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Cadherin-catenin mediated adhesion is an important
determinant of tissue architecture in multicellular organisms.
Cancer progression and maintenance is frequently associated
with loss of their expression or functional activity, which not
only leads to decreased cell-cell adhesion, but also to
enhanced tumor cell proliferation and loss of differentiated
characteristics. This review is focused on the emerging
implications of cadherin-catenin proteins in the regulation of
polarized divisions through their connections with the
centrosomes, cytoskeleton, tissue tension and signaling
pathways; and illustrates how alterations in cadherin-catenin
levels or functional activity may render cells susceptible to
transformation through the loss of their proliferation-
differentiation balance.

Introduction

Since the formulation of the Cell Theory in the 19th century,
giant steps in diverse scientific areas have contributed to our cur-
rent understanding of the function and organization of cells
within tissues and how they lead to cancer when gone awry.
One major breakthrough that advanced the understanding of
the architectural organization of tissues was published in 1963,
where Farquar and Palade using electron microscopy analyses
defined 3 major intercellular structures as contact points between
cells in epithelial tissues." These 3 structures defined as zonula
occludens (tight junctions), zonula adherens (adherens junctions)
and desmosomes exhibit a paradigmatic organization as com-
plexes formed by transmembrane proteins. Among them, the
role of cadherin-catenin complexes at adherens junctions (AJs)
in maintaining epithelial homeostasis is the best understood.
Traditionally, cadherin-catenin complexes were thought to func-
tion as static complexes that anchor to the cytoskeleton via cyto-
thereby
architecture. However it is now well acknowledged that cad-
herin-catenin complexes present a dynamic organization and the

plasmic  scaffolding  proteins, sustaining  tissue

fundamental paradigms about their mechanical and signaling
functions have been constantly subjected to active remodeling.

*Correspondence to: Marta N Shahbazi; Email: ms2261@cam.ac.uk; Mirna
Perez-Moreno; Email: maperez@cnio.es.

Submitted: 02/19/2015; Revised: 04/18/2015; Accepted: 04/21/2015
http://dx.doi.org/10.1080/21688370.2015.1045684

www.tandfonline.com

Tissue Barriers

Remarkably, their constitutive and associated proteins can also
function outside of the realm of intercellular adhesion. These
seemingly jack-of-all-trade proteins are involved in the control
of cell polarity, transcription, signaling, proliferation, cell fate
and migration.”

E-cadherin is the prototypical member of the family of type I
classical cadherins, which are transmembrane proteins that
through their extracellular domain promote adhesion between
adjacent epithelial cells in a calcium dependent manner.” The
intracellular domain associates to 3-catenin and p120-catenin,
while a-catenin binds to the complex via B-catenin.” Cadherin-
catenin complexes present a dynamic stability, which allows the
modulation of adhesion strength to preserve adult tissue homeo-
stasis and the reshaping of epithelial tissues to drive morphoge-
netic during development. The mechanism
underlying this key function is the association of catenins with

movements

the actin and microtubule networks via actin- and microtubule-
binding proteins.”” Several studies have provided evidence that
alterations in the expression and/or functional activity of the
cadherin-catenin complex lead to tumor initiation and progres-
sion. This is a consequence not only of decreased cell-cell adhe-
sion, but also of alterations in signaling cascades, and loss of
cell contact inhibition of growth.8 Moreover, loss of E-cadherin
expression, together with upregulation of N-cadherin, is associ-
ated with loss of epithelial characteristics and increased cell
migration: a process known as epithelial to mesenchymal transi-
tion (EMT). All these processes have been thoroughly delin-
cated in excellent reviews elsewhere.”'? Less appreciated are the
implications of cadherin-catenin complex malfunctioning for
the polarized orientation of cell divisions. In this review, we
focus on the emerging roles of cadherin-catenin complex pro-
teins in the regulation of oriented cell divisions in mammalian
epithelia. First, we briefly describe the polarized features of epi-
thelia to later highlight the novel connections of AJ proteins
with centrosomes and spindle positioning during cell division.
This is followed by a discussion on the potential role of AJ/actin
complexes as mechanosensors that promote polarized cell divi-
sions. Finally, we discuss how when these connections go awry
may render epithelial cells more susceptible to transformation,
cancer progression and tumor maintenance.

Cell polarity and polarized cell divisions
The correct establishment and maintenance of cell polarity is
crucial for cell physiology and tissue homeostasis, and occurs in
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response to cell intrinsic and extrinsic cues.'>'* At the cellular
level, cell polarity involves the acquisition and maintenance of a
high level of cellular organization, including a differential distri-
bution of proteins and lipids along the plasma membrane, and
the spatial positioning of organelles in the cytoplasmic space,
such as the centrosome, the Golgi apparatus and the nuclei.'”

A robust polarized distribution of proteins and organelles is
also maintained during cell division. Polarized cell divisions can
be symmetric, when one cell gives raise to 2 identical daughter
cells, or asymmetric, when a dividing cell gives rise to 2 daugh-
ter cells that are different in molecular composition, cell size,
developmental potential and/or cell fate.'*'®'” Although it still
debated for some mammalian tissues, asymmetric cell divisions
are particularly relevant in certain adult epithelial stem cell

. . 18,16 .
compartments such as the intestine,'®'> mammary epithe-
. 20,21 22,23 . 2428
lia, lung and skin,

divisions or the final positioning of the daughter cells have

where the orientation of cell

major implications in the self-renewal or differentiation proper-
ties of progenitor cells, thereby regulating their homeostatic
regeneration (Table 1). Given the implications of neoplastic
alterations in some stem cell compartments to promote tumor
initiation and cancer maintenance, or the acquisition of self-
renewal characteristics of differentiated cells, it has been pro-
posed that alterations that favor an increase in symmetric cell
divisions could serve as a mechanism to expand the cancer stem
cell pool."*'7? Indeed, the connection between increased
symmetric cell divisions and the expansion of cancer stem cells
has been observed in some tumors such as breast,”>*® intes-
tine,”"** lung,” and skin carcinomas.>*

The cellular events that occur during polarized cell divisions
involve the organization of intracellular components in relation
to the axis of cell division and the basal membrane. This
includes an asymmetry of duplicated centrosomes between the
mother and daughter cells, the orientation of the mitotic spin-
dle, and the distribution of cell polarity and cell fate determi-
nants. The centrosome functions as the major microtubule-
organizing center (MTOC) both in interphase cells and during
mitosis.>>>¢ During mitosis, 3 types of microtubules nucleate

from the centrosomes: kinetochore microtubules that attach to
the chromosomes, polar microtubules, and astral microtubules
that extend to the cell cortex.”” Centrosomes are composed of 2
centrioles surrounded by a pericentriolar material, which con-
tains numerous proteins necessary for microtubule nucleation
(y-tubulin) and anchoring (e.g. Ninein or the motor protein
Dynein).>>*® During cell division the centrosome duplicates at
the G1/S phase of the cell cycle, and as cell cycle progresses one
centrosome migrates to the opposite pole of the dividing cell to
form the polar mitotic spindle.'”?®*” The oriented separation/
positioning of centrosomes is controlled by several kinases of
the cell cycle including members of the NEK, Aurora, and Polo
kinase families.”’ This is also regulated by a crosstalk with cell
polarity determinants promoting the polarized inheritance of
the mother or the daughter centrosome by the mother and
daughter cell. 4! Interestingly, as discussed below, catenin pro-
teins have also been recently associated to the centrosome and
the regulation of some of the kinases involved in centrosome
duplication.

The orientation of the mitotic spindle requires the interac-
tion of the spindle with cortical sites, and a coordinated cross-
talk with the polarity machinery.42 Many of the polarity factors
involved in mitotic spindle orientation have been described in
Drosophila  and

14,16,17, . . . L .
cells."*1®17%3 Their role in spindle positioning and asymmetric

are generally conserved in mammalian

cell division has been examined in reviews to which we refer
the readers for more comprehensive information'®!17-42-44
Briefly, before an asymmetric cell division occurs, the apical Par
polarity proteins Par3/Par6/atypical protein kinase C (aPKC)
localize to the apical cell cortex, along with the Gai subunit of
heteromeric G proteins. aPKC requires the small G-protein
Cdc42 for its apical localization and activation. During mitosis,
Gai interacts with proteins associated with astral microtubules
at the spindle pole, LGN and NuMA, which are physically
linked by the adaptor protein Inscuteable in a mutually exclusive
manner.*>® This complex is also associated with the motor
complex Dynein/Dynactin, which generates the force to pull
astral microtubules and the centrosome toward the apical

Table 1. Spindle position and cellular fates in different mammalian epithelial tissues

Epithelial tissue Position of the spindle Cell fate References
Epidermis (stratified) 1. Symmetric (parallel to the 1. Both daughter cells remain as progenitors in the basal layer 2428
basement membrane)
2. Asymmetric (perpendicular to the 2. One daughter cell is positioned suprabasally and initiates
basement membrane) terminal differentiation via Notch activation
18,19

Intestine (simple) Oriented cell divisions can be planar
or perpendicular to the apical

surface of the cell

1. Parallel to the basement
membrane

2. Perpendicular to the basement
membrane

Mammary gland (simple)

Parallel and perpendicular to the
basement membrane

Embryonic lung epithelium (simple)

Cellular fates are determined by the final position of the

1. Basal lineage

? Perpendicular divisions lead to asymmetric inheritance of Numb

daughter cells in the intestinal crypt

20,21

2. Luminal lineage

22,23
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cell cortex, ensuring that the mitotic cleavage plane is perpendic-
ular to the apical-basal axis. The cleavage plane then influences
the identity and fate adopted by the 2 daughter cells since it
is coupled with the asymmetric distribution of cell fate determi-
nants. The Gai complex also partakes in planar epithelial divi-
sions of epithelial monolayers.”* In this case, the Gai
complex recruits Dynein-dynactin to the lateral cortex, which
pull spindle poles toward the lateral side of the dividing cells.
In certain cell types aPKC plays an active role excluding LGN
from the apical domain and restricting it to the lateral
cortex.*>0 48

How cells choose their axis of division has been a matter of
intense investigation. Recently cadherins are emerging as compo-
nents of the polarizing machinery during cell division in some
cells and tissues. Hence, it is tantalizing to speculate that cadher-
ins and their connections with the cytoskeleton may regulate the
position of the mitotic spindles.

Links between cadherin-catenins and positioning of mitotic
spindles

The direct functional involvement of AJs in the maintenance
of tissue integrity makes it difficult to distinguish the contribu-
tions of AJs to organelle positioning from a general disruption
of epithelial architecture when AJ proteins are lost or dysfunc-
tional. However, the direct contributions of cadherin-mediated
contacts in promoting intracellular asymmetry have been
recently substantiated in various mammalian cell types in cul-
ture.”' > In these studies, it was observed that cadherins control
the positioning of the nucleus and centrosomes of cells in inter-
152 and the spindle orientation of dividing cells.>® In the
context of organisms, the best examples of the contributions
of cadherin-mediated adhesion to intracellular asymmetry and
oriented cell divisions have been obtained from studies in

phase,

Drosophila and Caenorbabditis elegans. For example, in the Dro-
sophila ovary”® and in the male germ stem cell niche,”® germ
stem cells differentiate precociously when the levels of E-cad-
herin are reduced or absent and stem cells are no longer main-
tained within their niche. Interestingly, in the male germline
stem cell niche, E-cadherin contributes to centrosome and spin-
dle positioning.” In addition, the development of the Drosophila
neuroepithelium and the sensory organ depends on the AJ-medi-
ated regulation of the distribution of polarity determinants and
the orientation of asymmetric cell divisions.”® As a final example,
it has also been observed that the ortholog of B-catenin in
C.elegans controls cell division orientation in early embryos.””

In mammals, a connection between AJ proteins and intracel-
lular asymmetry during cell division and cell fate has been
observed in certain tissues, but mostly characterized in stratified
epithelia. For example, in embryonic neural stem cells, it has
been documented that AJs are organized into different microdo-
mains that are split unequally during asymmetric cell divisions
by the cleavage plane.’® The inheritance of cell fate determinants
together with reduced levels of AJs may explain the posterior
detachment of the cells that undergo differentiation. Moreover,
robust levels of N-cadherin in progenitor cells support their
maintenance in their niche by the activation of B-catenin
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signaling.”” In simple epithelia, it has been proposed that muta-
tions in E-cadherin correlate with an increase in symmetric cell
divisions and the expansion of the cancer stem cell pool.*® In
stratified epithelia such as the skin, the absence of a-catenin in
the basal progenitor cells of the epidermis leads to reductions of
AJs, loss of the cortical distribution of polarity determinants and
randomized orientation of mitotic spindles.24 In the epicardium,
absence of B-catenin leads to a disruption of AJs and a randomi-
zation of mitotic spindle orientation.®’ These results suggest that
AJs may play an active role in the regulation of oriented cell divi-
sions promoting the occurrence of asymmetric cell divisions in
certain tissue types. However, as opposed to Drosophila male
germ cells, neuroblasts, and sensory organ cells, in Drosophila fol-
licle cells mitotic spindles are not aligned with AJs and reductions
on cadherins do not result in spindle misorientation.®* A similar
scenario was described in Drosophila imaginal discs and in Xeno-
pus embryonic epithelia.®® *4 In mammals, absence of E-cadherin
in mouse skin and mammary progenitor epithelial cells does not
67 suggest-
ing the involvement of additional regulatory mechanisms.

lead to an expansion of the stem cell compartment,®

Clearly, more insights about the role of cadherin-catenin proteins
are needed to understand the extent to which AJs contribute as
spatial cues in the regulation of centrosome and mitotic spindle
positioning in different tissues and species.

Potential insights into cadherin-catenin mediated
positioning of mitotic spindles: known interactions between
AJs, centrosomes and microtubules

During cell division, AJs undergo a dynamic remodeling
thereby allowing the regenerative process of epithelial tissues.®*’
This has been better defined during cytokinesis and abscission of
the 2 nascent daughter cells. In Drosophila, it has been observed
that the levels of AJs are reduced at the cleavage furrow of divid-
ing cells.”””* However, in mammalian epithelia such as MDCK
cells, intestinal crypt cells, or basal progenitor keratinocytes AJs
are maintained during this process.”*”* It will be interesting to
explore how this process is regulated in different cell types and
tissues, and the implications of adhesion disengagement and
the formation of new junctional contacts for the regenerative
properties of progenitor cells. While the dynamic organization
of AJs is modulated during cytokinesis, recent reports have
unveiled a role for cadherin-catenin proteins in the position of
the mitotic spindle and the organization of centrosomes. The
potential mechanisms at hand may function through their inter-
actions with the microtubules and centrosomes. Typically,
microtubules nucleate from the centrosome and their dynamic
growing plus-ends explore the periphery of the cell. In 1986,
Kirschner and Mitchison proposed a “search and capture” model
for the attachment of microtubules to cortical sites.”” This
model proposes that dynamic microtubules can be captured at
specific sites, such as the membrane, the kinetochores or cell
adhesion sites. In interphase cells, microtubules minus- and
plus-ends interact with AJs through microtubule binding
proteins,’*’® including ACF7,”°  APC*%'  CLIP170,*
Dynein,**% CLASP2,*** and the microtubule minus-end
binding protein Nezha.®*® Whether all these connections between
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AJs and microtubule binding proteins take place during cell divi-
sion awaits further investigation.

An interesting candidate is the microtubule motor Dynein.
During mitosis it localizes to spindle poles and astral microtu-
bules and generates the pulling force to orient the mitotic spin-
dle; whereas in interphase it binds to B-catenin at AJs.*? This
has raised the possibility that B-catenin promotes the proper
positioning of centrosomes and mitotic spindles by anchoring
astral microtubules to the cell cortex. It has also been recently
shown that B-catenin localizes to interphase centrosomes and
spindle poles, where it promotes centrosome separation and
spindle formation.*” " The underlying mechanism involves the
interaction of B-catenin with NIMA-related protein kinase 2
(Nek2), a protein with critical roles in centrosome separation.91
The mitotic protein polo-like kinase acts upstream of Nek2,
which in turn phosphorylates (3-catenin promoting its stabiliza-
tion and preventing its degradation.®’

Another candidate to link AJs to centrosome and spindle
positioning is the adenomatous polyposis coli protein (APC).
APC binds to B-catenin as well as to the microtubule binding
protein EB1.°%%? APC localizes to kinetochores, centrosomes
and cell adhesion sites.”*”° Interestingly, in the budding yeast,
Kar9 (the proposed functional homolog of APC) is required for
the attachment of astral microtubules to the cortex to orient
mitotic spindles.”” In Drosophila neuroepithelial cells and germ-
line stem cells, the orientation of the mitotic spindles is regulated
in an APC dependent manner.”®”? In addition, APC and B-cat-
enin function in the canonical Wnt signaling pathway.'% A link
between Wnt signaling and spindle orientation was recently
uncovered in mouse embryonic stem cells. Habib et al. (2013)
observed that a localized Wnt signal leads to asymmetric spindle
orientation, partitioning of cell fate determinants, asymmetric
inheritance of B-catenin and differential fates of the 2 daughter
cells."®" Tt is tempting to speculate that in this context spindle
orientation is controlled through the APC-f-catenin interaction,
but the precise molecular mechanism remains to be explored.

It is well accepted that inactivating mutations of APC and sta-
bilization of B-catenin lead to cancer.'®>'% Their emergent roles
in spindle orientation and cell fate regulation add additional
ways by which these proteins contribute to cancer progression.
APC has also been linked to genetic instability.”*”> The hetero-
zygous loss of APC is sufficient to cause spindle misorientation

18,104 _1.-
while
105

in gastric tissues leading to a pre-tumorigenic state,
inactivation of both APC alleles is required for carcinogenesis.

p120-catenin has also been found at centrosomes, associated
to kinesin motors, the microtubule network and mitotic spin-
dles.’%1%7 At centrosomes, p120-catenin colocalizes and associ-
ates with cyclin E and cyclin-dependent kinase 2, key proteins
involved in centrosome duplication during mitosis.'*® Interest-
ingly, the transcription factor Kaiso, originally described as a
binding partner of pl20—caltc:nin,109 also localizes to centro-
somes, mitotic spindles and the miclbody,“o’111 and colocalizes
with p120-catenin at spindle poles in HeLa cells.''® Through
these novel connections, and the roles of p120-catenin in the
2113 190

catenin may potentially regulate centrosomal and mitotic

regulation of RhoGTPases and the cytoskeleton,
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spindle functions and integrity. Indeed decreased levels of
p120-catenin in epidermal cells lead to alterations in centro-
somes and spindles, mitotic defects and aneuplody in a cell
autonomous manner.''* In this context, it has been recently
found that p120-catenin interacts with the microtubule binding
protein CLASP2 at AJs in epidermal basal cells.®* Whether
p120-catenin interacts with CLASP2 at interphase or mitotic
centrosomes awaits further investigation. It is tempting to spec-
ulate that given the pivotal roles of CLASP2 in mitosis,' 11 a
potential CLASP2-p120 interaction at centrosomes could have
an impact on centrosome function and mitotic spindle position
and integrity. Interestingly, it has been documented that
CLASP1, another member of the family, cooperates to align the
spindle along the long axis of division in mammalian
cells, 117:118

Opverall, these recent results point to another interesting facet
of AJs, in which their proper levels of expression may also regu-
late cell division through centrosome and spindle organization.

Cadherin-catenins, actin cytoskeleton and spindle
orientation

The dynamic anchoring of the mitotic spindle to the cell cor-
tex by astral microtubules underlies most of the mechanisms that
orient cell division relative to the shape of the cell or to cortical
regulaltors.42’119 To allow the alignment and separation of the
mitotic spindles, 3 major elements partake: 1) cell cortical ten-
sion, 2) microtubule dynamics and 3) a restoring force prevent-
ing the collapse of the mitotic spindle on the cortex.*>120 Tt was
originally described in the budding yeast that disruption of either
astral microtubules or actin function results in improper spindle
orientation. These results sparked the notion that proper spindle
orientation is maintained by directly or indirectly tethering astral
microtubules to cortical actin to generate a pulling force on the
spindle.121 The involvement of cortical actin in the orientation
of spindles has also been recently observed in mammalian tissues.
For example, in mouse epidermal cells, the absence of the serum
response transcription factor SRF, which induces actin polymeri-
zation and regulates the expression of several actin and actin
binding proteins, leads to reductions in cortical actin, alterations
in the distribution of LGN, NuMA and randomized positioning
of mitotic spindles.25

It is well established that cadherin-catenin proteins integrate
cell-cell adhesion with cytoskeletal dynamics to establish
and maintain tissue architecture. Reductions or alterations in the
functional activity of cadherin-catenins lead to defects in
the organization of both actin and microtubule cytoskeletal
networks. Studies in mammalian cell lines indicate that the
cadherin-mediated regulation of centrosome and spindle posi-
tioning requires both actin and microtubule cytoskeletons.5 1,52
This suggests that cytoskeletal dynamics and forces are involved
in centrosome and spindle positioning in a manner directly asso-
ciated to AJs. a-catenin plays a central role in recruiting a num-
ber of proteins that link cadherin-catenin complexes to cortical
actin, including vinculin, and the Arp2/3 complex actin nuclea-
tor."*?1%° The consequences of reduced a-catenin for the orien-
tation of mitotic spindles are exemplified in the mouse
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epidermis, in which absence of a-catenin results in the loss of
LGN localization to the cell cortex, random NuMA crescents
and misoriented spindles.”* This is also accompanied by reduc-
tions in intercellular adhesion, loss of epithelial architecture and
hyperproliferation. Another interesting candidate that may be
involved in spindle orientation is the Arp2/3 complex. It acts at
nascent contacts upon homophilic cadherin binding and marks
sites for actin assembly at the cell surface.'?® In cooperation with
the nucleator factor WAVE,"*” it is also necessary for junctional
integrity and contractile tension at AJs in a process coupled to
myosin driven contractility.'*® Recently, it has been shown that
loss of Arp2/3 activity in the epidermis leads to an increased pro-
liferation of basal progenitor cells, alterations in terminal differ-
entiation, disorganization of epidermal architecture and impaired
Tight Junction assembly and function.'**'** Future studies will
determine whether spindle positioning is altered in the absence
of the Arp2/3 complex.

Another interesting link between AJs, the actin cytoskeleton
and oriented cell divisions in the epidermis is the interaction of
a-catenin with the neurofibromatosis-2 (NF2) tumor suppressor
gene Merlin, a member of the FERM (Four-point-one/Ezrin/Rad-
ixin/Moesin) domain family of proteins. It has been observed that
Merlin directly links a-catenin with Par3, allowing the formation
of a cortical actin ring and regulating cell polarity and the orienta-
tion of cell divisions within the basal epidermis.'”’ Whether the
observed defects triggered by the loss of a-catenin, Arp2/3 or
other a-catenin associated proteins are a consequence of spindle
misorientation awaits further investigation. However, given their
roles in cytoskeletal organization, an interesting possibility is that
they control spindle orientation by regulating tissue tension.

Emerging roles of cadherin mediated adhesion in growth
control and differentiation: Possible links to cortical tension
and mitotic spindle orientation

Cells have the ability to sense their physical environment and
translate mechanical forces into intracellular signals that regulate
cell behavior and tissue homeostasis.'>* These mechanical sig-
nals are able to influence a plethora of cellular responses that
range from changes in cell shape, proliferation, migration to the
acquisition of a different cell fate.'*® Alterations that perturb
mechanosensing (the ability of a cell to sense its physical envi-
ronment) may result in evasion of growth inhibitory signals and
alterations in differentiation, potentially endowing cells with
neoplastic characteristics.'> Mechanical inputs are sensed by
cells and translated by mechanosensors in an equivalent way to
the ligand-receptor binding events that initiate signal transduc-
tion cascades and influence cell behavior.'”> The best studied
mechanosensors are integrins at focal adhesions, which trans-
duce physical cues via the actin cytoskeleton through a number
of adaptor proteins, including vinculin."*® Over past years, it is
becoming increasingly clear that cadherin-catenin proteins are
also able to respond to the mechanical environment through
their connections with the actin cytoskeleton, allowing groups
of cells to behave as a coordinated tissue.”'”” Recently, several
elegant studies have demonstrated that cadherins are bona-fide
mechanosensors that transduce physical forces to the actin
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cytoskeleton.'**° These studies have unveiled how mechanical
stresses trigger a conformational change in a-catenin at cadherin
complexes allowing its direct interaction with the actin cytoskel-
or with vinculin, which in turn associates directly with
the actin cytoskeleton,®'** leading to the remodeling of
142

AJs.

Is AJ mechanosensing activity a contributor to spindle orien-

eton141

tation and what are the potential molecular players? Although
this field is still in its infancy, an exciting possibility relates to the
finding that AJs act as upstream regulators of the transcription
factor Yapl. Yapl is a major effector of the Hippo signaling path-
way, which regulates growth, organ size and tumorigenesis.*>'44
Briefly, the activation of the Hippo pathway leads to Yap! phos-
phorylation and its cytoplasmic retention. Conversely, the inacti-
vation of Hippo signaling allows Yap1 to enter into the nucleus
to activate transcription. Yapl can also be activated by Hippo-
independent mechanisms such as mechanical cues of the physical
environment, including changes in cell shape, and tissue ten-
sion."™ ¥ It is important to mention that it is not yet well
understood if Hippo/Yap! are directly involved in the regulation
of spindle orientation. However, it has been observed that cell
polarity regulators,"**~'>* and the organization of the actin cyto-
skeleton influence the localization of Yzalpl.lSI’152 Interestingly,
loss of Yap1 has been associated to centrosomal and mitotic spin-
dle defects, by a mechanism that involves cyclin-dependent
kinase CDK1 mediated phosphorylation,'>® which is also impor-
tant to regulate mitotic spindle bi-orientation."”* Moreover,
members of the Hippo pathway are important to orient the plane
of cell division in certain tissues such as in the developing kid-
ney."”>'>® In addition, upstream regulators of the Hippo/Yap
pathway such as the tumor suppressor LKB1,"””'*® AMPK'>”
and TAOT1 kinase'®”'°! are involved in spindle orientation.

The connections between AJs and Hippo/Yapl have been
observed in several contexts. In Drosophila, the AJ associated pro-
tein Echinoid regulates the activation of the Hippo pathway and
inhibits cell growth.'®* Additionally, the LIM protein Ajuba that
associates to a-catenin and the actin cytoskeleton'®® has been
recently identified as an inhibitor of the Hippo pathway.'®* In
the context of cultured mammalian cells, it has been recently
shown that E-cadherin ligation can directly activate the Hippo
pathway independently of other types of interactions,'®® which
strongly positions AJs as important regulators of the pathway. In
terms of cell fate in mammalian organisms, one of the most inter-
esting examples is the formation of the first 2 cell lineages of the
mammalian embryo, the inner cell mass and the outer epithelial
trophectoderm. During this process, the T] protein Angiomontin
is found localized at AJs in nonpolar inner cells of preimplanta-
tion embryos, where it activates the Hippo pathway preventing
differentiation. In contrast, in outer epithelial cells Angiomontin
localizes to the apical domain, suppressing Hippo signaling and
activating the trophectoderm differentiation program.'®*'*® In
the context of expansion of stem cell pools, a link between Yapl
and o-catenin in the control of the proliferation of multipotent
epidermal progenitor basal cells has been recently observed. Spe-
cifically, a-catenin inactivates Yap1 in the epidermis and controls

epidermal proliferation in a cadherin independent manner. °>170
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Remarkably, the absence of a-catenin and an increase in nuclear
Yap1 levels were found to be a feature of squamous cell carcino-
mas.'®” Thus, this positions a-catenin as an upstream regulator
of the Hippo pathway effector Yap! in skin.

Overall, the connection of AJs and cortical tension to the
Hippo/Yap1 signaling pathway provides a mechanistic link to
the regulation of cell fate decisions in response to architectural
and mechanical cues. Whether these connections converge to
potentially regulate oriented cell divisions in some tissues is still
ill understood. Future research will shed light into this tantalizing
hypothesis, and its implications for tumor formation and growth.

Conclusions and Future Directions

The molecular mechanisms regulated by cadherin-catenin
molecules in epithelial tissues are not yet completely understood.

Much remains to be done to understand how, through a plethora
of different connections, AJs integrate and transmit signals to sus-
tain cell physiology and tissue homeostasis. It is well established
that cadherin dysfunction is a major contributor to cancer pro-
gression and transformation to malignancy.”'* However, the
molecular mechanisms by which cadherin-catenin proteins regu-
late the cell proliferation and differentiation balance, beyond
their canonical adhesive roles, continue expanding over the years.
In this review, we aimed to summarize the emerging implications
of cadherin-catenins in the regulation of polarized divisions
through their connections with the centrosome, microtubule and
actin cytoskeletons; and their implications in cell physiology, tis-
sue function and neoplastic transformation.

Although the precise mechanistic events are still unclear, the
emerging picture suggests that AJ levels are important regulators
of cell fate in certain tissues and organisms, by maintaining cellu-
lar asymmetries and regulating stem cell spindle orientation
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Figure 1. Links between Adherens Junctions, centrosomes and the cytoskeleton during interphase and cell division. (A) In interphase, classical cadherins
mediate homophilic cell-cell adhesion through their extracellular domains. The cadherin cytoplasmic domain binds to - and p120-catenin, while a-cate-
nin binds to the complex via B-catenin. Cadherin-catenin complexes are linked to the actin and microtubule networks via actin- and microtubule- bind-
ing proteins. (B) During cell division, centrosomes duplicate and one of the centrosomes migrates to the other pole of the dividing cell forming the
mitotic spindle (not shown), which is anchored to the cell cortex through the astral microtubules. Both - and p120-catenin are found in centrosomes
and at the cell cortex potentially promoting the proper positioning of centrosomes and mitotic spindles by anchoring astral microtubules to the cell cor-
tex through their interaction with microtubule binding proteins. Moreover, through their mechanosensing functions, cadherin-catenin complexes may
transmit the forces exerted on astral microtubules pulling the spindles toward their final position, leading to either symmetric or asymmetric divisions
through their connections with the actin cytoskeleton and/or the Hippo effector Yap1. (C) A proper balance between symmetric and asymmetric cell divi-
sions needs to be maintained in order to preserve tissue homeostasis. Loss of the expression or functional activity of cadherin-catenin proteins may per-
turb centrosome organization and the oriented positioning of mitotic spindles rendering cells susceptible to transformation. Microtubules and
microtubule binding proteins are shown in blue; actin filaments and actin binding proteins are shown in green, and Adherens Junction proteins are
highlighted in orange. Actin BP: actin binding proteins.
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(Fig. 1). Through their novel connections to the centrosome,
B- and p120-catenin are emerging as regulators of the centroso-
mal cycle, fundamental for the proper inherence of centrosomes
between daughter cells. These observations could explain how
their loss leads to apoptosis (B-catenin deficiency) or genetic
instability and aneuploidy (p120 deficiency), and increases the
susceptibility to oncogenic transformation. In the context of
polarized cell divisions, AJs can potentially regulate the orienta-
tion of cell divisions by anchoring astral microtubules to the cell

cells and tissues.

cortex through their documented associations with microtubule
binding proteins. Moreover, through their bona-fide roles as

mechanosensors, AJs via a-catenin and its interaction with the
actin cytoskeleton and actin binding proteins, integrate mechani-

cal signals to possibly control cell fate decisions. This also

includes the emerging role of AJs in the regulation of cell prolifer-
ation via the Hippo/Yap1 pathway. It will be interesting to learn

in the future whether these events converge to coordinate the ori-
entation of mitotic spindles and regulate polarized cell divisions
in stem cell compartments. Future research will shed light on
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