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ABSTRACT
The cytoskeleton is crucially important for the assembly of cell-cell junctions and the homeo-
static regulation of their functions. Junctional proteins act, in turn, as anchors for cytoskeletal
filaments, and as regulators of cytoskeletal dynamics and signalling proteins. The cross-talk
between junctions and the cytoskeleton is critical for the morphogenesis and physiology of
epithelial and other tissues, but is not completely understood. Microtubules are implicated in
the delivery of junctional proteins to cell-cell contact sites, in the differentiation and spatial
organization of the cytoplasm, and in the stabilization of the barrier and adhesive functions of
junctions. Here we focus on the relationships between microtubules and junctions of vertebrate
epithelial cells. We highlight recent discoveries on the molecular underpinnings of microtubule-
junction interactions, and report new data about the interaction of cingulin and paracingulin
with microtubules. We also propose a possible new role of junctions as “molecular sinks” for
microtubule-associated signalling proteins.
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Introduction

One of the central questions of cell biology is to
understand the molecular mechanisms through
which cells and tissues achieve their bewildering
variety of shapes and functions, and how this
relationship is dynamically regulated. How do
cells generate, maintain, and alter their shapes?
How does form translate into function? How
do, in turn, cellular components regulate the
shape-generating forces? Decades of research
have established that the cytoskeleton, i.e. actin
filaments, microtubules (MTs) and intermediate
filaments, plays a fundamental role in determin-
ing cell shape, and provides cells with resistance
to mechanical stresses. This dynamic network of
filamentous proteins has many additional func-
tions. It supports whole cell and tissue move-
ment, cell division, precise segregation of
genetic material into daughter cells, cytoplasm
organization, intracellular vesicular traffic, reg-
ulation of gene transcription, and much more.
In vertebrates, tissue and organ physiology also
require a precise architectural organization and
regulation of cell-cell interactions. In epithelial

and endothelial tissues, such interactions are
largely dependent on highly specialized cell-cell
junctions, such as tight junctions (TJ), adherens
junctions (AJ), and desmosomes. Importantly,
the formation, dynamics and functions of cell-
cell junctions crucially depend on their interac-
tion with cytoskeletal filaments, providing an
example of cytoskeleton-dependent structure-
function relationship. In this review, we discuss
the role of a subset of cytoskeletal polymers, e.g.
MTs, in the regulation of epithelial junctions.
We first briefly describe the composition, orga-
nization and distribution of MTs in vertebrate
epithelial cells, and introduce a few basic con-
cepts about epithelial junctions. In the second
part, we discuss the roles of MTs in the regula-
tion of junctions, and, on the other hand, the
roles of specific junctional proteins in regulating
MT organization. We also report new data
about the interaction of the junctional proteins
cingulin and paracingulin with MTs. Finally, we
propose the new concept that junctions can
function as “molecular sinks” for MT-associated
signalling proteins, by focusing on a number of
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examples of such proteins, that bind to MTs
and localize at junctions through known and
unknown mechanisms.

Microtubules

Among different types of cytoskeletal polymers,
microtubules (MTs), along with actin filaments, are
the most evolutionarily conserved, since they are
present in all eukaryotes, where they promote the
generation of mechanical force and movement
through kinesin and dynein (for MTs), and myosin
(for actin filaments) motors, respectively. Although
proteins similar to tubulin and actin are also found
in prokaryotes, the associated protein motors appear
to be missing.1 MTs are hollow cylindrical polymers
of heterodimeric subunits made of α- and β-tubulin,
and are typically made up of 13 parallel
protofilaments.2 They are polarized, with plus ends,
which are highly dynamic, undergoing either rapid
polymerization or rapid depolymerization (cata-
strophe), and minus ends, which are typically either
stabilized or acting as sites of depolymerization.3

Polymerizing MTs are nucleated and stabilized at
their minus ends by the γ-tubulin ring complex (γ-
TuRC). The γ-TuRC is the main structural unit of
microtubule organizing centers (MTOCs), which are
found both at centrosomes, and at non-centrosomal
sites, such as the Golgi apparatus.4 Tubulins are
targets for numerous types of post-translational
modifications (PTMs) affecting their C-terminal
sequences, including de-tyrosination, Δ2-tubulin
generation, polyglutamylation, polyglycylation, and
acetylation.5 The functional significance and
mechanisms of tubulin PTMs have been investigated
in neuronal cells, where PTMs regulate MTs organi-
zation and interactions with motors, but their role in
epithelial cells is less clear.

MTs have many functions. Besides their role in the
formation of the mitotic spindle and chromosome
segregation in mitosis, they serve as tracks that facil-
itate targeted vesicular transport, they interact with
different membrane-bound organelles to compart-
mentalize the cytoplasm, and they underlie the for-
mation of apical cilia in epithelial cells (Figure 1). The
organization of the MT cytoskeleton is cell-type
dependent, and is related to the shape, cytoplasmic
organization, differentiation and function of each cell.
In unpolarized, non-differentiated epithelial cells, that

do not have mature junctions, most MTs are
nucleated by the centrosomes, the Golgi apparatus
and other non-centrosomal sites, and their plus ends
are directed towards the cell periphery (Figure 1(a)).
In contrast, number of mechanisms account for the
asymmetric organization of non-centrosomal MTs in
differentiated cells.6 In polarized, differentiated
epithelial cells with stable junctions, the majority of
MTs lose their connection with perinuclear MTOCs,
and non-centrosomalMTs align along the apico-basal
axis, with the minus ends oriented towards the apical
region, and the plus ends oriented towards the basal
region, where they form a scattered network7

(Figure 1(b)). Thus, as epithelial cells become polar-
ized and form junctions, the MT nucleating activity
becomes more spatially disperse, and MTs become
more stable.8 Importantly, the plus-end dynamic
instability of MTs is suppressed in cells that form
junctions, and individual MTs exhibit an extended
state of pause, suggesting that they become capped.9

In stratified epithelia, such as the skin epidermis,
keratinocytes drastically reorganize their MT cytoske-
leton during differentiation, and radialMTs emanated
from the centrosomes become non-centrosomal, and
align along the cell cortex.6 In some cell types, such as
cultured mouse mammary epithelial cells (Eph4),
structured illumination microscopy reveals a new
organization of apical non-centrosomal MTs, in the
form of planar apical networks (PANs).10

The plus-ends of microtubules are highly dynamic,
switching between polymerization and depolymeriza-
tion cycles, and interact with different plus-end track-
ing proteins (+TIPs): EB family proteins (e.g. EB1),
CAP-Gly proteins (e.g. CLIP170), proteins containing
basic and Serine-rich sequences (e.g. APC), HEAT
and WD40-repeat proteins (e.g. LIS1), and MT
motor proteins (e.g. dynein).4 + TIPs function to
link MTs plus-ends to cellular structures, to regulate
MT dynamics, to recruit signaling factors, and to
generate pushing and pulling forces, via interaction
with motors. The minus-ends of MTs are either sta-
bilized by binding to capping proteins, or undergo
either depolymerization, or, more rarely, slow
polymerization.4 The balance between stabilization
andminus-end depolymerization is important to con-
trol MT organization both in interphase cells and
during mitosis, where minus-end depolymerization
at the spindle poles allows poleward MT flux. Two
classes of proteins bind to the minus-ends of MTs.
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The γ-tubulin ring complex (γ-TURC), mentioned
above, is present at centrosomes and at Golgi
MTOCs.4 However, in differentiated cells most
minus-ends are either free in the cytoplasm or teth-
ered to different cytoplasmic structures. In this case,
the minus-ends bind to the second class of proteins,
belonging to the CAMSAP/Patronin/nezha family,
which are exclusive of animal cells.4 While
CAMSAP1 exclusively tracks the growing MT
minus-ends, CAMSAP2 and CAMSAP3/nezha are
not only recruited by the growing minus-ends, but
can also stay bound laterally to MTs, as they elongate.
CAMSAP2 and Nezha/CAMSAP3 suppress the MT-
organizing activity of the centrosome, through
unknown mechanisms, so that the γ-TURC is no
longer required for MT nucleation.11 Depletion of
CAMSAP3/nezha in cultured cells promotes
increased MT nucleation from centrosomes, and
causes a reduction in MTs with polymerizing plus-
ends, as well as inhibition of cell migration.11,12 The
disruption of MT organization resulting from deple-
tion of minus-end capping proteins has consequences

on cellular morphogenesis. For example, in cultured
cells depletion of CAMSAP3/nezha affects junction
assembly, Golgi and nucleus positioning and polari-
zation, and lumen formation in 3D.13 In contrast,
upon KO of CAMSAP3/nezha in mice, the organiza-
tion of the MT network and the positioning of the
nuclei and Golgi are disrupted in intestinal cells, and
some apical markers are mis-localized, but brush bor-
der morphology and epithelial junctions are not
affected, suggesting redundant mechanism to pro-
mote apico-basal polarization.13

Cell-cell junctions

In vertebrate epithelial cells, the junctional com-
plex comprises the tight junction (TJ, also known
as zonula occludens or ZO), the adherens junction
(AJ), and desmosomes (Figure 1(b)).14 TJ seal the
apico-lateral borders of polarized cells, to prevent
the free diffusion of solutes across the paracellular
space (barrier function), and to define the border
between the apical and lateral domains of the
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Figure 1. The organization and functional interactions of MTs in polarizing and polarized epithelial cells. (a) Schematic cartoon of
two polarizing epithelial cells, with MTs anchored at their minus-ends at centrosomes and at non-centrosomal sites, and kinesin-
mediated transport of junctional molecules and membrane vesicles. (b) Schematic cartoon of polarized differentiated cells, each
displaying an apical cilium, and MTs oriented with their minus-ends apically, and plus-ends basally. Cell-cell junctions are indicated
on the right, and selected junctional molecules are also schematically drawn (out of scale). (c) Graphical legend for structures and
proteins implicated in MTs-junctions functional interactions, shown in A and B.
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plasma membrane, which have a different compo-
sition (fence function). AJs are primarily involved
in cell-cell adhesion and sensing of mechanical
forces, and comprise two spatially distinct
domains. The apical region, called zonula adhae-
rens (ZA), is a circumferential continuous junc-
tion, which is found immediately basal to the TJ.
Together, the TJ and the ZA constitute the “zonu-
lar” apical junction (also denoted as “apical junc-
tional complex”-AJC), which forms a continuous
belt around the apico-lateral regions of polarized
epithelial cells, and is connected to a subcortical
bundle of contractile actin filaments. The basal
part of epithelial AJ, referred to as “lateral con-
tacts”, is constituted by a looser arrangement of
cell-cell adhesive structures, which are uniformly
distributed along the lateral surfaces, and are asso-
ciated with a less contractile cortical actomyosin
cytoskeleton.15 Thus, clustering of adhesion recep-
tors distinguishes ZA from lateral contacts, and
lateral contacts may be viewed as a “reservoir” of
junctional and signaling molecules that can even-
tually be clustered at zonular junctions during
differentiation. Desmosomes are hyper-adhesive
button-like structures distributed on the lateral
surfaces of epithelial cells, and they provide tissues
with a strong resistance to mechanical stress.16 In
endothelial cells, since the height of the lateral
region is very small, TJ and AJ are intermingled,
instead of being spatially separated, as they are in
epithelial cells.17 Furthermore, unlike TJ and des-
mosomes, which are typical of epithelial cells, cad-
herin-based AJ can be found in most cell types,
including fibroblasts, muscle cells and neurons.

From a molecular standpoint, TJ, AJ and desmo-
somes are organized in a similar fashion (Figure 1(b)).
Transmembranemolecules, many of which act as cell-
cell adhesion molecules, interact in cis to cluster at
junctions, and in trans to confer adhesive (TJ, AJ,
desmosomes) and barrier (TJ) properties to junctions.
These molecules comprise Ig-like adhesion molecules
such as JAM-A and CAR at TJ, cadherins and nectins
at AJ, and desmogleins and desmocollins (which
belong to the cadherin superfamily) at desmosomes.
In addition, the 4-pass transmembrane molecules
claudins, occludin and tricellulin are critical to set up
and regulate the paracellular barrier at the TJ. On the
cytoplasmic side, the intracellular domains of the
transmembrane junctional proteins interact with

complexes of cytoplasmic scaffolding and adaptor
proteins. The cytoplasmic proteins (indicated by col-
our-coded “clouds” in Figure 1) have multiple func-
tions. They cluster transmembrane proteins at the
junctional sites, thus making it possible, for example,
to generate intramembrane continuous fibrils of
claudins.18 They can also regulate the turnover and
membrane association of transmembrane proteins.
They can either directly or indirectly connect the
transmembrane proteins to the actin, MT and inter-
mediate filament cytoskeletons, thus stabilizing the
respective junction. They can bind to transcription
factors, RNA-associated molecules, kinases, GEFs,
GAPs and other signaling molecules, thus either
sequestering and inactivating them, or directing the
site of their function at junctions.19 Among the most
prominent cytoplasmic scaffolding/adaptor proteins
are ZO proteins (ZO-1, ZO-2 and ZO-3) and cingu-
lin-family proteins (cingulin and paracingulin) at TJ,
catenins (p120-catenin, α-catenin, β-catenin), afadin
and PLEKHA7 at AJ, and desmoplakin and plakoglo-
bin at desmosomes. In addition, two protein com-
plexes which are involved in signaling to direct the
establishment of apico-basal polarity, the Par (Par3-
Par6-apKC) andCrumbs (Crumbs-Pals1-PATJ) com-
plexes, are associated apically with the cytoplasmic
region of TJ, whereas the Lgl/Scribble/Dlg complex
identifies the lateral membrane.20 The actin and inter-
mediate filament cytoskeletons are crucial to allow
tissues to adapt to physiological mechanical stresses,
and specific junctional adaptor proteins, such as α-
catenin, vinculin and ZO-1, have been shown to
respond to force with changes in their conformation
and interactions,21,22 to transduce mechanical signals.
The reader is referred to additional excellent reviews
for a more detailed description of the molecular orga-
nization of TJ, AJ and desmosomes, and the functional
significance of the interaction of these junctions with
the cytoskeleton.17,23-31

Regulation of junction assembly and
homeostasis by microtubules

Tight junctions

The importance of MTs for TJ physiology and orga-
nization was first revealed by studies using colchicine,
a drug that disrupts MTs organization. Treatment of
MDCK cells with colchicine caused transient changes
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in trans-epithelial electrical resistance (TER), a mea-
sure of TJ barrier function, and in the structure of TJ,
as determined by electron microscopy.32 Colchicine
also affected TJ ultrastructure and permeability to
lanthanum in hepatocytes in vivo.33 These early find-
ings were confirmed by subsequent studies on cul-
tured thyroid epithelial cells, showing that the barrier
function of TJ was decreased, and the junctional
accumulation of ZO-1 was disrupted, following col-
chicine treatment.34 Furthermore, treatment of
MDCK cells with nocodazole, a drug which interferes
with the polymerization of MTs, perturbs the junc-
tional localization of the TJ/AJ protein paracingulin.35

Also, in human intestinal cells TJ barrier formation
requires MTs integrity and the minus-end motor
protein dynein,36 indicating that plus-end directed
transport is involved in delivering TJ proteins to the
membrane. Another evidence that MTs are required
for TJ formation is the observation that either noco-
dazole treatment or depletion of Dual leucine zipper-
bearing kinase (DLK), which is required for MT reor-
ganization, significantly decreases the levels of ZO-1
and claudins at the cell periphery in keratinocytes.37,38

Conversely, the MT-stabilizing drug paclitaxel pro-
motes keratinocyte differentiation, cortical accumula-
tion of junctional proteins, and barrier formation.38

MTs likely contribute to TJ assembly by func-
tioning as tracks for the delivery of TJ proteins
through MT-associated vesicles. During the first
division of the Xenopus oocyte, conspicuous ZO-
1-stained vesicles are aligned in the cytoplasm,
likely along MT tracks, in a plane orthogonal to
the plane of cleavage, and appear to fuse with the
basolateral membrane.39 In contrast, in dividing
Xenopus oocytes occludin-containing granules are
found near the tip of oolemma ingression,39 sug-
gesting that at least two types of MT-associated
membrane vesicles deliver TJ proteins to the sites
of cell-cell contact. In agreement, recent studies
confirm that occludin moves along MT tracks.36

The notion that MTs are also involved in epithelial
morphogenesis is supported by studies showing
that during epithelial lumen formation, which is
associated with the formation of new junctions
between the apicolateral regions of epithelial
cells, the anterograde MT motor kinesin-2 med-
iates the plus-end directed transport of apical
endosomes.40 More recent studies show that the
fusion of the apically targeted endosomes with the

plasma membrane requires Rab11 and its effector
FIP5, as well as the TJ protein cingulin, which
interacts with FIP5 and with MTs.41

In addition to the organization and maintenance
of junctional integrity, MTs are involved in disas-
sembly of TJ. This role of MTs was first character-
ized using the calcium depletion model of junction
disassembly in intestinal and renal epithelial cells,
which affects both TJ and AJ.42 In the absence of
nocodazole, calcium depletion leads to disruption
of junctions, formation of intracellular contractile
actin rigs, and internalization of the TJ proteins
occludin and ZO-1, and the AJ proteins
E-cadherin and β-catenin, which associate with
the actin rings. Depolymerization of MTs with
nocodazole prevents the translocation of junctional
proteins into these cytosolic ring-like structures.42

Conversely, drug-mediated stabilization of MTs
attenuates the disassembly of the apical junctions,
and blocks the contraction of the actin rings.42 MT-
associated motor activity is implicated in ring for-
mation, since the plus-end directed motor kinesin-1
is localized at junctions, where it associates with
E-cadherin and catenins, and treatment with the
kinesin inhibitor AMP-PNP blocks the contraction
of F-actin rings and the translocation of E-cadherin
and occludin into the subapical cytosolic rings.42

Actomyosin contractility is crucial for junction dis-
assembly following calcium depletion.43-46 Indeed,
the RhoA-ROCK pathway, mediated by the MT-
associated GEF GEF-H1, was shown to be impli-
cated in the formation and contractility of actin
rings following calcium depletion, suggesting that
MTs control junction disassembly by regulating
factors that affect actomyosin contractility.47 GEF-
H1 is also implicated in the restoration of func-
tional junctions in adhesion-defective cancer cells,
through which inhibition of MT polymerization
activates GEF-H1, inducing actomyosin contracti-
lity, and a mechanosensitive response which stabi-
lizes junctions.48 Another evidence that MT are
implicated in TJ and AJ assembly and stability was
the observation that overexpression of the β-tubulin
chaperone cofactor D, which acts as a GTPase
activating protein for β-tubulin, induces disassem-
bly and prevents assembly of TJ and AJ in MDCK
cells.49 In summary, these results indicate that MT
dynamics is essential to regulate both assembly and
calcium-depletion-mediated disassembly of apical
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junctions, and that MT operate, at least in part,
through mechanisms that affect RhoA and down-
stream regulation of actomyosin contractility.

Adherens junctions

The first study addressing the role of MTs in the
assembly of the AJC reported that colchicine treat-
ment of thyroid epithelial cell monolayers reduced
the junctional accumulation of E-cadherin.34

Furthermore, in lung epithelial cells inhibition of
MT plus-end growth induced breakage of AJ, loss
of F-actin from AJ, and rearrangement of catenins
into puncta, and eventually their disappearance from
junctions.9 It was proposed that junction breakage
was not due to the acute formation of cytoplasmic
stress fibers, that is observed following treatment
with nocodazole, but rather to the decrease in junc-
tional actin filaments occurring after MT
depolymerization.9 These observations reinforce
the notion that MT organization and dynamics has
multiple effects on actomyosin organization.

Several AJ proteins are delivered to the cell surface
through the dynamic plus-ends ofMTs and associated
motors (Figure 1(a)). In fibroblasts, kinesin is
required for the formation of N-cadherin-dependent
cell-cell contacts,50 and p120-catenin association with
kinesin promotes the transport of the catenin-cad-
herin complex to junctions.51 In agreement, the KO
of KAP3, a subunit of kinesin-2, results in decreased
levels of N-cadherin and β-catenin in embryonic
mouse neural precursors,52 whereas the overexpres-
sion of another kinesin, KIF17, promotes the apical
and junctional accumulation of actin and E-cadherin,
respectively.53 In epithelial Pkt2 cells cytoplasmic
dynein transiently tethers MTs at sites of cell-cell
contact during junction biogenesis, providing a track
for the kinesin-dependent delivery of junctional
components.54 Another plus-end binding protein,
CLIP170, targets MTs to AJs prior to apico-basal
array assembly.55 Either expression of mutant
CLIP170, which affects MT dynamics, or depolymer-
ization of dynamic MTs by nocodazole, reduces the
accumulation of E-cadherin at junctions, as well as the
accumulation of myosin-IIA and phosphorylated
myosin light chain.56 Since surface expression of
E-cadherin was not affected by nocodazole, it was
suggested that dynamic MTs stabilize and regulate
the junctional clustering of E-cadherin, rather than

its surface expression, by modulating the actomyosin
cytoskeleton.56 Cortical MT-associated transfer of
junction-associated proteins can also orchestrate the
localization of cell fate determinants. For example, β-
catenin is transported towards the plus-ends of MTs,
and acts as a dorsal determinant in the Xenopus egg.57

In polarized epithelial cells, multiple mechanisms
account for the apicolateral anchoring of MTs
minus-ends and the formation of non-centrosomal
MTOCs (Figure 1(b)). First, different centrosomal
proteins, including ninein and CAP350, move along
MT tracks to reach AJ, where they act as non-cen-
trosomal MT anchoring sites, at least in some cell
types.58-60 In MDCK cells CAP350 is recruited to AJ
by α-catenin, and its depletion induces an enlarge-
ment of the apical domain and a reduction in cell
height, and prevents the formation of cell-cell con-
tacts in the calcium switch model of junction
assembly.59 Second, MT minus-ends are anchored
to AJ by the interaction of CAMSAP3/nezha with
PLEKHA7.61 This anchoring has a stabilizing effect
on AJ, since depletion of either PLEKHA7 or
CAMSAP3/nezha decreases the accumulation of
E-cadherin at the ZA.61 The minus-end directed
kinesin KIFC3 is targeted to the ZA in a MT-,
PLEKHA7- and CAMSAP3-dependent manner,
but it does not colocalize with E-cadherin,61 suggest-
ing that it is not involved in E-cadherin transport to
the junction. On the other hand, KIFC3 transports to
the junction the ubiquitin-specific protease 47
(USP47), which deubiquitinates E-cadherin, and
thus prevents its degradation.62 Thus, cadherin sta-
bilization by PLEKHA7/nezha involves its decreased
ubiquitination and degradation. As indicated above,
the anchoring of MTs minus-ends to AJ and then to
the apical membrane plays a role in epithelial mor-
phogenesis, since depletion of CAMSAP3 leads to
cell flattening, a wider apical cell surface, although
normal cell height is restored after full polarization.13

In summary, these studies show that dynamic MTs
are required for the efficient assembly of AJ and deliv-
ery of factors that regulate junction dynamics, and
multiple mechanisms contribute to tethering MTs to
AJ during epithelial differentiation and polarization.

Desmosomes

The first evidence for MT-desmosome interaction
was the co-localization between desmoglein-1 and
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MTs in cultured cells.63 The importance of MT
organization for desmosome assembly was further
demonstrated by the observation that desmoglein-2
and desmocollin-2 depend on MTs for their rapid
accumulation at junctions, requiring kinesin-1 and
kinesin-2, respectively, for their transport to the
surface.64 Desmosome function requires MTs,
because depletion of these kinesin motors dramati-
cally weakens cell-cell adhesive strength in confluent
epithelial sheets, despite the observation that desmo-
somal plaque proteins are not affected.64 In addition,
the genetic loss of the centrosomal protein LIS1,
which re-localizes to desmosomes upon differentia-
tion to reorganize non-centrosomal MTs, leads not
only to MT organization defects, but also to severe
loss of desmosome stability and epidermal barrier
activity, and decreased expression of desmosomal
proteins, resulting in embryonic lethality.65 In a tis-
sue-engineered skin model, nocodazole treatment
reduces the number and size of desmosomes,
and the accumulation of desmoglein-1 at the cell
cortex.37 The mitogen-activated protein kinase
DLK (dual leucine zipper-bearing kinase) is
expressed in granular layer of the epidermis and is
required for terminal differentiation of
keratinocytes.66 This kinase acts through MTs,
since in the epidermis of DLK KO mice, which die
soon after birth, MTs fail to align along the cell
cortex, and decreased localization of desmoplakin
and LIS1 at junctions leads to MT disorganization
and to short desmosomes with increased intercellu-
lar spaces, similar to nocodazole-treated tissues.37 In
summary, in keratinocytes MTs allow trafficking of
desmosome transmembrane proteins (desmogleins
and desmocollins) to the sites of junction formation,
and are critical for keratinocyte differentiation.
Finally, MTs are not only involved in desmosome
assembly, but also in their disassembly. Desmosomes
are internalized following removal of extracellular
calcium inMDCK cells, and their intracellular trans-
port is regulated byMTs, leading to lysosomal degra-
dation of internalized desmosomal proteins.67

Regulation of MTs organization by junctional
proteins

While MTs are important in the regulation of
junction assembly and disassembly and in epithe-
lial differentiation, the cross-talk between MTs and

junctions also involves the interaction of several
junctional proteins with either MTs or MT-asso-
ciated proteins, resulting, for example, in the
tethering of MTs to TJ, AJ and desmosomes.

Cingulin (CGN), a specific TJ protein, was initi-
ally discovered as a protein associated with the
actomyosin fraction from intestinal cells lysates,-
68,69 and was later found to organize the planar
apical network (PAN) of MTs in cultured mam-
mary epithelial (Eph4) cells.10 Cingulin controls
tethering of the PAN to TJ, based on the observa-
tion that depletion of cingulin leads to disruption
of the association of organized MT with TJ.10

PANs have not been detected in all epithelial cell
types, thus it remains to be seen how cingulin
promotes MT organization in other cell types.
Phosphorylation of the CGN head domain on Ser
132 and Ser 150 by AMPK is required for cingulin
anchoring of MTs and for cyst formation in 3D
cultures, implying that the cingulin-MT associa-
tion is important for epithelial morphogenesis.10

In agreement with this idea, cingulin was found to
be involved in the proper establishment of the
Apical Membrane Initiation Site (AMIS) and sub-
sequent formation of apical lumen in epithelial
cysts.41 The interaction with MTs is relevant,
because cingulin mutants that bind less well to
tubulin were localized ectopically and failed to
rescue the multi-lumen phenotype of cingulin-
KO cysts.41 Proteolytic digestion of the
C-terminus of tubulin and mutation of the cingu-
lin head domain reduces the MT-cingulin interac-
tion, indicating that a basic patch within the
cingulin head binds to an acidic patch within the
unstructured C-terminal tail of tubulin.41 Cingulin
participates in lumen formation by interacting
with FIP5 (Rab11 family interacting protein 5),
which is an effector of the Rab11 GTPase, and is
required for apical endosome transport and
targeting.41 AMPK kinase, which phosphorylates
cingulin,10 is in turn activated by phosphorylation
by the LKB1 kinase.70 Interestingly, in LKB1-KO
mice the level of phosphorylated AMPK is highly
reduced, and CGN junctional accumulation in
hepatocytes is lost, correlating with changes in
cell morphology, and TJ integrity and
permeability.71 This suggests that the LKB1-
AMPK kinase axis controls the apical accumula-
tion of cingulin through its phosphorylation.
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The evidence that cingulin binds to MTs is three-
fold. First, a gel overlay assay using tubulin as a
ligand binds to cingulin among different proteins
present in lysate of a junction-enriched liver mem-
brane fraction.10 Second, the recombinant cingulin
head domain co-immunoprecipitates with α-
tubulin.10 Third, the same domain co-pellets with
microtubules.41 To confirm and extend these studies,
we examined the interaction of full-length recombi-
nant cingulin and paracingulin (also known as
JACOP or cingulin-like-1, CGNL1), expressed in
baculovirus-infected insect cells, with MTs. We
found that not only full-length cingulin, but also
paracingulin co-pellet specifically with MTs
(Figure 2), thus providing further evidence for cin-
gulinMT-interaction, and reporting for the first time
an interaction of paracingulin with MTs.

The interaction of paracingulin with MTs sug-
gests that it may also function to tether MTs to
junctions. However, no experimental evidence is
available so far in this sense, except for the obser-
vation that disruption of MTs alters CGNL1
localization.35 Unlike cingulin, which has been
detected only at apical TJ, paracingulin has been
detected both at TJ and AJ, depending on cell
type,73 and both ZO-1 and PLEKHA7 contribute
to its junctional recruitment.74 On the other hand,

ZO-1 is solely responsible for cingulin recruitment
to TJ.75,76 Thus, both cingulin and paracingulin
may anchor MTs to TJ and AJ, respectively.
Interestingly, paracingulin (e.g. hypothetical pro-
tein FLJ14957) was identified among human cen-
trosomal proteins detected through mass-
spectrometry-based proteomic analysis.77

Furthermore, antibodies against cingulin and
paracingulin label centrosomes in fixed cells.35

Although this labeling could be due to cross-reac-
tion of the antibodies with coiled-coil proteins, we
also observed that GFP-tagged forms of cingulin
and paracingulin dynamically localize both at cen-
trosomes and junctions in live cultured epithelial
cells.35 This evidence, and proteomic data, indicate
that cingulin and paracingulin are bona fide cen-
trosomal components. The potential role of cingu-
lin and paracingulin at centrosomes, and their
interactors at the centrosome, are not known.
However, the centrosomal localization of cingulin
and paracingulin suggests that they may interact
with centrosomal proteins, and possibly recruit
them to junctions in confluent monolayers. As
discussed below, cingulin and paracingulin are
also implicated in the junctional recruitment of
MT-associated signaling proteins (GEFs and
GAPs) that regulate the organization and contrac-
tility of the actomyosin cytoskeleton. In summary,
the identification of both cingulin and paracingu-
lin as MT-binding protein, and their centrosomal
localization reinforce the notion of a dynamic re-
localization of centrosome-associated proteins to
apical junctions, once these are formed following
epithelial differentiation (Figure 1(b)).

Another potential regulator of MTs at the TJ is
the apical polarity complex protein Par3, which in
mammalian systems is involved in epithelial api-
cobasal polarization, and in the junctional recruit-
ment of the exocyst complex.78-81 In invertebrate
model systems and in neuronal cells and fibro-
blasts Par3 regulates MT stability and organiza-
tion, and forms cortical docking sites for
centrosomes, subjected to modulation by Par1
and aPKC.82-84 Par3 associates with the TJ trans-
membrane protein occludin during polarized
migration of MDCK cells, and in this context
occludin is required for the organization of the
MT network and the orientation of the MTOC
during migration.85 However, the specific roles of
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Figure 2. Full-length cingulin and paracingulin co-sediment
with MTs in vitro. Top: Immunoblot analysis, using antibodies
against cingulin (CGN, left) and paracingulin (CGNL1, right) of
supernatant (S) and pellet (P) fractions following centrifugation
(100,000 x g) of cingulin and paracingulin (His-tagged, purified
from baculovirus-transduced insect cells72), either in the
absence (-) or in the presence (+) of taxol-stabilized brain MTs
(cat n. BK029, Cytoskeleton). Bottom: Coomassie blue staining
of corresponding gels, showing sedimented tubulin in pellet
fractions. Numbers on the left indicate approximate Mr, based
on the migration of pre-stained markers. Densitometric analysis
of immunoblots from three experiments show that the pre-
sence of MTs promotes the sedimentation of a statistically
significant fraction of both cingulin and paracingulin.
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Par3 and occludin in the regulation of MT orga-
nization at epithelial junctions have not been
investigated.

The cadherin-catenin complex, which is clustered
at AJ of epithelial and non-epithelial cells, has been
implicated in MT anchoring through different types
of catenin-dependent molecular interactions. Early
studies showed that exogenous expression of either
E-cadherin or N-cadherin in CHO fibroblasts, which
do not express either cadherin, stabilizes non-cen-
trosomal MTs.86 Experiments on astrocytes con-
firmed that classical cadherins control nucleus and
centrosome positioning.87 It was further shown that
only membrane targeting of α-catenin, but not β-
catenin or p120-catenin (p120-ctn), led to a signifi-
cant increase in MT length and density in centro-
some-free cytoplasts, suggesting that α-catenin can
regulateMT dynamics in a centrosome-independent
manner.88 This could be due to the fact that α-
catenin recruits the centrosomal component
CAP350 to the AJ, and can thus bind to MTs
through CAP350.59 β-catenin is another AJ protein
involved in MT interaction, since it has been identi-
fied at centrosomes of non-epithelial cells, where it
may anchor MTs,89 and regulate centrosome
cohesion.90,91 In addition, β-catenin overexpression
disrupts the localization of the minus-end motor
dynein, and dramatically perturbs the organization
of MT arrays, suggesting that β-catenin may anchor
MTs to AJ through dynein.92 Finally, several obser-
vations support the idea that p120-ctn interacts and
cross-talks with MTs. In COS7 cells, mutated exo-
genous p120-ctn localizes along MTs in interphase,
and recruitment to MT suppresses the ability of
p120-ctn to regulate Rho GTPases.93 In MDCK
cells p120-ctn binding to either cadherin or MTs is
mutually exclusive, and promoting p120-ctn associa-
tion to MTs by overexpressing its indirect linker
kinesin reduces the nuclear pool of p120-ctn.94

MTs plus-ends undergo more frequent rapid depo-
lymerization in p120-ctn-depleted cells, suggesting
that p120-ctn can regulate MT dynamics.95 Finally,
in mouse primary keratinocytes p120-ctn interacts
directly with the plus-end capping protein CLASP2,
and recruits it to AJ of basal epidermal progenitors,
where CLASP2 functions to promote AJ formation
and stability.96

An important mechanism of MTs-AJ interaction
was discovered with the identification of PLEKHA7,

which binds to p120-ctn and to the minus-end MT-
binding protein nezha/CAMSAP3, thus promoting
the stabilization of the ZA through the accumulation
of E-cadherin.61 In agreement, overexpression of
PLEKHA7 attenuates, in a MT-dependent manner,
the disruption of junctions and the increase in para-
cellular TJ-dependent permeability induced by
depletion of extracellular calcium.97 PLEKHA7
binds to additional ZA proteins, such as
paracingulin,74,98 afadin99 and PDZD11.100

PLEKHA7 is also involved in recruiting mRNAs
and miRNA processing factors to the ZA, modulat-
ing cellular resistance to staphylococcal α-toxin and
controlling the pathogenesis of hypertension and
angle closure glaucoma, through mechanisms that
remain to be clarified (reviewed in101). However, the
role of MT-tethering in all these additional interac-
tions and functions of PLEKHA7 is not clear.

Desmoplakin (DP), which links intermediate
filaments to the desmoglein/desmocollin complex
(Figure 1(b)) (reviewed in102,103), plays a crucial
role in MTs rearrangement, through the desmoso-
mal recruitment of MT-binding centrosome pro-
teins, such as ninein, LIS1, Ndel1, and
CLIP170.104,105 The recruitment of these MT-
binding proteins by desmoplakin during keratino-
cyte differentiation facilitates MTs reorganization,
and provides new nucleation sites, thus promoting
MT alignment along the cell cortex.

In summary, several junctional proteins interact
either directly or indirectly with MTs, and thus
provide cortical sites for the MT-dependent deliv-
ery of additional junctional components, as well as
tethering MTs during their spatial reorganization
of differentiating cells. These interactions are cru-
cial to stabilize junctions, and to establish an archi-
tectural framework for the cross-talk between MT
and actin cytoskeleton.

Junctions as molecular sinks and regulators
for MT-associated signaling proteins

Zonular junctions (TJ and ZA) are sites where trans-
membrane proteins, cytoplasmic adaptors and sig-
naling proteins are highly concentrated and
clustered in a thin circumferential plaque, which is
intimately associated with the actin and MT cytos-
keletons. Contractility of the actin cytoskeleton
affects the conformation of selected TJ and ZA
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proteins within the cluster, such as ZO-1, α-catenin,
and vinculin,21,22 resulting in mechanical reinforce-
ment and enhanced junctional recruitment of signal-
ing and regulatory proteins.21,106 Among proteins
found in the cytoplasmic region of zonular junctions
there are several proteins that bind either directly or
indirectly to MTs, including proteins that redistri-
bute from centrosomes to junctions during epithelial
differentiation, and proteins involved in the regula-
tion of Rho family GTPases and actomyosin con-
tractility, such as GEFs and GAPs19,106 (Figure 3).
The recruitment of these signaling, adaptor and reg-
ulatory proteins to zonular junctions can result in
their functional inhibition, or, alternatively, may
spatially restrict their activity at junctions. We pro-
pose that zonular junctions act as “sinks”, e.g. either
storage, and/or spatial restriction, and/or silencing of
signaling and adaptor proteins, in a manner which
couples the integrity of cell-cell contacts to the
dynamic regulation of the actin and MT cytoskele-
tons. Indeed, the observation that several junctional
proteins, including cingulin, paracingulin,35 β-

catenin90,107 and occludin108 are localized at centro-
somes suggests that epithelial polarization and junc-
tion assembly results in the redistribution of a subset
of centrosomal proteins to the zonular “sink”. Below
we provide a few examples of proteins that have been
functionally and/or spatially linked to both junctions
and MTs (Figure 3), and review the current knowl-
edge about the molecular basis and functional impli-
cations of their localization at junctions, and/or
association with MTs.

GEF-H1

GEF-H1 (ARHGEF2) is a Dbl family guanidine
exchange factor (GEF), whichwas originally identified
as a MT-associated activator of RhoA.109 The activity
of GEF-H1 is inhibited when it is bound toMTs, since
mutants that do not bind to MTs constitutively acti-
vate RhoA.110 GEF-H1 is a key molecule involved in
the cross-talk between MTs and the actin
cytoskeleton.111 For example, in endothelial cells
GEF-H1 plays a critical role in RhoA activation and

AJ/ZA

TJ

GEF-H1
Trio
ECT2

MARKs

MgcRacGAP
ARHGAP18

APC

CLAMP

GEFs

GAPs

MAP-binding
kinases

MT stabilizer

MT stabilizer

Figure 3. Zonular junctions as sinks for MT-associated signaling proteins. TJ and ZA are shown in a schematic cartoon of an apical
junction between epithelial cell, with an apical cilium shown on the right. Cytoplasmic plaque “clusters” of junctional proteins are
indicated by diffuse red (TJ) and blue (ZA/AJ) “clouds”, showing only a few of the junctional molecules, for simplicity (see Fig. 1(c) for
graphical legend). On the right, the signaling proteins described in the text are indicated, with color-coded arrows (red-TJ, blue-AJ/
ZA) linking them to the junctional structures with which they have been associated, based on current literature. For MARKs, only
MARK2 and MARK4 have been localized at apical junctions and in cilia basal bodies, respectively. Each protein or group of proteins is
also associated with a text, on the right, describing their function in relationship to either MTs or Rho family GTPases.
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downstream actomyosin contractility and endothelial
barrier disruption caused byMTdisassembly, induced
either by thrombin or by mechanical strain.112,113

RhoA activation by GEF-H1 is involved not only in
promoting the formation of contractile cytoplasmic
stress fibers, but also in inducing apical constriction
during development,114 establishing epithelial
polarity,115 regulating cell proliferation, transcription
factors and other signaling molecules.116-118 Because
of its multiple roles in disease, it was proposed that
GEF-H1 could be a therapeutic target for pathologies
where RhoA activity is dysregulated.119

Besides binding to MTs, GEF-H1 is also regulated
by phosphorylation and by recruitment to junctions.
The interaction withMTs, and hence the inhibition of
GEF-H1 catalytic activity, is promoted by phosphor-
ylation at Ser886, either by The Rac1/Cdc42 effector
p21-activated kinase (PAK1), or by protein kinase
A.120,121 In contrast, GEF-H1 phosphorylation at
Ser151 by the MARK3 kinase disrupts the association
ofGEF-H1withMTs, and thus activates it, resulting in
development of epithelial polarity and cyst lumen
formation.115 During mitosis the catalytic activity of
GEF-H1 is inhibited, prior to cytokinesis, through
phosphorylation by the mitotic kinases Aurora A/B
and Cdk1/Cyclin B.122 Another mechanism through
which GEF-H1 activity is inhibited is its recruitment
to junctions, which depends on cingulin123 (Figure 3).
Upon either depletion of cingulin in cultured cells, or
KO of cingulin in either embryoid bodies or in mice,
GEF-H1 loses its junctional localization, resulting in
RhoA activation, and RhoA-dependent transcrip-
tional changes, such as increased expression in the TJ
transmembrane protein claudin-2.123-126 Thus, the
junctional sequestration of GEF-H1 by cingulin pro-
vides a simplemechanism to couple cell confluency to
downregulation of RhoA activity, both in epithelial
and endothelial cells.127 However, it is not clear
whether direct binding to cingulin, which has been
proposed based on in vitro experiments,123 functions
as a regulator of either the catalytic activity or the
phosphorylation of GEF-H1. Another TJ protein,
ZO-2, was recently shown to have a role in promoting
GEF-H1 inhibition through phosphorylation.128

MgcRacGAP and ECT2

MgcRacGAP, together with the kinesin-6-family
member MKLP1 (mitotic kinesin-like protein),

forms the centralspindlin complex, which organizes
antiparallel arrays of MTs at the spindle midzone
and midbody, controls the activity of RhoA and
Rac1 during furrow ingression, and links the mito-
tic spindle to the plasma membrane during
cytokinesis.129 ECT2 is a Rho GEF, which concen-
trates on the central spindle by binding to central-
spindlin, and is essential for RhoA activation in the
cleavage furrow.130,131 MgcRacGAP localizes to MT
plus-ends at the equatorial cortex as cytokinesis
initiates, and it tracks with EB3 at growing MT
plus-ends.132 In contrast, in interphase confluent
epithelial cells, MgcRacGAP accumulates at apical
junctions, where it is recruited by cingulin, para-
cingulin and α-catenin133,134 (Figure 3). In some
but not all cell types the centralspindlin complex
recruits the ECT2 to the ZA133,134 (Figure 3).
MgcRacGAP regulates AJ but not TJ structure,
through its function as a GTPase activating protein
(GAP) activity, and signaling via the RhoA
pathway.135 The C-terminal region of MgcRacGAP
is involved to its targeting both to AJ, via a SxIP
motif,132 and to TJ, via its interaction with cingulin
and paracingulin.134 These observations suggest
that initially MgcRacGAP is delivered to AJ through
plus-end directed motors, and then is redistributed
at both TJ and AJ through multiple interactions.

ARHGAP18

The RhoGAP ARHGAP18/SENEX was identified
in a screen for genes involved in angiogenesis,
and is highly expressed in endothelial cells,
where it is downregulated in the early migration
phase, and upregulated in the stabilization phase
of tube formation, when junctions are formed.136

Indeed, ARHGAP18 translocates to and stabilizes
junctions during angiogenesis137 (Figure 3).
Consistent with its role in stabilizing endothelial
junctions, loss of ARHGAP18 promotes tumor
angiogenesis,137 and, conversely, its expression is
associated with good breast cancer prognosis.138

In HUVEC endothelial cells, ARHGAP18 is asso-
ciated with MTs, and ARHGAP18 depletion
decreases total MT network density and acetyla-
tion levels,139 which regulate the ability of the MT
lattice to cope with mechanical stress and self-
repair.140 However, nothing is known about the
mechanisms through which ARHGAP18
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associates with junctions, and how it may affect
tubulin acetylation.

Trio

Trio (ARHGEF23) is a RhoGEF, which promotes
localized Rac1 activation, and is targeted to the
plus-ends of MTs during neurite extension, through
its interaction with the +TIPs NAV and EB1.141 In
endothelial cells Trio is involved in the stabilization
of VE-cadherin.142 In epithelial cells it interacts
with E-cadherin and mediates the junctional
recruitment of Tara, which regulates E-cadherin
transcription143 (Figure 3). However, it is not
known whether Trio activity as a GEF is modulated
by its MT versus junctional localizations.

APC

APC is a gene mutated in familial colorectal cancer,
which encodes a large protein involved in the reg-
ulation of the cytoplasmic pool of β-catenin.144

APC binds to MTs, either directly or through the
+TIPs EB1 or CLIP170, and its binding to MTs is
regulated by phosphorylation, and results in MT
polymerization and stabilization145-149 (Figure 3).
Studies on cultured cells show that two spatially
separate populations of APC exist at the cell per-
iphery, one which is highly dynamic and associates
with MTs near free edges, and a second compara-
tively static and closely associated with actin at sites
of cell-cell contact150,151 (Figure 3). However, the
molecular basis for APC association with junctions,
and how the junctional localization of APC is
related to its signaling activity is not clear.

MARK proteins

Microtubule affinity-regulating kinases (MARKs)
are an evolutionarily conserved family of kinases
that comprise MARK1(PAR-1c), MARK2 (PAR-
1b/EMK), MARK3 (PAR-1a/C-TAK1) and
MARK4 (PAR-1d/MARKL1).152 Mammalian
MARKs are homologous to the invertebrate parti-
tioning gene product Par-1, which regulates devel-
opment of cell polarity,153 and belong to the same
family of energy sensing kinases as AMPK.154

MARKs are indirectly associated with MTs, since
they were identified as kinases that phosphorylate

the MT-regulating proteins tau and MAPs, to regu-
late MT dynamics and MT-dependent transport.155

There is evidence that MARK proteins are involved
in different aspects of epithelial differentiation. For
example, MARK4 localizes to the basal body and
promotes ciliogenesis in ciliated cells,156 and
MARK2 functions downstream of aPKC in the
establishment and maintenance of epithelial cell
polarity in mammalian cells157 (Figure 3).
Importantly, MARK2 (PAR1b) has been localized
both at apical and lateral epithelial junctions,157

and is required for the formation of apical lumens
in epithelial cells grown in 3D, by promoting the
apicobasal alignment of MTs, and by modulating
myosin-II and E-cadherin dependent signaling158,159

(Figure 3). MARKs are involved in regulation of
different signaling pathways, for example through
the phosphorylation of proteins involved in mem-
brane recycling,160 RhoA/Rac1 signaling,115,161,162

inflammation,163 and the Hippo pathway.164

However, although MARK2 has been localized at
junctions,157,158 little is known about the junctional
localization of other MARKs (MARK1, MARK3 and
MARK4), the mechanisms that regulate the subcel-
lular localizations of MARKs, and the effect of junc-
tional localization on the enzymatic activity and
signaling functions of MARK proteins.

CLAMP

CLAMP/Spef1 is a MT-associated protein which is
highly expressed in ciliated epithelia, stabilizes
MTs, and has been implicated in the apical accu-
mulation of stable acetylated MTs.165 Recently, it
was shown that CLAMP/Spef1 accumulates not
only at MT-rich structures, but also at junctions,
and it controls planar polarity and MT asymmetry
in Xenopus ciliated epithelia166 (Figure 3). CLAMP
co-localizes with components of the Par complex
and interacts with aPKC, suggesting that the Par
complex directs the junctional localization of
CLAMP.165 However, it is not clear how the junc-
tional localization of CLAMP affects the PTMs
and dynamics of MTs.

Conclusions

The dynamics and the reorganization of the MT net-
work are fundamentally important in the formation of
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cell-cell junctions and in the biogenesis of the epithe-
lial phenotype. MTs serve as tracks for the delivery of
vesicles containing junctional and signaling proteins
to the cell periphery, contributing to generation of
apical lumens, efficient assembly of junctions, apico-
basal polarization, and differentiation. In a feed-for-
ward loop, the formation of junctions promotes the
local clustering of cytoplasmic plaque proteins, several
of which interact either with MT or MT-binding
proteins, and help to redundantly orient, tether, and
stabilize MTs along the apicobasal axis of polarized
cells. Among these proteins, the MT-binding proteins
cingulin and paracingulin may form docking sites for
apical MT structures, such as the planar apical net-
work. Other junctional proteins, such as PLEKHA7,
can represent transient docking sites for MT-binding
proteins, such as CAMSAP3/nezha, which redistri-
bute apically in fully differentiated cells. The junctional
localization of several centrosome-associated proteins
underlines the crucial role of junctions as sites that
orchestrate MT organization in polarizing cells.
Besides nucleating the formation of amolecular envir-
onment rich in MT-binding proteins, cytoplasmic
junctional proteins also promote the junctional
recruitment and storage of MT-associated signaling
proteins, several of which play crucial roles in the
regulation of the actomyosin cytoskeleton. The release
of these signaling proteins during junction disassem-
bly contributes to the reorganization of both actin and
MT cytoskeleton, leading to changes in cell motility
and behavior. Thus, junctions act both as organizers of
MTs, as “molecular sinks” forMT-associated proteins,
and as signaling hubs, which modulate the assembly
and dynamics of both MT and actin cytoskeletons
locally and globally in the cell.
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