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ABSTRACT

Epithelia are three-dimensional arrangements of cells organized into structures which delimit
morphologically and physiologically different compartments. At the cellular level, epithelial
cells are characterized by the presence of an apical pole, facing the lumen of an organ or the
outer environment, and baso-lateral domains, involved in cell-extracellular matrix and cell-
cell interactions. Each pole is characterized by its specific protein and lipid membrane
composition, and its distinct assembly of cellular organelles. This polarized organization of
cell components ensures the vectorial absorption and secretion of proteins and other
molecules, which constitute the essential function of epithelia. Actin and microtubule
cytoskeletons are also polarized in epithelial cells. This organization contributes to the de novo
establishment as well as to the functional maintenance of epithelial polarity. In this article we
delineate the central features of epithelial polarity and summarize the current knowledge on
how actin and microtubule cytoskeletons contribute to epithelial organization.
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RESUMEN

Los epitelios son arreglos tridimensionales de células, organizados en estructuras que
delimitan compartimientos morfologica y fisiolégicamente diferentes. A nivel celular, las
células epiteliales se caracterizan por la presencia de un polo apical, en contacto con la luz de
un o6rgano o con el medio extracelular, y los dominios baso-laterales, responsables de las
interacciones célula-matriz extracelular y célula-célula. Cada polo se caracteriza por la
composicion proteica y lipidica especifica de sus membranas, asi como por el ensamble
distintivo de las organelas celulares asociadas. Esta organizacion polarizada de los
componentes celulares garantiza el desarrollo de la funcion esencial de los epitelios, i.e. la
absorcion y/o secrecion vectorial de proteinas y otras moléculas. Los citoesqueletos de actina
y microtubulos también estan polarizados en las células epiteliales, lo que contribuye tanto al
establecimiento de novo, como al mantenimiento funcional de la polaridad epitelial. En este
articulo delineamos los aspectos centrales de la polaridad epitelial y resumimos el estado de
conocimiento actual en relacion a la contribucion de los citoesqueletos de actina y
microtibulos a la organizacién epitelial.
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Introduction

An epithelium (the trophectoderm) is the first tissue that differentiates during embryogenesis
[1]. The epithelium is also the first tissue that emerged during phylogenesis. In fact, the initial
epithelial structures precede metazoan multicellularity: upon starvation, individual
Dictyostelium discoideum social amoebas aggregate to form a fruiting body, which includes
a tubular epithelial monolayer that surrounds a collection of spores [2]. Both that primitive
epithelia and modern epithelia share their function of segregating an internal media from an
external environment, what is tightly associated to their coordinated asymmetric distribution
of cellular components, and the presence of cell-cell junctions with selective permeability
(Figure 1). This organization ensures the vectorial absorption and secretion of proteins and
other molecules, which constitute the essential function of epithelia. The establishment and
maintenance of that organization imply two types of cell asymmetry: apico-basal polarity,
which refers to the distribution of cell components within each individual cell, and planar
polarity, which denotes the collective alignment of cell polarity across the tissue plane
[3]. Over the last decades, studies performed in Caenorhabditis elegans, Drosophila
melanogaster and mammalian epithelial cells have contributed to the understanding of the
network of polarity proteins and lipids that defines the differentiation of distinct cell poles.
These investigations identified three basic polarity protein complexes which are conserved
throughout evolution: the crumbs (Crumbs/PALS1/PATJ) complex, the PAR
(PAR3/PAR6/aPKC/cdc42) and the related PAR4/LKB1 complex, and the Scribble
(Scribble/Discs-large (DIg)/Lethal giant larvae (LGL)) complex. Most of these studies have
been nicely reviewed [4-6]. Moreover, several studies have focused on how the interference
with the functionality of these networks can lead not only to loss of epithelial function, but
also to uncontrolled cell proliferation and development of epithelial derived malignant tumors
[7]. An important question to address in order to understand epithelial homeostasis is how
polarity signals, trafficking events, and cell cycle issues are integrated to define epithelial
architecture. Traditionally, the cytoskeleton and its associated motor proteins were viewed to
be passive actors in the construction of cell architecture, functioning downstream regulatory
molecules that have already been localized by pre-existing spatial cues. However, results from
different model systems have supported the idea that the cytoskeleton also drives the
symmetry-breaking process by localizing key regulatory molecules to specific cortical sites
[8]. In the present article we delineate the main characteristics of the epithelial polarity and
recapitulate the current knowledge on the mechanisms by which the actin and microtubule
cytoskeletons contribute to the integration of the different factors that determine epithelial
organization.

Epithelial polarity

At the cellular level, epithelial polarity is characterized by the presence of an apical pole,
facing the lumen of an organ or the outer environment, a lateral domain, involved in cell-cell
interactions, and the basal pole, in contact with the extracellular matrix (ECM). Most epithelial
cells develop a columnar type of apico-basal polarity, which implies the organization of a
simple apical pole that opposes to the basal domain (Figure 1). Multi-layered epithelia, such
as the skin epidermis, develop this type of polarity, but restricted only to the most apical layer
of viable cells, whereas the most basal cells are non-differentiated and proliferative [9]. On
the other hand, hepatocytes develop a particular type of polarity, where there is more than one
apical domain, giving rise to multiple “bile canaliculus” per cell [10]. In any case, the
establishment of cell-cell, and cell-ECM interactions constitute the founding events in the
acquisition of the epithelial polarity. In vertebrates, cell-cell junctions include tight junctions,
adherent junctions, gap junctions and desmosomes. Tight and adherent junctions, also
denominated ““apical junction complex”, are particularly important for the formation and the
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maintenance of apico-basal polarity. Formation of the apical junction complex depends on the
polarity complexes Crumbs and PAR. The latter protein complex determines the localization
of the apical pole, by mutually excluding the “basolateral” scribble complex [4]. Thereafter,
apical cellular junctions contribute to the segregation of the apical and basolateral poles.
Whereas apical junctions contribute to the specification of the apical pole location, the cell-
ECM interaction determines the polarity axis orientation. An initial event is the interaction of
B1-integrins with the extracellular matrix, what leads to the assembly of a protein complex at
the cytosolic integrin domain that transduce the signals originated at the ECM to control
cytoskeleton dynamics and intracellular signaling [11,12]. The proteins associated to the
cellular junctions (Figure 3) as well as B1-integrins are also involved in the specification of
epithelial cell division axis by determining the mitotic spindle orientation [13-15]. Both the
establishment of cell-cell and cell-ECM interactions and the derived intracellular signaling
that ensures the formation of the apico-basal asymmetry depend on the association of those
junctions with the microtubule and actin cytoskeleton.
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Figure 1. Epithelial organization. The image shows a three dimensional reconstruction of F-actin (red),
a-tubulin (microtubules, green) and DAPI (nucleus, blue) staining of the prototype epithelial cells
MDCK cultured to polarize on filters (A). Arrowheads indicate microtubule staining at the primary
cilia. Arrows specify actin organization at the brush border. The diagram above the image represents
the hexagonal prism organization of cells at the epithelial monolayer. The schemas illustrate the
polarized distribution of the actin and microtubule cytoskeleton, the Golgi apparatus, the centrosome
and the endosomal compartments (B), and the polarity and apical junction protein complexes (C) [4,5].
BSE, basal sorting endosomes; CE, common endosomes; ASE, apical sorting endosomes, ARE, apical
recycling endosomes, ERM, ezrin-radixin-moesin.

Acting in the epithelia polarity

Actin filaments are polymers of actin subunits organized in a polarized lattice with two
structurally distinct ends: barbed (plus) ends, enriched in GTP bound actin, and pointed
(minus) ends, which contain ADP bound actin and exhibits a lower rate of actin incorporation.
In differentiated epithelia, these intrinsically polarized filaments organize different arrays at
each cell domain (Figure 2), where they participate in processes as diverse as the formation
of the apical microvilli, the development of the cellular junctions, the interaction of the basal
structures with the ECM, and the regulation of vesicle sorting at the Golgi apparatus and
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endosomal compartments. Furthermore, in association with myosin motors, actomyosin
contraction drives 3D epithelial tissue organization by generating forces at the cellular level.
The latter phenomena have been nicely reviewed elsewhere [16]. In this review we will focus
on actin organization and function in apico-basal cell polarity.

Microvilli are cylindrical cell protrusions present at the apical pole of epithelial cells, which
increase the cell surface available for apical secretory or absorptive transport. In most
epithelial cells which coat hollow organs, these apical protrusions constitute the brush border
(Figure 2). A very well-characterized example is the small intestinal cell microvilli. In this
case, up to 1000 microvilli protrude from a single apical cell surface. This tight organization
of membrane protrusions is enabled by the highly ordered patterning of the actin cytoskeleton,
which is organized as parallel bundles of 10-30 filaments situated at the core of each
protrusion with the barbed ends facing the plasma membrane at the microvillus tip. These
actin bundles are assembled together by crosslinking proteins such as villin, fimbrin or fascin,
and interact with the membrane by means of a group of myosin motors, which include myosin-
la, myosin-6 and myosin-7a/b, and proteins of the ezrin/radixin/moesin family [17]. The
polymerization and bundling of these actin arrays provide the force to generate microvillar
membrane protrusions [18]. Beyond their role in the genesis of the microvilli, actin filaments
constitute tracks for myosin dependent trafficking of apical transporters along these structures
[19, 20], and participates in apical receptor mediated endocytosis and protein internalization
[21].
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Figure 2. Actin cytoskeleton in epithelial cells. Images show monolayer (A) or single cell (B) 3D
reconstructions of F-actin staining of polarized MDCK cells, and single xy planes of the same cell at
the brush border (C) and apical junction (D) level. The schema illustrates actin (red beads) interaction
with apical junction complexes.

The perijunctional actin cytoskeleton comprises actin bundles of filaments which are
associated to the apical junctions by directly interacting with E-cadherin associated catenins
[22] and occludin associated zonula occludens 1 (ZO-1) [23] (Figure 2). The acto-myosin and
junctional complexes form a belt-like ring around the cell perimeter which is responsible for
the junctional tension, and can produce contraction of the microvilli. During the initial
establishment of apical junctions, actin filaments promote the formation of filopodia which
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penetrate into neighboring cells, catalyzing the clustering of apical junction proteins such as
E-cadherin and catenins [24]. At this stage, cdc42, Racl and Rho GTPases are responsible for
recruiting a cohort of proteins to the site of cell-cell contact, which promote actin nucleation
and remodeling and acto-myosin contraction, leading to junction maturation [25]. In mature
epithelia, the junctional actin cytoskeleton contributes to the regulation of apical junction’s
stability. On one side, actin nucleation induced by the cdc42/WASP/ARP2/3 complex
contributes to E-cadherin endocytosis therefore ensuring adherent junction’s remodeling [26].
Additionally, acto-myosin contractility induced by RhoA maintains cell-cell junction tension
[27]. Besides its role in promoting apical junctions formation and dynamics, the perijunctional
actin cytoskeleton interaction with ZO-1 conditions the formation of organotypic epithelial
structures with a single lumen by regulating the symmetric orientation of the mitotic spindle
in dividing cells [28].

In the basal surface of epithelial cells cultured on a rigid surface, actin microfilaments organize
as stress fibers that reach the plasma membrane through their indirect interactions with
integrins. Studies performed in three-dimensional epithelial cells showed that the interaction
of Bl-integrin with biochemically and biophysically defined ECMs can initiate a signaling
pathway that decreases RhoA activation. RhoA inhibition suppresses peripheral actomyosin
contraction, leading to downregulation of focal adhesions and centrosome relocation to the
opposite pole of the cell, thus ensuring the correct positioning of the apical domain [29-31].
Thus, basal actin cytoskeleton acts as a mechano-transducer which participates in the sensing
of the ECM during epithelial cell differentiation.

Besides the distinct arrangements of actin microfilaments associated to plasma membrane,
there are also subsets of actin filaments associated to the different cellular organelles. For
instance, it has been described the presence of a population of short-branched actin filaments
specifically concentrated around the Golgi complex, which associates with budding vesicles
[32]. These findings are in agreement with different studies which described that the
interference with actin regulatory proteins or with actin dynamics affects the exit of apical and
basolateral proteins from the trans-Golgi network in different ways [33, 34]. Even though the
mechanisms involved in the organization of these filaments or contributing to the generation
of specific cargo routes exiting the Golgi complex are far from being elucidated, Rodriguez
Boulan and col. characterized the presence of a dynamic population of actin filaments at the
Golgi region that shows remarkable specificity in promoting the dynamin-mediated fission of
carrier vesicles for apical but not for basolateral markers [35].

Microtubules in epithelial polarity

Microtubules are protofilaments composed of a- and B-tubulin heterodimers which associate
laterally to form hollow tubes. Microtubule filaments are themselves polarized structures that
harbor plus and minus ends, characterized by their distinct dynamic instability. Microtubule
nucleation occurs at the minus end, and is mostly dependent on y-tubulin ring complexes, to
which they can remain attached. Conversely, microtubule plus ends are subject to continuous
polymerization and depolymerization events, regulated by their associated stabilizing and
severing proteins [36]. Microtubule stability is also regulated by tubulin post-translational
modifications, which condition the affinity and activity of microtubule associated proteins
[37].

Whereas in non-differentiated cells microtubule minus ends are generally anchored to a
centrally positioned centrosome, thus displaying a radial array, in differentiated epithelial cells
microtubules mostly organize in vertical arrays, with their minus ends anchored to alternative
microtubule anchoring proteins located at the apical membrane and at apical junctions, and
their plus ends oriented towards the basal membrane (Figure 3) [38-40]. In these cells the
centrosome also localizes apically, where it constitutes the basal body of the primary cilia
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[41], but does not function as a microtubule organizing center [42]. Studies performed in three
dimensional cultures of breast epithelial cells showed that B1 integrin interaction with the
ECM induces microtubule plus ends polarization towards the basolateral membrane, therefore
controlling the orientation of epithelial polarity axis [12]. Besides this main arrangement of
microtubules, there are subapical and basal meshes of shorter microtubules with random
orientation [43].

Microtubule participation in the maintenance of epithelial polarity has been traditionally
attributed to their conventional role as polarized tracks that can direct the traffic of membrane
components to the already developed apical and basolateral membranes. Maintenance of
distinct apical and basolateral poles requires sorting of newly synthesized as well as
endocytosed proteins. Sorting in the biosynthetic pathway occurs either at the trans-Golgi
network or, upon endocytosis from the basolateral domain, at the common endosome. Proteins
endocytosed at the apical membrane, after an initial sorting at the apical sorting endosome,
also converge at that compartment (Figure 1). From the common endosome, proteins can be
sorted to the apical pole, via the apical recycling endosome, or towards the basolateral
membrane [44]. Exocytic transport from the Golgi, transcytosis from the basolateral to the
apical pole and apical recycling, but not basolateral recycling, are microtubule dependent [43].
The asymmetric microtubule distribution facilitates an efficient polarized vesicle targeting.
By association with minus-end-directed motors (mostly dynein), post-Golgi exocytic and
postendocytic vesicles would be directed towards the MT minus-ends facing the cell apex,
while association with plus-end-directed motors (most of kinesins) could target vesicles to the
MT plus-ends rich basal surface [43].

Beyond their well characterized role as polarized tracks, microtubules also participate in
several events that are crucial for the establishment of epithelial polarity, which are not
dependent on microtubule-based vesicle trafficking. As we mentioned above, the organization
and stability of adherent junctions is tightly dependent on the actin cytoskeleton and its
associated motors. Yap and collaborators showed that microtubule plus ends also participate
in the local concentration of E-cadherin, by a mechanism that most probably involves the
regulation of myosin Il activity at cell-cell contacts [44]. Such a role for dynamic microtubules
in the regulation of myosin II activity would also be consistent with increasing evidence that
supports the functional interplay between microtubules and the actin cytoskeleton [46]. As a
matter of fact, our recent studies showed that centrosomal derived microtubules modulate the
“de novo” organization of the brush border and support an essential role for microtubule plus
ends in triggering the apical actin organization [47]. Likewise, Golgi derived microtubule plus
ends participate in the development of “bile canalicular” structures by facilitating apical actin
organization in hepatic cells [48]. Therefore, those studies reveal a novel role of microtubule
plus ends as signaling platforms that integrate microtubule with actin dynamics during the
initial events that define the epithelial polarity.

The microtubule cytoskeleton also participates in the maintenance of epithelial planar polarity
by modulating mitotic spindle orientation. The organization of epithelial cells to form hollow
organs with a single lumen entails that each cell divides symmetrically within the epithelial
plane, so that both resulting daughter cells remain in the same plane. Hence, the mitotic
spindles must orient within the planar axis (Figure 3). Perpendicular divisions, on the other
hand, are necessary to create stratified epithelia. Defective spindle orientation flaws the axis
of cell division and could eventually disrupt epithelial organization and generate daughter
cells unrestrained by contact with neighbors [13]. Mitotic spindle positioning in most epithelia
is controlled by astral microtubules that are nucleated at the spindle poles and orient their plus
ends towards the cell cortex. There are two primary events that determine spindle orientation:
[1] establishment of a polarity axis by the asymmetric distribution of polarity proteins at the
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cell cortex; and [2] alignment of the mitotic spindle with respect to this polarity axis by
microtubule plus ends “capture” at the cortical sites thus defined.
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Figure 3. Microtubules role in spindle orientation. The image shows merged EB1 (green), y-tubulin
(red) and DAPI (blue) staining of a central xy plane of MDCK organotypic structures. Arrowheads
point centrosomes which are located at the apical pole (facing the lumen) in polarized cells, and
constitute the spindle poles in mitotic cells (bottom). y-tubulin/EB1 colocalization at spindle poles is
denoted in yellow. Arrows indicate EB1 labeled microtubule plus ends at the basolateral pole. The
schema represents the interactions between lateral cortical proteins and microtubules plus ends
associated proteins that define the planar axis of epithelial cell division.

The cortical proteins that determine the spindle alignment generate a biased orientation of the
spindle by establishing physical connections with astral microtubules plus-ends binding
proteins and stabilizing these otherwise highly dynamic structures. The cortical protein
complexes that interact with astral microtubule plus ends include the Gai/LGN complex,
which is recruited to the lateral membrane by DIg and E-cadherin, and excluded from the
apical membrane by aPKC phosphorylation. In turn, LGN interacts with “nuclear mitotic
apparatus” (NuMA), which binds to dynein/dynactin, the motor protein responsible for the
astral-microtubule pulling force that directs the movement of the spindle (Figure 3) [13].
Another cortical protein complex composed by cdc42 and the junctional adhesion molecule-
A (JAM-A) that promotes dynein/dynactin gathering at the lateral membrane have also been
identified [49]. Far less is known about the molecular actors that regulate spindle orientation
at the spindle apparatus. The end-binding protein 1 (EB1) is an autonomously plus end binding
protein that regulates microtubule dynamic instability by increasing the periods of
microtubule growth, and decreasing those of microtubule severing. In addition to its role in
the formation and stabilization of spindle microtubules, studies in drosophila indicated that
EBI1 is a crucial factor for spindle orientation during symmetric planar division in epithelial
cells [50]. Our own studies performed in three dimensional epithelial cell cultures showed that
EB1 is loaded on astral microtubules at the spindle poles, and that its presence at these
structures is essential for spindle orientation and accurate lumen formation [51]. Although the
exact mechanism governing EB1 directed spindle orientation has not been elucidated, EB1 is
a scaffold that recruits specific proteins to the microtubule plus ends, including the dynactin
subunit p150 glued and the polarity protein Parl, both involved in spindle orientation. P150
glued itself regulates spindle orientation, probably by enhancing dynein processivity [52].
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Summary

In the present review we summarized how F-actin and microtubules and their associated motor
proteins are common actors in the regulatory events that condition the development of the
multicelular apico-basal epithelial organization: first, signaling downstream integrins
interaction with the ECM; second, assembly and recycling of apical junctions; third, formation
of F-actin sustained apical membrane protrusions; fourth, polarized trafficking of membrane
components and fifth, regulation of mitotic spindle orientation. Therefore, the data reviewed
support a model where actin and microtubule cytoskeleton are much more than tracks: they
are pivots of epithelial homeostasis.

REFERENCES

[1]
(2]

(3]
(4]

[19]

Bryant DM, Mostov KE. From cells to organs: building polarized tissue. Nat Rev Mol Cell
Biol. 2008; 9:887-901.

Dickinson DJ, Nelson WJ, Weis WI. A polarized epithelium organized by beta-and alpha-
catenin predates cadherin and metazoan origins. Science. 2011; 331:1336-1339.

Zallen JA. Planar polarity and tissue morphogenesis. Cell 2007; 129:1051-1063.
Rodriguez-Boulan E, Macara IG. Organization and execution of the epithelial polarity
programme. Nat Rev Mol Cell Biol. 2014; 15:225-242.

Tepass U. The apical polarity protein network in Drosophila epithelial cells: regulation of
polarity, junctions, morphogenesis, cell growth, and survival. Annu Rev Cell Dev Biol. 2012;
28:655-85.

Mellman I, Nelson WJ. Coordinated protein sorting, targeting and distribution in polarized
cells. Nat Rev Mol Cell Biol. 2008; 9:833-45.

Lee M, Vasioukhin V. Cell polarity and cancer-cell and tissue polarity as a non- canonical
tumor suppressor. J Cell Sci. 2008; 121:1141-50.

Li R., Gundersen GG. Beyond polymer polarity: how the cytoskeleton builds a polarized cell.
Nat Rev Mol Cell Biol. 2008; 9:860-873 10.

Tellkamp F, Vorhagen S, Niessen CM. Epidermal polarity genes in health and disease. Cold
Spring Harb Perspect Med. 2014;4:a015255.

Musch A. The unique polarity phenotype of hepatocytes. Exp Cell Res. 2014; 328: 276-283
O'Brien LE, Jou TS, Pollack AL, Zhang Q, Hansen SH, Yurchenco P, Mostov KE. Racl
orientates epithelial apical polarity through effects on basolateral laminin assembly. Nat Cell
Biol. 2001; 3:831-8.

Akhtar N, Streuli CH. An integrin-ILK-microtubule network orients cell polarity and lumen
formation in glandular epithelium. Nat Cell Biol. 2013; 15:17-27.

Seldin L, Macara 1. Epithelial spindle orientation diversities and uncertainties: recent
developments and lingering questions. F'1000Res. 2017; 6:984.

Petridou NI, Skourides PA. A ligand-independent integrin Bl mechanosensory complex
guides spindle orientation. Nat Commun. 2016; 7:10899.

Chen J, Krasnow MA. Integrin Beta 1 suppresses multilayering of a simple epithelium. PLoS
One. 2012; 7:¢52886.

Heer NC, Martin AC. Tension, contraction and tissue morphogenesis. Development.
2017;144:4249-4260.

Sauvanet C, Wayt J, Pelaseyed T, Bretscher A. Structure, regulation, and functional diversity
of microvilli on the apical domain of epithelial cells. Annu Rev Cell Dev Biol. 2015; 31:593-
621.

Nambiar R, McConnell RE, Tyska MJ. Myosin motor function: the ins and outs of actin-
based membrane protrusions. Cell. Mol. Life Sci. 2010; 67:1239—-1254.

Chen T, Hubbard A, Murtazina R, Price J, Yang J, Cha B, Sarker R, Donowitz M. Myosin
VI mediates the movement of NHE3 down the microvillus in intestinal epithelial cells. J Cell
Sci. 2014; 127:3535-45.

18



Physiological Mini Reviews, Vol.11 N°2, 2018

[20]

[21]

[22]

(23]

[24]
[25]

[26]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Kravtsov DV, Caputo C, Collaco A, Hoekstra N, Egan ME, Mooseker MS, Ameen NA.
Myosin Ia is required for CFTR brush border membrane trafficking and ion transport in the
mouse small intestine. Traffic 2012; 13:1072-82.

Apodaca G. Endocytic traffic in polarized epithelial cells: role of the actin and microtubule
cytoskeleton. Traffic. 2001; 2:149-59.

Niessen CM, Leckband D, Yap AS. Tissue organization by cadherin adhesion molecules:
dynamic molecular and cellular mechanisms of morphogenetic regulation. Physiol Rev. 2011;
91:691-731.

Van Itallie CM, Fanning AS, Bridges A, Anderson JM. ZO-1 stabilizes the tight junction
solute barrier through coupling to the perijunctional cytoskeleton. Mo/ Biol Cell. 2009; 20:3930-
40.

Vasioukhin V, Bauer C, Yin M, Fuchs E. Directed Actin Polymerization is the Driving Force
for Epitheilal Cell-Cell Adhesion. Cell. 2000; 100:209-219.

Mack NA and Georgiu M. The interdependence of the Rho GTPases and apicobasal cell
polarity. Small GTPases. 2014; 5:1-16.

Georgiou M, Marinari E, Burden J, Baum B. Cdc42, Par6, and aPKC regulate Arp2/3-
mediated endocytosis to control local adherens junction stability. Curr Biol. 2008; 18:1631-8.
Arnold TR, Stephenson RE, Miller AL. Rho GTPases and actomyosin: Partners in regulating
epithelial cell-cell junction structure and function. Exp Cell Res. 2017; 358:20-30.

Odenwald MA, Choi W, Buckley A, Shashikanth N, Joseph NE, Wang Y, Warren MH,
Buschmann MM, Pavlyuk R, Hildebrand J et al. ZO-1 interactions with F-actin and occludin
direct epithelial polarization and single lumen specification in 3D culture. J Cell Sci. 2017,
130:243-259.

Wozniak MA, Desai R, Solski PA, Der CJ, Keely PJ. ROCK generated contractility regulates
breast epithelial cell differentiation in response to the physical properties of a three-dimensional
collagen matrix, J. Cell Biol. 2003; 163:583-595.

Yu W, Shewan AM, Brakeman P, Eastburn DJ, Datta A, Bryant DM, Fan QW, Weiss
WA, Zegers MM, Mostov KE. Involvement of RhoA, ROCK I and myosin II in inverted
orientation of epithelial polarity. EMBO Rep. 2008; 9:923-9.

Rodriguez-Fraticelli AE, Auzan M, Alonso MA, Bornens M, Martin-Belmonte F. Cell
confinement controls centrosome positioning and Iumen initiation during epithelial
morphogenesis. J Cell Biol. 2012; 198:1011-23.

Percival J. M., Hughes J. A., Brown D. L., Schevzov G., Heimann K., Vrhovski B., Bryce
N., Stow J. L., Gunning P. W. Targeting of a tropomyosin isoform to short microfilaments
associated with the Golgi complex. Mol. Biol. Cell. 2004; 15:268-280.

Musch A, Cohen D, Kreitzer G, Rodriguez-Boulan E. cdc42 regulates the exit of apical and
basolateral proteins from the trans-Golgi network. EMBO J. 2001; 20:2171-9.
Lazaro-Dieguez F., Colonna C., Cortegano M., Calvo M., Martinez S. E., Egea G. Variable
actin dynamics requirement for the exit of different cargo from the trans-Golgi network. FEBS
Lett 2007; 581:3875-3881.

Salvarezza SB, Deborde S, Schreiner R, Campagne F, Kessels MM, Qualmann B, Caceres
A, Kreitzer G, Rodriguez-Boulan E. LIM kinase 1 and cofilin regulate actin filament
population required for dynamin-dependent apical carrier fission from the trans-Golgi network.
Mol Biol Cell. 2009; 20:438-51.

Akhmanova A, Steinmetz MO. Tracking the ends: a dynamic protein network controls the fate
of microtubule tips. Nat. Rev. Mol. Cell Biol. 2008; 9:309-322.

Song, Y and Brady, ST. Post-translational modifications of tubulin: pathways to functional
diversity of microtubules. Trends Cell Biol. 2015; 25:125-136.

Meads T and Schroer TA. Polarity and nucleation of microtubules in polarized epithelial cells.
Cell Motil. Cytoskelet. 1995; 32:273-288.

Bacallao R, Antony C, Dotti C, Karsenti E, Stelzer EH, Simons K. The subcellular
organization of Madin-Darby canine kidney cells during the formation of a polarized epithelium.
J Cell Biol. 1989; 109:2817-32.

Meng W, Mushika Y, Ichii T, Takeichi M. Anchorage of microtubule minus ends to adherens
junctions regulates epithelial cell-cell contacts. Cell 2008; 135:948-959.

19



Physiological Mini Reviews, Vol.11 N°2, 2018

[41]

[42]

[47]

[48]

Peixoto E, Mansini AP, Thelen KM, Gaspari CI. Jin S, Gradilone SA. The role of primary
cilia in cancer. Physiological Mini Reviews. 2017; 10:1-11.

Muroyama A, Lechler T. Microtubule organization, dynamics and functions in differentiated
cells. Development. 2017; 144:3012-3021.

Miisch A. Microtubule organization and function in epithelial cells. Traffic. 2004; 5:1-9.
Mostov K, Su T, ter Beest M. Polarized epithelial membrane traffic. Conservation and
plasticity. Nat Cell Biol 2003; 5:287-293.

Stehbens SJ, Paterson AD, Crampton MS, Shewan AM, Ferguson C, Akhmanova A,
Parton RG, Yap AS. Dynamic microtubules regulate the local concentration of E-cadherin at
cell-cell contacts. J Cell Sci. 2006; 119:1801-11.

Rodriguez OC, Schaefer AW, Mandato C, Forscher P, Bement WM, Waterman-Storer
CM. Conserved microtubule-actin interactions in cell movement and morphogenesis. Nat. Cell
Biol. 2003; 5:599-6009.

Tonucci FM, Ferretti A, Almada E, Cribb P, Vena R, Hidalgo F, Favre C, Tyska MJ,
Kaverina I, Larocca MC. Microtubules regulate brush border formation. J Cell Physiol. 2018;
233:1468-1480.

Mattaloni SM, Kolobova E, Favre C, Marinelli RA, Goldenring JR, Larocca MC.
AKAP350 Is involved in the development of apical "canalicular" structures in hepatic cells
HepG2. J Cell Physiol. 2012; 227:160-71.

Tuncay H. Tuncay H, Brinkmann BF, Steinbacher T, Schiirmann A, Gerke V, Iden S,
Ebnet K. JAM-A regulates cortical dynein localization through Cdc42 to control planar spindle
orientation during mitosis. Nat Commun. 2015; 6, 8128.

Lu B, Roegiers F, Jan LY, Jan, YN. Adherens junctions inhibit asymmetric division in the
Drosopila epithelium. Nature 2001; 409:522-525.

Almada E, Tonucci FM, Hidalgo F, Ferretti A, Ibarra S, Pariani A, Vena R, Favre C,
Girardini J, Kierbel A et al. AKAP350 recruits EB1 to the spindle poles, ensuring proper
spindle orientation and lumen formation in 3D epithelial cell cultures. Sci Rep. 2017; 7:14894.
Lu MS, Johnston CA. Molecular pathways regulating mitotic spindle orientation in animal
cells Development 2013; 140:1843-1856.

20



Physiological Mini Reviews, Vol.11 N°2, 2018

About Authors

Evangelina Almada is a CONICET doctoral fellow who is developing
her PhD in Biological Sciences at the National University of Rosario
studying the microtubule associated proteins that regulate the
orientation of the spindle apparatus in mitotic epithelial cells.

Facundo Tonucci got his PhD in Biological Sciences studying the role
of the microtubule cytoskeleton and its associated proteins in the
acquisition of apico-basal and front-rear polarity in epithelial cells. He
is currently a post-doctoral fellow of CONICET, focused on the study
of the actin cytoskeleton regulatory proteins that define the invasive
properties of epithelial derived cancer cells.

Alejandro Pariani is a graduate student who is carrying out his PhD
in Biological Sciences at the National University of Rosario looking at
the role of the microtubule associated scaffold AKAP350 in the
establishment of immune synapse in Natural Killer cells.

Florencia Hidalgo is a doctoral fellow from CONICET who is
developing her PhD in Biological Sciences at the National University
of Rosario exploring the regulation of the migratory properties of
epithelia derived cancer cells in conditions of nutritional stress.

Cristian Favre obtained his PhD in Biochemistry studying
detoxification systems in hepatocytes during liver regeneration. After
attaining a postdoc stance at the lab of Metabolic Engineering and
Diabetes Therapy in the Institute of Biomedical Research at Barcelona
Science Park (University of Barcelona, Catalonia), he is now a scholar
of the Physiology Department at the University of Rosario, and a
researcher of CONICET. In the last years he has carried out studies in

the field of metabolic signaling. He 1is currently focused on the regulation of
survival/proliferation/ migration of cancer cells under nutritional stress.

21



Physiological Mini Reviews, Vol.11 N°2, 2018

M. Cecilia Larocca received her PhD in Biochemistry looking at the
regulation of lysosomal function in hepatocytes and attained her post-
doctoral training in epithelial cell biology at Vanderbilt University
Medical School (Nashville TN, USA). She is currently an Assistant
Professor of Physiology at the University of Rosario, and a CONICET
Independent Investigator. Her research interests are focused on the role
of the cytoskeleton in the integration of the events that lead to the
acquisition of the specific types of cell asymmetry that warrants epithelial function (epithelial
polarity), acquisition of migratory properties in epithelia-derived cells (front-rear polarity) and
the execution of the immune response at the immune synapse.

22



