 2002). In mammals,

MICAL-1 was isolated as a novel binding protein of CasL/HEF1/NEDD9, which

localizes to focal adhesions and regulates the scattering of epithelial cells and the
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progression and metastasis of cancer cells (Suzuki et al. 2002; Kim et al. 2006).

MICALs also associate with Rab1, vimentin, and microtubules (Suzuki et al. 2002;

Fischer et al. 2005). Expression of MICAL-2 isoforms (PVa and PVb) is elevated in

prostate cancer cells, and the degree of their expression is correlated with the

prostate cancer progression (Ashida et al. 2006). JRAB/MICAL-L2 is involved in

the scattering of MDCK cells in response to TPA (Kanda et al. 2008).

15.8.2 Rab8/Rab13–JRAB/MICAL-L2 Complex

JRAB/MICAL-L2 is localized on recycling endosomes, cytoplasmic vesicular

structures, and the plasma membrane (Terai et al. 2006). JRAB/MICAL-L2 inter-

acts not only with Rab13 but also with Rab8, via its carboxyl-terminal region

(Yamamura et al. 2008). Considering the difference of localization between the

Rab13 and Rab8, JRAB/MICAL-L2 shows a closer relationship with Rab13 at the

plasma membrane and with Rab8 at the recycling endosome, respectively, indicat-

ing the existence of the two distinct JRAB/MICAL-L2 complexes within the cell.

JRAB/MICAL-L2 regulates the transport of E-cadherin in addition to claudins and

occludin; however, as mentioned above, Rab13 specifically mediates the transport

of claudins and occludin, but not E-cadherin, to the plasma membrane (Morimoto

et al. 2005; Yamamura et al. 2008). The Rab13-independent transport of E-cadherin

is regulated by Rab8 (Yamamura et al. 2008). JRAB/MICAL-L2 organizes both

Rab8-dependent E-cadherin transport at perinuclear recycling/storage compart-

ments and Rab13-dependent claudins and occludin transport at the plasma

membrane.

Several Rab effector proteins interact with multiple closely related Rab pro-

teins (Hutagalung and Novick 2011; Mizuno-Yamasaki et al. 2012), and this

network of interactions contributes to the complexity of membrane traffic.

Some of these proteins are divalent Rab effectors that can bind simultaneously

to two Rab proteins associated with compartments in dynamic continuity.

For example, Rabaptin-5, Rabenosyn-5, and Rabip40 are able to interact simul-

taneously with Rab4 and Rab5 and are thus likely involved in the coordination of

the endocytic recycling pathway as well as the organization of Rab4 and Rab5

domains on endosomal membranes (de Renzis et al. 2002; Fouraux et al. 2004).

JRAB/MICAL-L2 belongs to another type of Rab effector proteins that associate

with multiple Rab proteins in mutually exclusive complexes. Specifically, JRAB/

MICAL-L2 forms distinct complexes with Rab8 and Rab13 and thereby coordi-

nates the assembly of epithelial apical junctions via at least two different mecha-

nisms (Yamamura et al. 2008).
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15.8.3 JRAB/MICAL-L2 and Actin Dynamics During AJC
Formation

At the beginning of AJC formation, the assembly of spotlike primordial AJs occurs

in parallel with the formation of thick F-actin bundles at the free border. Such

bundles produce the force required to pull cells toward their neighbors, allowing

them to adhere closely after cell–cell contacts are formed (Yonemura et al. 1995;

Vasioukhin et al. 2000; Zhang et al. 2005; Gov 2011). During the maturation of the

primordia into belt-like AJs, actin fibers at cell–cell contacts become static, rather

than dynamic, in order to maintain stable adhesion. Thus, the regulation of actin

cytoskeletal organization must be spatiotemporally coordinated during AJC forma-

tion; many players, including actin-binding proteins and signal transduction mole-

cules, are involved in this integration.

Recent studies have demonstrated the importance of the MICAL family in

regulating the actin cytoskeleton. It was first reported that D-MICAL directly

binds to and disassembles F-actin, resulting in the cellular response to

semaphorin/Plexin extracellular repulsive cues (Hung et al. 2010). The redox

activity of the FAD domain contributes to this regulation by oxidizing F-actin

(Hung et al. 2011). In mammals, MICAL-1 and MICAL-2 are required for normal

actin cytoskeletal reorganization in nonneuronal cells (Giridharan et al. 2012).

JRAB/MICAL-L2 plays a significant role not only in transport of adhesion mole-

cules but also in the regulation of actin cytoskeletal reorganization (Sakane

et al. 2012). Detailed biochemical analyses have revealed that JRAB/MICAL-L2

serves multiple functions in the reorganization of actin cytoskeleton: for instance,

JRAB/MICAL-L2 binds directly to F-actin and can form F-actin bundles or stabi-

lize F-actin (i.e., inhibit its depolymerization) via different domains (Sakane

et al. 2012). Moreover, JRAB/MICAL-L2 associates with several actin-binding

proteins, which are discussed below. Based on the accumulated evidence, it is likely

that JRAB/MICAL-L2 regulates actin cytoskeletal reorganization, either directly or

indirectly.

15.8.4 Conformational Change of JRAB/MICAL-L2

As discussed above, JRAB/MICAL-L2 consists of an N-terminal domain,

containing the CH and LIM subdomains, and the CC domain in the C-terminal

portion of the molecule (Terai et al. 2006). The CH+LIM domain engages in an

intramolecular interaction with the CC domain (Fig. 15.2) (Sakane et al. 2010).

When activated Rab13 binds to JRAB via the C-terminal (CT) region, which

follows the CC domain, this interaction is likely to evoke a conformational change

in JRAB/MICAL-L2, causing the protein to convert from the closed to the open

form (Sakane et al. 2010). This intramolecular interaction of JRAB/MICAL-L2

affects its F-actin-stabilizing activity (Sakane et al. 2012); in particular, the
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stabilizing activity of CH+LIM is inhibited by the intramolecular interaction

through the CC domain. These results suggest that the conformational change of

JRAB is important for the protein’s role in regulating actin cytoskeletal

reorganization.

15.8.5 JRAB/MICAL-L2 and Actin-Binding Proteins,
Actinin-1 and Actinin-4

JRAB/MICAL-L2, especially in the open form, interacts with two actin-binding

proteins, actinin-1 and actinin-4 (Nakatsuji et al. 2008; Sakane et al. 2012). The

actinin proteins constitute a family of four closely related gene products (actinin-1,

actinin-2, actinin-3, and actinin-4) (Otey and Carpen 2004). Actinin-1 and actinin-4

are expressed in many cell types and are localized at stress fibers, cellular pro-

trusions/leading edges, and cell-adhesion sites (Oikonomou et al. 2011). Actinin-1

and actinin-4 are involved in the cross-linking of F-actin, leading to the anchoring

Fig. 15.2 Multiple modes of JRAB/MICAL-L2 function in actin cytoskeletal reorganization

during AJC formation regulated by Rab13. JRAB/MICAL-L2 plays a pivotal role in linking

vesicle transport of adhesion molecules, mediated via Rab13, to the reorganization of the actin

cytoskeleton during AJC formation. At the initial stage, the closed form of JRAB/MICAL-L2

accelerates the formation of F-actin bundles at the free border. Subsequently, the open form of

JRAB/MICAL-L2 decreases F-actin bundling via an interaction with actinin-1/4. At the late stage,

JRAB/MICAL-L2 stabilizes F-actin at cell–cell adhesion sites via free CH+LIM
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of the actin cytoskeleton to the plasma membrane in non-muscle cells; furthermore,

a complex containing actinin-4 and JRAB/MICAL-L2 mutually suppresses F-actin

bundling (Sakane et al. 2012).

Among the members of the actinin family, actinin-4 constitutes the cytoplasmic

face of cell–cell adhesion sites. In epithelial cells, actinin-4 associates with

β-catenin at AJs (Hayashida et al. 2005) and with MAGI-1 and ZO-1 at TJs (Patrie

et al. 2002; Chen et al. 2006). In support of the potential role of actinin-4 in AJC

formation, the deregulation of actinin-4 expression has been reported in several

cancers, in which invasion and metastasis were intimately associated with the

disruption of TJ structure and function. Elevated actinin-4 expression has also

been detected in colorectal cancers, in which this protein mediates both invasive

growth and lymph-node metastasis (Honda et al. 2005). High actinin-4 expression

was also identified as a poor prognostic predictor of non-small cell lung cancer

(Honda et al. 2004). By contrast, downregulation of actinin-4 expression has been

reported in neuroblastoma and prostate cancer cells, in which the protein appears to

exert a tumor-suppressive effect (Nikolopoulos et al. 2000; Hara et al. 2007). A

recent study, using an excellent in vitro assay to study actin assembly at cadherin-

enriched cell junctions of MDCK cells, showed that actinin-4 specifically localizes

to sites of actin incorporation and plays an important role in coupling Arp2/3-

dependent actin nucleation to assembly at cadherin-based cell–cell adhesive con-

tacts (Tang and Brieher 2012). It is still premature to discuss further the relationship

between this actinin-4–JRAB/MICAL-L2–Rab13 complex and AJC formation.

However, it seems clear that via a sophisticated mechanism, epithelial cells coordi-

nate many signals to dynamically reorganize AJCs under physiological and patho-

logical conditions.

15.8.6 JRAB/MICAL-L2 and Filamins

Open form of JRAB/MICAL-L2 also interacts with filamins (Sakane et al. 2013), a

widely studied family of actin-binding proteins, that can crosslink F-actin to form

orthogonal networks (Feng and Walsh 2004; Popowicz et al. 2006; Nakamura

et al. 2011). In vertebrates, the filamin family has three members, filamin A,

filamin B, and filamin C, which each possess a conserved N-terminal actin-binding

domain and 24 Ig-like domains. JRAB/MICAL-L2 binds to all members of the

filamin family; in NIH3T3 fibroblasts, this interaction regulates cell spreading

(Sakane et al. 2013). Knockout mice lacking filamin A and filamin B exhibit poor

development of blood vessels, possibly due to impairments in cell–cell adhesion

and migration of endothelial cells (Feng et al. 2006; Zhou et al. 2007). The

consequences of filamin B knockdown in MDCK cells suggest that this protein is

required for the accumulation of adhesion molecules in the junctional complexes

and subsequent formation of an epithelium (Wakamatsu et al. 2011). Thus, JRAB/

MICAL-L2 may regulate cell–cell adhesion through interaction of filamins in

epithelial cells, although the precise mechanism remains unknown.
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The binding site of JRAB/MICAL-L2 to filamins involves its CH domain, which

is distinct from the regions involved in binding to actinin-1/actinin-4 and F-actin,

indicating that JRAB/MICAL-L2 regulates the actin cytoskeleton by at least three

mechanisms: direct, filamin dependent, and actinin dependent. Coordination of

these mechanisms may play a crucial role in dynamic actin cytoskeletal reorgani-

zation during AJC formation.

15.8.7 Multiple Modes of Function of JRAB/MICAL-L2
in Actin Cytoskeletal Reorganization During AJC
Formation

The development of the JRABΔCC mutants, which lacks the CC domain (open

form), and the JRABΔCT mutant, which lacks the Rab13-binding CT domain

(closed form), could facilitate understanding of the role played by the conform-

ational changes of JRAB/MICAL-L2 (Sakane et al. 2010). JRABΔCT accumulates

in the thick F-actin bundles along the free border (Sakane et al. 2012). By contrast,

JRABΔCC preferentially localizes to cell–cell adhesion sites, but is only faintly

detected at the free edges. Similar results were obtained using the Duolink in situ

proximity ligation assay (PLA) system, which consists of a pair of oligonucleotide-

labeled secondary antibodies. In summary, JRAB/MICAL-L2 plays numerous roles

in actin cytoskeletal regulation at each stage of AJC formation (Fig. 15.2): at the

initiation of adhesion, “closed” JRAB/MICAL-L2 accelerates the formation of

thick actin bundles at the free border, in cooperation with actinins and filamins.

Subsequently, JRAB/MICAL-L2 changes its conformation from closed to open, in

a manner that depends on an interaction with GTP-Rab13 carrying adhesion

molecules. The open form of JRAB/MICAL-L2 then interacts with actinins and

filamins at mature cell–cell adhesion sites. The interaction between open JRAB/

MICAL-L2 and actinins suppresses their actin-bundling activities (Sakane

et al. 2012); meanwhile, open JRAB/MICAL-L2 activates the stabilization of

F-actin via release of CH+LIM, leading to establishment and maintenance of

stationary cell–cell adhesions. However, questions remain regarding the functions

of JRAB/MICAL-L2–filamin at cell–cell contacts. In one possible model, JRAB/

MICAL-L2 has several modes of function in the series of processes involved in

AJC formation and thus may perform different roles at different times. Moreover, it

is possible that JRAB/MICAL-L2 plays a pivotal role in linking transporting of

adhesion molecules to the reorganization of the actin cytoskeleton.
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15.9 Concluding Remarks

The AJC of epithelial cells orchestrates cell–cell adhesion, tissue barrier function,

and cell polarity. In recent years, major progress has been made in identifying a

variety of AJC components and clarifying the crucial importance of the interplay

between actin cytoskeletal reorganization and vesicle transport in determining the

functions of AJC components. However, many important outstanding questions

remain regarding the integration of these phenomena. Our analyses suggest that

JRAB/MICAL-L2 serves critical functions both in the regulation of actin dynamics,

which is required for processes ranging from initiation to establishment of the AJC,

and in the regulation of endocytic recycling of cell-adhesion molecules mediated by

Rab13 or Rab8. Moreover, JRAB/MICAL-L2 undergoes a conformational change

between the open and closed forms; elucidation of the mechanisms underlying this

change could be key to understanding the mechanisms of cross talk between actin

cytoskeletal rearrangement and vesicle transport in AJC formation. An important

challenge for future investigations will be to uncover the adaptations in molecular

pathways that allow the Rab13–JRAB/MICAL-L2 and Rab8–JRAB/MICAL-L2

complexes to contribute to different aspects of AJC formation.
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Chapter 16

Protein Trafficking in Polarized Epithelial

Cells

Sabrina Zink and Ralf Jacob

Abstract The architecture of epithelial cells comprises the separation of the

plasma membrane into two separately composed compartments, the apical and

the basolateral membrane. This concept is maintained by a sorting and transport

machinery which verifies targeting of lipid and protein components to the correct

membrane domain. Different intracellular routes, a heterogeneous population of

sorting signals, and cellular factors associated with polarized trafficking are

discussed.

Keywords Protein sorting • Post Golgi trafficking • Vesicle transport • Epithelial

cells

Epithelial cells discriminate between different compartments of the human body. A

polarized architecture of the plasma membrane as well as of the underlying

cytoskeletal network is maintained by distinct biosynthetic pathways leading to

the apical or basolateral membrane compartment and a combination of specific

motor proteins that catalyze directed locomotion through the cell body. The intra-

cellular routing of proteins through compartments of the secretory pathway is also

denoted “polarized trafficking” (Caplan 1997) and is summarized in Fig. 16.1.

16.1 Trafficking Pathways in Epithelial Cells

Newly synthesized proteins enter this pathway in the endoplasmic reticulum

(ER) from where they are delivered to the Golgi apparatus. Passage through this

organelle to the trans-Golgi network (TGN) has several functions which include the
maturation of glycoproteins and, as suggested by several observations, initial
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sorting steps (Alfalah et al. 2005; Clermont et al. 1992; Yano et al. 2005; Emr

et al. 2009). Interestingly, some apical proteins bypass the Golgi (Tveit et al. 2009).

At the TGN newly synthesized cargo is sorted into distinct transport routes.

Secretory granules are formed here by epithelial cells, which possess a regulated

secretory pathway like bladder umbrella or pancreatic acinar cells. These granules

are different from carriers of the constitutive pathway (Fukuda 2008). Lysosomal

proteins are diverged into lysosomes at the TGN. Moreover, segregation of apical

and basolateral cargo molecules has been described for this last Golgi compartment

(Griffiths and Simons 1986; Keller et al. 2001). In the classical view, these

molecules are directly transported to their target membrane. More recent data

suggest that apical and basolateral cargo molecules traverse endosomal organelles

before they reach the cell surface (Ang et al. 2004; Cramm-Behrens et al. 2008;

Cresawn et al. 2007).

In these studies, Rab GTPases as membrane organizers (Zerial and McBride

2001) have been used to determine distinct endosomal compartments. Early after

TGN-release Rab4-positive common endosomes are the endosomal reception

Fig. 16.1 Schematic representation of the main transport routes in epithelial cells. Cytoskeletal

elements, motor proteins, SNARE proteins, and tethering complexes are indicated. AP-1A/B
adaptor protein-1A/B, EE early endosome, ER endoplasmic reticulum, Gal galectin, Kif kinesin,
Myo myosin, RE recycling endosome, SNAP soluble N-ethyl maleimide-sensitive factor attach-

ment protein, Stx syntaxin, TGN trans-Golgi network, TJ tight junctions, VAMP vesicle-associated

membrane protein, ZA zonula adherens
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center for biosynthetic cargo (Cramm-Behrens et al. 2008). Apical as well as

basolateral polypeptides are then passed through Rab8- and Rab11-positive

endosomes (Ang et al. 2004; Cramm-Behrens et al. 2008; Cresawn et al. 2007).

Accordingly, knockout of Rab8 in mouse intestine results in intracellular accumu-

lation of apical polypeptides in vacuolar structures, which are very similar to

inclusion bodies described for microvillus inclusion disease (Sato et al. 2007).

Observations showing that in pancreatic acinar cells Rab8 is required for the

formation of zymogen granules destined for the apical membrane (Faust

et al. 2008) and that AP-1B-dependent basolateral transport is regulated by Rab8

in MDCK cells (Ang et al. 2003) further support the idea that Rab8-positive

endosomes play a pivotal role in polarized biosynthetic trafficking of epithelial

cells. The GTPase Rab11 on the other hand is distributed across a variety of

intracellular post-Golgi membranes, including the TGN and recycling endosomes

(Goldenring et al. 1996; Leung et al. 2000). These Rab11-positive recycling

endosomes are traversed after passage through Rab8-enriched endosomes and

prior to apical membrane delivery, which indicates that endosomal post-Golgi
trafficking encompasses a subset of endosomes each defined by individual charac-

teristics (Cramm-Behrens et al. 2008). The question is why newly synthesized

proteins and lipids are transported through cascades of cellular compartments,

which involve the ER, the Golgi, the TGN, and distinct endosomal organelles.

Obviously, for each exit of one compartment and entry into the next, a sorting

machinery for delivery into the appropriate pathway is ensured. This sequence of

sorting events in each pathway could be the basic principle that ends up with a

clearly defined distribution of proteins and lipids within the two membrane domains

of polarized epithelial cells.

16.2 Sorting Machinery of Epithelial Cells

Current knowledge about components involved in polarized sorting of epithelial

cells and the underlying sorting signals is mainly based on studies with epithelial

cell lines in culture. These cells provide a useful tool to study basic principles of

polarized protein transport since they reproduce characteristic features of epithelial

cells in vivo.

16.3 Basolateral Sorting

The basic principle of protein sorting is defined by the interaction of intrinsic motifs

and components of the sorting machinery to direct cargo through a specific trans-

port route to the correct membrane domain. Sorting determinants from basolateral

proteins, which were initially identified, demonstrated that short amino acid

sequences, containing Tyr, Leu–Leu, or Leu–Val motifs, are localized in the
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cytoplasmic region near the transmembrane domain and direct proteins to the

basolateral membrane (Casanova et al. 1991; Matter et al. 1992; Mostov

et al. 1986; Rodriguez-Boulan and Powell 1992). These structures form a common

β-turn signal for basolateral tethering (Aroeti et al. 1993). More recently, experi-

ments performed with MDCK and FRT cells proposed that basolateral sorting

signals comprise a multitude of secondary structures like α-helices or β-sheets
and can also be localized in distal parts of the cytoplasmic domain (Beau

et al. 2004). Basolateral vesicle formation involves the assembly of clathrin coats

by adaptor protein binding (Deborde et al. 2008). Consequently, in some cases

basolateral sorting determinants overlap with endocytosis signals (Lin et al. 1997).

Proteins containing Tyr motifs bind to the γ1 subunit of the AP-1 adaptor complex

(Odorizzi and Trowbridge 1997; Ohno et al. 1995; Bonifacino and Dell’Angelica
1999), and Leu–Leu motifs interact specifically with the β subunit of AP-1

(Rapoport et al. 1998). AP-1 seems to be a major regulator of epithelial sorting

(Gravotta et al. 2012). AP-1A sorts cargo proteins from the TGN to the basolateral

plasma membrane. Further downstream, within recycling endosomes, a second

basolateral sorting step is verified by AP-1B, wherein μ1b adaptin is substituted

for μ1a (Folsch et al. 1999). AP-1B-dependent basolateral sorting is not a general

mechanism since this adaptor is not expressed in some epithelia, e.g., the liver

(Ohno et al. 1999), retinal pigment epithelium (Diaz et al. 2009), and kidney

proximal tubule (Schreiner et al. 2010). Another exception is the indirect interac-

tion of AP-1B in basolateral targeting of the LDL receptor (Kang and Folsch 2011).

In LLC-PK1 cells, the autosomal recessive hypercholesterolemia protein ARH

mediates basolateral exocytosis of the receptor from recycling endosomes. Thus,

the composition of the basolateral sorting machinery is cell type and organ specific

and determines the fidelity of basolateral targeting. Another adaptor involved in

basolateral sorting is AP-4 (Simmen et al. 2002). However, this adaptor does not

recruit clathrin (Bonifacino and Traub 2003), and clathrin is required for basolateral

delivery of several proteins (Deborde et al. 2008). It seems as if clathrin and AP-1B

would not be required for basolateral sorting of TGF-α either. Here, Naked2 acts as

cargo recognition and targeting protein to ensure proper targeting, tethering, and

fusion of pro-TGFα-containing exocytic vesicles but considerably less is known

about its mechanics (Li et al. 2007).

16.4 Apical Sorting

The apical sorting machinery, in contrast to basolateral trafficking, is more complex

and involves extracytosolic, intramembrane, and cytosolic interactions. Many of

them are still unclear and remain to be identified. Among these interactions is the

lipid anchoring by glycosylphosphatidylinositol anchorage (GPI), a posttransla-
tional modification in the endoplasmic reticulum (ER), which is the first apical

sorting signal that was described (Brown et al. 1989; Lisanti et al. 1988).

GPI-anchored proteins (GPI-APs) are preferentially localized at the apical plasma
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membrane of epithelial cells and have a high tendency to associate with lipid rafts

(Brown and Rose 1992; Garcia et al. 1993; Lisanti et al. 1988; Wilson et al. 1990;

Powell et al. 1991). These membrane microdomains are organized by the myelin

and lymphocyte protein (MAL) as a key component and may serve as transport and

sorting platform (Magal et al. 2009). However, this is not a general mechanism for

protein targeting to the apical membrane. Soluble forms of placental alkaline

phosphatase (PLAP) or the glycoprotein gp80/clusterin do not associate with lipid

rafts but are still apically sorted (Lipardi et al. 2000; Graichen et al. 1996). Thus,

alternative apical sorting mechanisms and pathways exist that are raft independent

(Jacob and Naim 2001). Moreover, addition of a GPI-anchoring motif to rat growth

hormone (rGH), a soluble protein that is secreted in a non-polarized manner, is not

sufficient for apical targeting (Benting et al. 1999). Another group of determinants

for apical protein delivery relies on the presence of N- or O-glycans (Alfalah

et al. 1999; Benting et al. 1999; Jacob et al. 2000; Yeaman et al. 1997).

Initial ideas on the involvement of N-glycosyl chains in apical protein targeting

came from studies using N-glycosylation inhibitors. Treatment with the GlcNAc-

analogue tunicamycin, which inhibits early steps of N-glycosylation, missorts

apical gp80/clusterin to both membrane domains of MDCK cells (Urban

et al. 1987). Experiments with glycosylation-deficient cell lines came to the same

conclusion. MDCK cells with a defect in galactose incorporation into glycoproteins

mistarget the apical glycoprotein gp114 to the basolateral membrane (Le Bivic

et al. 1993). Moreover, recombinant addition of N-glycosyl chains to the rat growth
hormone (rGH) directs the soluble glycoprotein into the apical medium (Scheiffele

et al. 1995). Conversely, removal of one N-glycosyl chain from erythropoietin

results in impaired apical secretion in MDCK cells (Kitagawa et al. 1994). Further

evidence for a role of N-glycans in apical protein sorting comes from experiments

with endolyn (Ihrke et al. 2001), the glycine transporter GLYT2 (Martinez-Maza

et al. 2001), or dipeptidase (Pang et al. 2004). Intriguingly, some N-glycosylated
basolateral proteins are not delivered to the apical membrane. One reason for this

behavior could be the simultaneous presence of cytosolic basolateral targeting

determinants that override apical sorting determinants in the extracytosolic part

of the protein (Simons and Ikonen 1997). Another explanation would be that the

glycan chains for apical protein sorting have to be presented within a specific

sterical context to allow the formation of large protein clusters (Delacour

et al. 2007).

In addition to N-glycans, O-linked glycosyl chains may also act as apical

targeting signal. This has been shown for the neurotrophin receptor p75NTR and

the hydrolase sucrase isomaltase (SI), both of which possess membrane proximal

O-glycosylated stalk domains. Their deletion results in a reorientation of these

polypeptides to both surface domains of epithelial cells (Jacob et al. 2000; Yeaman

et al. 1997). These data also indicate the importance of how and where the sugar

chains are presented since the position of O-glycans in the proximal part of the two

stalk domains is crucial for apical sorting (Breuza et al. 2002; Jacob et al. 2000).

This supports the idea of particular sterical requirements for the assembly of

glycan-dependent apical sorting machinery.
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In the meantime, several lectins of the galectin family have been identified that

play a role in apical protein sorting. Three galectins, galectin-3, galectin-4, and

galectin-9, have been described as coordinators for correct delivery of apical cargo

molecules in MDCK cells (Delacour et al. 2005, 2006; Mishra et al. 2010; Mo

et al. 2012; Yamamoto et al. 2013). For galectin-3 it has been shown that the lectin

forms high-molecular-weight clusters with apical glycoproteins that are not asso-

ciated with lipid rafts in a post-Golgi endosomal compartment (Delacour

et al. 2007). Galectin-3 directs these cargo molecules to the apical cell surface

from where the lectin is recycled back into endosomes (Schneider et al. 2010;

Straube et al. 2013). In addition, knockdown of galectin-3 results in transport

defects of intestinal hydrolases in mice (Delacour et al. 2008). Recent data on

pH-dependent alterations in the binding and oligomerization characteristics provide

additional clues for the underlying mechanistic principles of galectin-3-mediated

apical sorting (manuscript submitted).

Finally, also the transmembrane domain of proteins can mediate incorporation

into lipid rafts and apical sorting. This has been shown for the transmembrane

domains of influenza virus neuraminidase (NA) and hemagglutinin (HA) (Kundu

et al. 1996; Lin et al. 1998). In addition to the primary amino acid sequence of the

transmembrane domain, its length also seems to be important for raft association

and lipid-based sorting (Schuck and Simons 2004). Finally, the cytosolic tails of

rhodopsin (Chuang and Sung 1998), megalin (Marzolo et al. 2003; Takeda

et al. 2003), and receptor guanylyl cyclases (Hodson et al. 2006) contain apical

sorting information. This can be directly linked to motor function as exemplified by

the interaction between the dynein light chain Tctex-1 and the C-terminus of

rhodopsin (Tai et al. 1999).

16.5 Cytoskeletal Tracks in Apical and Basolateral

Trafficking

What are the tracks for apical and basolateral trafficking? The unique organization

of epithelial cells is manifested by complex cytoskeletal networks composed of

microfilaments, intermediate filaments, and microtubules. Both actin microfila-

ments and microtubules are essential for apical and basolateral transport routes

(reviewed in Cao et al. (2012); Delacour and Jacob (2006); Weisz and Rodriguez-

Boulan (2009)).

16.5.1 Actin Microfilaments

Microfilaments, which are composed of G-actin subunits, are associated with

manifold components within a cell. They are required to assemble the subcellular

380 S. Zink and R. Jacob



architecture of polarized cells like tight and adherens junctions or focal adhesion

sites (Kartenbeck et al. 1991; Burridge et al. 1988). In addition, actin filaments

build the core of apical microvilli, and these actin bundles insert into the terminal

web underneath the apical membrane, which is composed of actin, spectrin, and

other cytoskeletal proteins (Mooseker 1985). This distribution is reflected by many

cellular actin functions in vesicle-mediated exocytosis, endocytosis, and

transcytosis. Here, actin contributes predominantly in the formation, scission, and

fusion of these vesicles (Harris and Tepass 2010; Lanzetti 2007; Smythe and

Ayscough 2006; Weisz and Rodriguez-Boulan 2009). Experimental data using

the actin-inhibitory effects of cytochalasin D indicate the necessity of actin fila-

ments especially for apical transport processes (Jacob et al. 2003; Maples

et al. 1997; Ojakian and Schwimmer 1988; Valentijn et al. 1999). However, not

all apical trafficking events require an intact actin network, which was demon-

strated for apical delivery of endogenous gp80 or exogenously expressed LPH

(Jacob et al. 2003; Parczyk et al. 1989). Disruption of the microvillar architecture

caused by atrophy and inclusions as is the case in the familial enteropathy micro-

villus inclusion disease (MID) reveals the importance of the actin terminal web.

Here, the apical F-actin layer exhibits a reduced thickness leading to an inhibition

of apical protein delivery (Ameen and Salas 2000).

The role of actin in endocytosis was intensively investigated during the last

decades and in several polarized tissue cell types: endothelial cells, hepatocytes,

MDCK cells, intestinal Caco-2 cells, etc. (Alexander et al. 1998; Apodaca 2001;

Durrbach et al. 1996; Gottlieb et al. 1993; Jackman et al. 1994; Kaufman

et al. 1990; Kyle et al. 1988; Shurety et al. 1996, 1998). Actin seems to be important

for internalization particularly at the apical cell pole, but several experiments

indicate an association of actin with basolateral endocytosis as well.

Cytochalasin-treated MDCK cells reveal a block in apical endocytosis of mem-

brane markers like VSVG or receptor-bound ferritin and in addition a significant

increase in coated pits stuck at the apical surface (Gottlieb et al. 1993). The actin-

stabilizing drug jasplakinolide stimulates basolateral endocytosis of the fluid-phase

markers FITC-dextran and horseradish peroxidase in MDCK (Jacob et al. 2003;

Parczyk et al. 1989; Shurety et al. 1998). Furthermore, postendocytic apical traf-

ficking requires an intact actin network reflected by an inhibition of basolateral to

apical transcytosis and apical recycling by cytochalasin treatment (Maples

et al. 1997).

Actin microfilaments are associated with myosin motor proteins which have

been implicated in apical and basolateral trafficking (Altschuler et al. 2003; Au

et al. 2007). The binding mechanism of myosin 5B to Rab proteins may be direct or

indirect through Rab effectors providing a complex involvement to the cellular

trafficking system. Dependent on interactions with Rab11 and Rab8, myosin 5B

was required for apical trafficking, polarization, and lumen formation (Roland

et al. 2011; Sato et al. 2007). It is also known that myosin VI is involved in

basolateral trafficking of tyrosine motif containing basolateral membrane proteins

in polarized MDCK cells, potentially in the AP-1B-dependent pathway

(Au et al. 2007).
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16.5.2 Microtubules

As we have seen for actin, microtubules are involved in a variety of cellular

functions: beside the maintenance of cell shape and mechanical stability, long-

distance transport of organelles and vesicles requires a functional microtubule

network. These highly dynamic tubules undergo a constant cycle of polymerization

and depolymerization to meet all the requirements. The polar structure of microtu-

bules composed of 13 protofilaments consisting of alpha- and beta-tubulin dimers

and several posttranslational modifications of the subunits furthermore permits this

variety of different functions (Wade 2009).

The microtubule cytoskeleton is subject to extensive changes during the polar-

ization process in epithelial cells. Nonpolar cells comprise microtubule filaments

emanating from a centrosome, respectively, a microtubule-organizing center

(MTOC) located near the nucleus (Vorobjev and Nadezhdina 1987). Fundamental

reorganizations occurring in the course of polarization not only affect microtubules

but also the whole intracellular organization. After the release of microtubule minus

ends from the centrosome, minus-end binding factors anchor them on cell–cell

contacts or at the apical cell pole (Keating et al. 1997; Ligon and Holzbaur 2007;

Stehbens et al. 2006). In fully polarized cells, microtubules are present as mesh-

work underneath the apical membrane and the basal cell pole. In addition, they are

organized as bundles along the apical–basal axis (Van Furden et al. 2004; Bartolini

and Gundersen 2006; Musch 2004). The apical network consists of horizontally

arranged microtubules without a consistent arrangement. Within the vertical micro-

tubule bundles, minus ends can be found at the apical domain, whereas the plus

ends are oriented toward the basal membrane (Bacallao et al. 1989; Bre et al. 1990;

de Forges et al. 2012; Meads and Schroer 1995; Van Furden et al. 2004). Although

microtubules are known to be highly dynamic, it is assumed that these tubules are

more stable in polarized cells compared to centrosomal microtubules of

non-polarized cells. Stable microtubules are often characterized by different post-

translational modifications including acetylation, detyrosination, polygluta-

mylation, and polyglycylation (reviewed in Hammond et al. (2008); Janke and

Kneussel (2010); Wloga and Gaertig (2010); Janke and Bulinski (2011)). Both

tubulin subunits can be subject to these modifications, and they underlie significant

changes during the polarization process (Quinones et al. 2011; Zink et al. 2012).

The role of microtubules in polarized trafficking seems to be quite complex

since, on one hand, microtubule disruption inhibits apical and basolateral post-
Golgi trafficking and, on the other hand, some proteins are transported to both

membrane domains independently of microtubules. In one of the first reports,

colchicine and nocodazole as microtubule-depolymerizing agents negatively

affected apical transport of influenza virus HA and not basolateral transport of

VSVG (Rindler et al. 1987). This observation was confirmed by a number of

subsequent studies (Achler et al. 1989; Eilers et al. 1989; Gilbert et al. 1991;

Grindstaff et al. 1998a; Lafont et al. 1994; Matter et al. 1990; Ojakian and

Schwimmer 1992; Rindler et al. 1987; Salas et al. 1986; van Zeijl and Matlin
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1990). Contradictory results, however, were published as well (Grindstaff

et al. 1998a; Lafont et al. 1994; Salas et al. 1986). Here, microtubule disassembly

did not affect the asymmetric distribution of influenza or vesicular stomatitis virus

to the apical or basolateral surface in MDCK cells (Salas et al. 1986). Lafont and

coworkers showed that a depletion of the microtubule motor protein kinesin

inhibited transport processes to the basolateral membrane (Lafont et al. 1994),

and another report revealed a 25–50 % decrease in the delivery of newly synthe-

sized gp135/170 to the apical and of E-cadherin to the basolateral surface

(Grindstaff et al. 1998a).

For vesicular protein trafficking along microtubules, motor proteins of the

kinesin and dynein family are involved. The movement along microtubules occurs

over long distances and is relatively fast with 1–2 μm/s in contrast to movement

along actin microfilaments with approximately 0.1 μm/s. Previously, it was sup-

posed that kinesins move their cargoes exclusively plus-end directed, whereas

dynein is responsible for the minus-end-directed transport (reviewed, e.g., in

Wade (2009)). However, the experimental work during the last decade revealed

frequent bidirectional intracellular transport resulting in two models which would

allow bidirectional transport: tug-of-war and regulation. The first one postulates

that kinesins and dyneins can bind simultaneously to the filament. The following

struggle would lead to a stochastic detaching of one polarity marker caused by the

force of the other one. The regulation model in contrast assumes cargo binding of

both motor proteins, one of which is active to move the cargo along the microtubule

into the relevant direction. The activity should be regulated by cofactors (Gross

et al. 2002; Gross 2004; Welte 2004; Schuster et al. 2011). Evidences for both

models were published recently (Bouzat and Falo 2011; Muller et al. 2008;

Assmann and Lenz 2013; Leidel et al. 2012).

The regulation of the motor–cargo–microtubule interaction is thought to occur at

several events of the transport process: motor–cargo binding, motor activation,

microtubule track selection, cargo release at the destination, and motor recycling

(Verhey and Hammond 2009). After successful delivery, cargoes need to be

unloaded from the kinesin, and the detached motor protein is then inactivated by

an autoinhibition mechanism (Dietrich et al. 2008; Wong et al. 2009; Hammond

et al. 2009).

Several evidences suggest a specific participation of kinesin and dynein in the

transport and sorting in particular of apical proteins. As indicated above, cytoplas-

mic dynein interacts with apically transported rhodopsin via its light chain Tctex-1

in MDCK cells (Chuang and Sung 1998; Tai et al. 1999). The minus-end-directed

kinesin KifC3 is important for trafficking of influenza virus HA and annexin 13b to

the apical membrane (Noda et al. 2001). Later, the plus-end kinesins Kif5B, Kif5C,

and dynamin were identified in apical transport of p75NTR in polarized MDCK cells

(Astanina and Jacob 2010; Jaulin et al. 2007; Kreitzer et al. 2000). Interestingly, the

same transmembrane receptor is transported by members of the kinesin-3 family in

non-polarized MDCK cells (Xue et al. 2010), thus suggesting that the subcellular

cargo transport machinery changes during cell polarization.
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16.6 Vesicle Tethering and the Role of SNAREs

At a final stage, transport carriers need to dock at the target membrane to release

their cargo. Here, specific molecules are necessary including tethering complexes,

SNARE, and Rab proteins. Tethering complexes seem to be binding factors

between two membranes to prepare them for membrane fusion by binding to Rab

GTPases and to SNAREs (Sudhof and Rothman 2009; Zerial and McBride 2001).

Beside its role in tethering vesicles at the plasma membrane, the exocyst

complex is required for the formation and targeting of vesicles to the basolateral

membrane (He and Guo 2009; Munson and Novick 2006; Yeaman et al. 2001). In

epithelial cells the exocyst is localized at the Golgi complex, the TGN, recycling

endosomes, and the junctional complex and plays a role in endocytosis of

basolateral recycling vesicles (Folsch et al. 2003; Prigent et al. 2003; Yeaman

et al. 2004). This was demonstrated using overexpressed subunits of the exocyst

complex that caused a stimulation of the delivery of basolateral but not apical

membrane proteins (Lipschutz et al. 2000). In contrast mutations of the exocyst lead

to inhibition of recycling endosome trafficking to the basolateral surface (Langevin

et al. 2005), and inhibition with an antibody directed against the exocyst component

Sec8 blocks the TGN-to-basolateral membrane transport (Grindstaff et al. 1998b).

Further experiments could show that several cofactors are as well involved in these

exocyst functions. Thus, the GTPase RalA interacts with different subunits and is

required for basolateral transport events (Shipitsin and Feig 2004), and the

basolateral cargo–adaptor protein, AP-1B, is able to recruit the exocyst to recycling

endosomes (Ang et al. 2004; Folsch et al. 2003). Less is known for the apical

transport route; however, several data indicate a role for this complex in apical

trafficking. The exocyst is localized to the primary cilium (Rogers et al. 2004),

regulates the exocytosis of apical secretory proteins (Lipschutz et al. 2000), and is

in different ways connected to apically directed vesicles (Beronja et al. 2005; Barile

et al. 2005).

The final vesicle fusion step in the protein-trafficking pathway is mediated by

soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE

proteins). These small molecules are localized in opposing membranes to trigger

the fusion of vesicles with their target membrane. To do so they use the free energy

released during the formation of a four-helix bundle enabled by the characteristic

SNARE motif, a conserved stretch of 60–70 amino acids arranged in heptad

repeats. SNARE proteins can be classified into v-SNAREs and t-SNAREs, associ-

ated with the vesicle or with the target membrane (reviewed, i.e., in Jahn and

Scheller (2006)). For hepatocytes the existence of different t-SNAREs was

reported: syntaxin 2 and 3 at the canalicular and syntaxin 4 at the basolateral

plasma membrane (Fujita et al. 1998). A similar distribution with syntaxin 3 at

the apical and syntaxin 4 at the basolateral membrane was found in polarized

MDCK cells (Low et al. 1996). Later Low and coworkers confirmed their results

and concluded an involvement of syntaxin 3, synaptosomal-associated protein

23 (SNAP 23), and soluble N-ethyl maleimide-sensitive factor attachment protein
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(α-SNAP) in apical membrane fusion. They could show that the overexpression of

syntaxin 3 negatively affects the TGN to apical transport and apical recycling,

which causes an accumulation of vesicles underneath the apical membrane. In

addition, inhibition of SNAP 23 and α-SNAP by botulinum neurotoxin E or specific

antibodies inhibits apical as well as basolateral trafficking. Thus, only components

of the SNARE machinery seem to be required for the trafficking specificity in

polarized cells (Low et al. 1998). In Caco-2 cells, the SNARE complex at the apical

membrane is formed by syntaxin 3, SNAP 23, and the vesicle-associated membrane

protein 7 (VAMP 7) (Galli et al. 1998). For the latter a mediation of raft- and non-

raft-associated apical transport was shown (Pocard et al. 2007). Furthermore,

VAMP 7 is involved in the surface delivery of apical reporter proteins in MDCK

cells as well (Lafont et al. 1999). Another example is VAMP 8 which is supposed to

operate in the transcytotic apical delivery. In MDCK cells direct apical trafficking

does not depend on VAMP 8, however, apical recycling and endocytosis does

(Steegmaier et al. 2000). Though different interactions of VAMP 8 were identified,

it forms a complex with the apical SNARE syntaxin 3 and SNAP 23 (Pombo

et al. 2003), and together with the basolateral SNARE syntaxin 4 and SNAP

23, it seems to regulate exocytosis in the exocrine system (Wang et al. 2007).

The requirement of VAMP 8 in endocytic uptake and recycling has also been shown

for Caco-2 and Fischer rat thyroid (FRT) cells, whereas direct apical and basolateral

trafficking is not affected by VAMP 8 knockdown (Pocard et al. 2007). For AP-1B-

dependent basolateral transport, the v-SNARE VAMP 3 (cellubrevin) has been

reported, since cleavage of VAMP3 leads to missorting of AP-1B-dependent

cargoes (transferrin receptor, LDL receptor) (Fields et al. 2007).

In conclusion, many components involved in vesicle tethering, transport, and

fusion show a high degree of specificity for various apical and basolateral transport

pathways of epithelial cells.
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