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Abstract Polarized epithelial cells align the mitotic
spindle in the plane of the sheet to maintain tissue integrity
and to prevent malignant transformation. The orientation of
the spindle apparatus is regulated by the immobilization of
the astral microtubules at the lateral cortex and depends on
the precise localization of the dynein—dynactin motor
protein complex which captures microtubule plus ends and
generates pulling forces towards the centrosomes. Recent
developments indicate that signals derived from intercel-
lular junctions are required for the stable interaction of the
dynein—dynactin complex with the cortex. Here, we review
the molecular mechanisms that regulate planar spindle
orientation in polarized epithelial cells and we illustrate
how different cell adhesion molecules through distinct and
non-overlapping mechanisms instruct the cells to align the
mitotic spindle in the plane of the sheet.
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Arp Actin-related protein

BPIX PAK-interacting exchange factor 8
Cdc42 Cell division cycle 42

Dial Diaphanous-related formin 1

EBI1 End-binding protein 1

Ect2 Epithelial cell transforming 2

ERM Ezrin, radixin, moesin

ERMAD ERM-association domain

FERM 4.1 protein and ERM

GAP GTPase-activating protein

GEF Guanine nucleotide exchange factor
JAM Junctional adhesion molecule

LGN Leu-Gly-Asn repeat-enriched protein
MDCK Madin—Darby canine kidney

MT Microtubule

NuMA Nuclear mitotic apparatus
PAK2 p21-activated kinase 2
Par Partitioning defective

PDZ PSD95-Discs large—Z0-1

PI(3)K Phosphoinositide 3-kinase

PtdIns Phosphatidylinositol

RCCl1 Regulator of chromatin condensation 1
SLK Sterile 20-like kinase

TJ Tight junctions

Introduction

Cell division plays a critical role during development of
tissues and their maintenance. Cells can divide symmetri-
cally giving rise to two identical daughter cells or
asymmetrically resulting in two daughter cells with different
fates [1]. Symmetric cell divisions expand the number of
identical cells, either during development or during
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regeneration. Symmetrically dividing epithelial cells align
the mitotic spindle apparatus in the plane of the epithelial cell
sheet ensuring that the integrity of the cellular sheet is
maintained. Asymmetric cell divisions generate two differ-
ent daughter cells and frequently regulate differentiation. In
asymmetrically dividing epithelial cells the mitotic spindle is
oriented perpendicularly to the plane of the sheet and one of
the two daughter cells “leaves” the cellular layer. This
process regulates for example the stratification of the skin [2]
or the development of the heart [3].

In both symmetric and asymmetric cell divisions, the cells
respond to specific cues which induce structural asymmetry
in the cortex, characterized by the accumulation of mole-
cules—either proteins or lipids—with the ability to interact
with the dynein—dynactin motor protein complex (hereafter
referred to as dynein for simplicity). Once immobilized at
those cortical sites, dynein captures the plus ends of the aster
mictotubules, and by virtue of its minus-end-directed motor
protein activity it exerts pulling forces towards the centro-
somes, which results in torque on the spindle apparatus. The
spindle axis will thereby be aligned along an axis that is
specified by two points at opposing cortices characterized by
the highest concentration of dynein-interacting proteins.

To localize the dynein-interacting proteins at specific
cortical sites and to correctly align the mitotic spindle
apparatus cells respond to a variety of signals. These
include signals derived from intrinsic factors such as the
cell geometry [4] or the spindle poles and chromosomes [5,
6], as well as signals derived from extrinsic factors such as
growth factors [7], cell-matrix contacts [8, 9], and cell—cell
contacts [10]. Depending on cell type and tissue, mitotic
cells probably integrate several of these signals into the
decision-making process that eventually determines the
orientation of the spindle apparatus.

A role of intercellular junctions in influencing the orien-
tation of the mitotic spindle has been recognized two decades
ago [10]. However, it has remained unclear until recently
whether intercellular junctions are just permissive for spin-
dle orientation or play an instructive role for the specific
localization of the landmarks for dynein localization at the
cortex. In this review article, we present an overview on the
role of intercellular junctions in regulating mitotic spindle
orientation in epithelial cells, and we highlight the recent
developments which indicate an instructive role for specific
cell adhesion receptors during this process.

The cortical machinery
Dynein at the cortex

The positioning of the mitotic spindle requires a physical
interaction of the astral microtubules with the cell cortex.
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This interaction must be strong enough to withstand the
mechanical forces exerted on the centrosomes during ana-
phase. At the same time, the plus ends of the astral
microtubules must shorten to prevent sterical hindrance
during centrosome movement towards the cortex. A central
regulator of the dynamic interaction of the microtubule plus
ends with the cell cortex turned out to be dynein. Dynein is a
minus end directed motor protein complex and is involved in
a variety of processes ranging from vesicle transport, cen-
trosome positioning during interphase, and chromosome
movement during mitosis and meiosis [11]. The dynein
complex contains two identical heavy chains, each consist-
ing of a C-terminal head domain and a N-terminal tail
domain [12]. The C-terminal head domain harbors the motor
protein activity and the MT-binding region, the N-terminal
tail domain interacts with five non-catalytic subunits and
together with the subunits serves as scaffold for various
adaptor proteins. Having two non-overlapping functional
domains the dynein complex can interact simultaneously
with MT and with proteins that regulate its activity and/or
localization [12, 13]. According to the current model, the
positioning of the mitotic spindle by the dynein complex is
regulated through a “search—activation—capture” mecha-
nism: Dynein is associated with astral MTs which scan the
cortex for dynein-interacting proteins in a dynamic process
that involves MT catastrophes as well as MT sweeping and
sliding along the cortex (Fig. 1) [14, 15]. Sites with high
concentrations of dynein-interacting proteins will trigger
dynein off-loading, its stable interaction with those sites, and
activation of its motor protein activity [16]. Immobilized and
activated dynein captures MT plus ends, and through the
minus end-directed motor protein activity it generates pull-
ing forces towards the centrosomes. In combination with a
gradient of dynein-interacting molecules along the cortex,
the pulling forces generate tension on the centrosomes which
results in torque on the mitotic apparatus until the asters
reach cortical sites with maximum levels of dynein-binding
proteins (Fig. 1) [17, 18]. This process aligns the spindle
apparatus along a specific axis in the cell. Importanty, by
inhibiting MT growth and at the same time triggering MT
catastrophes dynein prevents MT plus ends from colliding
with the cortex thereby allowing the movement of the cen-
trosomes towards the cortex [18]. Critical questions arising
from this model are: Which molecules bind and/or activate
dynein at the cortex, and which signalling pathways regulate
the localization or enrichment of these at specific cortical
sites during mitosis?

The core dynein anchor at the cortex: NuMA-LGN-
Gai

The core dynein anchor consists of the three proteins
nuclear mitotic apparatus (NuMA, Mud in Drosophila,
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Fig. 1 The force-generating machinery at the cortex. a Schematic
view of mitotic epithelial cells at metaphase. The chromosomes are
illustrated in blue, the polarity of MTs is indicated by “+” and “—".
A RanGTP gradient originating at the chromosomes and diffusing
radially towards the cortex is indicated. The RanGTP gradient
negatively regulates the localization of LGN at the cortex (see text for
details). The grey area illustrates a cortical gradient of dynein-
interacting proteins. b—d Search-activation—capture mechanism of
dynein localization at the cortex. b Astral MTs slide along the cortex
allowing the MT-bound dynein-dynactin complex to search for

Lin5 in C. elegans), Leu-Gly-Asn repeat-enriched protein
(LGN, a.k.a. G-protein signaling modulator 2 (GPSM2) in
vertebrates, Partner of Inscuteable (Pins) in Drosophila,
GPR-1/2 in C. elegans), and G protein alpha inhibitory
subunit (Goi, Ga in C. elegans) [19, 20] (Fig. 2a). NuMA
is localized in the nucleus during interphase but redis-
tributes to the spindle poles and the cortex during mitosis
[21]. Through a region within the N-terminal domain (aa
1-705) NuMA interacts with dynein [5, 22], through a
region within the C-terminal domain (aa 1818-1930) it
directly interacts with LGN [23]. LGN is localized in the
cytoplasm and can switch between two conformations:
during interphase it adopts a closed conformation through
intramolecular interactions between the N- and C-termini;
during mitosis the binding of NuMA induces a conforma-
tional change that allows it to interact simultaneously with
both NuMA and Goi through its N- and C-termini,
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dynein receptors (blue). Dynein receptors can be associated with the
membrane or with the actin cortex. Dynamic growth and shrinkage of
MT plus ends facilitates scanning of larger surface areas. ¢ Interaction
of dynein with dynein receptors at the cortex triggers dynein
offloading form the MTs and the activation of its motor activity.
d Activated dynein at the cortex captures MT plus ends and generates
pulling forces towards the centrosomes through its minus-end-
directed motor activity. Ongoing catastrophes prevent MT plus ends
from colliding with the cortex during centrosome movements

respectively [24, 25]. Gai functions as a G protein-inde-
pendent anchor for the tripartite complex at the cortex. It
interacts directly with LGN [24] and is anchored at the
membrane by N-myristoylation (Fig. 2a).

The localization of the NuMA-LGN-Gaoi complex at
the lateral cortex is regulated by various signals. One signal
is derived from the Par3-aPKC-Par6 polarity protein
complex [26, 27]. Par3, aPKC and Par6 exist in a ternary
protein complex which regulates the maturation of pri-
mordial, spot-like adherens junctions into cell—cell
junctions with adherens junctions and tight junctions [28-
30]. During epithelial cell-cell contact formation, the
protein complex localizes at primordial adherens junctions.
The binding of Cdc42 and/or Racl to Par6 activates aPKC
which phosphorylates various target proteins including
Par3 [31]. Par3 phosphorylation leads to the dissociation of
Par6-aPKC from Par3 [31]. In fully polarized epithelial
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Fig. 2 Immobilization of MTs at the cortex during mitosis. a LGN—
Gai-dependent NuMA-dynein localization at the cortex. NuMA
interacts with dynein through its N-terminus and with LGN through
its C-terminus. LGN adopts an open conformation upon NuMA
binding and interacts simultanously with NuMA and with Goi. Gai is
inserted in the membrane through its myristoyl group. This pathway
predominates during metaphase. b Through its C-terminal domain,
NuMA can also interact with two band 4.1 proteins 4.1G and 4.1R.
The C-terminal domain (CTD) of 4.1 G/R is sufficient for NuMA
localization at the cortex. This pathway operates specifically during
anaphase and runs in parallel to the LGN-Guai-dependent pathway of
NuMA-dynein localization, presumably to adapt to the increased
force requirements during anaphase. Ezrin/Radixin/Moesin (ERM)

cells grown in a three-dimensional environment, Par3
localizes to tight junctions whereas the active Par6—aPKC
complex localizes to the apical membrane [32, 33]. Here,
aPKC phosphorylates LGN which results in LGN exclu-
sion from the apical membrane domain and restriction to
the lateral membrane domain [34], thereby preventing
spindle associations with the apical membrane domain.
Another signal that regulates the cortical localization of the
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proteins are potential candidates to link cortical F-actin filaments
(through their C-terminal C-ERMAD domain) to the membrane
(through their N-terminal FERM domain). The FERM domain can
interact with both phosphoinositides (PtdIns(4,5)P2) and integral
membrane proteins. The ERM family member Moesin can directly
interact through its N-terminal FERM domain with MTs at the cortex.
It might therefore link the MT plus ends to the cortical actin
cytoskeleton through its C-terminal C-ERMAD domain. ¢ NuMA can
directly interact with various phosphoinositide species including
PtdIns(3,4,5)P3, PtdIns(4,5)P2, and PtdIns(4)P. The PtdIns(4,5)P2
and PtdIns(4)P-dependent pathway of NuMA-—dynein recruitment
operates during anaphase and might contribute to increased force
generation

NuMA-LGN-Gai complex is derived from the chromo-
somes. During the process of spindle alignment the spindle
apparatus oscillates between the two lateral cortices [5],
probably as a result of uneven pulling forces derived from
the opposing cortices. Stabilization of the mitotic apparatus
and its symmetric localization within the cell is regulated
by the small GTPase Ran [5, 6]. The Ran-specific GEF
RCCI1 associates with chromosomes and DNA [35]. The
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chromosomal localization of RCCI1 results in a gradient of
RanGTP towards the cortex. When chromosomes are in
close proximity with the cortex as a result of uneven
pulling forces, the chromosome-derived RanGTP gradient
disrupts the LGN association with the cortex, thereby
decreasing the pulling forces from the proximal cortex. The
resulting increase in pulling forces from the distal cortex
centers the mitotic apparatus in the cell (see also Fig. 1).

A second cortical dynein anchor: the cortical actin
cytoskeleton

During mitosis polarized epithelial cells round up which
requires profound changes in cytoskeletal organization and
cortical actomyosin dynamics [36, 37]. The reorganization
of the cortical actin cytoskeleton probably serves several
functions including the maintenance of cell-cell contact
integrity during cell rounding [36, 38] and the generation
of cortical rigidity to direct the pulling forces towards the
centrosomes to prevent MT plus ends from pulling mem-
branes inwards [39]. Besides these physical aspects, a
reorganization of the cortical actin cytoskeleton is also
required for dynein immobilization and for the stable at-
tachment of astral microtubules at the cortex [9, 13, 40].
Important questions arising from these observations are:
How is the cortical actin cytoskeleton reorganized during
mitotic cell rounding? How is the actin cortex associated
with cell membrane and how does it interact with the astral
MTs?

The reorganization of the cortical actin cytoskeleton
upon mitotic entry requires the activity of actin nucleators.
Among the best understood actin nucleators are the Arp2/3
complex, which generates a branched network of new actin
filaments, and formins, which produce unbranched fila-
ments [41]. Although both types of actin nucleators
localize to the cortex of mitotic cells [42], evidence accu-
mulates suggesting that formins are the primary regulators
of cortical actin reorganization during mitosis. For exam-
ple, depletion of members or regulators of the Arp2/3
complex has no effect on the assembly of the mitotic
F-actin cortex whereas depletion of the formin Dial in both
Drosophila notum epithelial cells and HeLa cells severely
affects the development of an F-actin cortex and progres-
sion through mitosis [42, 43]. Interestingly, the guanine
nucleotide exchange factor Ect2 is phosphorylated by
Cdk1/Cyclin B upon mitotic entry, resulting in its release
from the nucleus and localization in the cytoplasm, where
it activates RhoA [44]. Since RhoA can activate both
myosin II and Dial [45], its early activation by Ect2 during
mitosis could thus stimulate the new formation of actin
filaments and the activation of actomyosin contractility,
which are both required for the profound changes in cell
shape during mitosis.

Members of the ezrin, radixin and moesin (ERM) family
of proteins have emerged as primary candidates to link the
cortical actin cytoskeleton with the cell membrane during
mitosis. Under resting conditions ERM proteins are local-
ized in the cytoplasm and are maintained in an
autoinhibited, closed conformation. When activated, the
closed conformation opens up thereby exposing the
N-terminal domain (4.1 protein and ERM [FERM])
domain), which binds cytoplasmic tails of integral mem-
brane proteins, and the C-terminal domain [COOH-ERM
association (C-ERMAD) domain], which binds F-actin
[46]. In both Drosophila and mammalian epithelial cells,
ERM proteins are activated by Ste20-like kinases (Slik/
SLK) at the onset of mitosis [47-49], and functional
inactivation of FERM proteins results in a failure of cells to
develop cortical rigidity and to round up during mitosis.
These findings are thus consistent with a model according
to which ERM proteins, after their activation at the onset of
mitosis, crosslink actin filaments with transmembrane
proteins thereby aligning actin filaments parallel to the
plasma membrane, which results in a stiffening of the cell
cortex and which helps to drive cell rounding (Fig. 2b).
Two important observations suggest that ERM proteins
also contribute to the attachment of MTs to the cell cortex
during mitosis. First, moesin can directly interact with MTs
and modulate MT dynamics in cells [50]. Second, SLK-
activated ERM proteins regulate the polarized localization
of LGN and NuMA at the cortex [49]. Together, these
findings suggest that ERM proteins regulate the formation
of a rigid cell cortex during mitosis but can also provide a
scaffold for the physical association of MTs and of the
force-generating machinery with the cortex.

It should be noted that many observations were made in
HeLa cells which do not form cell—cell junctions typical for
polarized epithelial cells. Nevertheless, since the basic
morphological and cellular changes that occur during
mitosis, e.g. cell rounding, cortical stiffening, and forma-
tion of a actomyosin-rich lateral cortex, are observed in
polarized epithelial cells embedded in tissues as well [36,
38, 43], it is likely that the mechanisms operating in
polarized epithelial cells are very similar.

A third potential cortical dynein anchor:
PtdIns(3,4,5)P3

The role of the NuMA-LGN-Goi complex in regulating
mitotic spindle orientation has been studied predominantly
in polarized epithelial cells which are embedded in cellular
sheets and influenced by cortical cues from their neigh-
bours. In these cells, the polarized localization of the
NuMA-LGN-Guai complex is closely linked to the activity
of cell polarity regulators such as Par3 or atypical PKC [34,
51, 52]. On the other hand, non-polarizing HeLa cells
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divide in the plane of the sheet even in the absence of
neighbouring cells [9] indicating that cues derived from
cell—cell junctions are not principally required for planar
spindle alignment. In single mitotic HeLa cells the planar
orientation of the mitotic spindle is regulated by cues
derived from cell-substrate adhesion. B1 integrin-depen-
dent signals activate Cdc42 and PI(3)K resulting in a
gradient of PtdIns(3,4,5)P3 along the lateral cortex which
is necessary for the midcortical accumulation of dynein and
for the planar alignment of the mitotic spindle [53].

How PtdIns(3,4,5)P3 immobilizes dynein at the cortex is
not entirely clear. Recent observations implicate NuMA as
a potential linker between dynein and PtdIns(3,4,5)P3.
NuMA can directly interact with the various phospho-
inositides including PtdIns(4)P, PtdIns(4,5)P2 and
PtdIns(3,4,5)P3 [54, 55]. The localization of NuMA and of
dynein at the cortex increases during anaphase, and more
importantly, LGN and Gai are both dispensable for cortical
dynein localization during anaphase [54-56] suggesting the
existence of LGN-Gui-independent mechanisms during
anaphase. Members of the band 4.1 protein family as well
as the phosphoinositides PtdIns(4)P and PtdIns(4,5)P2 have
been identified as NuMA-interacting molecules and found
to be required for cortical dynein localization during ana-
phase [54, 56]. Together, these observations suggest that
the immobilization of dynein at the cortex is dynamically
regulated during mitosis: at metaphase, dynein is recruited
through NuMA by way of Goi-immobilized LGN and
PtdIns(3,4,5)P3, at anaphase dynein is recruited through
NuMA by way of band 4.1 proteins and phosphoinositides.

It is noteworthy that Cdc42 in addition to its function as
regulator of PI(3)K activity and PtdIns(3,4,5)P3 gradient
formation also regulates the cortical actin cytoskeleton
during mitosis. Cdc42 acts through its effector PAK2 and
B-Pix, a guanine nucleotide exchange factor for Racl [40].
Importantly, all three components are required for planar
spindle orientation, mitotic actin reorganization, and cor-
tical dynein localization in HeLa cells [40].

The role of cell-cell adhesion in planar spindle
orientation during tissue and organ development

A role for cell-cell adhesion in orienting the mitotic
spindle has been identified by blastomere recombination
experiments in C. elegans [10]. The early C. elegans
embryo divides asymmetrically in a stereotypic manner. At
the 4-cell stage of embryonic development the EMS blas-
tomere is in contact with the P2 blastomere. When the
EMS blastomere divides, the two daughter cells (E cell,
MS cell) are always aligned along an axis that is deter-
mined by the site of cell contact of the EMS blastomere
with the P2 cell. [10]. This indicated that the site of cell
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contact between the EMS cell and the P2 cell dictates the
orientation of the mitotic spindle and suggested that cell-
cell contacts provide a positional cue for the immobiliza-
tion of the mitotic spindle.

Studies in Drosophila neuroepithelial cells provided further
evidence for a role of intercellular junctions in regulating
mitotic spindle orientation. Neuroepithelial cells are con-
nected by an Apical Junctional Complex consisting of
Adherens Junctions (AJ) and the Subapical Region (SAR)
[57]. Neuroepithelial cells divide symmetrically in the plane
of the cellular sheet. However, when adherens junctions are
disrupted by deletion of the transmembrane protein Crumbs,
the cells switch from symmetric, planar cell division to
asymmetric, apico-basal cell division [58]. Thus, in neu-
roepithelial cells AJ provide cues that align the mitotic spindle
in the plane of the sheet. How the spindle is immobilized at the
lateral cell cortex is not entirely clear, but some evidence
implicates a role for the microtubule-stabilizing protein ade-
nomatous polyposis coli (APC) and the microtubule plus end-
binding protein EB1, that has been implicated in the search-
and-capture mechanism of spindle positioning in yeast [59,
60]. The two proteins interact with each other [61, 62], and
both are lost from AJs in the absence of Crumbs or E-cadherin
[58]. If they interact simultaneously with the microtubules and
with the cortex is unknown. These observations, however,
clearly indicated that adhesion receptors at cell—cell junctions
provide information for the interaction of the astral micro-
tubule with the lateral cortex of neuroepithelial cells.

During development of the heart, epicardial cells arise
from a limited number of proepicardial cells which attach
to the myocard, proliferate, and eventually form a single
layer of epithelial cells covering the myocard, the epi-
cardium. The proepicardial cells can divide in two
orientations: either parallel or perpendicular to the base-
ment membrane [3]. Upon parallel division both daughter
cells remain in the monolayer allowing the epicardium to
grow. After perpendicular cell division one of the two
daughter cells delaminates from the epicardium, migrates
into the subepicardial space, undergoes an epithelial-to-
mesenchymal transition (EMT), and differentiates into
coronary vascular smooth muscle cells and cardiac inter-
stitial fibroblasts [63]. Epicardial cells are connected by
N-cadherin-based AJ, and both B-catenin and Numb exist
in a complex with N-cadherin. In the absence of B-catenin
or Numb, AJ are disrupted and spindle orientation is ran-
domized resulting in fewer epicardial cells entering the
myocardium [3, 64]. The observation that spindle orienta-
tion does not switch from parallel to perpendicular in the
absence of P-catenin or Numb but instead is randomized
suggests that both parallel and perpendicular spindle ori-
entation depend on signals derived from AJ. Regulation of
perpendicular spindle orientation by AJ is most likely
regulated through an effect on Par3, which is localized at
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the apical membrane of epicardial cells [3] and which
regulates perpendicular spindle orientation in basal pro-
genitor cells of the skin by assembling an apical
Inscuteable (Insc)-LGN complex that recruits NuMA and
dynein-dynactin to the apical membrane [2]. The nature of
the signals that originate at AJ and how the spindles are
attached to the lateral cortex during parallel cell divisions
is unclear.

During embryogenesis the skin develops from a single
layer of unspecified progenitors [65]. Similar to proepi-
cardial cells in the developing heart, the basal
progenitors in the skin undergo parallel cell divisions to
expand the progenitor pool in order to keep up with the
growing embryo, and perpendicular cell divisions to
maintain the pool of progenitor cells and at the same
time to generate differentiated cells which mediate the
stratification of the skin [66]. The basal progenitor cells
adhere to each other by E-cadherin-based AJ [67]. In the
absence of the AJ protein o-catenin, Par3 and LGN are
lost from the apical cortex, the dynein-interacting protein
NuMA is randomly distributed, and spindle orientation is
randomized [2]. Thus, AlJs-derived signals regulate par-
allel and perpendicular spindle orientation in basal skin
progenitor cells, and the mechanism might be similar as
in proepicardial cells of the developing heart. Interest-
ingly, loss of LGN or NuMA does not randomize spindle
but results in predominant parallel spindle orientation
[52, 68] suggesting that parallel cell division involves a
mechanism to capture astral microtubules that does not
involve the LGN-NuMA module. How the plus ends of
the astral microtubules are associated with the cortex at
Al is unclear.

Adhesion receptors as regulators of spindle
orientation

As indicated from many studies using single HeLa cells as
model system for the analysis of mitotic spindle orienta-
tion, cells can orient the mitotic spindle in the plane of the
substrate in the absence of cell-cell contacts indicating that
cell-matrix adhesion can be sufficient for planar spindle
orientation. However, in the organism epithelial cells are
embedded in a sheet of cells and therefore receive signals
from both cell-matrix contacts and cell-cell contacts.
Studies in various model organisms such as C. elegans
blastomeres, Drosophila neuroepithelial cells, or vertebrate
epicardial cells and basal keratinocyte progenitor cells have
implicated cell—cell junctions in mitotic spindle orientation
[2, 3, 10, 58]. Recent observations in polarized epithelial
cells cultured in vitro have identified several adhesion
receptors and in particular the molecular mechanism
underlying their role in mitotic spindle orientation

Classical cadherins

Cadherins are the major integral membrane determinants in
homotypic cell—cell junctions of epithelial and endothelial
cells where they localize to adherens junctions and
assemble the cadherin—catenin complex [69]. Cadherins are
highly conserved in evolution and exist in all metazoans
[70]. A role for cadherins or cadherin-based adherens
junctions in mitotic spindle orientation has been proposed
in various cell types and organisms [2, 58, 71, 72]. If
cadherins directly contribute to the immobilization of
dynein by assembling a cytoplasmic protein complex or by
triggering intracellular signalling cascade that generates
docking sites for dynein has remained unclear. Some more
direct evidence came from studies with cultured MDCK
cells which were either depleted for E-cadherin and Cad-
herin-6, or which overexpressed a dominant-negative
E-cadherin mutant. In both cases, the planar alignment of
the mitotic spindle during anaphase is disturbed [73].
Surprisingly, the localization of regulators of spindle
attachment to the cortex such as NuMA, LGN and mem-
bers of the dynein complex is unchanged in cadherin
knockdown cells, whereas the localization of adenomatous
polyposis coli (APC) at adherens junctions is strongly
disturbed. APC can interact with MT plus ends directly
[74] as well as indirectly through the MT plus-end-binding
protein EB1 [62]. Since APC can also bind B-catenin [75],
it could link MTs to E-cadherin-based AlJs. However, the
interactions of B-catenin with APC and with E-cadherin are
mutually exclusive [75], suggesting that APC is not
directly associated with the E-cadherin—p-catenin complex.
How APC localization at cortical sites during mitosis is
regulated by E-cadherin and Cadherin-6 is presently
unclear (Fig. 3a).

Junctional adhesion molecules

Recent evidence indicates a role for a member of the
junctional adhesion molecule (JAM) family of adhesion
receptors in planar spindle orientation in polarized
epithelial cells. JAMs belong to the CD2 subgroup of the
immunoglobulin (Ig) superfamily and are characterized by
two Ig-like domains, a single transmembrane domain and a
short cytoplasmic tail that frequently ends in a PDZ domain
binding motif [76]. JAMs are expressed by a varietey of
cell types and localize at cell-cell contacts by way of
homophilic or heterophilic interactions. Their functions
include the regulation of cell migration, tight junction and
epithelial barrier formation, male germ cell development,
the development of the peripheral nervous system, angio-
genesis, and inflammation [77-82]. The adhesive
properties of JAMs regulate their localization at cell—cell
contacts and serve to recruit scaffolding proteins and

@ Springer



H. Tuncay, K. Ebnet

1202
A
Dynein
Dynactin
Ty T T T
MT .;‘p«—v
EB1
B
Dynein
Dynactin

EERFRERFRLRREFIE2EEE
MT +

Fig. 3 Adhesion molecules regulate spindle orientation. a E-cadherin
and Cadherin-6 cooperate to regulate planar spindle orientation in
epithelial cells through APC. Simultanous depletion of E-cadherin and
Cadherin-6 disrupts the cortical localization of APC and results in
misorientation of the spindle. How APC is connected with the cortex is
not know. b JAM-A acts as a signaling molecule during mitosis. JAM-

assemble signaling complexes at intercellular junctions
[77, 78, 83]. A new and unprecedented role for the JAM
family member JAM-A in the regulation of planar orien-
tation during symmetric cell division in polarized epithelial
cells has recently been identified (Fig. 3b).

When polarized epithelial cells such as MDCK cells
enter mitosis the cells round up but remain closely asso-
ciated with the neighbouring interphase cells and retain
cell—cell junctions [36, 38]. Similar to what has been
described for single HeLa cells [84], the activity of Cdc42
gradually increases in MDCK cells after the onset of
mitosis to reach a maximum level at metaphase [85]. In the
absence of JAM-A the mitotic activation of Cdc42 is
blunted. Consistent with a role of Cdc42 in regulating
PI(3)K activation and PtdIns(3,4,5)P3 gradient formation
as well as cortical actin reorganization in mitotic HeLa
cells [40], both PI(3)K activation and actin reorganization
are disturbed in MDCK cells lacking JAM-A expression
[85]. As a consequence of JAM-A depletion cells have
reduced levels of dynein at the lateral cortex, mitotic
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A has two signaling functions which both are most likely mediated by
Cdc42. JAM-A activates PI(3)K and generates a cortical
PtdIns(3,4,5)P3 gradient at the cortex. In addition JAM-A regulates
the remodeling of the cortical F-actin cytoskeleton. The roles of PAK2
and BPIX (broken contour lines) downstream of Cdc42 have been
demonstrated in HeLa cells and have not been proven for JAM-A

spindle orientation is shifted towards the apico-basal axis,
and cells are unable to specify a single lumen when grown
in 3-D [85], which depends on the planar orientation of the
spindle [86]. Interestingly, the localization of NuMA is not
affected in JAM-A-depleted cells, neither during meta-
phase nor during anaphase, suggesting that JAM-A does
not act through the NuMA-LGN module to promote the
cortical localization of dynein. Most likely, JAM-A’s
ability to regulate the cortical actin cytoskeleton during
mitosis is involved in the localization of dynein [85]
(Fig. 3b). Noteworthy, E-cadherin/Cadherin-6 and JAM-A
operate through different pathways in regulating planar
spindle orientation indicating that epithelial cells make use
of several junction-derived signalling pathways to align the
mitotic spindle.

Plexin—semaphorin interactions

Plexins are a family of transmembrane proteins which
consist of nine members in vertebrates [87] and which act
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as cell surface receptors for semaphorins [88]. The plexin—
semaphorin system mediates intercellular signalling in
various cell types and regulates processes like proliferation,
cell migration and cell differentiation in the nervous sys-
tem, in the immune system, during vascular development,
or during bone development [87]. Intracellular signalling is
induced upon binding of dimeric semaphorins to mono-
meric plexins, which triggers a transition from the
autoinhibited, inactive plexin monomer to the active dimer.
The dimerization results in the activation of the GTPase
activating protein (GAP) domain present in the cytoplas-
mic domain, which regulates the activity of Ras and Rap
family small GTPases by promoting GTP hydrolysis [89].
Several plexins contain a PDZ domain-binding motif at
their COOH-terminus and interact with the PDZ domain-
containing RhoA GEFs PRG (PDZ-RhoGEF) and LARG
(leukemia-associated RhoGEF) suggesting a role in regu-
lating the activity of RhoA [89]. Among the key events
downstream of plexins activation are the regulation of the
actin cytoskeleton and the regulation of cell-cell and cell—-
matrix adhesion [87]. Recently, a role in orienting the
mitotic spindle has been identified for Plexin-B2.

Tubular epithelial cells of the adult kidney are mitoti-
cally quiescent under steady-state conditions, but new
proliferation can be induced by ischemia/reperfusion injury
[90]. Cells surviving the injury start to proliferate and
divide in the plane of the epithelium to restore epithelial
tubes. In the absence of Plexin-B2, the orientation of the
mitotic spindle is shifted towards divisions perpendicular
of the plane of the epithelium and the cells intrude into the
tubular lumen, resulting in a multilayered epithelium and
eventually occlusion of the kidney tubules [91]. Consistent
with these observations, 3-D-grown MDCK cells with
silenced Plexin-B2 expression fail to orient their mitotic
spindle in the plane of the monolayer and develop cysts
containing multiple lumens. The regulation of planar
spindle orientation by Plexin-B2 is mediated by Cdc42
which acts downstream of Plexin-B2-mediated activation
of R-Ras [91]. Plexin-B2 thus provides a second example
of cell adhesion molecules which by activating Cdc42
regulate the correct orientation of the mitotic spindle dur-
ing planar cell division. The activation of Cdc42 suggests
that Plexin-B2 might contribute to the immobilization of
astral microtubules at the lateral cell cortex through
PtdIns(3,4,5)P3 gradient formation and/or cortical actin
cytsokelelton formation [40].

Anthrax receptors

Anthrax toxin receptor 2 (Antxr2)/Capillary morphogene-
sis protein 2 (CMG?2) is a type I transmembrane protein
with a single membrane-spanning domain and an extra-
cellular domain that is highly related to the von Willebrand

factor type A (VWA) domain with a metal ion-dependent
adhesion site (MIDAS) motif [92]. vVWA domains often
serve as protein—protein interaction sites in cell adhesion
proteins such as integrins. Natural ligands of the extracel-
lular domain of ANTXR?2 are various extracellular matrix
proteins such as collagen IV, laminin, and fibronectin [93].
In human endothelial cells, Antxr2 expression is upregu-
lated when cells are grown in a 3D collagen matrix,
suggesting a role in angiogenesis [94]. Antxr2 is best
known for its role in mediating the entry of anthrax toxin
into host cells [93], its physiological role is largely
unknown. Recent evidence indicates a role for Antxr2 in
controlling the positioning of the mitotic spindle in epiblast
cells of the zebrafish embryo.

During zebrafish gastrulation, epiblast cells divide sym-
metrically along the animal-vegetal (A-V), i.e. antero-
posterior axis in response to planar cell polarity signals in a
NuMA-dynein-dependent pathway [95, 96]. Antxr2 co-lo-
calizes with F-actin in an asymmetrically localized cap that
builds up during mitosis and that aligns along the antero-
posterior axis [97]. This cap does not depend on Antxr2 but it
serves to recruit Antxr2 to one pole that is aligned with the
A-V axis. Interestingly, Antxr2 exists in a complex with
GTP-loaded RhoA, which activates the formin family
member Dia2 during zebrafish gastrulation [98]. All three
components, Antxr2, RhoA and Dia2, are necessary for the
alignment of the mitotic spindle with the A-V axis [97].
Thus, after its recruitment to the F-actin-enriched caps dur-
ing mitosis, Antxr2 provides spatial cues for the localization
of RhoA and localized activation of Dia2 to mediate the
formation of a cortical F-actin cytoskeleton which might
serve to capture MT plus-ends and allow dynein to generate
pulling forces towards the centosomes.

Concluding remarks

To align the mitotic spindle in the plane of the cellular sheet,
epithelial cells integrate a variety of signals from both
intrinsic and extrinsic sources. The identification of specific
cell—cell adhesion molecules as regulators of mitotic spindle
orientation in epithelial cells and the elucidation of the sig-
nalling pathways triggered by these adhesion molecules has
added new information on the complex regulatory network
underlying spindle alignment. Several conclusions can be
drawn from these recent observations. First, cell-cell con-
tacts are not just permissive but are instructive for planar
spindle orientation in epithelial cells. Second, different
adhesion molecules contribute to the immobilization of the
astral MTs at the cortex through different signals and
mechanisms. For example, E-cadherin and Cadherin-6 reg-
ulate the cortical localization of the MT plus end binding
protein APC [73] whereas JAM-A regulates the cortical
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localization of the MT-associated dynein motor protein
complex [85]. Third, Cdc42 is a critical regulator of planar
spindle orientation downstream of different adhesion
receptors such as JAM-A and Plexin-B2 [85, 91]. Mitotic
activation of Cdc42 has previously been observed in single,
non-polarized HeLa cells in the absence of intercellular
junctions, probably induced by integrin-mediated cell-sub-
strate adhesion [9, 40, 84], which indicates that cell-cell
junctions are not principally required for Cdc42 activation
and planar spindle orientation. The mitotic activation of
Cdc42 downstream of adhesion receptors in polarized
epithelial cells [85, 91] therefore suggests that planar spindle
orientation is more vigorously controlled in epithelial cells
embedded in tissues, which most likely serves to prevent cell
delamination from the cellular sheet which could result in
tumor development. New questions arise from the new
findings. For example, which signals trigger the cell adhe-
sion molecules to transiently adopt a new function during
mitosis? And which signals restrict these functions to the
specific localizations along the lateral cell cortex, i.e. the
sites of MT—cortex interaction? Is the specific localization
and/or activity of adhesion molecules during mitosis influ-
enced by intrinsic signals such as the spindle poles or the
chromosomes? A chromosome-derived gradient of RanGTP
has been found to regulate the localization of NuMA-LGN at
the lateral cortex [5, 6, 99]. Beyond these questions, it is still
unclear if different adhesion molecules operate consecu-
tively during mitosis, as one might expect from the different
requirements of NuMA to interact with the cortex during
metaphase and during anaphase [54-56]. The role of cell
adhesion molecules in the regulation of mitotic spindle ori-
entation is just beginning to be uncovered.
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