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Summary

Ten years ago, par-1 and par-3 were cloned as two of the
six par genes essential for the asymmetric division of the
Caenorhabditis elegans zygote. PAR-1 is a protein Kinase,
whereas PAR-3 is a PDZ-domain-containing scaffold
protein. Work over the past decade has shown that they are
part of an evolutionarily conserved PAR-aPKC system
involved in cell polarity in various biological contexts.
Recent progress has illustrated the common principle that
the PAR-aPKC system is the molecular machinery that
converts initial polarity cues in the establishment of
complementary membrane domains along the polarity

axis. In most cases, this is achieved by mutually
antagonistic interactions between the aPKC-PAR-3-PAR-
6 complex and PAR-1 or PAR2 located opposite. However,
accumulating evidence has also revealed that mechanisms
by which the asymmetrically localized components of the
PAR-aPKC system are linked with other cellular
machinery for developing polarity are divergent depending
on the cell type.
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Introduction

One of the essential features of life is its ability to create order
against the universal tendency towards disorder. A typical
example is cell polarity: the asymmetric distribution of
constituents within a single cell that produces the asymmetry
of cellular functions. One cell type showing extreme polarity
is the epithelial cell, which plays essential roles in multicellular
organisms by forming physiological and mechanical barriers
and controlling tissue architecture (Rodriguez-Boulan and
Nelson, 1989). Epithelial cells exhibit an apicobasal polarity
with respect to their cytoskeletal organization, the distribution
of membrane proteins and the specific junctional complex at
the tip of the lateral membrane (Yeaman et al., 1999).
Developmental biologists have observed another type of cell
polarity that is tightly coupled with the asymmetric cell
division that is crucial for differentiation to form distinct cell
types. Particularly at the start of the development of
multicellular organisms, cell fate determinants are segregated
asymmetrically within a single cell before division (Horvitz
and Herskowitz, 1992). Genetic studies have led to the
identification of various gene products that are indispensable
for this (Jan and Jan, 1998; Way et al., 1994).

In 1995, Kemphues and co-workers cloned two of the six
partition-defective (par) genes that are essential for the
asymmetric division of the Caenorhabditis elegans zygote
(Etemad-Moghadam et al., 1995; Guo and Kemphues, 1995).
This heralded a dynamic decade during which studies of the
different aspects of cell polarity alluded to above converged into
a single stream. Currently, there is convincing evidence that
many cell polarity events that superficially appear very different
are commonly regulated by a set of evolutionarily conserved
proteins called the PAR-aPKC (for ‘atypical protein kinase C’)
system (Ohno, 2001). The generality and essential importance
of the PAR-aPKC system have been demonstrated in diverse
examples of polarity control from various species (Fig. 1). Its

crucial roles in development have also been established at the
level of the organism in both invertebrates and vertebrates,
including zebrafish (Horne-Badovinac et al., 2001), Xenopus
(Kusakabe and Nishida, 2004) and mice (K. Akomoto, T. Noda
and S.O., unpublished). However, accumulating evidence has
also revealed diversity and complexity in the means by which
different cells utilize the PAR-aPKC system to establish
polarity. Here, we review recent progress in understanding the
PAR-aPKC system in light of this generality and diversity.

The PAR-aPKC system creates complementary
membrane domains in the C. elegans zygote

The PAR-aPKC system (Table 1) comprises three
serine/threonine protein kinases (aPKC, PAR-1 and PAR-4),
two PDZ-domain-containing scaffold proteins (PAR-3 and
PAR-6), one RING-finger protein (PAR-2) and one member of
the 14-3-3 family of proteins (PAR-5). aPKC, PAR-3 and PAR-
6 interact with each other and often work as a functional unit.
Here, we call this the aPKC complex, although the interaction
between the aPKC-PAR-6 complex and PAR-3 has been
suggested to be dynamic (see below).

In C. elegans, the polarization of the egg begins after
fertilization. An unidentified polarity signal associated with the
sperm centrosome specifies the posterior pole and causes
marked cytoplasmic reorganization (Nance, 2005). Upon
fertilization, the aPKC complex accumulates at the cortex of
the anterior half of the cell, whereas PAR-1 and PAR-2
accumulate in the posterior (Table 1, Fig. 1A) (Boyd et al.,
1996; Etemad-Moghadam et al., 1995; Guo and Kemphues,
1995; Hung and Kemphues, 1999; Tabuse et al., 1998). Genetic
analyses have indicated that the establishment of these
asymmetric distributions of PAR-aPKC proteins is crucial for
the polarity of the zygote. Time-lapse analyses of green
fluorescent protein (GFP)-tagged PAR proteins have revealed
that, in an initial ‘establishment phase’, the aPKC complex
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Fig. 1. Various types of cell polarity in which the PAR-aPKC system is involved. (A) Anterior-posterior polarization of the C. elegans zygote
just after fertilization. (B) Anterior-posterior polarizations (early and late) of Drosophila oocytes during oogenesis. (C) Development of apical-
basal polarity of Drosophila blastoderm epithelium formed just beneath the egg membrane. (D) Apical-basal polarity observed in mammalian
cultured epithelial cells. (E) Polarization of mammalian primary-cultured astrocytes to the front during directed migration. (F) Polarization of a
mammalian primary-cultured neuron that specifies one of the immature neurites as an axon. Red lines and dots represent the localization of the
aPKC complex, whereas blue lines indicate the PAR-1 distribution. The distribution of PAR-1 in the Drosophila embryonic ectoderm and its
derivative neuroblasts, as well as in mammalian astrocytes and neurons has not been clearly described. Gray ovals represent nuclei, green lines

represent microtubules.

starts to accumulate in the anterior cortex in response to sperm
entry, excluding PAR-2, which is initially distributed uniformly
throughout the membrane (Fig. 2A) (Cuenca et al., 2003;
Pellettieri and Seydoux, 2002). In a later ‘maintenance’ phase,
PAR-2 plays a crucial role in excluding the aPKC complex
from the posterior and stabilizing its anterior localization (Fig.
2A). Although the posterior localization of PAR-1 is
downstream of the aPKC complex and PAR-2, PAR-1 is also
suggested to exert feedback regulation stabilizing the anterior
localization of the aPKC complex (Cuenca et al., 2003).

A recent elegant study using GFP-tagged myosin II provided
strong evidence that these dynamic movements of PAR-aPKC
proteins are driven by asymmetric actomyosin contraction
induced by sperm entry (Munro et al., 2004). Upon fertilization,
limited clearance of a symmetrically tensioned meshwork of
cortical actomyosin is induced near sperm pronuclei where the

sperm-aster contacts the posterior cortex. Then, the resultant
asymmetric contraction generates a cytoplasmic flow that
carries the aPKC complex to the anterior. Importantly, in
embryos lacking PAR-3, PAR-6 or PKC-3 (C. elegans aPKC),
a contractile meshwork of myosin II exists and is cleared near
sperm pronuclei. However, asymmetric contraction of the
meshwork towards the anterior does not occur (Cheeks et al.,
2004; Kirby et al., 1990; Munro et al., 2004). Therefore, the
activity of the aPKC complex itself is required to generate the
forces that drive its asymmetric distribution.

PAR-aPKC-dependent generation of complementary
membrane domains is a general mechanism for cell
polarity

Homologs of PAR-2, a putative E3 ubiquitin ligase, have not
been identified In Drosophila and mammals. In these species,
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Table 1. Localization of proteins of the PAR-aPKC complex in different species
Localization
C. elegans Drosophila Mammal
S. pombe C. elegans Drosophila Mammal zygote late oocyte epithelia neuroblast epithelia
- PAR-3 Bazooka PAR-3/ASIP* Anterior Anterior SAR/apical Apical TI'/apical
- PAR-6 PAR-6 PAR-6c,B,y cortex cortex membrane cortex membrane
- PKC-3 aPKC aPKC\,{
Kinl PAR-1 PAR-1 PAR-1a/MARK3/C-TAK Posterior Posterior Basolateral ? Basolateral
PAR-1b/MARK2/EMK1 cortex cortex membrane membrane
PAR-1c/MARK1*
- PAR-2 - - Posterior cortex - - - -
- PAR-4 LKB1 LKB1/STK11 Uniformly (Uniformly (Uniformly ? (Uniformly
cytoplasmic cortical) cortical) membraneous)’
(faintly cortical)
BMHI1/2 PAR-5 14-3-3¢/Leo 14-3-3B,y,em,CT Uniformly Cytoplasm Cytoplasm ? (Uniformly
14-3-3¢ cytoplasmic cytoplasmic/
membraneous)

SAR, subapical region; TJ, tight junction. Parentheses indicate the localization of overexpressed protein. See text for details. For the localization of PAR-4 and
PAR-5/14-3-3, see the following references: PAR-4 (Martin and St Johnston, 2003; Watts et al., 2000); PAR-5/14-3-3 (Benton et al., 2002; Hurd et al., 2003a;
Morton et al., 2002).

*In mammals, the PAR-3-related protein PAR-3L, showing an overall homology with PAR-3, has been identified (Gao et al., 2002). Although its
characterization is limited, it has been shown to localize to TJs when overexpressed; it cannot bind to aPKC.

TAs discussed in the text, the localization of PAR-3 often slightly differs from that of aPKC and/or PAR-6. In particular, in mammalian epithelial cells, PAR-3
tends to show a clearer concentration in TJs than do aPKC and PAR-6.

*MARK4/MARKLI is not included because this variant of mammalian PAR-1 does not show asymmetric localization in mammalian epithelial cells when
overexpressed (A.S. and S.O., unpublished).

®A.S. and S.0., unpublished.

114-3-3 isoforms for which the interaction with PAR-1b was confirmed are only listed (M. Hirata, A.S. and S.O., unpublished).

PAR-1 appears to replace PAR-2. The aPKC complex and
PAR-1 localize at the anterior and posterior cortices of
Drosophila eggs (Benton and St Johnston, 2003b; Vaccari and
Ephrussi, 2002), and the apical and basolateral membranes of
Drosophila epithelial cells (Cox et al., 2001a; Hutterer et al.,
2004; Kuchinke et al., 1998; Shulman et al., 2000; Wodarz et
al., 2000) and mammalian cultured epithelial cells (Bohm et
al., 1997; Izumi et al., 1998; Suzuki et al., 2001), respectively
(Table 1, Fig. 1B-D). As in the C. elegans zygote, the
asymmetric distributions of the aPKC complex and PAR-1 are
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essential for the polarity of these cells. Recent studies have
revealed not only the presence of mutually antagonistic
interactions between the aPKC complex and PAR-1 but also
the molecular basis of these interactions (Fig. 2B). In
Drosophila oocytes and follicle cells, PAR-1 phosphorylates
conserved serine residues on PAR-3 and induces the
destabilization of the aPKC complex, thereby preventing the
invasion of the aPKC complex into the posterior and
basolateral membranes (Benton and St Johnston, 2003b). By
contrast, in mammalian epithelial cells, aPKC phosphorylates
a conserved threonine residue on PAR-1b (one of the PAR-1
variants) at tight junctions and thus induces its dissociation
from the basolateral membrane (Suzuki et al., 2004). Notably,
in both cases, the 14-3-3 protein PAR-5 specifically interacts
with the phosphorylated forms of Drosophila PAR-3 or

Fig. 2. Antagonistic interactions between oppositely localized PAR-
aPKC system components that lead to the establishment of
complementary membrane domains. (A) C. elegans zygote.

(B) Drosophila/mammalian epithelial cells. In epithelial cells, the
involvement of additional evolutionarily conserved polarity proteins
(Crb/Pals1/PATJ and Lgl/Scrib/Dlg) has also been demonstrated. The
components of the PAR-aPKC system are shown in black boxes. Red
indicates anterior or apical polarity proteins, whereas blue indicates
posterior or basolateral polarity proteins. Green indicates proteins
that do not show clear asymmetric localization. Red- and blue-
colored boxes enclose proteins categorized into functional groups
whose localizations are mutually dependent (the requirement of PATJ
for the localization of Crb and Sdt/Pals1 has been shown only in
MDCK cells not in Drosophila) (Pielage et al., 2003; Shin et al.,
2005). The role of PAR-4 in these interactions has not been well
clarified, although its close functional relationship with PAR-1 has
been demonstrated in both types of cell (see text).
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mammalian PAR-1b and assists the mutual antagonism
between the aPKC complex and PAR-1 (Fig. 2B).
Phosphorylation by aPKC might also be involved in the
exclusion of PAR-1 and PAR-2 from the anterior cortex in the
C. elegans embryo (G. Seydoux, personal communication)
(Gotta, 2005).

The third kinase, PAR-4/LKB1, is also essential for
epithelial cell and oocyte polarities (Baas et al., 2004; Martin
and St Johnston, 2003). Mammalian PAR-4/LKB1 activates
PAR-1 by phosphorylating the activation loop of the PAR-1
kinase domain (Lizcano et al., 2004). Thus, PAR-4/LKBI1 is
thought to work upstream of PAR-1, although Drosophila
genetics indicate it might reside downstream of PAR-1
(Martin and St Johnston, 2003) (Fig. 2). The PAR-aPKC
system thus appears to be evolutionarily conserved molecular
machinery that amplifies initial polarity cues to establish
complementary membrane domains along the polarity axis
(Fig. 2). However, the mechanisms by which the
asymmetrically distributed PAR proteins direct the subsequent
global polarization of cells vary depending on the cell type.
In addition, not all polarized cells use antagonistic interactions
between the oppositely localized aPKC complex and PAR-1
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and PAR-2. Some cells only explore one of their activities in
combination with other protein machinery (see Fig. 1E,F).
Below, we focus on some recent studies of the aPKC complex
that further describe the molecular basis of polarity regulation
by the PAR-aPKC system. Note that, because of space
limitations, we cannot cover the significant progress in our
understanding of PAR-1 functions (Benton and St Johnston,
2003b; Cohen et al., 2004; Navarro et al., 2001; Ossipova et
al., 2005).

Mutual molecular interactions within the aPKC
complex

The components of the aPKC complex — aPKC, PAR-3 and
PAR-6 — regulate each other to establish their asymmetric
localization (Fig. 2) (Macara, 2004; Nagai-Tamai et al., 2002;
Ohno, 2001). aPKC and the scaffold protein PAR-6 interact
through their N-terminal PB1 domains (Fig. 3) (Suzuki et al.,
2003; Suzuki et al., 2001). The scaffold protein PAR-6 works
as an adaptor molecule that links Rac1/Cdc42 GTPase activity
to aPKC by specifically interacting with the active form of
Rac1/Cdc42 through its semi-CRIB motif and the adjacent
PDZ domain (Fig. 3) (Garrard et al., 2003; Gotta et al., 2001;

Apical domain

» “ T Actin
polymerization ?

JAM/Nectin

TJ/AJ

¢

MAPs 2 Syntaxin 4
—— Protein domains
B rz § PBI § uea [ L7 ) Guk Latergl
CRIB Kinase Cystein-rich Siia I wosore domain
domain domain peat I

Fig. 3. The protein-protein interaction network involving polarity proteins in mammalian epithelial cells. The key shows the protein domains
involved. Black arrows indicate direct physical interactions, whereas orange dotted arrows indicate phosphorylation. Putative interactions
suggested from the data obtained using Drosophila epithelia are indicated by gray dotted arrows with question marks. The involvement of PAR-
5/14-3-3 is not shown in this figure to avoid complication, although PAR-5/14-3-3 has been demonstrated to interact with PAR-1b and PAR-3.
PAR-1b is suggested to phosphorylate microtubule-associated proteins (MAPs) and thereby affect microtubule stability (Drewes et al., 1997;

Cohen et al., 2004). AJ, adherens junction; TJ, tight junction.
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Hutterer et al., 2004; Joberty et al., 2000; Lin et al., 2000; Qiu
et al., 2000; Yamanaka et al., 2001). This is highly consistent
with the idea that Cdc42 plays a central role in establishing cell
polarity from yeast to mammals irrespective of the biological
context (Etienne-Manneville, 2004). Indeed, accumulating
evidence suggests that Cdc42 is generally involved in
transmitting polarity cues to the aPKC complex (Etienne-
Manneville and Hall, 2001; Gotta et al., 2001; Hutterer et al.,
2004; Yamanaka et al., 2001).

PAR-3, another scaffold protein, interacts with the kinase
domain of aPKC through its central conserved region, the
phosphorylation of which by aPKC decreases its affinity for
aPKC (Fig. 3) (Izumi et al., 1998; Nagai-Tamai et al., 2002).
Mutation of the aPKC phosphorylation site in PAR-3 impairs
the normal function of the aPKC complex. This suggests that
the interaction between aPKC and PAR-3 is dynamically
regulated. Indeed, in contrast to biochemical co-
immunoprecipitation data, PAR-3 often shows a slightly
distinct localization from aPKC and/or PAR-6 in polarized
cells when closely inspected (Harris and Peifer, 2005; Nam and
Choi, 2003; Tabuse et al., 1998). Therefore, despite the
additional interaction between the first PDZ domain of PAR-3
and the PAR-6 PDZ domain (Joberty et al., 2000; Lin et al.,
2000), phosphorylated PAR-3 might be apt to dissociate from
the aPKC-PAR-6 complex. PAR-3 is thought to target the
aPKC-PAR-6 complex to particular membrane regions, since
it is often observed to arrive earlier than aPKC and/or PAR-6
and can stay there — albeit transiently — even if aPKC or PAR-
6 is depleted (Harris and Peifer, 2005; Suzuki et al., 2002;
Tabuse et al., 1998). However, aPKC kinase activity and the
binding of PAR-6 to Cdc42 have been reported to be
indispensable for the maintenance of PAR-3 localization at the
cortex (Hutterer et al., 2004; Suzuki et al., 2002). Therefore,
phosphorylation by aPKC might also be important for the
stable association of PAR-3 with the initial targeting sites.

Coupling the aPKC complex to junctional structures
essential for epithelial polarity

The molecular basis for the PAR-3-mediated targeting of the
aPKC complex to the membrane has been described in detail in
the repolarization of mammalian epithelial cells induced by
cell-cell contact (Ebnet et al., 2004). The process can be
experimentally induced by subjecting an epithelial monolayer
to Ca* depletion/repletion (Ca’* switch) or wound healing; the
resulting cell-cell adhesion mediated by E-cadherin molecules
provides a cue for the development of apicobasal polarity. At
first, nascent junctional structures — spot-like adherens junctions
(AJs) — are formed at cell-cell contact sites by gradually
recruiting various junctional proteins, including future tight
junction (TJ) components. In the next phase, these AJs fuse and
differentiate into epithelium-specific AJs and TJ that encircle
the apex of the cells and are both essential for epithelial polarity
(Fig. 1D). Upon cell-cell contact, the aPKC complex is
recruited early to the initial spot-like AJs (Suzuki et al., 2002).
This is thought to be mediated by a direct interaction between
the first PDZ domain of PAR-3 and the C-terminal PDZ-
domain-binding sequences of immunoglobulin-like cell
adhesion molecules: JAM-1 and nectin-1/3 (Fig. 3) (Ebnet et
al., 2001; Itoh et al., 2001; Takekuni et al., 2003). Then, as
repolarization progresses, the aPKC complex accumulates in
TJs and there is slight leakage into the apical membrane (Table

1, Fig. 1D). Importantly, overexpression of a dominant-negative
mutant of aPKC or PAR-3 blocks the maturation of spot-like
Als into belt-like AJs and TJs (Mizuno et al., 2003; Suzuki et
al., 2002). Therefore, the aPKC complex is assumed to play an
indispensable role in epithelial polarity by promoting the
development of epithelium-specific junctional structures. This
is consistent with the results obtained in C. elegans zygotes
showing that the aPKC complex regulates the development of
asymmetric structures to which it finally localizes.

Drosphila PAR-3, Bazooka (Baz), was independently
identified as a gene product essential for the polarization of the
embryonic ectoderm (Kuchinke et al., 1998), which is the first
epithelium formed immediately before gastrulation by a unique
process called ‘cellularization’ (Fig. 1C). A fertilized
Drosophila egg first undergoes 13 nuclear divisions in a
syncytium. Then, the egg membrane invaginates around each
nucleus into the cytoplasm to produce thousands of independent
epithelial cells around the circumference of the embryo. Again,
spot-like nascent AJs are formed early during cellularization,
but the establishment of belt-like AJs that corresponds to the
completion of epithelialization is accomplished only later in
development (Fig. 1C) (Tepass et al., 2001). Maternal/zygotic
baz mutants exhibit defects in the apical accumulation and
coalescence of spot-like Als into beltlike AJs (Muller and
Wieschaus, 1996), which is consistent with the above
conclusion in mammalian epithelial cells that the aPKC
complex is indispensable for junctional development. Defects
in Drosophila aPKC as well as PAR-6 have now been shown to
result in polarity defects similar to those in baz mutants (Harris
and Peifer, 2005; Petronczki and Knoblich, 2001; Wodarz et al.,
2000). However, a recent study demonstrated that the apical
accumulation of Baz/PAR-3 observed at the mid-stage of
cellularization occurs even in embryos lacking spot-like Als
(Harris and Peifer, 2004), which suggests that Baz/PAR-3 does
not target to the nascent junctional structures for initial
localization. Clear orthologs of JAM and nectin are absent in
Drosophila. Moreover, the subapical region (SAR) to which the
aPKC complex finally localizes in Drosophila epithelia lacks
TJ-like electron-dense ultrastructures (the barrier function of
Drosophila epithelia is exerted by a septate junction that is basal
to belt-like AJs) (Table 1, Fig. 1C) (Knust and Bossinger, 2002;
Tepass et al., 2001). The apical anchoring mechanism of the
aPKC complex in Drosophila epithelia is still unknown (Harris
and Peifer, 2005).

The molecular mechanisms by which the aPKC complex
promotes junctional development remain to be clarified. Recent
work has suggested that TJ development is promoted by an
interaction between the C-terminal region of PAR-3 and a Rac-
specific guanine nucleotide exchange factor (GEF) STEF/Tiam1
(Fig. 3) (Chen and Macara, 2005). However, the significance of
this interaction is still controversial (Mertens et al., 2005;
Nishimura et al., 2005). Phosphorylation by aPKC might be
involved in PAR-3-mediated junctional development (Hirose et
al., 2002). Oligomerization of PAR-3 mediated by its conserved
N-terminal domain might also be involved in junctional
maturation (Benton and St Johnston, 2003a; Mizuno et al., 2003).

The aPKC complex cooperates with other conserved
proteins

As discussed earlier, PAR-1 has an antagonistic role stabilizing
the asymmetric localization of the aPKC complex.
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Interestingly, another conserved protein, Lethal (2) giant larvae
(Lgl), plays a similar role to PAR-1 and cooperates with the
aPKC complex to regulate apicobasal polarity of epithelial
cells and neuroblasts (Fig. 2B). Lgl, Scribble (Scrib) and Discs
large (Dlg) are basolaterally localized tumor suppressor
proteins that were identified in Drosophila genetic studies
(Bilder et al., 2000; Bilder and Perrimon, 2000). They depend
on each other for correct subcellular localization and thus form
a functional group (the Lgl group). Lgl group proteins are
recruited to the basolateral membrane of the embryonic
ectoderm slightly later than the aPKC complex and thereafter
play an indispensable role maintaining the apical localization
of the aPKC complex (Bilder et al., 2003; Hutterer et al., 2004;
Tanentzapf and Tepass, 2003) (Fig. 2B). The aPKC complex
in turn is essential for restricting Lgl localization to the
basolateral membrane (Fig. 2B) (Hutterer et al., 2004). The
molecular basis of this antagonism is well understood: Lgl
competes with PAR-3 for binding to the aPKC-PAR-6
complex and thus sequesters the aPKC-PAR-6 complex away
from PAR-3 (Fig. 3) (Yamanaka et al., 2003). In addition,
aPKC phosphorylates Lgl to induce a conformational change
to an auto-inhibited state in which it interacts with neither the
membrane nor the actin cytoskeleton (Fig. 3) (Betschinger et
al., 2005). In mammalian epithelial cells, the antagonizing
effect of Lgl group proteins on the apical localization of the
aPKC complex has not been confirmed. However, Lgl is
proposed to antagonize the polarization of a mammalian
Madin-Darby canine kidney (MDCK) epithelial cell line by
sequestering the aPKC-PAR-6 complex, which is released by
cell-cell-contact-induced activation of aPKC and can then
interact with PAR-3 (Yamanaka et al., 2003).

Interestingly, the Lgl group cooperates with the aPKC
complex in Drosophila neuroblasts in a different manner
(Albertson and Doe, 2003; Betschinger et al., 2003; Ohshiro et
al., 2000). Drosophila neuroblasts that delaminate from the
embryonic ectoderm inherit the apically localized aPKC
complex from the overlying ectoderm to maintain their
apicobasal polarity. This is essential for the cells to accumulate
neural determinants basally during cell division and undergo
asymmetric cell divisions to produce ganglion mother cells. In
contrast to epithelial cells, in neuroblasts, Lgl group proteins
are distributed throughout the cortex, are not excluded from the
apical cortex and do not interfere with the apical localization
of the aPKC complex. Nevertheless, they play an essential role
in the basal accumulation of neural determinants. Recent
studies suggested that this is achieved through the inactivation
of Lgl by aPKC-mediated phosphorylation without its clear
dissociation from the cortex (Betschinger et al., 2005;
Betschinger et al., 2003). The basal accumulation of neural
determinants is proposed to be driven by the contraction of
cortical myosin II filaments. These are activated at the apical
cortex, where aPKC inhibits Lgl and thus releases myosin II
from Lgl-mediated suppression (Barros et al., 2003;
Betschinger and Knoblich, 2004). It is unknown whether a
similar activity of Lgl operates at the basolateral membrane of
epithelial cells. Instead, Lgl is proposed to interact with
syntaxin 4, a component of the exocytic machinery at the
basolateral membrane, and thereby regulate polarized protein
trafficking (Fig. 3) (Musch et al., 2002). This is consistent with
the facts that yeast homolog of Lgl, Sro7/Sro77p, binds to
Sec9p, a t-SNARE, and functions in the docking and fusion of

post-Golgi vesicles (Lehman et al., 1999), and that Lgl is
highly enriched in the Golgi apparatus together with PAR-6 in
some mammalian non-epithelial cells (Plant et al., 2003).

Another set of conserved proteins cooperates with the aPKC
complex in epithelial cell polarity (Fig. 2B): the Crumb (Crb)
complex, which is composed of Crb, Stardust (Sdt) and PAT]J,
and shows an apical localization similar to that of the aPKC
complex (Roh and Margolis, 2003). Crb and Sdt are essential
for Drosophila embryonic ectoderm polarity (Tepass and
Knust, 1993). Genetic analyses showed that the aPKC complex
is required for the stable apical localization of the Crb complex.
In turn, Crb stabilizes the subapical localization of the aPKC
complex during late gastrulation (Bilder et al., 2003;
Tanentzapf and Tepass, 2003). Mammalian CRB3, Pals1 (the
Sdt homolog) and PATJ also affect the localization of the aPKC
complex, TJ biogenesis and the polarity of MDCK epithelial
cells (Roh et al., 2003; Shin et al., 2005; Straight et al., 2004).
Epistatic analysis in Drosophila suggested that the Crb
complex suppresses the antagonistic effects of the Lgl group
on the aPKC complex (Johnson and Wodarz, 2003). However,
accumulating evidence of multiple interactions between PAR-
6 and Crb complex components (Hurd et al., 2003b; Lemmers
et al., 2004; Nam and Choi, 2003) and the lack of biochemical
evidence for the interaction between the Crb complex and the
Lgl group seem to indicate that the Crb complex directly
stabilizes the apical localization of the aPKC complex in a
PAR-3-independent manner (Fig. 2B and Fig. 3) (Gibson and
Perrimon, 2003). In fact, in Drosophila follicle epithelia, the
apical localization of the aPKC complex is stabilized
redundantly by PAR-1-mediated lateral exclusion and Crb-
complex-mediated apical recruitment (Benton and St Johnston,
2003b). The Crb complex might also be responsible for the
development of apical membrane identity after the completion
of junctional maturation, because Drosophila Crb mediates the
recruitment of the actin-binding protein Dmoesin and the
components of the apical spectrin-based membrane skeleton
(Medina et al, 2002). Note that Drosophila aPKC
phosphorylates the juxtamembrane domain of Crb and thus
affects the development of the apical membrane domain (Fig.
3) (Sotillos et al., 2004).

Microtubules: major targets of the aPKC complex

A polarized distribution of cell fate determinants is not
sufficient for asymmetric division. To segregate determinants
asymmetrically into two daughter cells, the mother cell must
adjust the orientation of the mitotic spindle along the polarity
axis (Fig. 1A,C) (Ahringer, 2003). Spindle shape and position
can also be controlled asymmetrically to produce daughter
cells of unequal size. How the aPKC complex regulates these
processes is a major problem in this field and is covered in
several excellent reviews (Ahringer, 2003; Betschinger and
Knoblich, 2004; Wodarz et al., 2005). However, it should be
pointed out that the studies of the C. elegans zygote and
Drosophila neuroblast reached the same conclusion: that the
aPKC complex cooperates with heterotrimeric G proteins
activated by specific guanine nucleotide dissociation inhibitors
(GDIs) in a receptor-independent manner, although the mode
of the cooperation varies depending on the species. One way
by which these proteins adjust spindle position is by regulating
the interaction between the cell cortex and astral microtubules
(MTs) emanating from spindle poles. For example, the aPKC
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complex and heteromeric G proteins have been demonstrated
to regulate MT pulling force at the cortex of the C. elegans
zygote (Grill et al., 2001; Grill et al., 2003). This might be
achieved by regulating the minus-end-directed MT motor
dynein, which is involved in orienting/positioning mitotic
spindles in a wide variety of systems. It is also possible that
the aPKC complex and heterotrimeric G proteins enhance MT
stabilization and polymerization at the cortex to push the
spindle pole.

The aPKC complex also regulates polarized localization of
the MT-organizing center (MTOC) and thereby plays an
indispensable role in the maintenance of oocyte fate during
Drosophila oogenesis (Fig. 1B) (Cox et al., 2001b; Huynh et
al., 2001). This role of the aPKC complex has been investigated
in more detail in several different contexts: polarized migration
of wound-edge astrocytes (Fig. 1E) (Etienne-Manneville and
Hall, 2003), keratinocyte monolayers (Kodama et al., 2003),
and shear-stressed endothelial cells (Tzima et al., 2003). In
these cases, the aPKC—PAR-6 complex but not PAR-3 plays an
indispensable role in polarized migration by locating the MTOC
between the leading edge and the nucleus (Etienne-Manneville
and Hall, 2001). A polarity cue is thought to trigger spatially
restricted activation of Cdc42, which causes the accumulation
of the aPKC-PAR-6 complex at the tip of the leading edge and
aPKC activation. Then, aPKC phosphorylates and inactivates
glycogen synthase kinase 3 (GSK-3(), which allows the
adenomatous polyposis coli (APC) protein to interact with MT
plus-ends and stabilize MTs at the leading edge. The
aPKC-PAR-6 complex might also regulate dynein localization
or activity and thus tether MTs at the cell cortex (Etienne-
Manneville and Hall, 2001; Gomes et al., 2005; Palazzo et al.,
2001). An independent study has demonstrated another
mechanism by which the aPKC-PAR-6 complex regulates
directional cell migration: it recruits Smurf1, a ubiquitin ligase,
to the leading edge and induces Rho degradation to ensure the
rear-end-specific localization of Rho, which promotes tail
retraction in this region (Wang et al., 2003).

Note that the above case is unique in that the aPKC complex
accumulates at a limited region of the cell membrane to
develop cell polarity without generating complementary
membrane domains. Another example of this is provided by
mammalian primary-cultured hippocampal neurons (Fig. 1F),
in which the aPKC complex accumulates at the tip of one of
the immature neurites and thus specifies the axon to generate
neuronal polarity (Nishimura et al., 2004; Shi et al., 2004; Shi
et al., 2003). It is interesting that GSK33, APC and MTs are
not downstream targets of the aPKC complex in this process.
Instead, they are suggested to be required for KIF3-mediated
transport of PAR-3 to the plus-ends of rapidly growing MTs at
the nascent axon tip (KIF3 is a plus-end-directed kinesin-
family MT motor). The downstream target could be Rac,
whose activation is induced by the interaction between PAR-3
and STEF/Tiaml and might be required for the growth of a
specified axon (Nishimura et al., 2005). Contradictory studies
indicate that the aPKC complex is not involved in axon or
dendrite specification in Drosophila in vivo (Rolls and Doe,
2004). Further study is therefore necessary to clarify the exact
role of the aPKC complex in this respect. But note that the
aPKC complex co-immunoprecipitates with KIF3A in MDCK
cells. In these cells, this interaction is suggested to be involved
in cilium formation (Fan et al., 2004).

Conclusions and perspectives

Except for PAR-1 and PAR-5/14-3-3, counterparts of the
PAR-aPKC system components are absent in yeast (Table 1).
Yeast PKC lacks the PB1 domain that enables aPKC to
cooperate with PAR-6 in multicellular organisms (Ohno and
Nishizuka, 2002). It is therefore tempting to speculate that
the establishment of the PAR-aPKC system was a crucial
event for the evolution of multicellular organisms, for which
the generation of multiple types of cell polarity is required.
As we mentioned, Cdc4?2 lies at the center of cell polarity
from yeast to mammals (Etienne-Manneville, 2004).
Therefore, the PAR-aPKC system might have developed as
molecular machinery that amplifies a Cdc42-mediated
polarity cue and links it to various types of machinery for
establishing cell polarity. The diversity of the membrane-
targeting mechanisms and downstream effectors of the PAR-
aPKC system could have developed in parallel with the
evolution of complexity in multicellular organisms.
Accumulating evidence indicates that the PAR-aPKC system
regulates actomyosin and the tubulin-dynein or tubulin-
kinesin system. Its linkage with the vesicle transport
machinery has also been suggested. In the past decade, we
have uncovered the striking conservation of the basic cell
polarity machinery. In the next decade, how this
evolutionarily conserved polarity machinery realizes the
complexity and dynamics of cell polarity in multicellular
organisms will be revealed in more detail.

We thank Yasushi Izumi for helpful comments on the manuscript.
We apologize to colleagues whose work could not be cited owing to
space limitations.
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