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Résumé

Les cellules épithéliales fournissent une barriere entre les
environnements externe et interne du corps et définissent une
compartimentation tissulaire dans les organes, en recouvrant toutes les
surfaces et les cavités internes du corps. Les cellules épithéliales polarisées
des vertébrés sont caractérisées par un complexe jonctionnel comprenant les
jonctions serrées, les jonctions adhérentes et les desmosomes. Le complexe
jonctionnel est responsable de I'adhésion épithéliale par I'établissement de
contacts cellules-cellules spécifiques entre les cellules épithéliales voisines, et
joue un réle dans les fonctions fondamentales de la polarité épithéliale, la
barriere paracellulaire et la morphogenése cellulaire.

PLEKHA7 est une protéine récemment identifié appartenant aux
jonctions adhérentes, ou elle est présente dans les deux complexes majeures
d’adhésions, basé sur les cadherines et les nectines, a travers l'interaction
d’avec les composants cytoplasmiques pl120ctn et afadine [5-7]. PLEKHA7
fait partie d’'un complexe connectant I'E-cadherine aux microtubules du
cytosquelette, et stabilise la zonula adhaerens (ZA) [5]. Des études
génétiques et génomiques ont montré que PLEKHA7 est impliquée dans la
régulation de la signalisation des micro ARNs, dans I'’hypertension, dans la
régulation de la contractilité cardiaque et dans le glaucome [8-11]. Toutefois,
les mécanismes moléculaires a travers lesquels PLEKHA7 participe dans la
physiologie et la pathologie des différents tissues restent inconnus. Dans ma
these, je rapporte de nouveaux résultats qui ont aidé a découvrir les fonctions

bY

de PLEKHA7 dans les cellules épithéliales et endothéliales, a travers



l'identification d’'une nouvelle molécule qui interagit avec PLEKHA7, PDZD11,
par le criblage a deux hybrides de levures, des analyses de spectrométrie de
masse, de co-immunoprécipiation et de pull-down. J'ai analysé les bases
structurelles de leur interaction, montrant que le domaine WW de PLEKHA7
se lie a la région N-terminale de PDZD11; cette interaction est
fonctionnellement essentielle, car PLEKHA7 est responsable du recrutement
de PDZD11 aux jonctions cellule-cellule. Ainsi, jai identifie PDZD11 comme
une nouvelle protéine des jonctions adhérentes. Par ailleurs, jai fourni des
preuves que PDZD11 forme un complexe avec les nectines dans les jonctions
adhérentes, et que son domaine PDZ se lie au motif des nectines liant PDZ.
PDzD11 stabilise les nectines et régule le début des premiéres étapes de
'assemblage jonctionnel. En résumé, mon travail a permis de découvrir une
nouvelle fonction de PLEKHA7 dans le recrutement de PDZD11 dans les
jonctions adhérentes, et a montré que le complexe PLEKHA7-PDZD11
stabilise le complexe des nectines dans les jonctions adhérentes, promouvant
I'efficacité des premiéres étapes dans l'assemblage des jonctions. Ces
résultats suggeéerent un role de PLEKHA7 dans le recrutement et la
stabilisation des protéines liant PDZ aux jonctions adhérentes, ouvrant de
nouvelles perspectives dans la compréhension des mécanismes moléculaires

sous-jacents le role de PLEKHA7 dans la physiologie et pathologie cellulaire.



ABSTRACT

Epithelial cells provide a barrier between the external and internal body
environments and define tissue compartmentalization within organs, by
covering all body surfaces and lining all internal body cavities. Vertebrate
polarized epithelial cells are characterized by a junctional complex,
comprising tight junctions (TJ), adherens junctions (AJ) and desmosomes (D).
The junctional complex is responsible for epithelial adhesion through the
establishment of specific cell-cell contacts between neighboring epithelial
cells, and mediates fundamental functions in epithelial polarity, paracellular
barrier, and cell morphogenesis.

PLEKHAY is a recently identified protein of the AJ, where it is present
at both major adhesive protein complexes, based on cadherin and nectin,
respectively, through its interaction with the cytoplasmic components p120ctn
and afadin [5-7]. PLEKHAY is part of a complex which connects E-cadherin to
the microtubule cytoskeleton, and stabilizes the zonula adhaerens (ZA) [5].
PLEKHAY has been involved by genetic and genomic studies in the regulation
of micro-RNA signaling, hypertension, regulation of cardiac contractility, and
glaucoma [8-11]. However, the molecular mechanisms through which
PLEKHAY participates in tissue physiology and pathology remain unknown. In
my thesis | report novel results which help to uncover PLEKHA7 functions in
epithelial and endothelial cells, through the identification of a novel molecular
interactor of PLEKHA7, PDZD11, by yeast two-hybrid screening, mass
spectrometry analysis, co-immunoprecipitation and pulldown assays. |

dissected the structural basis of their interaction, showing that the WW



domain of PLEKHA7 binds to the N-terminal region of PDZD11; this
interaction is functionally relevant, since it mediates the junctional recruitment
of PDZD11 in vivo. Thus, | identified PDZD11 as a novel AJ protein.
Furthermore, | provided evidence that PDZD11 forms a complex with nectins
at AJ, and its PDZ domain binds to the PDZ-binding motif of nectins. PDZD11
stabilizes nectin adhesion molecules and thus promotes the early steps of
junction assembly. In summary, my work uncovered a new function for
PLEKHAY in recruiting PDZD11 to AJ, and showed that the PLEKHA7-
PDZD11 complex stabilizes the nectin complex at AJ, promoting efficient early
steps in junctional assembly. These results suggest a role for PLEKHA7 in the
recruitment and stabilization of PDZ-binding proteins at AJ, opening new
perspectives in the dissection of the molecular mechanisms underlying

PLEKHATY role in tissue physiology and pathology.



INTRODUCTION

The complexity of multicellular organisms is achieved through the
interplay and interactions of different cell types, which are organized into
tissues and organs. This is made possible by the presence of specific
adhesion molecules on the cell surface, which allow the interaction between
neighboring cells and with the extracellular matrix.

Epithelial cells constitute 60% of the cells in human body; they cover
body surfaces, line internal organs and cavities, thus forming a protective
barrier to the outside, separating and defining functionally different body
compartments, and regulating the exchange of solutes between them. In

addition, epithelial cells constitute glandular tissues.

Figure 1. The junctional complex of vertebrate epithelial cells.

Schematic representation of an epithelial cell with highlighted the junctional complex
components: tight junction, adherens junction and desmosome. These components are also
shown in an electron microscopy image of an epithelial intestinal cell (adapted from [3] and
CSLS/The University of Tokyo).

Along with the increasing complexity of organisms throughout evolution

from Invertebrate to Vertebrate species, there has been a corresponding



increase in the complexity, protein redundance and functional specializations
of cell-cell junctions. In fact, invertebrate organisms have epithelial cells with
two basic types of junctions: septate junctions (SJ) and adherens junction (AJ)
[12]. In contrast, epithelial cells of vertebrates are characterized by a
junctional complex which comprises, from apical to basal: tight junctions (TJ),
which are the functional counterpart of the SJ of invertebrates, adherens
junctions (AJ) and desmosomes (D) [13] (Fig. 1).

The junctional complex is responsible for epithelial adhesion through
the establishment of specialized points of contact between neighboring
epithelial cells. Moreover, it plays crucial functions in epithelial polarity,
barrier, and cell morphology. AJ represent the first contact that is established
between cells, and they are linked to the actin cytoskeleton and to
microtubules, conferring mechanical resistance to junctions, together with
desmosomes, which are linked to intermediate filaments [14]. The junctional
complex is responsible for the establishment and maintenance of apico-basal
polarity through different polarity complexes present either at TJ or along
basolateral membrane, structurally separating functionally distinct proteins
and lipids of the apical and basolateral membranes [15]. Besides their
potential or established roles in cell-cell adhesion, transmembrane proteins of
the TJ, establish a paracellular barrier, which controls the passage of ions
and solutes in the space between neighboring cells [16]. Furthermore, the
junctional complex is also involved in the regulation of cell morphology and
migration, through its association with and organization of the actin
cytoskeleton. Finally, numerous recent studies implicate the junctional

complex in the regulation of signaling pathways, which control the activity of



Rho GTPases, cell proliferation, differentiation and gene expression [4, 17,
18]. Despite the great advances in this field in the last thirty years, further
studies are still needed to clarify the molecular mechanisms at the basis of the
regulation of junction assembly, and their involvement in the physiology and

pathology of epithelial cells and tissues.

TIGHT JUNCTIONS (TJ)

In vertebrate polarized epithelial cells TJ are the most apical element of
the junctional complex. The ultrastructure of TJ was first described by
Farguhar and Palade in 1963, in intestinal epithelial cells. On thin section
electron micrographs TJ appear as points of contact between the outer
leaflets of the plasma membrane of neighboring cells, where membranes
appear to "fuse" together, merging into a single leaflet of the same thickness
of each of the original layer [13] (Fig. 1). TJ have different functions, among
which the best known is to control the flux of solutes and ions across
paracellular pathway (barrier function). The barrier function is accomplished
by transmembrane proteins that seal the space between neighboring cells
and form selective paracellular channels/pores for the passage of solutes and
lons. Different tissues display different paracellular permeability properties,
depending on which of the isoforms of the claudin family of proteins is
expressed. This property can be studied for example by measuring the
transepithelial electrical resistance (TER) of a cell monolayer; a high value of
TER corresponds to low ionic permeability [19-21]. TJ also provide a barrier

against large molecules and pathogens [22]. A second major "canonical"
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function of TJ is the "fence" function, which refers to the maintenance of the
apico-basal polarized distribution of proteins and lipids in the plasma

membrane [16].

Figure 2. Schematic organization of TJ proteins.

Integral membrane proteins of TJ (occludin, claudins, and Ig-lile adhesion molecules such as
JAMSs) are shown connected with the counterpart on neighboring cell. The cytoplasmic plaque
is also shown, with the protein interaction networks mediating connection to the actin
cytoskeleton, regulation of Rho family GTPases and signhaling. PDZ-containing proteins are
represented: ZO proteins, AF-6/afadin, PAR3, PAR6, MAGI and MUPP1. The scaffolding
proteins cingulin and paracingulin, GEFs (GEF-H1, p114RhoGEF, Tiam1, Tuba, RaplGEF),
GTPases (RhoA, Racl, Cdc42) and trascription factors are also represented (adapted from

[4])

In addition to these canonical functions, increasing lines of evidence suggest

a role of TJ in the regulation of gene expression and proliferation, through
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different junctional proteins that can either directly shuttle to the nucleus (for
example ZO-2 and symplekin), or sequester transcription factors at junctions
(ZO proteins and AMOT) [4, 23-25]. Additional proteins, like cingulin and
paracingulin, can regulate gene expression and proliferation by controlling the
subcellular localization of GEFs and GAPs for Rho GTPases [26, 27].

In addition to transmembrane proteins, TJ comprise several
cytoplasmic  proteins, including scaffolding proteins, which link
transmembrane proteins to the cytoskeleton, adaptor and signaling proteins

[4, 28] (Fig. 2).

Transmembrane proteins

TJ comprise two types of transmembrane proteins: 1) tetraspan
proteins, such as occludin, claudins and tricellulin, which cross the membrane
four times, and display cytoplasmic amino and carboxyl terminal regions, and
two extracellular loops; 2) single-pass immunoglobulin-like adhesion proteins,
such as junctional adhesion molecule (JAM) and coxsackievirus and
adenovirus receptor (CAR) [28].

The first transmembrane protein of TJ (occludin) was identified in the
Tsukita laboratory in 1993, by generating monoclonal antibodies against a
liver junctional fraction; the name occludin derives from latin “occludere”,
which means to occlude/seal [29]. Occludin is a 65 KDa protein
characterized by four transmembrane domains and two extracellular loops; its
cytoplasmic region is rich of serine, threonine and tyrosine residues, whose

phosphorylation state determines occludin accumulation at TJ [30, 31]. The
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carboxyl terminal region of occludin directly binds to actin and to ZO proteins
[28, 32, 33]. Early evidence about the importance of occludin in TJ structure
and function came from experiments showing that exogenous expression of
occludin in fibroblasts (lacking TJ) leads to the formation of TJ-like structures;
and that exposure of epithelial cells to a peptide corresponding to the
extracellular loops of occludin perturbs TJ formation and permeability barrier
[34, 35]. However, either depletion or knockout (KO) of occludin in cell lines
and mice does not lead to abnormalities in the morphology and physiology of
TJ [36, 37], possibly due to the redundant expression of tricellulin. Tricellulin
shows sequence similarities to occludin, it is normally present at tricellular TJ,
but localizes along all TJ when occludin is depleted [28].

The lack of strong phenotypes in occludin KO mice led the Tsukita
group to search for additional transmembrane components of TJ; thus, they
identified two new transmembrane proteins, claudin-1 and claudin-2, whose
name derives from latin “claudere” (to close) [38]. Freeze fracture electron
microscopy revealed the presence of claudins as main components of TJ
membrane strands [38].The claudin family of proteins contains over 25
members, which have a size of 20-27 kDa and display four transmembrane
domains and two extracellular loops, without significant sequence similarity to
occludin [39]. The last amino acids of the C-terminal tail of claudins are highly
conserved and contain a PDZ (PsD-95/Disc-large/Z0-1)-binding consensus
sequence, through which claudins can bind the PDZ domain of ZO proteins,
PATJ and MUPP1 [40-42]. Claudins can form homo or hetero-dimers, by
interacting in cis or in trans with other members of the claudin family. Different

combinations of interacting claudins give rise to different patterns in the TJ
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strands [43]. The main function of claudins is to control the paracellular
permeability of epithelial sheets; the expression of different claudins and their
combination provide tissues with their specific permeability properties, which
are adapted to the physiological requirements of each tissue. The crucial role
played by claudins in the barrier function of epithelia is highlighted by the
observation that in claudin-1 KO mice a defective epidermal barrier leads to
the death of newborn mice, by dehydration [44]. Mutation or altered
expression of claudin genes are associated with several different human
pathologies [45].

JAM and CAR are single transmembrane domain proteins of TJ, which
display an extracellular region with two Ig-like domains, and an intracellular
tail bearing a PDZ-binding consensus motif, which allows JAM to interact with
afadin, Par3 and ZO-1 [46-48]. In addition, CAR (Coksackie-adenovirus
receptor) can bind ZO-1 [49]. Knockdown studies in epithelial cells
demonstrated that JAM and CAR are involved in the regulation of the barrier

function [49, 50].

Cytoplasmic proteins

The cytoplasmic region of TJ contains a variety of protein components
that can be subdivided in two large groups: PDZ proteins, which form
scaffolds to anchor membrane proteins of TJ to the cytoskeleton, and non-
PDZ proteins, which include signaling proteins, kinases, transcription factors

and adaptor proteins.
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The PDZ proteins of TJ include the ZO proteins; the membrane-
associated guanylate kinase inverted proteins (MAGIs); the multi-PDZ protein
MUPP1; afadin; the members of the polarity complex involved in the
establishment of apico-basal polarity, PAR-3, PARG6, PALS-1, and PATJ. The
PDZ domain is responsible for the interaction with membrane proteins,
binding the consensus motif at their C-terminal tail, and mediates also the
interaction with the PDZ domain of other proteins, creating scaffolding
networks [4].

ZO proteins (Z0O-1, ZO-2 and Z0O-3) are scaffolding proteins belonging
to the membrane-associated guanylate kinase (MAGUK) family. They contain
three PDZ domains, followed by a Src-homology (SH3) domain and a
guanylate kinase (GUK) domain. The SH3 domain binds proline-rich regions,
mediating the association with signaling proteins. Moreover, the GUK domain
of ZO proteins lacks crucial residues that are necessary for kinase activity,
and is likely only involved in protein interactions [51]. ZO-1 is a Mr 220 kDa
protein, and it was the first identified protein of TJ [52]. Subsequently ZO-2
(160 kDa) and ZO-3 (130 kDa) were identified as proteins, through their co-
immunoprecipitation with ZO-1 [53, 54]. The first PDZ domain of ZO-1
mediates its homodimerization, whereas the second PDZ domain is
responsible for heterodimerization with ZO-2 and ZO-3 [55]. The first PDZ
domain of ZO proteins is responsible for the interaction with the cytoplasmic
tail of claudins. This interaction is crucial for the assembly of claudin
fibrils/strands. ZO-1 and ZO-2 show redundant function and only when both
are depleted do claudins fail to assemble into TJ fibrils, with consequent

impairment of the barrier function [56]. In contrast, ZO-3 does not appear to
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be required for TJ formation in epithelia [57]. ZO-1 interacts also with occludin
and oa-catenin through the SH3-GUK domain, and through its C-terminal
region with afadin and cingulin (CGN), and is crucial for the junctional
recruitment of the latter [58-60]. The C-terminal region of ZO-1 and ZO-2
contains also an actin-binding domain, allowing them to connect
transmembrane TJ proteins to the actin cytoskeleton [61]. Finally, ZO-1 can
associate through its PDZ3-SH3-GUK domain to the transcription factor
Dbpa/ZONAB, and all three ZO proteins redundantly regulate its
sequestration at TJ [24]. In vivo the KO of either ZO-1 or ZO-2 is not
compatible with life, with mice dying at early embryonic stage, due to failure in
development of the yolk sac and annexed tissues [62, 63]; whereas, mice KO
for ZO-3 are viable and don’t show any defect in TJ morphology and function,
except for defective blood-sperm barrier [57].

Other PDZ protein of the TJ include the polarity complex proteins.
Three polarity complexes mediate the establishment of the apico-basal
polarity in epithelial cells: two localized apically at TJ, the PAR and Crumb
complexes; one localized at lateral membrane, the Scribble complex. The
PAR complex, originally described in C. elegans, in mammals comprises the
scaffolding PDZ containing proteins PAR3 and PAR6 and the catalytic protein
atypical protein kinase C (aPKC) [64]. PARS localizes at TJ by interacting
through its second PDZ domain with JAM, and subsequently recruits the other
two members of the complex (PAR6 and aPKC) [48, 65, 66]. It also interacts
with Tiam1l, thus regulating the spatial activation of Racl and the junction
assembly [67]. PAR6 mediates the interaction of PAR3 with aPKC, once

activated by either Cdc42 or Racl, thus driving junction formation and polarity
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establishment [64, 66]. The second apical polarity complex, Crumb,
comprises the transmembrane protein CRB, which binds to the cytoplasmic
PDZ containing protein PALS1; PALS1 in turn is connected to the other
cytoplasmic members PATJ and MUPP1. PATJ interacts through its PDZ
domain to ZO-3 and claudin-1 [42], and its depletion affects the stability of TJ
and of the Crumb polarity complex [68]. MUPPL1 instead interacts with JAM,
CAR and claudins and may serve as linker between these transmembrane TJ
proteins [64].

In addition to the above mentioned PDZ proteins, the cytoplasmic side
of TJ comprises several non-PDZ proteins, including signaling and scaffolding
proteins; among them we will examine in further detail cingulin and

paracingulin.

Cingulin

Cingulin is a 140 kDa cytoplasmic protein exclusively found at TJ of
epithelial and endothelial cells of vertebrates. It was discovered in 1988 as a
protein, which copurified with non-muscle myosin Il from chicken intestinal
epithelial cells, and it has a similar domain organization to myosin. Its name
derives from latin “cingere” (to form a belt around), since it localizes in an
apical circumferential belt in epithelial cells [69]. At the structural level,
cingulin is characterized at the N-terminal region by a globular head, followed
by a coiled-coil rod domain and a small globular tail at the C-terminal region
[58] (Fig. 3). Cingulin exists as a parallel homodimer, thanks to the interaction

of the alpha-helices of each monomer, to form a coiled-coil rod domain. In
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vitro cingulin can bind to and bundle actin filaments, but it does not appear to
be involved in the regulation of actin filaments architecture in vivo [70]. The N-
terminal region of cingulin is a site of interaction for many different molecular
partners, like ZO proteins, afadin and JAM [46, 58]. The AMPK-mediated
phosphorylation on specific serines in this region mediates the association of
cingulin with a planar apical network of microtubules, thus mediating the
association of microtubules with TJ [71]. This association is important for TJ-
related regulation of epithelial morphogenesis [71]. The globular head of
cingulin is responsible for the interaction with the ZO proteins, afadin and JAM
[46, 58]. The interaction with ZO-1 is fundamental for cingulin localization at
TJ; this interaction is mediated by a small region called ZO-1 interaction motif
(ZIM) [72] (Fig. 3). Cingulin accumulation at TJ is lost in epithelial cell lines
lacking ZO-1, but not ZO-2, suggesting no redundancy of ZO-1 and ZO-2
concerning cingulin junctional recruitment [73]. The KO of cingulin in embryoid
bodies does not affect TJ organization and function, but leads to altered
expression of over 800 genes, including, occludin, several claudins, and the
transcription factors GATA-4, GATA-6 and HFN-4a, which are implicated in
endodermal differentiation [74]. The role of cingulin in regulating gene
expression was partially confirmed by experiments using cingulin knockdown
(KD) epithelial (MDCK) cell lines, which show altered expression of claudin-2
and ZO-3, and increased cell proliferation. The ability of cingulin to regulate
gene expression and cell proliferation depends on its ability to control cellular
RhoA activation; in fact, cingulin binds and sequesters at junction the guanine
nucleotide exchange factor (GEF) GEF-H1, preventing its activation of RhoA

[26, 75]. Cingulin KO mice display normal TJ morphology and function, but
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have altered expression of claudin-2 and an exacerbated response upon
pharmacologically induced duodenal injury [76]. Furthermore, cingulin is
implicated in the junctional recruitment of an additional GEF, p114RhoGEF,
Important for junction assembly in epithelial corneal cells [77]. However,
experiments on KD MDCK cells indicate that cingulin does not affect TJ
assembly and barrier function, suggesting that the role of cingulin in barrier
function is cell-context dependent. This idea is confirmed by the observation
that endothelial cells overexpressing cingulin show increased barrier function,

and mice KO for cingulin display impaired blood brain barrier function [78].

Figure 3. Schematic representation of the domain organization of cingulin and
paracingulin.

Human cingulin and paracingulin protein domains are indicated with the correspondent amino
acidic residues. ZIM (ZO-1 interacting motif) sequence is indicated, along with the
correspondent GEFs molecular partners of each protein.

Paracingulin

Paracingulin (also known as JACOP, or cingulin-likel-CGNL1) is a 160
kDa junctional protein which shows sequence and domain organization
similarities with cingulin [79]. It has a globular head bigger than cingulin, a

shorter coiled-coil rod domain, and a globular tail (Fig. 3).
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Due to the structural similarity with cingulin, it is likely that paracingulin
also forms homodimers. Although the two proteins form a complex detectable
by co-immunoprecipitation, they are not likely to function as a unit, since their
junctional recruitment and dynamics are independent [80]. Unlike cingulin,
paracingulin has been immunolocalized both at TJ and AJ [79]. Similarly to
cingulin, it presents a ZIM sequence in its globular head that mediates its
interaction with ZO-1, responsible for paracingulin accumulation at TJ [81]. In
contrast, paracingulin is recruited to AJ through the interaction of its globular
head domain with PLEKHA7[81]. Possibly due to the association with
PLEKHA7, which mediates the conneciton between E-cadherin and the
microtubule cytoskeleton, perturbing microtubule organization results in the
loss of junctional paracingulin [80]. Paracingulin is involved in the regulation of
the Rho family GTPases RhoA and Racl through the GEFs GEF-H1 and
Tiam1, respectively [27] (Fig. 3). Similarly to cingulin, paracingulin interacts
with GEF-H1, sequestering it at junctions and preventing RhoA activation.
Paracingulin-depleted cells also show altered expression of claudin-2 and ZO-
3, and increased proliferation [27]. Furthermore, paracingulin is involved in the
regulation of junction assembly by interacting, through its head domain, with
the Racl GEF Tiam1, which locally activates Racl driving junction formation.
Epithelial cells depleted of paracingulin lose junctional recruitment of Tiam1,

showing decreased Rac1l activation and delayed junction formation [27].
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ADHERENS JUNCTIONS (AJ)

AJ comprise cell-cell adhesion structures found in a variety of cell
types, e.g., AJ are not restricted to epithelial cells, like TJ. In polarized
epithelial cells, AJ are localized immediately basal to TJ. By electron
microscopy, AJ appear as sites where the opposing plasma membranes of
neighboring cells are separated by an extracellular space of ~200 A [13].
Actin filaments are densely associated with the cytoplasmic face of the AJ
plasma membrane [82]. Within vertebrate polarized epithelial cells AJ can be
distinguished into two subdomains: 1) a circumferential apical ring called
“zonula adhaerens” (ZA) or adhesion belt, just below TJ, which contains a
circumferential actin belt in the cytoplasm, which runs parallel to the
membrane; 2) along the lateral membrane in a punctate pattern, called puncta
adhaerentia, or lateral contacts, where actin filaments terminate more
perpendicularly [83]. In non-epithelial cell types AJ have different
morphologies, but are typically discontinuous, in the form of spot-like
adhesion contacts, where actin filaments terminate in a perpendicular fashion,
similar to puncta adhaerentia [18, 84]. AJ are responsible for the initiation and
maintenance of cell-cell adhesion, for coordinating tissue organization and
integrity, and for regulating cell shape and motility through rearrangements of
the cytoskeleton. For example, the disruption of AJ leads to the loosening of
cell contacts and disorganization of tissue architecture [18]. AJ are connected
both to actin and microtubule cytoskeletons. The interaction with the actin

cytoskeleton is mediated by several cytoplasmic proteins, comprising o-

catenin, afadin, eplin, vinculin and a-actinin [85-89]. AJ can drive epithelial
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shape changes through the contraction of the AJ-associated actomyosin belt,
and this is a fundamental role of AJ in tissue remodeling during development
[18, 90]. AJ can also interact with microtubules, although this interaction is
less well characterized, compared to interaction with actin. §-catenin interacts
with the motor protein dynein [91], and a complex comprising p120ctn,
PLEKHA? and nezha links E-cadherin to the microtubules minus end [5] (Fig.

4).

Figure 4. Schematic representation of AJ.

Semplified representation of AJ organization, with the two major adhesion molecules, nectin
and cadherin, connected together or either with the actin or microtubule cytoskeleton through
their cytoplasmic partners.

Besides their role in adhesion and linkage to cytoskeleton, AJ are also

involved in signaling and regulation of gene expression. Cytoplasmic proteins,
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such as p-catenin and p120ctn, can directly translocate to the nucleus, where
they interact with transcription factors, whereas PLEKHA7 regulates the
processing of miRNAs [8]. Furthermore, both pl120ctn and afadin can
modulate gene expression through the regulation of RhoA and Racl activity
[92, 93]. Finally, a-catenin is involved in the junctional retention of the
transcription factor YAP [94, 95].

Cadherins and nectins are two major types of transmembrane
adhesion proteins of AJ and they are connected through their cytoplasmic
partners to the cytoskeleton (Fig. 4). They are discussed in further detall

below.

Cadherins

Cadherins are a superfamily of adhesion molecules comprising more
than 40 different members, and they mediate various types of cell-cell
interactions. In mammalian species, a subset of the family of cadherins are
the "classical" cadherin family and they comprise 20 members, that share a
similar domain organization. They are single-span transmembrane proteins
with an extracellular domain constituted of five cadherin repeats (EC domain),
and a short cytoplasmic domain. The family members are named after the
tissue of their predominant expression, such as epithelial cadherin (E-
cadherin), neural (N-cadherin), vascular endothelial (VE-cadherin) and
placental (P-cadherin) [96, 97]. The EC domain contains calcium binding
sequences, and calcium binding to the extracellular region is required for the

trans-interaction between cadherins of neighboring cells to occur [98].
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Furthermore, cadherins can homodimerize in cis, and their clustering
strengthens cell-cell contacts [99, 100]. Besides the well-conserved EC
domains there are some sequences in the extracellular region that vary
between the family members and confer adhesive specificity [96]. Homotypic
interactions have higher affinity than heterotypic ones, allowing segregation
and sorting of different cell types [96]. Non-classical cadherins have a similar
extracellular domain organization, but differences in the cytoplasmic domain
sequence and molecular interactions. Among them are the desmosomal
cadherins (desmocollins and desmogleins), protocadherins and Fat cadherins

[18, 101, 102].

E-cadherin

E-cadherin is the major calcium-dependent transmembrane protein of
epithelial AJ. The cytoplasmic region of E-cadherin is divided in two parts: the
juxtamembrane domain (JMD), responsible for the interaction with p120ctn,
and the C-terminal, catenin-binding domain (CBD), which mediates the
interactions with p-catenin and plakoglobin [103-105]. The interaction with
pl20ctn stabilizes E-cadherin at AJ, since pl20ctn binding masks the
residues implicated in clathrin-mediated endocytosis and Hakai-dependent
ubiquitination [106, 107]. Thus, p120 binding to E-cadherin prevents its
endocytosis, which can drive junction disassembly [108]. The association of
E-cadherin with microtubules, which is mediated by the p120ctn-PLEKHA7-
nezha complex, also stabilizes E-cadherin at AJ. The kinesin motor KIFC3,

which is bound to microtubules, recruits the USP47 deubiquitinase to AJ
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[109], thus counteracting Hakai-dependent ubiquitination, which promotes
endocytosis. E-cadherin association with p-catenin is promoted by the
phosphorylation of E-cadherin on three specific serine residues [110]. The
binding to B-catenin also stabilizes E-cadherin at AJ, since it allows the
interaction with a-catenin and in turns with the actin cytoskeleton, and
strengthens cell-cell contacts [111]. The interaction between E-cadherin and
B-catenin may also be involved in Wnt/B-catenin signaling, since E-cadherin
sequesters B-catenin at AJ, thus reducing the cytoplasmic pool, which can
translocate to the nucleus to regulate gene expression [112]. Despite the
central role of E-cadherin in cell-cell adhesion, epithelial cells depleted of E-
cadherin display normal AJ, TJ and apico-basal polarization. However,
depletion of E-cadherin affects the establishment of cell-cell junctions,
pointing to a central role of E-cadherin in driving junction assembly, rather
than a role in their maintenance [113].

Genetic approaches targeting E-cadherin in mice have revealed the
central role of E-cadherin in epithelial development and morphogenesis. E-
cadherin KO mice die at early embryonic stage due to failure in the formation
of trophectoderm [114]. Conditional KO of E-cadherin in postnatal epidermis
results in loss of AJ, loss of hair follicles, and altered epidermal differentiation
[115]. The conditional targeting of E-cadherin in embryonic skin epithelium
impairs TJ formation and barrier function, causing postnatal death due to
dehydration [116]. E-cadherin regulation and turnover is necessary to drive
physiological morphogenetic events such as epithelial to mesenchymal

transition (EMT). Furthermore, downregulation or loss of E-cadherin is
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associated with epithelial tumors and correlates with malignancy and the

metastatic process in mouse models and human patients [117].

Nectins

Nectins are calcium-independent type-l single pass Ig-like
transmembrane adhesion proteins of AJ. The nectin family of proteins
comprises four members (nectin-1 to 4) and shares similarities with the
members of a related family of non-canonical components of AJ, the nectin-
like molecules (Necls) [118]. Nectins consist of an extracellular domain,
comprising three Ig-like domains with a distal IgV followed by two IgC
domains, followed by a transmembrane region and a cytoplasmic tail with a
terminal four conserved residues that constitutes a PDZ-binding motif (Fig. 5).
Nectins were first identified as viral receptor proteins, they are also known as

poliovirus receptor-like proteins (PVRL1-4) [119, 120].

Figure 5. Schematic representation of nectins domain organization.

Nectins domain organization with the three extracellular loop, the transmembrane domain in
pink and the PDZ consensus sequence in yellow. Nectins interactors and the region of
binding are also represented (adapted from [1]).
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The first extracellular loop of nectins mediates the homophylic and
heterophylic trans-interaction with nectins on neighboring cells, whereas the
second and third extracellular loops mediate cis-interaction. Nectins form
trans-hetero-dimers in different combinations, and heterophylic interactions
are stronger than homophylic ones, with the nectin-1/nectin-3 hetero-dimer
being the strongest affinity interaction [121, 122]. Within the cytoplasmic
region the last four residues of nectins bind to the PDZ domain of different
proteins, among which the best characterized is afadin [123]. Depending on
nectin isoform, nectins have been reported to interact with additional PDZ
proteins, such as the polarity complex protein Par3, and the PDZ proteins
PICK-1, MUPP1 and PATJ [124-126] (Fig. 5). These interactions are required
for the regulation of TJ and AJ in epithelial cells. Nectin-1 and -3 also bind
willin, whereas nectin-2 and -4 bind zyxin, mediating the recruitment of these
proteins to cell-cell adhesion sites [127, 128] (Fig. 5). The interaction of
nectins with afadin is important for their association with the actin
cytoskeleton, and for the link with E-cadherin based complexes, through
afadin interaction with a-catenin [129, 130] (Fig. 4). Nectins first cis-interact
and then trans-interact at joining protrusion sites of neighboring cells, thus
independently initiating and driving the formation of cell-cell junctions,
followed by E-cadherin interactions. This first interactions give rise to spot-like
junctions, which subsequently mature into belt-like AJ. Nectins and E-
cadherin cooperatively organize AJ, during junction formation [131]. Nectins
organize E-cadherin-based nascent complexes by connecting through them
via their cytoplasmic partners afadin-ponsin and vinculin-a-catenin,

respectively [131, 132] (Fig. 4). However, nectins alone can efficiently drive
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the formation of AJ and TJ even without the cooperation of E-cadherin [133,
134]. Studies on nectin function in epithelial cells show their importance in
junction formation [135]. Nectin mutations in the extracellular domain, which
prevent the trans-interactions, affect junction assembly, delaying AJ formation
[135].

Despite their importance in cell-cell adhesion in different tissues, the
individual KO of nectins in mice do not lead to either embryonic lethality or
strong phenotypes, probably due to the functional redundancy among nectin
family members. However, nectin KO mice display developmental and
functional abnormalities, for example either nectin-2 or nectin-3 KO leads to
male infertility, due to defective formation and maintenance of sertoli-
spermatid junctions [136]. Moreover, nectin-1 and nectin-3 are required for
correct eye development, since they mediate the apex-apex adhesion
between the ciliary epithelial cell layers [137]. Mice lacking these nectins
display microphthalmia and separation of the pigment and non-pigment
epithelia of the ciliary body [137]. These two nectins are also responsible for
the adhesion of auditory sensory epithelial cells, being important for the
development of the mammalian inner ear [138]. Finally, nectins may
contribute to tumorigenesis, since several nectins are overexpressed in breast

and ovarian cancer tissues, and in non-small-cell lung cancers [121].

Catenins

Catenins mediates the linkage of E-cadherin to the cytoskeleton and

are divided in two subfamilies: 1) catenins which contain armadillo repeats, for
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example B-catenin, p120ctn and plakophilins; 2) non-armadillo catenins, such
as a-catenin, which does not share sequence similarities with other catenins,

but is more similar to vinculin.

a-catenin

Similarly to cadherins, a-catenin is found in different isoforms named
after the tissues in which they are predominantly expressed. Three isoforms
of a-catenin have been characterized: oE-catenin in epithelial tissue, oN-
catenin in neural tissue and aT-catenin in heart. a—catenin is responsible for
the stabilization of AJ, since it mediates the connection of E-cadherin complex
to the actin cytoskeleton and to the nectin complex. Unlike other catenins,
o—catenin does not bind directly to E-cadherin, but indirectly through the
interaction with f—catenin [139]. One prominent feature of a—catenin is that it
can directly bind and bundle actin filaments, and interact with additional actin
binding proteins, which regulate actin filament turnover, providing the
connection of AJ with the circumferential F-actin belt [85, 140]. The
iImportance of a—catenin in cell-cell adhesion is shown by the observation that
cells depleted of this protein fail to adhere. Furthermore, a—catenin KO is
lethal at the embryonic stage in mice [141]. The conditional KO of a-catenin in
the skin results in a more severe phenotype compared to that of E-cadherin,
with hyperproliferation and defects in cell adhesion in epidermis [142]. Finally,

o—catenin is also involved in contact-dependent inhibition of cell proliferation,
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by binding and sequestering the transcriptional coactivator YAP at cell

junctions, when cells grow at high density [94].

B-catenin

—catenin belongs to the armadillo repeat subfamily of catenins, since
it contains 12 armadillo repeats (a conserved 40 residue motif). B—catenin is
found in different pools: 1) associated with AJ, 2) in the cytoplasm and 3) in
the nucleus, reflecting the different functions of the protein. In fact, p—catenin
regulates cell-cell adhesion but is also involved in transcriptional regulation by
the Wnt signaling pathway [143]. Its different roles are mediated by differential
interaction with molecular partners. p—catenin interacts with E-cadherin, in a
phosphorylation-dependent way, through a central armadillo repeat, the N-
terminal domain of B—catenin mediates its interaction with o—catenin, whereas
the C-terminal region mediates the transcriptional activation function [103,
143]. Under normal conditions the majority of p—catenin is associated with E-
cadherin at AJ, with low levels of the cytoplasmic pool, since excess
cytoplasmic B-catenin is phosphoryated, recruited to the APC complex,
ubiquitinated, and degraded by the proteasome. Upon activatio then of Wnt
pathway, the APC-mediated degradation of the cytoplasmic p—catenin is
inhibited, and pB—catenin can translocate to the nucleus, where it binds the
Tcf/Lef transcription factor, activating the transcription of Wnt target genes
[143-145]. B-catenin promotes E-cadherin based adhesion through two

mechanisms: 1) by regulating cadherin trafficking from the endoplasmic
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reticulum (ER) to the plasma membrane and 2) by stabilizing E-cadherin at AJ
through the association with a—catenin [146, 147]. The KO of p—catenin in
mice leads to early embryonic lethality, due to failure in mesoderm
development. In addiiton, conditional KO of B—catenin in different tissues

leads to defective cell differentiation and altered tissue integrity [148].

p120-catenin

p120-catenin (p120ctn) is a protein of the armadillo family, which is
fundamental for the stability and dynamics of cadherins. It contains 9
armadillo repeats, through which it binds to the JMD domain of E-cadherin,
and an N-terminal region, which contains regulatory phosphorylation domains
[149], [150]. By binding to E-cadherin, pl120ctn prevents E-cadherin
ubiquitination and endocytosis, since it competes for the binding with Hakai,
an E3 ubiquitin ligase which ubiquitinates E-cadherin and promotes its
internalization [151, 152]. By binding to PLEKHA7 through its N-terminal
region, p120ctn promotes the association of E-cadherin with microtubules and
its stabilization, since this linkage allow the ZA localization of USP47, the
deubiquitinase that counteracts the action of Hakai [5, 109].

p120ctn is involved in cell motility and cancer cell invasiveness through
its ability to influence the assembly and contractility of the actin cytoskeleton,
by regulating the activities of Rho GTPases. Specifically, p120ctn can inhibit
RhoA activation, either by acting as a GDP dissociation inhibitor (GDI) and
directly binding to RhoA, or by interacting with p190RhoGAP, to decrease

RhoA activity at site of cell-cell contact [153, 154]. By regulating RhoA activity
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p120ctn controls epithelial cell shape maturation and lumenogenesis [155].
Epithelial cells depleted of p120ctn show altered morphogenesis, with
disrupted apical surface and altered lumen formation [155]. Similarly to -
catenin, pl120ctn can also localize in the nucleus [156]. Either pl120ctn
phosphorylation or E-cadherin depletion can trigger the translocation of
p120ctn from AJ to the nucleus, where it binds to the transcriptional repressor
Kaiso. p120ctn binding to the transcriptional repressor Kaiso promotes the
dissociation of Kaiso from DNA, activating the transcription of genes such as
cyclin D1 and matrilysin, which are also activated by the [(-catenin/Tcf
pathway [156]. p120ctn seems to have a dual role in human cancers, on one
side it acts as tumor suppressor by stabilizing E-cadherin, on the other side
recent findings highlight the presence of a p120ctn tumor promoting
basolateral complex, where Src-phosphorylated p120ctn is associated with
proteins involved in cell cycle, signaling and tumor progression like cyclin D1,
MYC and SNAIL [8]. This tumor promoting basolateral complex was proposed
to act in antagonsim to the apical complex, where p120ctn is associated with
PLEKHA7. The apical complex recruits components of the micro-RNA
processing complex to the ZA, and promotes the maturation of miRNAs
targeting the basolateral tumor promoting proteins [8, 157].

The fundamental importance of p120ctn in vertebrates is confirmed by
the strong phenotypes of pl120ctn KO mice. The global KO of pl120ctn is
embryonic lethal, and the conditional KO of p120ctn in various tissues cause
defects in morphology, function and differentiation of epithelial tissues, due to

defects in adhesion, increased inflammation and proliferation [158-160].
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Afadin

Afadin is a Mr 205 kDa protein that has been immunolocalized at both
AJ and TJ [59, 86]. At the structural level its N-terminal region contains two
Ras-associated domains (RA), a fork head-associated domain (FHA), a dilute
domain (DIL) followed by a PDZ and two proline-rich domains. The C-terminal
tail of the long isoform of afadin (I-afadin) contains a F-actin binding region,
which is missing in the shorter splicing variant of afadin (s-afadin) [86]. L-
afadin is ubiquitously expressed, whereas s-afadin is specifically expressed in
neurons [86]. Afadin is a target of Ras, and through its RA domain it binds the
small G protein Rapl [118]. Through the same domain afadin interacts with
Z0O-1 at TJ, and this association is inhibited by activated Ras, whose activity
perturb cell-cell contacts [59]. Afadin also forms a complex with cingulin [58,
59], and has multiple additional partners, that associate to its PDZ domain.
For example afadin forms complexes with nectins, c-Src and JAM at AJ [47,
123, 161] (Fig. 6). The F-actin binding region of afadin allows to connect
nectins to the actin cytoskeleton, and afadin interaction with profilin might
modulate actin modeling at the AJ [162]. In addition, afadin connects the
nectin complex to the E-cadherin complex through multiple interactions. For
example, afadin can bind a-catenin either directly, or indirectly through ponsin
(which interacts with vinculin), or through ADIP and LMO7 (which interact with
the a-catenin partner o-actinin) [98, 118, 130, 132, 163] (Fig. 6). Finally,
afadin interacts with PLEKHA7 through two regions, one comprising the RA
domains, and one comprising the PDZ domain, thus recruiting PLEKHA7 to

nectin-based AJ [7]. Afadin plays key roles in the junctional organization and
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establishment of apico-basal polarity. Depletion of afadin in cultured cells
inhibits cadherin-based AJ formation and also TJ formation [133, 134, 164].
Afadin KO in mice leads to embryonic lethality due to failure in gastrulation,
with disorganized mesoderm and impaired migration of mesoderm. TJ and AJ
are improperly organized with loss of polarization in the ectoderm of afadin-
KO mice and embryoid bodies, reflecting afadin importance in the formation of

cell-cell junctions, development of cell polarity and differentiation [165, 166].

Figure 6. Scematic representation of afadin interactors at AJ.

The organization of AJ and afadin direct and indirect interactors at nectin and E-cadherin
complexes are represented. Arrow indicates direct interaction between afadin and a-catenin
(in yellow) (adapted from [2]).

PLEKHAY

Pleckstrin Homology domain-containing family A member 7

(PLEKHAY7) is a recently identified protein of the zonula adhaerens, which
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interacts with the AJ cytoplasmic proteins p120ctn, nezha, paracingulin and
afadin. PLEKHA7 was independently identified by mass spectrometry as an
interactor of the N-terminal domain of p120ctn [5], and by yeast two-hybrid
screening as an interactor of paracingulin [6, 81]. Unlike other AJ proteins and
similarly to afadin, PLEKHAY localizes exclusively to the apical zonular region,
being excluded from lateral punctate AJ. PLEKHA7 exists in two isoforms and
migrates as Mr 135-145 KDa polypeptides; its mMRNA is detected in several
tissues, including brain, colon, liver, kidney, placenta, skeletal muscle, spleen,
small intestine, lung and heart [6]. However, the functional differences
between the two isoforms have not been characterized yet.

The N-terminal region of PLEKHA7 comprises two tryptophan domains
(WW), each comprising 33 residues spaced by a region of 11 residues, a
pleckstrin homology (PH) domain consisting of 120 residues (Fig. 7), which
allows it to bind phospholipids [10], thus providing a possible anchorage to
plasma membrane. The C-terminal region of PLEKHA7 comprises two coiled-
coil (CC) and two proline-rich (Pro) domains. By binding p120ctn and nezha,
PLEKHAY is part of a protein complex, which links E-cadherin to microtubules
minus end, thus stabilizing E-cadherin complex at the zonula adhaerens.
PLEKHAY as part of this complex is responsible for the accumulation of the
kinesin motor KIFC3 to AJ, which brings at junction the deubiquitinase
USP47, counteracting the effects of the E3-ubiquitin ligase Hakai that
promotes E-cadherin internalization. In fact, epithelial cells depleted of
PLEKHAY7 show loss of junctional KIFC3 and reduced E-cadherin levels [5,
109]. A region in the N-terminal of PLEKHA7 (aa 120-374), comprising the

PH domain, is responsible for the binding to afadin [7] (Fig. 7). PLEKHA7Y is
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independently recruited at AJ by p120ctn at E-cadherin based AJ, whereas
through the interaction with afadin is recruited at nectin based AJ, both
interactions are important for the stabilization of the zonula adhaerens [5, 7].
A region comprising the first proline-rich domain (aa 538-696) is responsible
for binding to pl120ctn, whereas nezha and paracingulin interact with
overlapping regions of PLEKHA7, comprising the first coiled-coil domain (aa
680-821 and aa 620-769 respectively) [5, 81] (Fig. 7). Through this interaction

PLEKHAY is responsible for the recruitment of paracingulin at AJ.

Figure 7. Schematic representation of PLEKHA7 protein organization.

Highlighted PLEKHA7 conserved domains and residues: two WW Trp-Trp domain; PH
plekstrin homology domain; two P prolin-rich domains; two CC coiled-coil domains. PLEKHA7
residues of interaction with its molecular partners are also shown.

Recent studies show a role for PLEKHA7 in the maturation of specific
mMiRNAs through the recruitment of components of the miRNA processing
machinery, DROSHA and DGCRS8, at the ZA [8]. Thus, PLEKHA7 is
responsible for the local maturation of specific miRNA, which suppress the
expression of growth promoting proteins, such as SNAIL, MYC and cyclin D1
[8]. In this model, PLEKHA7 defines an apical, tumor-suppressing p120ctn
complex, which antagonizes the effects of the basolateral tumor-promoting
pl120ctn complex, characterized by src-phosphorylated pl120ctn associated

with proteins involved in cell cycle progression and cancer. Accordingly,
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epithelial colon cancer (Caco2) cells depleted of PLEKHA7 show increased
anchorage independent growth and the expression of mesenchymal and
transformation markers [8]. Indeed, several human tumors, including breast
and renal carcinoma, display a mislocalized, reduced or lost expression of
PLEKHA7 [157, 167].

Genome-wide analyses have identified SNPs in PLEKHA7 associated
with either high systolic blood pressure or primary angle closure glaucoma [9,
11]. Genetic studies in vivo showed the implication of Hadp1, the PLEKHA7
homolog in zebrafish, in cardiac development and contractility, pointing to a
role in the regulation of intracellular calcium response in cardiomyocytes [10].
Furthermore, genome-wide data were confirmed in vivo by analysis of a
PLEKHA7-KO rat model, where the absence of PLEKHA7 reduced the blood
pressure and attenuated the salt induced hypertension. Aortic endothelial
cells from PLEKHA7-KO rats showed increased intracellular calcium levels

and synthesis of nitric oxide [168].

REGULATION OF JUNCTION FORMATION AND STABILITY

The organization, assembly and stabilization of the junctional complex
Is a spatially and temporally fine-tuned process which requires the actomyosin
and microtubule cytoskeletons, and regulated by Rho family GTPases. The
actomyosin cytoskeleton regulates the distribution, clustering and stability of
junctional proteins. The contractility of the apical actomyosin ring is
fundamental in the regulation of junction integrity, barrier function, and

changes in morphogenesis during development. Both AJ and TJ are
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physically and functionally associated with the actin cytoskeleton through
different molecular partners. Studies with constitutively active and dominant
negative Rho GTPases show inhibited or altered junction assembly in both
cases, revealing the importance in the cycling from active to inactive state for
their proper regulation of junction assembly [169-171]. Correct junction
assembly is achieved through a finely tuned balance of the activities of RhoA,
Racl and Cdc42, resulting from the coordinated interplay between these Rho
GTPases, their regulators GEFs and GAPs and the junctional proteins. Racl
and Cdc42 play a fundamental role in the initial steps of junction assembly.
Following initial cell-cell adhesion, the accumulation of nectin and cadherin
adhesion molecules, is promoted by and stimulates Racl activity, to drive
actin polymerization and further accumulation of adhesion and other junctional
proteins. Racl promote the activation of the Arp2/3 complex, driving the
polymerization of actin filaments [172, 173]. Furthermore, Cdc42 is required
for the formation of the Par3-Par6-aPKC polarity complex, and it
phosphorylates and activates , which initiates the establishment of apico-
basal polarity, driving the segregation of junctional proteins and the formation
of mature AJ and TJ [64]. During the initial steps, the junctional surface is
expanded and nascent junctions are stabilized. This requires inactivation of
RhoA at sites of cell-substrate interaction, and activation at junctions. RhoA is
important in the establishment and maintenance of junctions, through the
activation of its effectors ROCK and Dia, which promote actin filaments
polymerization, bundling and contractility, keeping the tension necessary to
strengthen apical junctions, and promoting TJ barrier formation [174]. A

balance in the activity of RhoA versus Racl is needed, since excessive RhoA
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activation can lead to junction disruption and disassembly [175]. These
dynamic processes must therefore be spatially and temporally regulated by
the Rho GTPases regulators guanine nucleotide exchange factors (GEFs)
and GTPase activating proteins (GAPs), which, by promoting either the
exchange from GDP to GTP, or the hydrolysis of GTP, respectively, can
activate or inhibit Rho GTPases. GEFs and GAPs are recruited to junctions by
junctional adaptor proteins, which can regulate their spatial and temporal
activity. One mechanism of regulation of RhoA activity is through the TJ
proteins cingulin and paracingulin [27, 75]. Both of them can bind and
inactivate GEF-H1 at junctions, thus preventing activation of RhoA and stress
fiber formation in the cytoplasm, and its downstream induction of gene
expression and proliferation [27, 75]. In a similar manner, in some types of
epithelial cells, cingulin can bind and recruit p114RhoGEF to junctions, in this
case locally promoting its action towards RhoA, activating it and promoting
junctional tension [77]. It has been shown that also the polarity protein PatJ
can bind p114RhoGEF promoting its action at junctional sites [176]. Another
TJ protein, ZO-1, can interact with the Rho GEF ARHGEF11, constituting an
important interaction for the local activation of RhoA and the efficient apical
junction assembly [177]. Furthermore, the E-cadherin-a-catenin complex
recruits the Rho GEF ECT2 to AJ, resulting in the local activation of RhoA,
and maintenance of junction integrity [178]. But to fine-tune RhoA activity and
prevent its excessive activation junctional proteins can recruit also Rho GAPs.
For example, p190RhoGAP is recruited to AJ by p120ctn, and can temporally
restrict and modulate RhoA activation [154]. Another member of the Rho

family GTPases, Racl, is essential in the early phases of junction assembly
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and its activation is mediated by the GEF Tiaml, which is fundamental to
drive junction assembly and efficient TJ formation. Tiaml interacts and is
recruited at junctions by paracingulin, since epithelial cells depleted of
paracingulin show impaired junctional recruitment of Tiaml and a delay in
junction assembly [27]. The positive action of Tiam1 towards Racl is inhibited
in confluent cells by the interaction with Par3. The inhibitory effect of Par3 is
counteracted, during junction assembly, by B2-syntrophin, which prevents
their interaction and establishes a gradient of apico-basal Racl activity [179].
The inhibition of Racl activity at TJ in confluent cells is also mediated by the
GAP Rich-1, which is recruited at that site by its interacting parther AMOT
[180]. Moreover, the regulation of Racl activity is carried out through the
same E-cadherin-a-catenin complex that recruits ECT2, but can also recruit
another component of the centralspindlin complex (MgcRacGAP), which can
inhibit Racl activation [178]. Finally, together with Racl, Cdc42 is also
fundamental in junction assembly and stability. The GEF Tuba interacts at
junctions with ZO-1, and its Cdc42-mediated activation is important for
junctional stability and maintenance [181]. Furthermore, the confinement of
Cdc42 activity is mediated by the GAP SH3BP1, which interacts with
paracingulin, and is important for junction formation and actin remodeling in
mature junctions [182]. However, since over 100 among GEFs and GAPs
have been identified so far, the precise mechanisms of regulation of Rho
family GTPases at junctions of different types of epithelia are far from being

understood in detail [17, 183].
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ZONULAR PROTEINS: THE MOLECULAR LINKAGE BETWEEN AJ AND

TJ

AJ and TJ are closely neighbouring structures, and both of them are
connected to an apical circumferential (zonular) ring of actin filaments.
Several proteins of TJ and AJ have been detected at both types of junction
and have been shown to associate with molecular partners present in both
types of junctions, suggesting a possible molecular linkage between AJ and
TJ. For example, ZO-1 has been detected in the AJ fraction of cardiac muscle
and fibroblastic cells, revealing a new localization in addition to the classical
TJ localization found in epithelial and endothelial cells. ZO-1 accumulation at
AJ is mediated by its direct interaction with a-catenin and actin filaments,
showing its involvement also in cadherin-based cell adhesions [184-186].

Paracingulin is another protein, which has been localized either at TJ
or AJ, depending on the tissue [79]. The localization of paracingulin at TJ
appears to require ZO-1 [81], and paracingulin forma a complex with the
related protein cingulin. In specific cell types, the absence of ZO-1 only delays
paracingulin accumulation at junctions, and this may be due to the fact that
paracingulin can be independently recruited to zonular junctions by PLEKHA7
[81].

Afadin is another junctional protein showing a double localization at AJ
and TJ. Similarly to paracingulin, the molecular partners of afadin at TJ are
Z0-1 and cingulin [58, 59]. At AJ afadin is part of the nectin complex, and is a
fundamental mediator of the interaction between the nectin and the E-

cadherin complexes, and the actin cytoskeleton [123, 130].
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Unlike other junctional proteins and similarly to afadin, PLEKHA7 is
present only at the apical zonular belt, being absent from lateral punctate AJ.
It is present in both nectin and E-cadherin complexes, being independently
recruited by afadin and p120ctn, respectively [5, 7]. Furthermore, PLEKHA7
interacts with paracingulin, being responsible for its recruitment to AJ [81]. All
the mentioned proteins are connected with the circumferential (zonular) actin
belt underlying TJ and AJ; with their dual localization and their cross-
interactions it is likely that they provide a molecular framework which connects

TJ to AJ.

RESEARCH PROJECT

Despite the great advances in the field of the cell biology of intercellular
junctions in the last thirty years, with the identification and characterization of
most of the molecular components of the junctional complex, understanding
the functional organization of the junctional complex is still in progress. New
molecular components are still being identified, and further studies are
needed to clarify the molecular mechanisms behind the regulation of junction
assembly and their involvement in signaling and physiology of epithelial cells.

PLEKHAY is a recently identified component of the ZA. Its molecular
interactors and function at E-cadherin based AJ are well characterized. In
contrast,, less is known about its role at nectin based AJ [5-7, 81, 109].
Furthermore, despite an increasing number of studies which implicate
PLEKHA7 in tumor growth regulation, hypertension, regulation of cardiac

development and contractility, and glaucoma [8-11, 168], the molecular
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mechanisms through which PLEKHA7 participates in tissue physiology and
pathology remain mainly unknown.

The scope of my thesis project was to identify and characterize novel
molecular interactors of PLEKHA7 and elucidate the functional basis of their
interaction, to gain new insight in the role of PLEKHAY in junction biology and

in the pathogenesis of human disease.
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PLEKHA7 modulates epithelial tight junction barrier function

In epithelial and endothelial cells TJ are fundamental for the
establishment of the barrier. TJ are part of the apical junctional complex with
AJ, with both structures associated with the circumferential actin belt
underlying ZA. The establishment of AJ precedes and drives the formation of
TJ. It was previously shown that E-cadherin is required for the proper
regulation of TJ barrier function. Moreover, studies in which the microtubule
cytoskeleton was perturbed revealed a role for microtubules in the regulation
of TJ barrier function [187, 188]. PLEKHAY is a recently identified protein of
ZA, part of a complex linking E-cadherin to microtubules, and it is required for
stabilization of ZA. In this paper we addressed the role of PLEKHA7 in the
regulation of the TJ barrier in epithelial cells, through its stabilizing activity on
E-cadherin-microtubules complex. By overexpression experiment of full length
and different fragments of PLEKHA7 in MDCK epithelial cell line we show that
all the fragments are targeted at junctions and, surprisingly, unlike the
endogenous PLEKHA7, they are present also at lateral contact of AJ,
suggesting differential affinities for the apical and the lateral complexes.
PLEKHAY fragments, except the central one, increased the accumulation of
E-cadherin and of the other components of E-cadherin complex at ZA and
lateral AJ. Moreover, the same increase was observed in the apical
accumulation of paracingulin but not of other proteins of TJ. The exogenous
expression of PLEKHA7 did not affect the development and the steady-state
value of transepithelial resistance (TER), but protected from disruption of TJ

barrier, attenuating the fall in TER after calcium removal. Treatment with
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microtubules destabilizing drugs revealed that these effects are dependent on
microtubule cytoskeleton. Finally, we showed that PLEKHA7 can form a
complex with the TJ proteins cingulin and ZO-1, providing a link between ZA
and TJ, independently of the microtubule cytoskeleton.

| contributed to this publication with the co-immunoprecipitation analysis of

PLEKHA?Y with junctional proteins (Figure 7).
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PLEKHA? is a recently identified protein of the epithelial zonula adhaerens (ZA), and is part of a protein complex
that stabilizes the ZA, by linking it to microtubules. Since the ZA is important in the assembly and disassembly of tight
junctions (TJ), we asked whether PLEKHA7 is involved in modulating epithelial TJ barrier function. We generated clonal
MDCK cell lines in which one of four different constructs of PLEKHA7 was inducibly expressed. All constructs were localized
at junctions, but constructs lacking the C-terminal region were also distributed diffusely in the cytoplasm. Inducible
expression of PLEKHA7 constructs did not affect the expression and localization of TJ proteins, the steady-state value of
transepithelial resistance (TER), the development of TER during the calcium switch, and the flux of large molecules across
confluent monolayers. In contrast, expression of three out of four constructs resulted both in enhanced recruitment of
E-cadherin and associated proteins at the apical ZA and at lateral puncta adherentia (PA), a decreased TER at 18 h after
assembly at normal calcium, and an attenuation in the fall in TER after extracellular calcium removal. This latter effect
was inhibited when cells were treated with nocodazole. Immunoprecipitation analysis showed that PLEKHA7 forms a
complex with the cytoplasmic TJ proteins ZO-1 and cingulin, and this association does not depend on the integrity of
microtubules. These results suggest that PLEKHA7 modulates the dynamics of assembly and disassembly of the TJ barrier,
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through E-cadherin protein complex- and microtubule-dependent mechanisms.

Introduction

Zonulae occludentes (also called Tight Junctions: TJ) of
vertebrate polarized epithelial and endothelial cells are crucial
for the establishment and maintenance of barriers between body
compartments." T] are topologically associated with zonulae
adhaerentes (ZA) in the “apical junctional complex” (AJC) at the
apicolateral border of polarized cells.”? T] and ZA are formed by
specific transmembrane proteins (claudins, occludin/tricellulin,
JAM-A for TJ, E-cadherin and nectins for ZA) that are linked
intracellularly to cytoplasmic adaptor proteins, for example
Z0-1, ZO-2, cingulin and polarity complex proteins at T7J,
and B-catenin, pl20-catenin, a-catenin, and afadin at ZA.>®
In addition, specific cytoplasmic adaptor proteins of T] and ZA
are directly or indirectly linked to the actomyosin cytoskeleton,
which forms a circumferential contractile belt underlying the
ZAS8

Several lines of evidence show that the assembly and integrity
of the ZA is essential for the establishment and maintenance of
TJ. Antibodies against the extracellular domain of E-cadherin
inhibit the assembly of T],” and studies both on cultured cells and
in vivo confirm the crucial role of E-cadherin in the regulation
of TJ barrier function.!®! Modulation of the concentration
of extracellular calcium, which controls cadherin-dependent
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adhesion, results in the modulation of the TJ barrier function, as
determined by the measurement of the transepithelial electrical
resistance (TER) of cultured cell monolayers in either “calcium
switch” or calcium depletion assays.'*' The circumferential
actomyosin belt associated with the ZA is critically important
in the physiological and pathological regulation of T] barrier
function,”" and disruption of E-cadherin-dependent adhesion
affects the integrity of the TJ barrier through phosphorylation
signals that control the contractility of the actomyosin
cytoskeleton.?’

Recent studies have demonstrated that the E-cadherin
complex is linked to the microtubule cytoskeleton, through a
protein complex containing p120ctn, PLEKHA7, paracingulin
(CGNL1) and nezha (CAMSAP3).2">> Moreover, studies with
drugs that inhibit microtubule polymerization show that the
integrity of microtubules is required to maintain T] barrier
function in different types of epithelial and endothelial cells.?*¢
Microtubules have also been implicated in the perturbation of
the TJ barrier by enteric pathogens.?”” These observations raise a
key question: does the protein complex that connects E-cadherin
to microtubules regulate the T] barrier?

PLEKHA?7 links the microtubule cytoskeleton to the ZA,
by binding to pl20ctn and nezha.?’* Unlike most other
ZA proteins, including E-cadherin, pl20ctn, o-catenin,
and B-catenin, PLEKHA?7 is not localized along the lateral
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membranes of polarized epithelial cells, but only at the apical
circumferential ZA.?* Depletion of the PLEKHA7 complex in
Caco2 cells perturbs the organization of the ZA,” suggesting
that it may indirectly affect the stability of the neighboring
TJ. However, the role of PLEKHA7 in regulating T] barrier
function has not yet been investigated. PLEKHA?7 is expressed
in organs, such as kidney and intestine, where modulation of
epithelial barrier function is critical for physiology.?> Moreover,
its involvement in the pathogenesis of glaucoma may depend
on a hypothetical role in controlling the TJ barrier.”® For
these reasons, it is important to examine whether PLEKHA7
is implicated in the modulation of the TJ barrier. In the
present paper we address this question, by studying the effects
of exogenous expression of different PLEKHA7 constructs
on the molecular organization and paracellular permeability
of T] of MDCK cells. Our results provide evidence that
PLEKHA?7 contributes to modulating the dynamic assembly
and disassembly of the TJ barrier in a microtubule-dependent
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Figure 1. Generation of stable MDCK tet-off cell clones with inducible
expression of PLEKHA7 constructs. (A) Schematic diagrams showing the
putative minimal regions of PLEKHA7 which can interact with afadin
(residues 120-374 in human PLEKHA7), p120ctn (538-696), CGNL1 (620—
769), or nezha (680-821),2%% and schematic structure of the PLEKHA7
constructs (Full-length FL, N-terminal = N-term., C-terminal = C-term.,
Central) used to generate stable clones of MDCK tet-off cells. Constructs
were tagged N-terminally with YFP, and C-terminally with myc. Putative
structural domains are indicated: WW (purple), PH (brown), Pro-rich (P,
red), and coiled-coil (CC, blue, CC1 = residues 686-835, and CC2 = resi-
dues 1055-1095, based on Phyre2 analysis). Numbers indicate position
of PLEKHA7 amino acid residues within constructs. (B) Immunoblotting
analysis of lysates of MDCK cell lines (two clones for each construct
shown) cultured either in the presence (+) or in the absence (-) of dox-
ycycline, using antibodies against the myc tag (to detect exogenous
PLEKHA?), E-cadherin (E-cad.), cingulin (CGN) and tubulin (loading con-
trol). Numbers on the right indicate the migration of pre-stained mark-
ers (kDa). (C) Confocal immunofluorescent analysis of induced cultures
of stable clones showing the localization of exogenous PLEKHA7 con-
structs (green, YFP) and a-tubulin (red), on the apical plane of focus
(ZO-1 labeling is shown for control cells, panel E). Arrows = junctional
labeling; arrowheads = cytoplasmic labeling; circle = cytoplasmic dots;
n = nuclear labeling. (D) Table summarizing the subcellular localiza-
tion of each YFP-tagged construct, based on immunofluorescence on
paraformaldehyde-fixed cells. (E) Immunofluorescent labeling of con-
trol Tet-off cells showing tubulin and ZO-1 in the apical plane of focus.
Bar=10 pm.

manner, through the junctional enrichment of E-cadherin
complex proteins.

Results

PLEKHA7 constructs containing either N-terminal or
central domains are targeted to junctions

We reasoned that if PLEKHA7 contributes to ZA stability,
and ZA integrity affects T] barrier function, exogenous
expression of PLEKHA7 in cultured epithelial cells might
influence the paracellular permeability barrier, in experimental
models of junction assembly/disassembly induced either by
calcium switch or calcium depletion, respectively. To test this
hypothesis, we generated stable clones of MDCK-tet-off cells,
where expression of exogenous human PLEKHA7 constructs
was induced by removal of doxycycline (Dox) from the culture
medium (Fig. 1).

To design the constructs, we took into account the putative
regions of PLEKHA7 which have been implicated in the
interaction with different protein partners, namely afadin,
p120ctn, CGNLI and nezha (CAMSAP3) (Fig. 1A).2"** The
Full-length (FL) construct contained all the putative interactor
binding sites, the « N-terminal » (N-term.) construct contained
the afadin-binding, and part of the pl20ctn-interacting
sequences. The C-terminal (C-term.) construct contained part
of the afadin-binding sequence, and the sequences involved in
the interaction with p120ctn, CGNLI and nezha. The « Central
» construct lacked both the afadin-binding region, and additional
sequences downstream of the first coiled-coil region, but it
comprised the p120ctn, CGNLI, and part of the nezha-binding
domains. (Fig. 1A). Constructs were tagged N-terminally with
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YFP, to directly visualize their
expression in induced cells (Fig. 1A).

Immunoblotting analysis showed
that the exogenous proteins were
expressed at very low or undetectable
levels in the presence of Dox, and
were strongly upregulated following
Dox removal (Fig. 1B). Expression
of exogenous PLEKHA?7 constructs
did not result in detectable changes
in the of expression of
ZA and TJ] proteins, including
E-cadherin, cingulin (Fig. 1B),
a-catenin,  [3-catenin,  pl20ctn,
paracingulin, and ZO-1 (data
shown). Immunofluorescence
analysis confirmed that fluorescent
exogenous protein was very low or
undetectable in cells grown in the
presence of Dox (Fig. 2, and data not

levels

not

shown).
Next, we examined the
localization of the exogenous

constructs by immunofluorescence.
All constructs were targeted to cell-
cell junctions (arrows in Fig. 1C,
and Fig. 1D), indicating that

they all contained sequences that

are sufficient for the junctional
recruitment of PLEKHA7. The Full-
length and C-terminal constructs
showed a selective accumulation
at junctions, and litle or no
cytoplasmic labeling (Fig. 1 C-D). In
contrast, the N-terminal and Central
constructs showed not only an

accumulation at junctions, but also

Figure 2. Exogenous expression of full-length, N-terminal, C-terminal, but not Central PLEKHA7 con-
structs enhances ZA recruitment and PA clustering of E-cadherin. Confocal immunofluorescence analysis
of clonal lines of MDCK cells showing labeling for exogenous constructs (green) and E-cadherin, either
in the apical plane of focus (ZO-1, gray, left panels), which contains ZA (zonula adhaerens), or in the basal
plane (nuclei, blue DAPI, right panels), which contains PA (puncta adhaerentia). (A) Full-length, uninduced
(FL+DOX); (B) Full-length, induced (FL); (C) N-terminal, induced (N-TERM); (D) C-terminal, induced (C-TERM;
(E) Central, induced. Matched arrows indicate matched normal junctional labeling (using ZO-1 as a refer-
ence fore the apical plane), and matched arrowheads indicate matched decreased junctional labeling (B,
C, D, apical plane) or diffuse lateral labeling (A and E, basal). Within each panel, arrows indicate stronger
labeling than arrowheads. The basal plane was typically 10-15 um below the apical plane. Bar = 10 pwm.

a finely diffuse cytoplasmic labeling
(arrowheads in Fig. 1C and Fig. 1D,
see also Figs. S1-83). In the case of the N-terminal construct,
labeling was also detected in the nuclei (« n » in Fig. 1C, Fig. 1D,
see also Figs. S1-83). Cytoplasmic dots were often detected in
cells expressing low/medium amounts of exogenous proteins, and
additional granular cytoplasmic labeling was detected in cells
expressing high levels of exogenous proteins (circles in Fig. S1, see
also Fig. 82, $3), suggesting that exogenous PLEKHA?7 proteins
may ectopically associate with centrosomes, primary cilia, and
the minus ends of cytoplasmic microtubules.

Since PLEKHA?7 is part of a complex that is associated
with microtubules, we asked whether the organization of
microtubules is affected by exogenous expression of PLEKHA7
constructs. Tubulin staining in confluent MDCK monolayers
was concentrated in the apical plane of focus, containing the T]
marker ZO-1 (arrow in Fig. 1E), whereas it was much weaker
in the sub-apical and basal planes, below ZO-1 (asterisks
in Fig. 1E, see also Fig. S3). In cells expressing exogenous
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PLEKHA7 constructs, we selected regions of the monolayer
where neighboring cells expressed different levels of exogenous
protein, to directly compare tubulin staining. No difference was
observed in the distribution of microtubule labeling between cells
expressing either low or high amounts of exogenous PLEKHA7
constructs, either under normal conditions (matched asterisks
in Fig. 1C) or after treatment with nocodazole (Fig. S3). This
indicated that PLEKHA7 exogenous proteins did not induce a
detectable reorganization of the microtubule cytoskeleton, nor
did they induce an accumulation of ectopic microtubules along
cell-cell junctions.

Exogenous expression of full-length, N-terminal and
C-terminal, but not central PLEKHA7 constructs enhances
the zonular accumulation and lateral clustering of E-cadherin
complex proteins

We next examined whether expression of exogenous
constructs of PLEKHA7 modified the distribution of proteins
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basal). This indicated that although
PLEKHA7 is localized in normal
tissues in situ exclusively at the ZA,*
when exogenously expressed it can
also be recruited to lateral PA. Close
examination of E-cadherin labeling
in the apical plane of focus, using
Z0-1 as a marker, clearly showed
increased zonular E-cadherin labeling
in cells expressing higher levels of
exogenous Full-length, N-terminal,
and C-terminal constructs (compare
arrows/stronger  labeling  with
arrowheads/weaker  labeling  in
Fig. 2B-D, apical). In contrast, no
increase of E-cadherin labeling at the
ZA was observed in cells expressing
the Central construct (Fig. 2E,
apical). Furthermore, in the basal
plane of focus of expressing cells,
E-cadherin was no longer distributed
diffusely in PA along the lateral

membrane, but was accumulated in

Figure 3. Exogenous expression of full-length PLEKHA7 enhances the ZA recruitment of paracingu-
lin, but not cingulin, ZO-1, occludin and afadin. Confocal immunofluorescence analysis of MDCK cells
expressing the Full-length construct cells with labeling for exogenous protein (green) and either parac-
ingulin (CGNL1, (A)), cingulin (CGN, (B)) occludin (OCCL, (D)), or afadin (AFAD), (E)) in red. ZO-1 labeling in
triple-stained cells is shown in gray in apical, left panels, and in basal plane (B). See legend to Figure 1

for arrow/arrowheads description. Bar = 10 wm.

fewer, more brighly labeled spots,
which precisely co-localized with
PLEKHA7 (matching
arrows in Fig. 2B-D, basal, see
Fig. SIE for a scheme). Again, this
lateral clustering effect was observed

€xogenous

of the cadherin complex, which includes E-cadherin, p120-ctn,
and B-catenin. All of these proteins are localized in polarized
epithelial cells at two distinct localizations: at the apical
circumferential belt (zonula adhaerens, ZA), where endogenous
PLEKHA?Y is also detected, and at the lateral puncta adhaerentia
(PA), where PLEKHA?7 is not detected.”” We examined regions
of the monolayer where neighboring cells expressed different
levels of exogenous protein, to ask whether increased exogenous
(PLEKHA?7) protein correlated with increased labeling for either
E-cadherin, p120ctn, and B-catenin. Images were taken both at
the apical, zonular ZA plane, using ZO-1 as a marker (Fig. 2,
apical), and at a more basal plane which did not contain ZO-1,
but contained prominent nuclear labeling (Fig. 2, basal). In
confluent cultures grown in the presence of Dox, which inhibits
transgene expression, no labeling either for the full-length
construct (Fig. 2A), or for any of other exogenous constructs
(data not shown) was detectable in either plane of focus.
E-cadherin labeling in the apical plane was distributed along
along circumferential ZA, similar to ZO-1 (arrows in Fig. 2A).
In a more basal plane of focus, E-cadherin was distributed
diffusely and along discontinuous spots throughout the lateral
membrane, corresponding to PA (arrowhead in Fig. 2A, basal).
Upon induction of expression, labeling for the exogenous
proteins was detected not only at cell-cell junctions in the ZA
plane of focus, but also at cell-cell contact areas in the basal
planes of focus, throughout the lateral membrane (Fig. 2, Fig. 3,
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with the Full-length, N-terminal,
and C-terminal constructs (Fig. 2B-D), but not with the Central
construct, where cells showed diffuse lateral E-cadherin labeling,
similarly to cells grown in the presence of Dox (arrowhead in
Fig. 2E, basal). Essentially identical observations were made when
examining the localization of additional protein components
of the E-cadherin complex, namely pl120-ctn, a-catenin, and
B-catenin: in cells expressing Full-length, N-terminal, and
C-terminal, but not Central PLEKHA7 constructs, zonular
labeling of the ZA protein was increased, and the more basal,
lateral PA labeling was clustered, and co-localized with clustered
exogenous PLEKHA?7 (Fig. S1A-D and data not shown).

In summary, these observations showed that exogenous
expression of all PLEKHA?7 constructs, except for the Central
construct, results in enhanced ZA recruitment of E-cadherin-
complex proteins, and their clustering along the lateral cell-cell
contact regions (Fig. S1E).

Exogenous expression of PLEKHA7 constructs does not
affect the localization of zonular membrane and cytoplasmic
components of the apical junctional complex, with the
exception of paracingulin

The ZA, together with the TJ, forms the « apical junctional
complex » (AJC), which is characterized by proteins whose
distribution is exclusively «zonular », e.g., in a continuous
circumferential belt. These include 1) specific T] and membrane
proteins, such as cingulin, occludin and ZO-1; 2) paracingulin,

which is localized both at TJ] and ZA, and 3) afadin and
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PLEKHA7, which, unlike most proteins of the
E-cadherin complex, are localized at the ZA,
but not at lateral PA.?>? So, we asked whether
expression of exogenous PLEKHA7 constructs
influenced the junctional recruitment and
subcellular of zonular AJC
proteins.

We found that paracingulin labeling in
the apical plane of focus was increased in
cells expressing higher levels of exogenous
Full-length, N-terminal, and C-terminal, but
not Central constructs (Fig. 3A, apical, and
Fig. §2). Unlike E-cadherin complex proteins,
we did not observe a significant increase of
lateral paracingulin labeling in cells expressing
the Full-length, N-terminal, and C-terminal
constructs, indicating that PLEKHA7 does
not induce the ectopic lateral recruitment
of CGNLL1 (Fig. 3A, basal, and Fig. S2). In
contrast to CGNLI, the zonular labeling
for cingulin, ZO-1, occludin, and afadin
was not affected by exogenous expression of
PLEKHA7 constructs, and no labeling was
detected at junctions in more basal planes of
focus, where exogenous PLEKHA?7 constructs
were still detected (Fig. 3B-D, and Fig. S2).

Exogenous expression of PLEKHA7 does
not affect either the establishment of the
TJ paracellular permeability barrier to ions
during the calcium switch, or the barrier to
large solutes

The observation that exogenous expression
of specific PLEKHA7 constructs promotes
the accumulation of E-cadherin complex

localization

proteins at the ZA raises the possibility that

E-cadherin-dependent modulation of T]J
barrier function may be affected in these cells.
To test this hypothesis, we first measured the
development of the transepithelial electrical
resistance (TER) of the different clonal lines

Figure 4. Expression of exogenous PLEKHA7 constructs does not affect TER development
during the calcium switch in MDCK cells. Transepithelial electrical resistance (TER, ohm.cm?)
profiles of representative clonal lines of MDCK cells expressing YFP (Control) or YFP-tagged
constructs of PLEKHA7 (see legends), either in the absence (red) or presence (blue) of doxycy-
cline, during the calcium switch.

in the « calcium switch » assay, where junction

re-assembly is rapidly induced by adding

calcium to cultures incubated for 16-18 h in the absence of
extracellular calcium. In this assay, the TER profile of MDCK
cells shows a characteristic peak between 4 and 8 h after the
switch.*3" Clonal lines were assayed either in the presence
(uninduced) or absence (induced) of Dox. All clonal lines showed
a peak of TER between 4 and 8 h, with a resistance value between
200-400 ohm.cm?. We observed no significant difference when
comparing the profiles of each pair of cultures, either in the
presence or the absence of Dox (Fig. 4). Immunofluorescent
analysis of the localization of ZA and TJ proteins at different
times during the calcium switch confirmed that there was no
detectable difference in the dynamics of junction assembly,
whether the exogenous PLEKHA proteins were expressed or not
(data not shown).
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Next, we asked whether the barrier to large solutes is
affected in cells expressing exogenous PLEKHA?7 constructs, by
measuring the flux of fluorescently labeled dextran. In normal
calcium medium all clones showed a very low permeability to
dextran, which was similar to that of control cells, and was not
dependent, for each clone, on whether the exogenous protein
was repressed or induced (plus or minus Dox) (Fig. 5). One
hour after calcium removal, the flux was increased 10-fold to
30-fold, depending on the clone, and independently of the
presence of Dox (Fig. 5).

Taken together, these observations show that inducible
expression of exogenous constructs of PLEKHA7 does not
significantly affect either the establishment of the TJ barrier
to ions in the calcium switch, or the flux to large molecules in
confluent monolayers at steady-state.
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Figure 5. Exogenous expression of PLEKHA7 constructs does not affect
paracellular permeability to large solutes. Histogram showing paracel-
lular permeability to 3 kDa dextran of clonal MDCK lines expressing
PLEKHA7 constructs, and control MDCK Tet-off cells, either at normal
extracellular calcium concentration (NC, value at 2 h), or after extracellu-
lar calcium depletion (LC, value at 30 min after calcium depletion), either
in the presence (+DOX, uninduced) or in the absence (-DOX, induced) of
doxycycline.

Exogenous expression of specific PLEKHA7 constructs
affects the dynamics of TJ barrier establishment at normal
calcium, and protects from disruption of the TJ barrier by
extracellular calcium removal in a microtubule-dependent
manner

When junctions are assembled during the calcium switch,
assembly is rapid, because it occurs from a pool of pre-
synthesized junctional proteins, which become stabilized at the
cell membrane with fast kinetics, following calcium readdition.
However, junction assembly can also be obtained following
trypsinization of monolayers and assembly at normal calcium
(NC). This assembly is slower, since it requires the synthesis and
junctional delivery of protein components of junctions. To study
the effect of exogenous expression of PLEKHA7 constructs on
junction assembly at NC, clonal cell lines grown either in the
presence, or in the absence of Dox were trypsinized, and seeded
into transwells at confluent density in NC medium, and the TER
was measured 18 h later. The TER value of clones expressing
the full-length, N-terminal, and C-terminal constructs, but not
the Central construct, was significantly lower than the values of
uninduced cells (Fig. 6A), suggesting that expression of these
exogenous proteins perturbs the development of the TJ barrier
at normal calcium. When the TER was measured at steady-state,
e.g., 48 h or later after the beginning of junction assembly at
normal calcium, all clones showed a similar TER, and within
each clone there was no difference between the uninduced and
induced cells (Fig. 6A), confirming that exogenous expression of
PLEKHA?7 contructs does not affect TER at steady-state.

Next, we used the « calcium depletion » assay to examine
whether exogenous expression of PLEKHA7 constructs can
stabilize cadherin-based complexes, and thus partially protect
the TJ barrier from disruption following extracellular calcium

€28755-6

Figure 6. Exogenous expression of Full-length, N-terminal and
C-terminal but not Central PLEKHA7 constructs attenuates barrier dis-
ruption by extracellular calcium removal, in a microtubule-dependent
manner. (A) TER values (expressed as % of value of uninduced, +dox
cultures) of clonal lines of MDCK cells after trypsinization and incuba-
tion of confluent monolayers at normal extracellular calcium for either
18 h (NC + dox 18hr, NC-dox 18hr) or 64 h (NC + dox 64hr, NC-dox 64hr).
The values at 64 h were the average of two experiments. (B) TER values
(expressed as % of value after overnight incubation in NC) of clonal lines
of MDCK cells under different conditions: normal calcium (NC) or 30 min
low calcium treatment (LC), uninduced or induced (+dox, -dox), treated
or untreated with nocodazole (DMSO, noco). For cultures maintained at
normal calcium, the TER values were expressed as % of the value before
treatment with either DMSO or nocodazole. For cultures undergoing
calcium depletion (only the 30 min time point is shown), the TER values
were expressed as % of value at time 0, after treatment with either DMSO

or nocodazole, and just prior to calcium removal. * = P < 0.05.
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removal. Removal of extracellular calcium results in the inhibition
of homophylic cadherin-mediated adhesion, and subsequent
actomyosin cytoskeleton-mediated opening of the TJ."*?* To
explore the role of microtubule integrity in this assay, we studied
the behavior of monolayers treated either with nocodazole, or
with vehicle (DMSO). Following this treatment, cultures were
incubated for 30 min either in medium with normal calcium
(NC, with either DMSO or nocodazole), or with low calcium
medium (LC, with either DMSO or nocodazole), this latter to
disassemble junctions. Incubation of uninduced cultures in LC
medium and DMSO resulted in a fall in TER, to 10-20% of
initial values (Fig. 6B, LC+DMSO+dox). However, in induced
clones expressing either Full-length, N-terminal, or C-terminal
constructs, the TER was significantly higher after calcium
removal (Fig. 6B, LC+DMSO-dox). When nocodazole was
added to the cultures, it did not modify significantly the size of
the fall in TER in the presence of Dox (Fig. 6B, LC+noco+dox).
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However, in the absence of Dox, where the TER was higher
due to transgene expression, addition of nocodazole resulted
in a significant fall in TER, down to levels similar to those of
uninduced cultures, in cells expressing either the Full-length,
N-terminal, or C-terminal constructs (Fig. 6B, LC+noco-dox).
In contrast, lines expressing the Central construct did not display
significant changes in the size of the fall in TER, with or without
induction, or with or without nocodazole, when compared with
Control cells. These results indicate that exogenous expression
of PLEKHA?7 constructs containing either all the N-terminal or
all the C-terminal regions protects epithelial monolayers from
TJ barrier disruption following extracellular calcium removal,
and this protective effect is dependent upon the integrity of
microtubules.

To further understand the cellular basis of the phenotype, we
examined by immunofluorescence the effect of nocodazole on the
organization of microtubules and the distribution of exogenous
PLEKHAY constructs. Microtubules were abundant in the apical
plane of focus and scarce in the basal plane, and we could not
detect any major change in their organization when comparing
control cells, and cells expressing different levels of exogenous
PLEKHA7 proteins (Fig. S3, sce also Fig. 1). Nocodazole
treatment resulted in an overall decrease in tubulin labeling, a
decrease in the number of microtubules, and the appearance of
fewer, more brightly stained microtubules, detectable especially
in the apical plane of focus (Fig. S3). No significant difference
could be observed between control cells, and cells expressing
exogenous PLEKHA7 proteins. Treatment with nocodazole did
not affect the junctional labeling for the exogenous PLEKHA7
constructs, except for a fragmentation of junctional labeling in
the basal plane of focus, which was observed in cells expressing
either the N-terminal or the Central constructs (arrow in Fig. 83,
N-term). In the case of the Full-length and C-terminal constructs,
we observed an increase in the number of cytoplasmic « dots
» (circles in Fig. S3, Full-length), which could occasionally be
imaged at microtubule ends (magnified inset in Fig. 83, C-term),
suggesting that the exogenous proteins may be recruited to the
minus ends of the microtubules generated following nocodazole
treatment.

PLEKHA?7 forms a microtubule-independent complex with
TJ proteins

To explore whether PLEKHA7 might modulate TJ barrier
function by an interaction with TJ proteins, we asked whether
PLEKHA7 forms complexes with T] proteins. PLEKHA7 is
known to interact with paracingulin, which is not exclusively
localized at T7J, but also at the ZA.* However, complex formation
between PLEKHA?Y and TJ proteins, such as cingulin and ZO-1,
has not been reported so far. Immunoblot analysis of PLEKHA7
immunoprecipitates from lysates of intestinal epithelial cells
showed that not only paracingulin, but also cingulin and ZO-1,
are detected in PLEKHA7 immunoprecipitates (Fig. 7A). Next,
we asked whether the integrity of microtubules is required for the
formation of the complex between PLEKHA7 and T]J proteins,
by carrying out immunoprecipitation from lysates of cells treated
either with DMSO or nocodazole. We did not detect significant
differences in the amount of ZO-1 (Fig. 7B) and cingulin (not
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Figure 7. PLEKHA7 forms a complex with TJ proteins. (A) Immunoblot
analysis of PLEKHA7 immunoprecipitates from lysates of confluent
human intestinal colon carcinoma cells (Caco2) with antibodies against
PLEKHA7, ZO-1, cingulin and paracingulin. (B) Immunoblot analysis of
PLEKHA7 immunoprecipitates, with antibodies against either PLEKHA7
or ZO-1, from lysates of Caco2 cells treated with either DMSO or
nocodazole for 1 h prior to lysis. Numbers on the right indicate migration
of molecular size markers (kDa).

shown) in PLEKHA7 immunoprecipitates, with or without
nocodazole, indicating that the integrity of microtubules does
not perturb the ability of PLEKHA7 to form a complex with TJ

proteins.

Discussion

Here we provide the first evidence for a role of the ZA protein
PLEKHA?7 in modulating epithelial T] barrier function, through
a mechanism which we propose to depend on the stabilization of
the E-cadherin complex by microtubules. Although exogenous
expression of PLEKHA?7 constructs in MDCK monolayers did
not affect either the development of the T barrier to ions during
the calcium switch, or the steady-state TER, or the steady-state
flux of large solutes, specific contructs slowed TER development
at normal calcium, and attenuated the fall in TER of confluent
monolayers following extracellular calcium depletion.

PLEKHA?Y is a key component of the molecular complex that
links the epithelial ZA to the minus ends of non-centrosomal
microtubules.”’ Non-centrosomal microtubules are abundant in
epithelial cells, and are stabilized by capture and anchoring at
cortical sites.* In addition to PLEKHA?7, several other junctional/
cortical proteins, including desmoplakin, APC, and cingulin
have been implicated in microtubule anchoring to epithelial
junctions.?"** However, there is so far no evidence that any of
the above proteins is involved in regulating the T] permeability
barrier. For example, cingulin depletion or exogenous expression
in MDCK cells, and cingulin knockout, either in embryoid bodies
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or mice, does not result in changes in either the development or
the steady-state function of the TJ barrier, and does not affect
the organization of the ZA .33 Although previous studies have
shown that a correct organization and anchoring of microtubules
is required for the maturation of an efficient T] barrier,42¢%
the molecular mechanisms of this regulation were unknown.
Our observations identify PLEKHA7 as the first junctional
protein, among those involved in microtubule anchoring, whose
expression levels can modulate the T] barrier function.

We observed a correlation between the ability of exogenous
PLEKHA7 constructs to enhance the accumulation of E-cadherin
complex proteins at the ZA and promote their clustering along
lateral PA, with the ability of the same constructs to slow down the
development of a normal TER at normal extracellular calcium,
and attenuate the fall in TER induced by depletion of extracellular
calcium. These observations point to a mechanistic implication
of the E-cadherin complex in the phenotypes that we observed.
Specifically, the observation that the fall in TER in the calcium
depletion model in these clones was enhanced by disrupting
microtubule integrity is consistent with the role of PLEKHA?7 as
a protein that stabilizes the E-cadherin protein complex, through
connecting it to microtubules.”’ We propose that in cells that
express specific exogenous contructs of PLEKHA7, the increase
in the amount of E-cadherin complex proteins and PLEKHA7
at the ZA results in strengthened anchoring to the microtubule
cytoskeleton, a more stable ZA, and a less dynamic remodeling,
delivery and endocytic removal of ZA proteins.’*“*4! Additional
studies will be required to test these hypotheses.

Afadin has a key role in the proper formation and actin
anchoring of the ZA,**% and in TJ assembly and function.®-¥
However, since exogenous expression of PLEKHA7 constructs
did not affect afadin recruitment at the ZA, we speculate that
the effect of PLEKHA7 constructs on the TJ barrier does not
occur through afadin. In contrast, the effect of PLEKHA7
constructs on the accumulation of paracingulin confirms the
notion that paracingulin is a component of the complex that
links microtubules to the ZA, and is recruited by PLEKHA7 to
the ZA.# Finally, although we show that PLEKHA?7 is detectable
in a complex with specific T] proteins such as cingulin and
Z0O-1, the apparent lack of effect of PLEKHA7 constructs on TJ
protein organization argues against a direct role of PLEKHA7
in modulating T] barrier function through actions on the
cytoplasmic scaffolding complex of T]J. Therefore, the functional
significance of PLEKHA?7 interaction with afadin, cingulin, and
Z0-1 in the regulation of T] barrier function remains unclear.

There is an apparent discrepancy in our observation that
exogenous expression of PLEKHA7 constructs slowed TER
development when junction assembly was performed at normal
extracellular calcium, but not when itwas performed by the calcium
switch. This could be due to the fact that junction assembly by
the calcium switch is rapid, and relies on the fusion of endocytic
vesicles containing the pre-assembled junctional complexes
with the plasma membrane upon calcium re-addition. %
Excess PLEKHA7 may not interfere with this process, since the
junctional machineries are already pre-assembled, and the actin
rather than the microtubule cytoskeleton plays a major role,
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as indicated by the role of Racl in TER development in this
model.*! In contrast, junction assembly at normal calcium after
trypsinization has slower dynamics, involves de novo protein
synthesis, and may require a precise spatial organization of
microtubules, to correctly deliver newly synthesized ZA and T]J
proteins to the plasma membrane.'**5* Exogenous PLEKHA7
proteins appeared to be associated with microtubule minus
ends, and future studies should address the role of PLEKHA7
in microtubule dynamics and trafficking. However, since at
steady-state all clones showed a similar TER value, regardless
of induction of exogenous protein expression, both in assembly
by calcium switch and at normal calcium, we conclude that
PLEKHA?7 exogenous expression only subtly affects the dynamics
of the establishment and disruption of the T] barrier, but not its
integrity at steady-state. Preliminary observations on intestinal
epithelial cells also show that PLEKHA7 depletion has a modest
inhibitory effect on the establishment and maintenance of the
TJ barrier (our unpublished observations). The phenotype of
PLEKHA7-depleted cells will be investigated in future studies.

Our results also provide new information about structure-
function relationships in PLEKHA7. Although afadin was
reported to be important for PLEKHA7 junctional recruitment,”
we observed that the Central construct, lacking all of the putative
afadin binding sequence, was still targeted to junctions. This
would indicate that the interaction with p120ctn, which occurs in
the central region, is sufficient for PLEKHA7 recruitment to both
ZA and PA. Conversely, the observation that both the N-terminal
and Central constructs displayed a cytoplasmic localization
suggests that the presence of both afadin-binding and p120ctn/
CGNL1/nezha binding regions is essential for a stable association
of PLEKHA7 with the ZA. The association of the N-terminal
construct with p120ctn is also, presumably, responsible for the
E-cadherin enrichment at ZA and PA, since this construct is in
principle lacking the CGNLI and nezha interaction sequences.
We cannot exclude that additional protein interactions may help
endogenous PLEKHA7 or exogenous constructs to be targeted to
ZA and PA, and future studies will address this question.

Our results, providing the first evidence for a role of
PLEKHA7 in modulating the dynamics of the TJ] barrier,
may help to understand the molecular mechanisms through
which PLEKHA7 participates in the pathogenesis of primary
angle closure glaucoma® and hypertension.’*¢ For example,
PLEKHA7 expression levels may influence the response of
epithelial tissues to physiological or pathological stimuli that
modulate the paracellular barrier. Similarly, mutations in
the PLEKHA7 locus, which might affect the expression or
interactions of PLEKHA?7, could influence the barrier function
of epithelial cells involved in these diseases, by interfering with
the stabilizing role of the E-cadherin complex on the TJ barrier.

In summary, our results show that expression of specific
exogenous PLEKHAY7 constructs affects the dynamics of assembly
and disassembly of the epithelial T] barrier, and indicate that the
E-cadherin protein complex and microtubules are mechanistically
implicated in this modulation. These observations provide a
framework for future studies on PLEKHA7 function in normal
and diseased tissues.
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Materials and Methods

Antibodies and plasmids

Antibodies (species-antigen,
immunofluorescence-IF with methanol fixation unless otherwise
stated, and immunoblotting-IB): rabbit PLEKHA7 (1:10,000
IB??), rabbit cingulin (1:5000 IF-MeOH, 1:100 IF-PFA, 1:2000
IB%), rabbit paracingulin (1:250 IF, 1:10,000 IB°'), mouse
p120ctn (15D2, 1:250 IF, 1:2000 IB, from A. Reynolds), mouse
E-cadherin (1:500 IF, 1:2000 IB, BD610181), rabbit a-catenin
(1:100 IF, 1:1000 IB, BD610193), rabbit B-catenin (1:200 IF,
Sigma C2206), mouse a-tubulin (1:150 IF, 1:1000 IB, Zymed
32-2500), rabbit anti-afadin (1:100 IF, Sigma A0224), rat ZO-1
(1:50 IF, a gift from D. Goodenough, Harvard University),
rabbit occludin (1:50 IF, Zymed 71-1500), mouse myc (9E10
hybridoma culture supernatant, undiluted for IB). The constructs
for inducible expression of YFP-PLEKHA7-myc were obtained
by cloning either the full-length human PLEKHA7 sequence
(residues 1-1121), or the truncated constructs (ACterm: 1-559,
ANterm: 282-1121, Central: 351-820) into pBluescript (Xba-
HindIII sites, except for Central, BamHI1-EcoRI/Xhol), and
subsequently into the Notl-Clal sites of a previously prepared
TRE2-Hyg vector™® where Notl is downstream of a YFP cassette
and Clal upstream of a myc tag.

Cell culture, transfection, and other techniques

Culture of MDCKII (Madin-Darby Canine Kidney) Tet
off epithelial cells (Clontech) and Caco2 cells, transfection,
selection, isolation of stable clones, immunoblotting and
immunofluorescence (cold methanol fixation) were as described
previously.”®** Stable clones of MDCK-tet-off cells full-length or
truncated constructs of PLEKHA7 were incubated either in the
presence or in the absence of doxycyclin (40 ng/ml) for 72 h,
prior to experimental manipulations. Treatment with nocodazole
1 h at 37 °C was at final concentrations of either 0.2 wuM (TER
experiments) or 33 WM (immunofluorescence), by dilution
from a concentrated stock, in DMSO. Three clonal lines were
generated for each construct, and their behavior was similar.
Representative examples of experiments performed with one of
the three lines is shown.

Calcium switch assay

For the calcium switch assay, 2x10% cells were plated into
6.5 mm Transwell filters (0.2 ml apical compartment, 0.7 ml
basal compartment), and allowed to grow for 6 days, changing
the medium every 2 days, to reach TER steady-state. The cells
were then washed 3x with PBS without Ca, and the medium was
replaced with Ca?*-free medium (SMEM+EGTA®). Following
overnight incubation (16-20 h), the Transepithelial Electrical
Resistance (TER) was measured (t = 0), then the medium was
replaced with normal calcium medium (calcium-switch), and the
TER was measured at different times (1, 2, 3, 4, 8, 24, 30 h) after
the switch. TER was meausred using a Millipore ERS-CELL

voltohmeter."

were dilution for

Assembly at normal calcium, and calcium depletion assays

Cells were incubated either with or without dox for 3 days,
and then trypsinized and seeded on Transwells filters (3x10°
cells per filter). The TER was measured after overnight (18 h)
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incubation, and at subsequent times (22 h, 26 h, 42 h, 64 h, 90
h), until the TER value reached steady-state (at around 50 h). The
average values under induced conditions (-dox) were expressed as
a percent of the values under uninduced conditions (+dox), that
were taken as 100%. To test the effect of calcium depletion, cells
after overnight assembly at normal calcium were incubated either
with solvent (DMSO, final 0.01%) or nocodazole (0.2 wM, in
DMSO) for 1 h. Next, the TER was measured again (time = 0),
and expressed as percentage of the value before the treatment.
Cells were then either left in NC medium (with either DMSO or
nododazole), or washed 3x with PBS without Ca, and incubated
with Ca**-free medium, containing either DMSO or nocodazole.
The TER was then measured 30 min later, and expressed as a
percent of the value before incubation with DMSO/nocodazole.
The 30 min time point was chosen because at this time TER
of MDCK monolayers is typically reduced by > 70% compared
with the initial value." The TER values at 30 min were ratioed
to the TER values at time = 0, to express them as a percent of
initial value.

Measurement of paracellular flux

For flux assays, confluent monolayers in duplicate 6.5 mm
Transwell filters were cultured in normal medium for 24 h,
washed with pre-warmed Hank’s Buffer (Invitrogen 14025),
and incubated in Hank’s Buffer for 30 min at 37 °C. The Buffer
in the apical chamber was aspirated, and the filter transferred
into a new well, containing 0.7 ml Hanks’ Buffer. 50 pl 3 kDa
FITC-Dextran (Invitrogen D3305, stock 1 mg/ml) was added
to the apical compartment. Cells were incubated at 37 °C for 2
h, and 0.1 ml of the basal compartment solution was removed,
and replaced by 0.1 ml Hank’s Buffer. For calcium depletion
experiments, after aspiration cells were rinsed 3X with calcium-
free PBS, and incubated in calcium-free PBS, containing the
tracer. Fluorescence of the basal compartment sample was
measured with a spectrophotometer, and the amount of dextran
(ng/ml) in each sample was determined by interpolation with a
standard curve. The apparent permeability was calculated using
the formula: Permnpp = (ng/ml basal) x 10°/Area well x Initial
concentration x Time (sec).

Immunofluorescence

For immunofluorescence analysis, we routinely used a cold
methanol fixation protocol.*® For labeling of microtubules, cells
were washed twice with PBS, fixed in 4% paraformaldehyde
(PFA), 1% Triton X-100 in Microtubule Stabilizing Buffer
(MTSB, 1 mM EGTA, 4% PEG8000, 0.1M Pipes, pH 6.9) for
10 min at room temperature (RT), followed by incubation in 4%
PFA in MTSB for 30 min RT, washing with PBS, blocking in
10 mM glycine, 1% bovine serum albumin (10 min RT), and
washing with PBS. Incubation with primary and secondary
antibodies (diluted in PBS) were performed either at 30 °C (45
min) or at 37° (30 min). Secondary antibodies (1:400, Jackson
Laboratories) were labeled either with either Cy3 (anti-mouse or
anti-rabbit) or Cy5 (anti-rat). Confocal images were acquired
using a LSM-700 Zeiss confocal microscope.

Immunoprecipitation and immunoblotting

Forimmunoprecipitation, cells were lysed in IP lysis buffer (150
mM NaCl, 20 mM TRIS-HCI pH 7.5, 1% NP40, 1 mM EDTA),
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lysates were clarified by centrifugation (13,000 rpm for 15 min),
20 wl of Dynabeads Protein G (Invitrogen) were washed three
times with PBS containing 5% BSA and 1% NP40, antibodies
(5 pl of rabbit either anti-PLEKHA7 or preimmune serum??)
were incubated for 1 h at 4 °C with Dynabeads, subsequently
lysates were incubated overnight at 4 °C and washed with IP
lysis buffer. Proteins were separated on 8% polyacrylamide gels,
transferred onto nitrocellulose (0. 45 wm) (100 V for 80 min at
4 °C), and blots were incubated with primary antibody, followed
by secondary HRP-labeled antibody (1:10,000, Amersham), and
chemiluminescence revelation.

Statistical analysis

Unless otherwise stated, TER and flux data represent the mean
of at least three separate experiments, each with duplicate wells for
each experimental condition. Data were analyzed for statistical
significance (£ < 0.05) using the Student’s T-test, the comparisons

being made each time either between the —Dox (induced) and
+Dox (uninduced), or between DMSO vs. nocodazole condition.
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S1

Supplementary Figure 1. Exogenous expression of full-length, N-terminal, C-terminal, but not Central PLE-
KHA?7 constructs enhances ZA recruitment and PA clustering of p120-ctn. Confocal immunofluorescence analy-
sis of clonal lines of MDCK cells showing labelling for exogenous constructs (green) in induced lines (-DOX)
and p120-ctn, either in the apical plane of focus (ZO-1, gray, left panels), which contains ZA (zonula adhaerens),
or in the basal plane (nuclei, blue DAPI, right panels), which contains PA (puncta adhaerentia). (A) Full-length;
(B) N-terminal (N-TERM); (C) C-terminal (C-TERM); (D) Central. Matched arrows indicate matched normal/
increased junctional labelling (using ZO-1 as a reference fore the apical plane), and arrowheads indicate de-
creased junctional labelling (B, C, D, apical plane) or diffuse lateral labelling (A and E, basal). Within each panel,
arrows indicate stronger labelling than arrowheads. (E) Schematic diagram of polarized MDCK cells, showing
the effect of exogenous expression of Full-length, N-terminal, and C-terminal constructs (green) on the localiza-
tion of E-cadherin complex proteins (red). In the absence of exogenous protein (+DOX) the E-cadherin complex
proteins are localized in the circumferential apical zonula adhaerens and on the lateral junctional surface, in fine-
ly distributed puncta adhaerentia. Upon exogenous protein expression, increased E-cadherin complex labelling
is seen associated with PLEKHA?7 constructs at the ZA, and lateral labelling is clustered in fewer, more brightly
stained PA. Bar = 10 pm.



S2

Supplementary Figure 2. The effect of exogenous expression of N-terminal, C-terminal and Central constructs
of PLEKHA7 on the subcellular distribution of zonular apical junctional complex proteins. Confocal immuno-
fluorescence analysis of MDCK cells expressing the indicated constructs (green), triple-labelled with antibodies
against either paracingulin (CGNLI, (A-C)), cingulin (CGN, (D-F)) occludin (OCCL, (G-I)), or afadin (AFAD,
(J-L)) in red, ZO-1 (gray in apical, left panels), and nuclei (DAPI, blue, basal plane). See legend to Fig. 1 for ar-
row/arrowheads significance. Bar = 10 pm.
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Supplementary Figure 3. The effect of nocodazole on the subcellular distribution of exogenous PLEKHA?7 con-
structs. Confocal immunofluorescence analysis of MDCK cells expressing the indicated PLEKHA7 constructs
(green), double-labelled with antibodies against a-tubulin (red) to visualize microtubules. Merge images of
induced cells are shown, on apical and basal planes, respectively, without (-nocodazole) and with (+nocodazole)
nocodazole. See legend to Fig. 1 for arrow/arrowheads significance. The arrow in the magnified inset in the C-
term/+nocodazole/basal indicates exogenous PLEKHA?7 associated with the end of a microtubule. Bar = 10 pm.



MgcRacGAP interacts with cingulin and paracingulin to regulate Racl
activation and development of the tight junction barrier during epithelial

junction assembly

The control of activation of Rho family GTPases is fundamental during
the establishment and maintenance of cell-cell junctions. Cingulin and
paracingulin are two structurally related proteins of TJ. Paracingulin is also
present at AJ. Both these proteins regulate the activity of different GEFs, such
as GEF-H1, and thus regulate the activity of RhoA in the cytoplasm [27, 75].
Additionally, cingulin can bind p114 RhoGEF at TJ and activate RhoA at
junctions [77]. Paracingulin is important during junction assembly, through the
junctional recruitment of the Racl GEF Tiam1 [27]. In this paper we show that
cingulin and paracingulin can further modulate the activity of Rho family
GTPases by recruiting at junction the Rac GAP MgcRacGAP. Cingulin and
paracingulin can both bind in vitro and in vivo MgcRacGAP, and MDCK cells
depleted of both cingulin and paracingulin show decreased levels and
junctional accumulation of MgcRacGAP, providing the evidence that two pools
of MgcRacGAP exist at junctions, one associated with ECT2 (another
component of the centralspindlin complex) at E-cadherin juncitons, and one
associated with cingulin and paracingulin at TJ. The results suggest that the
dynamics of junction assembly and TER development result from a balance of
the Racl activation mediated by Tiaml and its inhibition mediated by
MgcRacGAP, with cingulin and paracingulin playing a key role in this

regulation.
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My contribution to this publication was the analysis of cingulin and
paracingulin interaction with MgcRacGAP in vivo through co-
Immunoprecipitation, and the molecular mapping of their sites of interaction

(Figure 4 A, C, D).
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ABSTRACT The regulation of Rho-family GTPases is crucial to direct the formation of cell—cell
junctions and tissue barriers. Cingulin (CGN) and paracingulin (CGNL1) control RhoA activa-
tion in epithelial cells by interacting with RhoA guanidine exchange factors. CGNL1 depletion
also inhibits Rac1 activation during junction assembly. Here we show that, unexpectedly,
Madin-Darby canine kidney epithelial cells depleted of both CGN and CGNL1 (double-KD
cells) display normal Rac1 activation and tight junction (TJ) formation, despite decreased
junctional recruitment of the Rac1 activator Tiam1. The expression of the Rac1 inhibitor
MgcRacGAP is decreased in double-KD cells, and the barrier development and Rac1 activa-
tion phenotypes are rescued by exogenous expression of MgcRacGAP. MgcRacGAP colocal-
izes with CGN and CGNL1 at TJs and forms a complex and interacts directly in vitro with CGN
and CGNL1. Depletion of either CGN or CGNL1 in epithelial cells results in decreased junc-
tional localization of MgcRacGAP but not of ECT2, a centralspindlin-interacting Rho GEF.
These results provide new insight into coordination of Rho-family GTPase activities at
junctions, since apical accumulation of CGN and CGNL1 at TJs during junction maturation
provides a mechanism to spatially restrict down-regulation of Rac1 activation through the
recruitment of MgcRacGAP.
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INTRODUCTION

The precise spatiotemporal control of the activity of Rho-family
GTPases is essential in many cellular processes, including the estab-
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lishment and maintenance of cell-cell junctions and the formation of
epithelial barriers (Nusrat et al., 1995; Braga et al., 1997; Takaishi
etal., 1997, Jou et al., 1998; Yamada and Nelson, 2007). Rho-family
GTPases exist in active (GTP-bound) and inactive (GDP-bound)
states, and the transition between these states depends on a finely
tuned antagonism between activating guanine-nucleotide exchange
factors (GEFs) and inhibitory GTPase-activating proteins (GAPs;
Schmidt and Hall, 2002; Rossman et al., 2005; Tcherkezian and
Lamarche-Vane, 2007).

Tight junctions (TJs) form, together with the zonula adhaerens
(ZA), a belt-like apical junctional complex (AJC) in epithelial cells,
and are uniquely responsible for the barrier function of epithelia
through the formation of claudin-based paracellular channels and
pores (Furuse and Tsukita, 2006; Anderson and Van ltallie, 2009).
The transmembrane proteins of TJ and ZA are clustered at the sites
of cell—cell contact by distinct complexes of cytoplasmic adaptor
proteins, some of which provide anchoring to the actin and microtu-
bule cytoskeletons (Shin et al., 2006; Meng and Takeichi, 2009).
RhoA and Rac1 are the major GTPases of the Rho family, which are
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implicated in the regulation of TJs and the ZA through the dynamic
reorganization and contractility of the actin cytoskeleton (Hall, 2012).
However, the molecular mechanisms of their regulation are not
completely understood. For example, although GEFs for RhoA and
Rac1 have been found to interact with junctional proteins (reviewed
in Citi et al., 2011; McCormack et al., 2013), little is known about the
function of specific RhoA and Rac1 GAPs in modulating the estab-
lishment of the TJ barrier. Furthermore, it is not known whether any
Rac-GAP protein interacts with specific components of the cytoplas-
mic plaque of the TJ. In contrast, GAPs for Cdc42 are required for
TJ integrity and interact with junctional proteins (Wells et al., 2006;
Elbediwy et al., 2012).

Two key players in the fine-tuning of RhoA activity in epithelial
cells are cingulin (CGN), which is specifically localized in the cyto-
plasmic plaque region of TJs (Citi et al., 1988), and paracingulin
(CGNL1; also known as JACOP), which is localized to both the TJ
and ZA (Ohnishi et al., 2004; Guillemot and Citi, 2006b). CGN and
CGNLT1 are structurally related and recruit the Rho GEF GEF-H1 to
junctions of Madin-Darby canine kidney (MDCK) cells and p114-
RhoGEF to junctions of corneal cells (Citi et al., 2000, 2009, 2012;
Aijaz et al., 2005; Guillemot and Citi, 2006a; Guillemot et al., 2008;
Terry et al., 2011). CGNL1, unlike CGN, is also required for efficient
junctional recruitment of the Rac1 GEF Tiam1 in MDCK cells, and
depletion of CGNL1, but not of CGN, results in loss of the waves of
increased Rac1 activation observed during junction assembly
(Guillemot et al., 2008). Here, by studying the junction assembly
phenotype of MDCK cells depleted of both CGN and CGNL1 (dou-
ble-KD cells), we find that MgcRacGAP (also known as RacGAPT,
RacGAP50C, or Cyk-4; Toure et al., 1998; Jantsch-Plunger et al.,
2000; Somers and Saint, 2003) plays a role in Rac1-dependent regu-
lation of the dynamic establishment of the TJ barrier and interacts
with both CGN and CGNLI1.

RESULTS

In double-KD cells, Rac1 activation, junction assembly,

and establishment of the TJ barrier are similar to those

in wild-type cells, despite decreased junctional recruitment
of Tiam1

Stable lines of MDCK epithelial cells depleted of both CGN and
CGNL1 were reported previously (Guillemot et al., 2013) and show
increased RhoA activation at confluence, consistent with decreased
junctional recruitment of GEF-H1, similar to cells depleted of either
CGN alone (CGN-KD) or CGNL1 alone (CGNL1-KD; Guillemot and
Citi, 2006a; Guillemot et al., 2008). In addition, they show normal
expression and localization of proteins of the zonula adhaerens and
decreased expression of the transcription factor GATA-4 (Guillemot
et al., 2013). Here we investigate the dynamics of junction assembly
of double-KD cells, starting from our previous observations that in
CGNL1-KD cells Rac1 activation is decreased during junction as-
sembly, junction assembly is delayed, and the peak in transepithelial
electrical resistance (TER) observed during the calcium switch is
abolished (Guillemot et al., 2008).

In confluent monolayers, Rac1 activation in double-KD cells, as
measured by a glutathione S-transferase (GST) pull-down assay, was
the same as in wild-type (WT) cells (Figure 1A) and CGNL1-KD cells
(Guillemot et al., 2008). Rac1 activity as determined by GST-pull
down on cell lysates is a reliable readout of junctional Rac1 activa-
tion during junction assembly because although Rac1 is necessary
for maintenance of cell-cell contacts and protein traffic at steady
state, during junction formation the zones of maximal Racl and
lamellipodia activity are at the periphery of contacting membranes
(Yamada and Nelson, 2007). So we examined Rac1 activation during
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junction formation in the calcium switch, an established experi-
mental protocol to study the dynamic formation of the TJ barrier
(Gonzalez-Mariscal et al., 1985). Surprisingly, Rac1 activation in dou-
ble-KD cells was indistinguishable from that in WT cells; for exam-
ple, the peaks of Rac1 activity observed at the early (10-30 min) and
late (3 h) time points were not abolished (Figure 1B and Supplemen-
tal Figure S1A), in contrast to CGNL1-depleted cells (Guillemot
et al., 2008) and similar to WT and CGN(-) cells (Supplemental
Figure S1A). Instead, RhoA activity of double-KD cells during the
calcium switch was high and remained high at 8 h after the begin-
ning of the switch and in confluent monolayers (Figure 1B and
Supplemental Figure S1A; Guillemot et al., 2008), as previously
shown for single-KD cells (Guillemot and Citi, 2006a; Supplemental
Figure STA).

As an alternative functional assay, we assessed TJ barrier func-
tion by examining the pattern of development of the ionic perme-
ability barrier (TER) in double-KD cells. Whereas in CGNL1(-) cells
the peak in TER is abolished (Guillemot et al., 2008; Figure 1C), in
double-KD cells it is similar to that observed in WT cells (Figure 1C).
Distinct stable clones of double-KD cells behaved similarly (Supple-
mental Figure S1B).

As a third functional assay, we examined the kinetics of accumu-
lation of the transmembrane TJ protein occludin at the junctions of
double-KD cells. The behavior of double-KD cells was similar to that
of WT cells and cells expressing control short hairpin RNA (shRNA;
Figure 1D) and not delayed, as observed in CGNL1(-) cells
(Guillemot et al., 2008).

Because in CGNL1(-) cells decreased Rac1 activation and de-
layed junction assembly correlate with decreased junctional localiza-
tion of Tiam1 (Guillemot et al., 2008), we asked whether the unex-
pected phenotype of double-KD cells was due to a rescue in the
junctional localization of Tiam1, which could account for the in-
creased Rac1 activation, and normal TJ barrier development. Im-
munofluorescence analysis showed that in double-KD cells there
was decreased junctional localization of Tiam1 compared with WT
cells, similar to what observed in single-KD CGNL1(-) cells (Figure
1E; Guillemot et al., 2008). In agreement, immunoblot analysis of
soluble and insoluble fractions showed a decrease in the amount of
insoluble, junction-associated Tiam1 (Figure 1F). Because this assay
indicated that normal Rac1 activation and TJ barrier development in
double-KD cells was not due to a rescue in Tiam1 localization, we
conclude that Rac1 activation during junction assembly not only de-
pends on Tiam1, but is influenced by additional activators and/or
inhibitors of Rac1.

Expression of MgcRacGAP is decreased in double-KD cells,
and rescue of normal levels of MgcRacGAP expression
results in decreased Rac1 activation and delayed

TJ barrier development

We postulated that rescue of Rac1 activation in double-KD cells
could be due to either increased expression of a Rac1 GEF or de-
creased expression of a RacT GAP. So we examined the expres-
sion of Rac1 GEFs and GAPs, which are associated with junctional
proteins such as Asef (Muroya et al., 2007), RICH1 (Wells et al.,
2006), MgcRacGAP (Ratheesh et al., 2012), and Vav2 (Noren et al.,
2000). By quantitative real-time (RT) PCR, the expression of Asef
and RICH1 was not significantly altered in double-KD cells when
compared with WT cells (Figure 2A and Supplemental Figure S1C).
In contrast, expression of Vav2 and MgcRacGAP was significantly
decreased in double-KD cells compared with WT cells (Figure 2A
and Supplemental Figure S1C). Because decreased expression of
Vav2 (an activator of Rac1) could not explain the increased Rac1
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FIGURE 1: CGN(-)/CGNL1(-) (double-KD) cells show normal Rac1 activation and TJ assembly, despite reduced
junctional Tiam1. (A, B) Rac1 activation at steady-state (A) and Rac1 and RhoA activation during the calcium switch (B),
as determined by GST pull-down analysis. (C) TER (ohm-cm?) of WT, single-KD (CGNL1(-)), and double-KD (CGN(-)/
CGNL1(-)) cells during the calcium switch. (D) Occludin immunofluorescence, showing a similar pattern of occludin
accumulation at junctions in WT, control, and double-KD cells during the calcium switch (for single-KD CGNL1(-), see
Guillemot et al., 2008). (E) Immunofluorescence analysis of exogenous hemagglutinin (HA)-tagged Tiam1 in WT and
double-KD cells, showing reduced junctional recruitment of Tiam1 in double-KD cells (exposure time in double-KD cells
increased fourfold; see key in each panel). Bar, 10 pm. (F) Immunoblotting with anti-HA (exogenous Tiam1) and anti-actin
antibodies of fractionated lysates of WT and double-KD cells (Guillemot et al., 2008). See Supplemental Figure S1 for

additional data on single-KD cells.

activation in double-KD versus CGNL1(-) cells, we focused on
MgcRacGAP, a GAP that is ~30-fold more active against Rac1 and
Cdc42 than RhoA (Toure et al., 1998). Immunoblotting analysis
demonstrated that MgcRacGAP expression was decreased at both
the mRNA and protein levels in double-KD cells compared with
WT cells (Figure 2, B and C) and to either single-KD, CGN(-), or

Volume 25 July 1, 2014

CGNL1(-) cells (Supplemental Figure S1D). Furthermore, analysis
of fractionated lysates showed that the decrease in MgcRacGAP
levels was observed only in the low-speed insoluble fraction (Figure
2B and Supplemental Figure S1D), suggesting decreased associa-
tion with the cytoskeleton. The reduced mRNA and protein levels
for MgcRacGAP in stable double-KD cells may be due to altered
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FIGURE 2: MgcRacGAP levels are reduced in double-KD MDCK cells, and rescue of MgcRacGAP expression inhibits
Rac1 activation and the peak in TER during development of the TJ barrier. (A) Histogram showing the relative mRNA
levels for Asef, Vav2, Rich-1, and MgcRacGAP in double-KD cells vs. WT cells, taking WT levels as 100, as determined by
quantitative RT-PCR. (B) Immunoblotting analysis of either total lysates (RIPA) or fractionated lysates of WT and
double-KD cells. Low, pellet after centrifugation at low speed (13,000 x g). High, pellet after high-speed (100,000 x g)
centrifugation of the supernatant obtained after low-speed centrifugation. Soluble, Triton-soluble supernatant after
centrifugation at 100,000 x g of the low-speed supernatant. (C) Immunoblotting of total (RIPA) lysates from three
independent double-KD rescue clones (a—c) stably expressing or not (-) an exogenous human (h) FLAG-tagged
MgcRacGAP. (D) Rac1 activation in either single-KD (CGNL1(-)) or double-KD cells expressing (clone a) or not the
exogenous MgcRacGAP protein during the calcium switch. Clones b and c are shown in Supplemental Figure STE.

(E) TER profile in the calcium switch for the stable clones described in D. Clones b and c are shown in Supplemental

Figure S1F.

transcriptional regulation (due to reduced GATA-4 levels;
Guillemot et al., 2013; our unpublished results) and additional
mechanisms that regulate MgcRacGAP mRNA and/or protein sta-
bility, which remain to be investigated.

Next we tested the hypothesis that the decreased expression
of MgcRacGAP plays a mechanistic role in the increased Rac1 ac-
tivation and normal development of the epithelial paracellular per-
meability barrier of double-KD cells. We established stable lines
expressing exogenous FLAG-tagged MgcRacGAP in the back-
ground of double-KD cells (Figure 2C) and asked whether the ex-
ogenous MgcRacGAP expression could revert the phenotype of
double-KD cells to that of CGNL1(-), single-KD cells. GST pull-
down analysis of activated Rac1 showed that when exogenous
MgcRacGAP was expressed, the increased Racl activation de-
tected at different time points during the calcium switch in double-
KD cells was suppressed, thus reverting the phenotype to that of
single-KD, CGNL1(-) cells (Figure 2D and Supplemental Figure
S1E). Furthermore, Racl inactivation induced by exogenous
MgcRacGAP expression correlated with a strong reduction in the
peak of TER detected at 8 h after the calcium switch in double-KD
cells, resulting in a phenotype that was similar to that of single-KD,
CGNL1(-) cells (Figure 2E and Supplemental Figure STF). We also
attempted to generate stable lines depleted of MgcRacGAP
through shRNA expression in order to test directly the role of
MgcRacGAP in junction assembly in WT cells. However, such lines
could not be isolated, probably due to the essential role of
MgcRacGAP in cytokinesis (Glotzer, 2009).
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Cingulin and paracingulin are required for efficient
junctional recruitment of MgcRacGAP in different types

of epithelial cells

Having established that modulating MgcRacGAP expression levels
affects Rac1 activation and the dynamics of establishment of the TJ
barrier to ions, we asked whether MgcRacGAP is localized at TJs
through interaction with CGN, CGNL1, or both. To do this, we ex-
amined the localization of MgcRacGAP in epithelial cells in which
CGN, CGNL1, or both were depleted through either shRNA or small
interfering RNA (siRNA). In addition, we studied the localization of
MgcRacGAP in mixed cultures of primary keratinocytes isolated
from WT and CGN-KO mice (Figure 3).

In confluent WT MDCK cells, MgcRacGAP staining at junc-
tions was continuous and largely colocalized with CGN (arrows
in Figure 3, A, B, and D, and Supplemental Figure S2). However,
in dividing cells, only MgcRacGAP and not CGN labeling was
detected in the mitotic spindle (inset in Figure 3A, WT). In addi-
tion, unlike CGN and CGNL1, MgcRacGAP was also detected in
the nucleus (marked “n” in Figure 3 and Supplemental Figure
S2). In mixed cultures of WT MDCK cells, together with either
CGN-KD or double-KD stable clonal cells (WT+dKD), MgcRac-
GAP labeling at junctions was reduced, albeit not abolished, in
junctions between KD cells compared with junctions between
WT cells (double arrowheads in Figure 3A). A similar reduction of
junctional MgcRacGAP labeling was obtained by depleting CGN
in MDCK cells, using siRNA instead of shRNA (Supplemental
Figure S2A).
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FIGURE 3: CGN and CGNL1 are required for the efficient recruitment of MgcRacGAP to epithelial junctions.

(A, B) Double immunofluorescence of CGN and MgcRacGAP (Mgc) in WT MDCK cells in cocultures of WT and CGN-KD
MDCK cells, WT and double-KD MDCK cells (A), or mouse kidney (mpkCCDcyy) cells, after siRNA control, si-CGN,
si-CGNL1, and si-double (CGN and CGNL1) treatment. Cells were labeled also with rat anti-ZO-1 to identify junctions.
Arrows, junctions labeled by both MgcRacGAP and CGN antibodies. Double arrowheads, junctions with decreased
labeling for both CGN and MgcRacGAP and normal labeling for ZO-1. The square area in A and magnified inset shows
labeling for MgcRacGAP (arrowheads) in the mitotic spindle. Asterisks, positions of nuclei of KD cells. Single
arrowheads, junctions with reduced CGNL1 staining and normal MgcRacGAP staining. n, nuclear labeling for
MgcRacGAP. (C) Semiquantitative analysis of junctional labeling intensity for MgcRacGAP (expressed as a ratio of
MgcRacGAP to ZO-1 pixel intensity in the same junctional areas) in WT, CGN-KD, dKD junctions of MDCK clonal lines or
WT, CGNL1-KD, dKD si-treated mouse kidney cells. (D) Double immunofluorescence of CGN and MgcRacGAP in
cocultures of primary keratinocytes derived from either WT or CGN KO mice. Magnified insets in D" and D show
intensity-adjusted images of junctions, to show the lower levels (but not absence) of MgcRacGAP in junctional areas

between KO cells (D) vs. junctions between WT cells (D). Bar, 5 pm.

To examine the effect of CGNL1 depletion on the junctional lo-
calization of MgcRacGAP, we used mouse kidney cells (mpkCCD¢yq)
because the mouse anti-CGNL1 antibody required for double im-
munofluorescence with rabbit anti-MgcRacGAP does not recognize
canine CGNL1. In mouse kidney cells, depletion of CGN, CGNL1, or
both by siRNA resulted in reduced but not absent junctional stain-
ing for MgcRacGAP (Figure 3B). Semiquantitative analysis of
MgcRacGAP staining at junctions, expressed as a ratio to ZO-1
staining in the same junctional area, showed a similar decrease, by
~50%, in both single- and double-KD canine and mouse kidney cells
(Figure 3C).

As a third cell model system, we examined differentiated kerati-
nocytes isolated from WT and CGN-KO mice and grown in mixed
cultures (Figure 3D). Both CGN and MgcRacGAP showed a continu-
ous, linear (zonular), and mostly overlapping labeling of junctions in
WT keratinocytes (arrow in Figure 3D). In contrast, in junctions be-
tween CGN-KO keratinocytes, MgcRacGAP labeling was decreased
but not absent (arrowheads in Figure 3D and magnified insets in
Figure 3, D’ and D”), indicating that even in the absence of any
junctional CGN, a fraction of MgcRacGAP remains localized at
junctions.
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To extend our analysis to additional epithelial cell types, we also
examined the effect of either CGN or CGNL1 depletion in human
intestinal colon carcinoma cells (SKCO-15) and mouse mammary epi-
thelial cells (Eph4). In both of these cell types (and also in MCF-7
cells; unpublished data) depletion of CGN, either alone or in combi-
nation with CGNL1 resulted in decreased junctional staining for
MgcRacGAP (Supplemental Figure S2, B and C). In contrast, deple-
tion of CGNL1 alone resulted in decreased junctional labeling for
MgcRacGAP only in Eph4 (Supplemental Figure S2C) but not in
SKCO-15 cells (single arrowhead in Supplemental Figure S2B,
CGNL1-si) or human breast cancer (MCF-7) cells (unpublished data).

Taken together, these observations demonstrate that CGN, in all
the epithelial cell types we tested, and CGNLT, in all the cell types
we tested with the exception of SKCO-15 and MCF-7 cells, are re-
quired for the recruitment of MgcRacGAP to the AJC.

Cingulin and paracingulin interact with MgcRacGAP

To explore whether the requirement of CGN and CGNL1 for the
junctional recruitment of MgcRacGAP depends on an interaction of
MgcRacGAP with these proteins, we carried out immunoprecipita-
tion and GST pull-down experiments. Immunoblot analysis of either
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FIGURE 4: CGN and CGNL1 form a complex and interact directly with McRacGAP.

(A) Immunoblotting of CGN (top, from MDCK cell lysates) or CGNL1 (bottom, from Eph4 cell
lysates) immunoprecipitates, using antibodies against CGN/MgcRacGAP or CGNL1/
MgcRacGAP, respectively. Input: 1/40 of volume used for immunoprecipitation. MgcRacGAP
shows different mobility and forms in MDCK vs. Eph4 cells. (B) Domain organization of
MgcRacGAP and immunoblotting analysis of CGN in GST pull downs of full-length CGN
interacting with either full-length (FL) or truncated constructs (1-110, 111-632) of MgcRacGAP
fused to GST. (C, D) Domain organization of CGN (C) and CGNL1 (D) and immunoblotting
analysis of myc-tagged MgcRacGAP in GST pull downs of the indicated fragments of either
CGN or CGNL1 fused to GST. Images of Ponceau red-labeled membranes below immunoblots

show protein loadings for GST fusion proteins.

CGN or CGNL1 immunoprecipitates showed that endogenous
MgcRacGAP is present in a complex with CGN and CGNL1 in
epithelial cells (Figure 4A). Furthermore, specific coimmunoprecipi-
tation was also detected between tagged, exogenously expressed
MgcRacGAP, CGN, and CGNL1 in MDCK cells (Supplemental
Figure S3).

Next we asked whether MgcRacGAP can interact directly with
CGN and CGNL1, by incubating recombinant, bacterially expressed
MgcRacGAP constructs with full-length CGN or CGNL1, the latter
expressed in baculovirus-infected insect cells. Both CGN and
CGNL1 were detected by immunoblotting when either full-length
MgcRacGAP or an N-terminally truncated construct of MgcRacGAP
(residues 111-632) were used as bait, but not when a fragment con-
taining the coiled-coil domain of MgcRacGAP (1-111) was used
(Figure 4B). Thus the region of MgcRacGAP that interacts with CGN
and/or CGNL1 is distinct from the region (N-terminal 120 residues)
that interacts with ECT2 and MKLP1 (Mishima et al., 2002; Somers
and Saint, 2003) and partially overlaps with the sites of interaction
with anillin (D’Avino et al., 2008; Gregory et al., 2008) and PRC1
(Ban et al., 2004).
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To map the regions of CGN and CGNL1
that interact with MgcRacGAP, we incubated
bacterially expressed constructs of either
CGN or CGNL1 with myc-tagged MgcRac-
GAP. In the case of CGN, the strongest
binding was observed with fragments of the
CGN globular head domain (residues
160-406, 1-226), although fragments of
the coiled-coil rod (residues 354-579,
781-1025) also interacted with MgcRacGAP
(Figure 4C). In the case of CGNL1, the stron-
gest interaction was observed with the C-
terminal two-thirds of the globular head
domain (residues 209-603) and the N-termi-
nal one-third of the coiled-coil rod domain
(residues 591-882; Figure 4D).

In summary, CGN and CGNL1 form
a complex and interact directly with
MgcRacGAP.

Cingulin and paracingulin are not
required for junctional recruitment

of the Rho GEF ECT2

MgcRacGAP interacts with and is required
for the junctional recruitment of ECT2, a
centralspindlin-associated Rho GEF, at cad-
herin-based junctions of human breast can-
cer cells (MCF-7; Ratheesh et al., 2012). Be-
cause depletion of either CGN or CGNL1
reduced the junctional localization of
MgcRacGAP, we asked whether ECT2 is also
affected under these conditions.

The localization of ECT2 was investi-
gated in different types of epithelial cells:
canine and mouse kidney cells, mouse pri-
mary keratinocytes, human intestinal cells,
and mouse mammary epithelial cells (Figure
5 and Supplemental Figure S4). In canine
and mouse kidney cells, no junctional label-
ing for ECT2 could be detected (unpub-
lished data). In keratinocytes, ECT2 labeling
was detected at junctions, but it was not
zonular like that of MgcRacGAP, and it only partially colocalized with
CGN (arrows in Figure 5A, WT, and Supplemental Figure S4B), sug-
gesting that it is associated with the ZA rather than the TJ. In addi-
tion, prominent ECT2 labeling was detected along lateral regions of
cell-cell contact, clustered along aligned cable-like structures, some
of which reached the zonular junctional region, where they appar-
ently connected with continuing cables on the adjoining cells (dou-
ble arrowheads in Figure 5A, WT, and Supplemental Figure S4A).
These observations indicate that ECT2 is distributed along lateral
spot-like adherens junctions associated with actomyosin bundles,
which terminate at the zonula adhaerens and may be part of a tran-
scellular network across neighboring cells that provides continuity
across contractile units (Ebrahim and Kachar, 2013). Of importance,
no decrease in ECT2 labeling was observed in CGN-KO keratino-
cytes (arrowhead in Figure 5A, WT+CGNKO) compared with junc-
tions between WT keratinocytes (arrow in Figure 5A, WT+CGNKO).
In SKCO-15 cells (Supplemental Figure S4) and Eph4 cells (unpub-
lished data), labeling for ECT2 was highly heterogeneous in inten-
sity and distribution in different cells, mostly detectable in the cyto-
plasm and nucleus in a pattern that suggested cell cycle-dependent
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FIGURE 5: Depletion of CGN and CGNL1 does not affect the
junctional recruitment of the Rho GEF ECT2. (A) Double
immunofluorescence analysis (CGN, red; ECT2, green; 4’,6-diamidino-
2-phenylindole [DAPI], blue; in merge images) of WT keratinocytes
(top) or mixed cultures of WT and CGN-KO keratinocytes (bottom).
Additional images are shown in Supplemental Figure S4A. Note the
presence of ECT2 (arrow) in cells lacking CGN (arrowhead).

(B, C) Double immunofluorescence analysis (CGN, red; ECT2, green;
DAPI, blue; in merge images) of Eph4 cells treated with siRNA against
CGNL1 or SKCO-15 cells treated with siRNA against both CGN and
CGNL1 (C), showing both WT cells, containing junctional CGNL1/CGN
(arrow) and CGNL1(CGN)-depleted cells (arrowhead). Note the
presence of ECT2 (arrow) in cells lacking CGNL1/CGN. (D) Double
immunofluorescence analysis (CGN, red; MKLP1, green) of confluent
SKCO-15 cells, showing that MKLP1 is not detected at junctions
(arrow), but only at the cleavage furrow (CF) of dividing cells. Asterisks,
positions of nuclei of siRNA-CGN-depleted/KO cells. Single
arrowheads, sites with reduced CGN/CGNL1 labeling (KD or KO) but
detectable ECT2 labeling. Arrows, junctions between WT cells showing
both CGN/CGNL1 and ECT2 labeling. Bar, 5 um (B-D), 2 pm (A).

expression and localization (Liot et al., 2011; Matthews et al., 2012)
and was more rarely detectable at junctions (Supplemental Figure
S4). We found no correlation between intensity and distribution of
ECT2 labeling and depletion of either CGN or CGNL1 in Eph4 or
SKCO-15 cells (Figure 5, B and C, and Supplemental Figure S4B). In
human mammary carcinoma cells (MCF-7), labeling for both ECT2
and MgcRacGAP was junctional, and CGN depletion decreased
junctional MgcRacGAP, whereas ECT2 was not affected by deple-
tion of either CGN or CGNL1 (unpublished data). These observa-
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tions indicate that ECT2 distribution is highly variable depending on
cell type, the decreased levels of junctional MgcRacGAP in CGN/
CGNL1-depleted cells do not correlate with reduced junctional lo-
calization of ECT2, and neither CGN nor CGNL1 is required for junc-
tional recruitment of ECT2. This is consistent with the observation
that depletion of CGN, CGNL1, or both has no detectable effect on
the organization of cadherin-based junctions (Guillemot et al., 2008,
2013; Pulimeno et al., 2011).

Finally, we examined the localization of the kinesin MKLP1 (KIF23),
the second subunit of the centralspindlin complex, in SKCO-15 cells,
and detected strong labeling only at the cleavage furrow of dividing
cells but no junctional labeling in interphase cells (Figure 4D), sug-
gesting that the centralspindlin complex dissociates upon comple-
tion of mitosis, and MKLP1 does not associate with junctions.

DISCUSSION

We provide evidence for a new molecular mechanism regulating the
activity of Rac1 at epithelial junctions, based on observations on the
phenotype of stable MDCK lines depleted of both CGN and CGNL1.
Our data indicate that a component of the centralspindlin complex,
MgcRacGAP, is involved in regulation of Rac1 activation and dynam-
ics of TJ barrier formation during epithelial junction assembly, and is
recruited to apical zonular junctions by CGN and CGNL1. We also
provide evidence that the localization of MgcRacGAP in interphase
epithelial cells is distinct from that of the second component of the
centralspindlin complex, MKLP1, and of ECT2.

MgcRacGAP is a Rac-specific GAP (Toure et al., 1998) fundamen-
tal for mammalian viability, since its deficiency in mouse embryos
leads to preimplantation lethality (Van de Putte et al., 2001). As a
component of the centralspindlin complex, MgcRacGAP plays a
critical role during cytokinesis, by regulating assembly of the central
spindle, in part by affecting RhoA through the Rho GEF ECT2
(Mishima et al., 2002; Yuce et al., 2005; White and Glotzer, 2012) but
mainly by inhibiting Rac1 activity (D’Avino et al., 2004; D'Avino and
Glover, 2009; Canman et al., 2008; Bastos et al., 2012). What role, if
any, MgcRacGAP plays in Rac1 regulation at junctions of interphase
cells has not been determined. A study reported that the central-
spindlin complex is localized at the ZA of breast cancer (MCF-7) cells
by anchoring with the N-terminus of a-catenin to support ECT2-
controlled Rho signaling at junctions (Ratheesh et al., 2012). Here
we show that in interphase epithelial cells, MgcRacGAP colocalizes
with CGN, a specific marker of TJ, whereas ECT2 is distributed het-
erogeneously at the ZA, along lateral contacts, and in the cytoplasm/
nucleus in different cell types. In addition, whereas depletion of ei-
ther CGN or CGNL1 results in decreased MgcRacGAP accumulation
at junctions, we did not observe any decrease in the junctional local-
ization of ECT2, in apparent disagreement with the idea that
MgcRacGAP recruits ECT2 to junctions (Ratheesh et al., 2012), and
confirming the lack of effect of CGN/CGNL1 depletion on ZA orga-
nization (Guillemot et al., 2004, 2008, 2012, 2013; Guillemot and
Citi, 2006a; Pulimeno et al., 2011). However, because even in dou-
ble-KD kidney epithelial cells we observed residual junctional stain-
ing for MgcRacGAP, this discrepancy can be explained by the pres-
ence of two pools of MgcRacGAP, one at the TJ, which is recruited
by CGN and CGNL1, and one at the ZA, recruited by the a-catenin/
E-cadherin complex (Ratheesh et al., 2012; Priya et al., 2013). The
proportion of MgcRacGAP that associates with TJ versus ZA, and
hence its regulation, may be different in cancer cell lines versus
spontaneously immortalized cell lines and may depend on the com-
position and degree of “maturation” of these junctions. Further
studies should characterize the interactions of MgcRacGAP with
components of the ZA, and its regulation at the apical junctional
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FIGURE 6: The control of Rac1 signaling at the apical junctional
complex. Simplified scheme showing the AJC and the putative
molecular interactions of GEFs and GAPs with CGN, CGNL1, and other
junctional proteins. Green lines indicate activation; red lines indicate
inhibition. A key for the graphical objects is shown at the bottom.

complex. On the other hand, our observations on different types of
CGN/CGNL1-depleted cells, and the finding that MgcRacGAP
forms a complex and interacts directly with CGN and CGNL1
strongly support the idea that CGN and CGNL1 play a major role in
recruiting MgcRacGAP to the TJ.

Concerning the function of MgcRacGAP in interphase cells,
we show that in double-KD MDCK cells, where MgcRacGAP levels
are decreased, RhoA activation during the calcium switch is indistin-
guishable from WT and single-KD (CGNL1(-)) MDCK cells
(Guillemot et al., 2008; present study). In contrast, rescuing MgcRac-
GAP levels dramatically affects Rac1 signaling during junction as-
sembly, supporting the notion that MgcRacGAP acts primarily on
Rac1 and not RhoA signaling (D’Avino and Glover, 2009). The cor-
relation between Rac1 activation and the pattern of TER develop-
ment in the double-KD cell lines strengthens the idea that Rac1 ac-
tivation regulates the development of the paracellular barrier to
ions. The barrier to ions depends on claudins, which polymerize on
a scaffold of cytoplasmic TJ proteins, which are linked directly or
indirectly to the actin cytoskeleton (Umeda et al., 2006; Fanning and
Anderson, 2009; Citi et al., 2012). Although the precise molecular
mechanism that generates the peak in TER observed during junc-
tion assembly in MDCK cells is not known, it can be speculated that
it is due to a transient, cytoskeleton-dependent “tightening” of the
claudin-based barrier, the differential kinetics of assembly of “tight”
(barrier) versus “leaky” (pore) claudin isoforms (Kolosov et al., 2014),
or a combination of these mechanisms. Because TER development
is also modulated by Tiam1, a Rac1 GEF that interacts with Par3
and CGNL1 (Chen and Macara, 2005; Mertens et al., 2005;
Guillemot et al., 2008); by RICH1, a Cdc42/Rac1 GAP that interacts
with angiomotin (Wells et al., 2006); and by B2-syntrophin, which
modulates the localization of Tiam1 and Rac1 along the apicobasal
axis (Mack et al., 2012), we conclude that Rac1 is a key regulator of
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TER development, and we hypothesize that this regulation occurs
primarily by controlling cytoskeletal organization and cytoskeletal
anchoring of claudins. Of importance, the ability of MgcRacGAP to
modulate TJ barrier development must depend on its spatially re-
stricted activity at the cytoplasmic, cytoskeleton-linked “plaque” of
the TJ, and our data indicate that this is through its interaction with
CGN and CGNL1. Therefore, accumulation of CGN and CGNL1 at
TJs during junction maturation provides a mechanism to spatially re-
strict down-regulation of Rac1 activation at TJs, through recruitment
of MgcRacGAP.

Taken together, the results presented here and in previous stud-
ies (Aijaz et al., 2005; Guillemot and Citi, 2006a; Guillemot et al.,
2008) suggest a working model in which CGN and CGNL1 have
multiple functions in fine-tuning RhoA and Rac1 activation in MDCK
cells (Figure 6). In confluent cells, they both inhibit RhoA activation
by sequestering GEF-H1, whereas during junction assembly, CGNL1
promotes Racl activation by supporting junctional recruitment of
Tiam1, whereas both CGN and CGNLT1 inhibit Rac1 activation at TJ
through recruitment of MgcRacGAP. So we propose that the dy-
namics of junction assembly and TER development result at least in
part from a balance between Tiam1-mediated Rac1 activation and
MgcRacGAP-mediated Rac1 inhibition. Changes in the levels of ex-
pression of either Tiam1 or MgcRacGAP or their interacting partners
at junctions, and additional regulatory mechanisms, may affect such
equilibrium, resulting in altered spatiotemporal dynamics of junc-
tion assembly. To further test this model, it will be necessary to ex-
plore in more detail the phenotype of CGN and CGNL1 KO model
systems, and the regulation of the molecular interactions between
different GEFs, GAPs, and cytoplasmic junctional proteins.

In summary, our data reveal a new mechanism of fine-tuning of
junction assembly and development of the TJ barrier, by which
MgcRacGAP controls Rac1 activation at apical junctions, where it is
recruited through its interaction with CGN and CGNL1. Our results
also support the idea that the spatiotemporal control of Rho GTPases
is coordinated by the cell context-dependent makeup of GTPase
activators and inhibitors and interacting junctional proteins.

MATERIALS AND METHODS

Antibodies and plasmids

Commercial antibodies were purchased against hemagglutinin
(Covance, Meyrin, Switzerland), FLAG (M2; Sigma-Aldrich, Buchs,
Switzerland), MgcRacGAP (rabbit sc-98617; Santa Cruz), ECT2
(07-1364; Millipore), MKLP1 (sc-867; Santa Cruz), and CGNL1
(mouse sc-162681; Santa Cruz, Muttenz, Switzerland). The mouse
anti-CGNL1 antibody did not cross-react with canine CGNL1 and
therefore could not be used to immunolocalize CGNL1 in double
labeling of MDCK cells with rabbit anti-MgcRacGAP or for immuno-
precipitations of CGNL1 from MDCK cells. The rat anti-ZO-1 mono-
clonal antibody (R40-76) was a kind gift of D. Goodenough (Harvard
University, Cambridge, MA). Antibodies against MgcRacGAP
(immunoblotting) and a plasmid (pMXs-neo) encoding FLAG-tagged
human MgcRacGAP were kind gifts from T. Kitamura (Institute of
Medical Science, University of Tokyo, Tokyo, Japan; Hirose et al.,
2001) and A. Touré (Institut Cochin, Paris, France; Toure et al., 1998).
Secondary antibodies forimmunofluorescence (Jackson ImmunoRe-
search Europe, Newmarket, UK) were Alexa 488 anti-rabbit, Cy3
anti-mouse, and Cy5 anti-rat. Constructs for bacterial expression of
MgcRacGAP GST fusion proteins (full-length and truncated) were
produced by PCR amplification and subcloning into the pGEX4T1
vector. MgcRacGAP was subcloned into pcDNA3.1myc-His (EcoRI-
Notl) for establishing stable MDCK cell lines. All new constructs
were verified by sequencing. Polyclonal antiserum against CGN
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(Cardellini et al., 1996), other constructs, and antibodies were as
previously described (Guillemot et al., 2004, 2008; Guillemot and
Citi, 2006a; Paschoud and Citi, 2008).

Cell culture, transfection, and other techniques

MDCK, SKCO-15 (human intestinal colon carcinoma; a kind gift from
A. Nusrat, Emory University, Atlanta, GA; Ivanov et al., 2010), and
Eph4 cells (mouse mammary epithelial cells; a kind gift of
E. Reichmann, University of Zurich, Zurich, Switzerland; Maschler
et al., 2005) were cultured in DMEM containing 10% fetal bovine
serum (FBS), nonessential amino acids, and appropriate antibiotics
for selection (Guillemot et al., 2013). Mouse kidney collecting duct
cells (mpkCCD¢y4; a kind gift of E. Feraille, University of Geneva,
Geneva, Switzerland; Gonin et al., 2001) were cultured as described
previously (Pulimeno et al., 2010). Stable clones of MDCK cells ex-
pressing shRNAs to deplete CGN, CGNL1, or both CGN and CGNLT1
(double-KD) or rescue MgcRacGAP constructs were obtained as de-
scribed (Guillemot and Citi, 2006a; Guillemot et al., 2008, 2013). For
siRNA-mediated depletion, the following target sequences were
used (sense): 1) CGN: GTGACCAGGAGGTGGAACA (human and
mouse), AGCTCAGAAGGCTTCCAGA (canine); 2) CGNL1: AGTG-
GCTGAACTTCAGAGA  (human), GACTTAAAGAGCCGGATTA
(mouse). Transfections were carried out using Lipofectamine2000
(DNA) and RNAiIMax (siRNA), and cells were analyzed by immuno-
fluorescence 48-72 h after transfection. Calcium switch, measure-
ment of TER, Rac1 and RhoA activation assays, immunoblotting, and
immunofluorescence were as described (Citi et al., 2001; Guillemot
and Citi, 2006a; Guillemot et al., 2008; Paschoud and Citi, 2008).

GST pull downs, immunoprecipitation, and cell fractionation
For GST pull downs, full-length CGN and CGNL1 were from baculo-
virus-infected insect cells and MgcRacGAP from HEK293 cells trans-
fected with exogenous, myc-tagged MgcRacGAP (Citi et al., 2001;
Guillemot et al, 2008). Coimmunoprecipitation experiments
were carried out as described (Guillemot et al., 2008), except that
lysates were sonicated, and antibodies (2 pg) were incu-
bated with Dynabeads Protein G (ReF. 1004D; Life Technologies
Europe, Zug, Switzerland; 20 pl, prewashed three times with
phosphate-buffered saline containing 5% skimmed milk) for 1 h at
4°C before incubation with cell lysates (overnight at 4°C) and wash-
ing with coimmunoprecipitation buffer. MDCK lysates were used for
CGN-MgcRacGAP immunoprecipitations and Eph4 cell lysates for
CGNL1-MgcRacGAP immunoprecipitation because the mouse anti-
CGNL1 antibody does not cross-react with canine CGNL1. The anti-
MgcRacGAP antibody did not work for immunoprecipitation. For
fractionation, cells were lysed in cytoskeleton stabilizing buffer (CSK;
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 6.8,
250 mM sucrose, 150 mM KCI, 1 mM ethylene glycol tetraacetic
acid, 3 mM MgCl,, 0.5% Triton X-100, 1 mM phenylmethylsulfonyl
fluoride, and protease inhibitor cocktail). The CSK lysate was
centrifuged for 15 min at 13,000 x g, and the pellet was resus-
pended, washed with CSK buffer, centrifuged again, and taken as
the “low-speed” cytoskeleton fraction. The soluble fraction was
centrifuged for 120 min at 100,000 x g, and the pellet was washed
and taken as the "high-speed” Triton X-100 insoluble cytoskeleton
fraction. The supernatant from high-speed centrifugation was taken
as the “soluble” fraction. Equivalent protein loadings from each
fraction were analyzed by SDS-PAGE and immunoblotting.

Primary keratinocyte cultures

Keratinocytes were isolated from WT and CGN KO (Guillemot
et al., 2012) newborn mice, following a protocol approved by the
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Ethics Committee of the University of Geneva and the Cantonal
Veterinary Office (Authorization 1027/3853/53). Skins were dis-
sected and incubated with dispase Il (04942078001; Roche),
2.5 U/ml (3.1 mg/ml) at 37°C for 2 h, in low-calcium medium
(DMEM/F12 3:1, pH 7.2, supplemented with 15% calcium-free
FBS, 100 U/ml penicillin/streptomycin, 0.1 nM choleratoxin,
6 x 107* mg/ml hydrocortisone, 5 x 1072 mg/ml insulin,
5 x 1072 mg/ml transferrin, and 0.02 nM 3’,5-triiodo-L-thyronine).
The epidermis was then separated from the dermis, minced into
pieces, and incubated with trypsin 0.25%-1x EDTA (253000062;
Invitrogen) for 15 min at 37°C. The cell suspension was filtered
through a 70-pm cell strainer and centrifuged at 1500 rpm for
5 min. Cells were seeded at a density of 0.25 x 10¢ cells/cm? and
incubated at 37°C in the presence of 5% CO,. Immunofluorescence
analysis of keratinocytes was performed after calcium-induced
induction of differentiation, which promotes junction formation:
CaCl, (0.25 M stock) was added to a final concentration of 1.2 mM,
and keratinocytes were fixed (cold methanol) for immunofluores-
cence labeling at different times after calcium addition.

Quantitative RT-PCR

mRNA levels for GEFs and GAPs were analyzed by SYBR green—
based RT-PCR (Guillemot and Citi, 2006a; Guillemot et al., 2008,
2013), using the following primers: Asef (ARHGEF4) forward,
5-GCGGACCAACGTCATCAAC-3’; reverse, 5-CCCGCAGGTGCT-
TGATGTA-3"; Vav2 forward, 5-AAGAACTCAATGACCCCCCTGA-3
reverse, 5-AGGTTGATGAAAATGGCTGCC-3’; RICH1 forward,
5-TGGCAGCGGCTACCTCTG-3’; reverse, 5-TCGGCGTGCTGAA-
TGATG-3’; MgcRacGAP  forward, 5-TGAATTTGCGGAATCT-
GTTTGA-3’; reverse, 5-TGGAGTTCATTTCCTTCACTGAGA-3".

Confocal microscopy

Cells were observed using Zeiss conventional (Axiovert TV100)
and confocal (LSM700) microscopes. For quantification of MgcRac-
GAP labeling in CGN-KD and double-KD cells, cells were triple
labeled with mouse anti-CGN/CGNLT1, rabbit anti-MgcRacGAP,
and rat anti—-ZO-1. ZO-1 was used as an internal reference for
junction/plane of focus to exclude the possibility that reduced
junctional labeling for MgcRacGAP could be due to shift of plane
of focus. For quantifications using ImageJ (National Institutes of
Health, Bethesda, MD), for each marker the cytoplasmic area
(devoid of junctions) was taken as background and subtracted
from the junctional labeling. The mean pixel intensity of MgcRac-
GAP junctional labeling was measured in junctional segments or
representative images in WT, single-KD, and double-KD cells
(n=5) and ratioed to ZO-1 labeling in the corresponding junctions
(Pulimeno et al., 2011).

Statistical analysis

All experiments were carried out at least in triplicate, and histogram
values show means £ SD. Values were considered statistically signifi-
cant (*) when p < 0.05 between experiments (Student'’s t tests). For
immunoblots and immunofluorescence data, one representative
example is shown.
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Legends for Supplementary Figures

Figure S1. The expression of exogenous MgcRacGAP in double-KD cells reduces
Racl activation and TJ formation during the calcium-switch. (A): Racl and RhoA
activation assays of WT, single-KD (either CGN-KD or CGNL-KD) and double-KD
cells at different times after the calcium switch. Note that peaks of Racl activation
occur at 10', 20", and 3 hr in all cell lines except for CGNL-KD cells, and RhoA
activity is down-regulated at 8 hr only in WT cells. (B): Transepithelial electrical
resistance (TER, ohm.cm?) of three different stable clones of double-KD CGN(-
)ICGNL1(-) cells, showing a peak of TER during the calcium-switch. (C): Histogram
showing the relative mRNA levels for Asef, Vav22, Rich-1 and MgcRacGAP in WT,
single (CGN(-), CGNLZ1(-)), and double-KD cells, taking WT levels as 100%, as
determined by gRT-PCR. (D): Immunoblotting analysis of either total lysates (RIPA)
or fractionated lysates of WT, CGN(-), CGNL1(-), and double-KD cells with anti-
MgcRacGAP. (E): Racl activation assays in either single KD (CGNL1(-) ) or three
independent double-KD cell clones (a, b and c) stably expressing or not (-) an
exogenous human (h) FLAG-tagged MgcRacGAP protein, during the calcium-switch
assay (0, 10" and 3h time points). (F): Pattern of development of TER in three
independent double-KD clones expressing (a, b, and c) or not the exogenous human
(h) FLAG-tagged MgcRacGAP protein, during the calcium switch.

Figure S2. Effect of CGN and CGNLL1 depletion on the localization of MgcRacGAP
in different epithelial cell types. Immunofluorescence analysis (CGN/CGNL1-red,
MgcRacGAP-green, ZO-1-gray, DAPI-blue) of (A): WT MDCK cells, and MDCK
cells transfected with either CGN or control SiRNA; (B): either WT SKCO-15 cells
(WT), or a mix of WT cells and cells where either CGN (CGN-si) or both CGN and
CGNL1 (CGN+CGNL1-si) were depleted through siRNA expression. The magnified
square in the WT merge image shows the partial co-localization of CGN and
MgcRacGAP labelling. Note that upon CGNLL1 depletion MgcRacGAP is still
detectable at junctions (arrow in CGNL1si, green). (C): mixes of WT Eph4 cells and
Eph4 cells where either CGNL1 (CGNL1-si), CGN (CGN-si) or both CGN and
CGNL1 (CGN+CGNL1-si) were depleted through siRNA expression. “n” = nuclear
labelling for MgcRacGAP. Asterisks in merge images=siRNA-depleted cells. Double
arrowheads= junctions with reduced CGN and MgcRacGAP labelling. Arrows=
junctions between WT cells showing both CGN and MgcRacGAP labelling. Bar =5
um.

Figure S3. Exogenously expressed MgcRacGAP forms a complex with exogenously
expressed CGN or CGNLL1. (A-B): Immunoblotting analysis of immunoprecipitates
of lysates of MDCK cells expressing (+) or not-expressing (-) exogenous myc-tagged
MgcRacGAP, and either YFP-tagged CGNL1 ((A) or CGN (B), or YFP-myc
(negative control). Immunoprecipitation was carried out using either anti-GFP
antibodies, or anti-HA antibodies (negative control), and immunoblotting using anti-
MgcRacGAP, to detect immunoprecipitated MgcRacGAP, or anti-myc, to detect
exogenously expressed proteins (arrowheads) in IPs. The asterisk indicates a non-
specific band, of size smaller than YFP-myc, recognized by the anti-myc antibodies.
Note that MgcRacGAP is detected in both CGNL1 and CGN immunoprecipitates. (C-
D): Immunoblotting analysis, with anti-myc antibodies, of the input of the lysates
used for immunoprecipitation in panels A and B, respectively. Arrowheads indicate
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migration of YFP-CGNL1 or YFP-CGN, MgcRacGAP-myc, and YFP-myc, from top
to bottom. Migration of molecular size markers is indicated on the right (kDa).

Figure S4. Depletion of CGN and/or CGNL1 does not affect the localization of
ECT2. Immunofluorescence analysis (CGN/CGNL1-red, ECT2-green, DAPI blue in
merge images) of (A): mix of WT and CGN-KO keratinocytes, at different times (8
hr, 24 hr, 72 hr) after calcium-induced differentiation (the image WT+KO in Fig. 5
corresponds to the 48 hr time point, and the image WT in Fig. 5 is a magnification of
a junction between WT cells in the 24 hr time point). (B): SKCO-15 cells: WT, or a
mix of WT cells and cells where either CGN (CGN-si) or CGNL1 (CGNL1-si) are
depleted through siRNA expression; Control-si was used as a negative control.
Heterogeneous cellular labeling for ECT2 is indicated: CF= cleavage furrow; N =
nuclear; Cyt = cytoplasmic; Neg= negative cell; Asterisks=KD/KO cells. Arrows=
junctions between WT cells showing both CGN/CGNL1 and ECT2 labelling. Bar =5
um.
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The adherens junctions control susceptibility to Staphylococcus aureus

a-toxin

Staphylococcus aureus is a human pathogen, which colonizes the skin
and is responsible for skin and soft tissue infections but can also access
deeper tissue, causing for example pneumonia. The secretion of a-toxin, a
protein that can form pores on the cell membrane and irreversibly injure the
cells, leading to their death, mediates the pathogenicity of this bacterium.
Through a high throughput genetic screening in human haploid cells (Hap1l),
several proteins involved in the cytotoxic effect of the a-toxin were identified
by our collaborators at Stanford University. Along with the known receptor for
the toxin ADAM10, PLEKHA7 and other proteins of adherens junction were
found to be involved in the mechanism of action of the a-toxin. PLEKHA7 KO
cells are more resistant to intoxication, undergoing cytopathic effects after
intoxication that can gradually recover, showing an increased cell survival
compared to WT cells. The N-terminal region of PLEKHA7 is sufficient to
restore the cytotoxic effects of a-toxin in PLEKHA7 KO cells, the same region
that mediates also the interaction with other junctional proteins found in the
screening. The involvement of PLEKHA7 in the pathogenesis of
Staphylococcus aureus infection in vivo was also shown through a PLEKHA7
KO mouse model. PLEKHA7 KO mice showed reduced pathology upon
Staphylococcus aureus skin infection and an increased recovery and survival
upon an acute lethal pneumonia. This study provides evidence that
Staphylococcus aureus targets junctions and a-toxin acts through adherens

junction proteins to mediate its cytotoxicity.
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| contributed to this paper helping on the characterization of PLEKHA7
antibodies, reagents that were used to characterize KO cells and tissue

models, and study the localization of PLEKHA7 in WT tissues and cells.
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Staphylococcus aureus is both a transient skin colonizer and a formi-
dable human pathogen, ranking among the leading causes of skin
and soft tissue infections as well as severe pneumonia. The secreted
bacterial a-toxin is essential for S. aureus virulence in these epithelial
diseases. To discover host cellular factors required for a-toxin cyto-
toxicity, we conducted a genetic screen using mutagenized haploid
human cells. Our screen identified a cytoplasmic member of the
adherens junctions, plekstrin-homology domain containing protein
7 (PLEKHA?), as the second most significantly enriched gene after
the known a-toxin receptor, a disintegrin and metalloprotease 10
(ADAM10). Here we report a new, unexpected role for PLEKHA7
and several components of cellular adherens junctions in controlling
susceptibility to S. aureus a-toxin. We find that despite being injured
by a-toxin pore formation, PLEKHA7 knockout cells recover after
intoxication. By infecting PLEKHA7~'~ mice with methicillin-resistant
S. aureus USA300 LAC strain, we demonstrate that this junctional
protein controls disease severity in both skin infection and lethal
S. aureus pneumonia. Our results suggest that adherens junctions
actively control cellular responses to a potent pore-forming bac-
terial toxin and identify PLEKHA7 as a potential nonessential host
target to reduce S. aureus virulence during epithelial infections.

Staphylococcus aureus | a-toxin | adherens junctions | MRSA | PLEKHA7

he bacterium Staphylococcus aureus is not only one of the

most important human pathogens resulting in considerable
morbidity and mortality (1, 2) but also can be found as a transient
skin resident, intermittently colonizing a sizable portion of the
healthy population (3). S. aureus infections manifest in a diverse
array of clinical presentations, but related to its transitory epithelial
niche, S. aureus predominantly results in skin and soft tissue infec-
tions (4, 5). Through local infections bacteria can gain access to
deeper tissue and disseminate hematogenously to cause invasive
disease such as endocarditis, osteomyelitis, deep tissue abscesses,
sepsis, and pneumonia (1). In the face of increasing antibiotic re-
sistance, the widespread prevalence of methicillin-resistant S. aureus
(MRSA) strains both in hospitals and communities across the globe
presents a growing threat to human health worldwide (5, 6). Given
the growing difficulty of treating these common and frequently life-
threatening infections, understanding host-pathogen interactions
that mediate S. aureus pathogenesis is imperative.

Chief among the arsenal of S. aureus virulence factors, o-toxin
(or a-hemolysin) is a critical determinant for pathogenesis in a
wide variety of experimental infections, particularly during epi-
thelial infections such as skin abscesses and pneumonia (7-10).
After secretion as a soluble monomer, a-toxin oligomerizes on the
targeted host cell surface via interactions with its high-affinity
metalloprotease receptor, a disintegrin and metalloprotease 10
(ADAM10), forming a 1-3-nm pore that spans the cellular
membrane lipid bilayer (11, 12). Originally described solely
for its ability to induce lysis of erythrocytes, it is now appreciated

www.pnas.org/cgi/doi/10.1073/pnas.1510265112

that a-toxin exerts pleiotropic effects on a diverse set of host cells
(13). In addition to inducing cell death, at sublytic concentrations
a-toxin has been described to alter a wide variety of cellular
processes, including cell signaling, proliferation, immunomodu-
lation, autophagy, and others (13-17).

Importantly, S. aureus uses a-toxin to remodel host epithelia and
alter tissue integrity. Engagement of a-toxin with ADAMI10 leads
to intracellular ion flux across the toxin pore, which enhances the
proteolytic activity of ADAM10 through an unknown mechanism
(18). ADAMIO is essential for tissue morphogenesis and remod-
eling and acts on a multitude of extracellular substrates (19), one of
which is the adherens junction protein E-cadherin (20). It has been
proposed that a-toxin—-enhanced ADAM10 cleavage of E-cadherin
dismantles the adherens junctions to disrupt the integrity of cell-
cell contacts in epithelial tissues during infection to contribute to
S. aureus pathogenesis (18, 21). However, the molecular compo-
nents that govern intracellular responses elicited by a-toxin in the
targeted host cell remain largely undefined.

To advance understanding of how S. aureus a-toxin modulates
host cell biology, we conducted a high-throughput genetic screen
using human cells (22, 23) to discover novel host factors required
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for a-toxin cytotoxicity. Our screen unexpectedly revealed that
multiple components of the cellular adherens junctions modulate
susceptibility to a-toxin, suggesting a previously unidentified role
for the junctions as critical mediators of a-toxin cytotoxicity—not
merely its target. The most significant hit following ADAM10
was plekstrin-homology domain containing protein 7 (PLEKHA7),
a cytoplasmic accessory member of the adherens junction com-
plex (24). In PLEKHAT7-deficient cells, a-toxin pore formation
occurs, but remarkably cells exhibit enhanced recovery from
a-toxin injury. Furthermore, we establish the important contri-
bution of PLEKHA?7 for S. aureus pathogenesis in vivo using
MRSA USA300 LAC mouse models of both a self-resolving skin
and soft tissue infection and lethal pneumonia.

Results

Human Haploid Genetic Screen Reveals Novel Host Factors Required
for a-Toxin Cytotoxicity. To discover host factors required for
a-toxin cytotoxicity, we conducted a live/dead genetic screen by
intoxicating haploid human cells (HAP1) carrying knockout alleles
in essentially all genes through insertional mutagenesis (22, 23). A
large-scale library of ~100 million HAP1 mutagenized cells was
treated with recombinant a-toxin, and gene-trap insertion sites
were identified in the pool of surviving, toxin-resistant cells. The
gene trap insertion sites in the toxin-selected population were
compared with a control library that was not exposed to a-toxin

Fig. 1.

(Dataset S1). We identified 46 genes that were significantly
enriched in the toxin-treated library (P < 0.05) spanning several
functional biological categories, suggesting that these genes are es-
sential for a-toxin intoxication (Fig. 14 and Dataset S1).

The validity of our screen was confirmed by identification of
ADAMI0, the a-toxin cell surface metalloprotease receptor (12),
which emerged as the most enriched gene in the toxin-selected li-
brary (Fig. 14, P = 7.36 x 107'®). Moreover, the screen identified
the chaperone protein TSPAN33 (25), which reportedly mediates
surface localization of ADAMI0 (Fig. 14, P = 1.09 x 10~>). Lipid
biogenesis genes, such as sterol response element binding proteins,
were also enriched (Fig. 14) and have been attributed roles in cel-
lular innate immune responses against pore-forming toxins (26, 27).

Our screen discovered several genes not previously implicated in
a-toxin cytotoxicity. PLEKHA7, the second most enriched gene in
our screen (Fig. 14, P = 1.84 x 107%"), is a cytoplasmic, accessory
component of adherens junctions (24). PLEKHA?7 localizes to the
zonula adhaerens belt of the apical-junctional complex in epithelial
cells, where it directly interacts with p120 catenin, paracingulin, and
afadin (24, 28-31). Unlike E-cadherin or p120 catenin, PLEKHA7
is not required for adherens junctions formation, and previous
studies suggest a role for PLEKHA?7 in regulating the stability of
the adherens junctions (24, 28-31). In accord with adherens junc-
tions mediating a-toxin injury, our screen also identified several
other junctional components including a-catenin, afadin, and

A haploid genetic screen for cellular host factors required for a-toxin cytotoxicity identifies several components of the adherens junctions. (A) A

haploid human cell genetic screen identified genes that confer resistance to a-toxin when inactivated by retroviral gene-trap insertion. Each bubble rep-
resents a gene, and bubble size corresponds to the number of independent gene-trap insertion events observed in the toxin-selected population. Genes are
ranked on the y axis according to the significance of enrichment of gene-trap insertions in the a-toxin selected library compared with the nonselected control
population (Fisher’s exact test, corrected for false discovery rate). Functional groups of significant hits share a common color as indicated and are grouped
together horizontally (with other genes in random order along the x axis). Gene names are displayed until P = 0.05. (B) An abridged diagram of the adherens
junctional complex. Cell-cell adherens junction proteins found significantly enriched in our a-toxin screen are depicted in red, and associated proteins are
shown in gray. (C) Viability of WT HAP1 cells or knockout (A) HAP1 clones for the indicated genes following treatment with a-toxin (indicated as percentage
of nonintoxicated controls; data are mean + SEM; n = 3 biological replicates; all differences relative to WT cells are P = <0.01, unpaired t test).
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N-cadherin (Fig. 1 A and B). Enrichment of inactivating insertions
in multiple adherens junctions complex genes in the toxin-resistant
library suggested the novel hypothesis that components of the
cellular adherens junctions can control susceptibility to S. aureus
a-toxin. To test this hypothesis, we used CRISPR/Cas9 gene edit-
ing to generate HAP1 knockout (A) subclone cell lines for multiple
adherens junction genes revealed by our screen (Fig. S1). In accord
with our screen results, we find that cells individually lacking the
junctional proteins PLEKHA7, afadin, a-catenin, and N-cadherin
are all significantly less susceptible to a-toxin cytotoxicity than WT
controls (Fig. 1C). Given that PLEKHA7 was the most important
junctional gene modulating susceptibility to a-toxin (Fig. 1C), we
explored its role further.

The Adherens Junction Component PLEKHA7 Controls Susceptibility to
a-Toxin. HAP1 cells lacking PLEKHA7 are markedly more resistant
to a-toxin cytotoxicity than WT cells at a wide range of toxin con-
centrations (Fig. 24). Furthermore, stable expression of a human
PLEKHA7-FLAG construct in trans fully complements a-toxin
cytotoxicity in APLEKHA?7 cells (Fig. 24). To determine if PLE-
KHA7 deletion reduces susceptibility in the context of endogenously
expressed levels of a-toxin, we treated WT and APLEKHA7 cells

with cell-free supernatants from MRSA strain USA300 LAC and an
isogenic mutant MRSA strain lacking the o-toxin gene, USA300
LAC hla::ermB. This treatment confirmed that APLEKHA7 cells
are also more resistant to endogenous o-toxin (Fig. S2). We find
that PLEKHA7 deletion does not confer a generalized injury re-
sistance, as APLEKHAT7 cells are not more resistant to cytotoxicity
caused by either bacterial pore-forming toxins (streptolysin O,
perfringolysin O) or the potassium ionophore nigericin (Fig. S3).
PLEKHA7’s role in modulating a-toxin susceptibility on well-
differentiated epithelial cells was further confirmed by testing the
effect of a-toxin on a APLEKHA?7 cell line in the Madin—-Darby
Kidney (MDCK) background. MDCK cells are a widely used in vitro
model of a simple epithelium and form a polarized monolayer when
grown on transwell filters (32). Consistent with our observa-
tions made using HAP1 cells, we find that APLEKHA7 MDCK
epithelial monolayers are more resistant to a-toxin cytotoxicity
than WT MDCK monolayers (Fig. S4).

Next, using PLEKHA7 deletion mutant constructs stably ex-
pressed in APLEKHA?7 cells (Fig. S5) and subsequently treated
with o-toxin, we defined the PLEKHA?7 residues necessary and
sufficient for restoring o-toxin cytotoxicity to be restricted to the
first 538 N-terminal amino acids (Fig. 2 B and C). This region of

Fig. 2. The adherens junction protein PLEKHA7 controls susceptibility to a-toxin cytotoxicity despite pore formation and cellular injury. (A) WT HAP1 cells,
knockout (A) HAP1 clones, and APLEKHA7 cells stably expressing human PLEKHA7-FLAG were treated with indicated a-toxin concentrations or media only, then
subsequently stained with crystal violet (Left), or viability was quantified after 24 h of a-toxin treatment (percentage viability shown relative to cell type-specific
media controls; data are mean + SEM; n = 3 biological replicates). (B) Diagram of deletion human PLEKHA7-FLAG constructs stably expressed by lentiviral trans-
duction in APLEKHA7 HAP1 cells. (C) APLEKHA7 HAP1 cells stably expressing the indicated constructs in B were treated with a-toxin and 18 h later stained using a
fluorescence-based LIVE/DEAD assay, where green fluorescence indicates live cells by esterase activity and red fluorescence demonstrates loss of plasma membrane
integrity. (Scale bar, 70 pm.) (D) Western blot analysis of ADAM10 and GAPDH expression in whole-cell lysates from WT, AADAM10, and APLEKHA7 HAP1 cells.
(E) Cell surface expression of ADAM10 on WT, AADAM10, and APLEKHA7 HAP1 cells as measured by flow cytometric analysis. Data are representative of three
independent experiments. (F) Change in [K+] in extracellular media following a-toxin treatment of WT, AADAM10, and APLEKHA7 HAP1 cells (shown relative to
cell type-specific nonintoxicated controls; data are mean + SEM; n = 3 biological replicates; comparison of WT and APLEKHA7, P = 0.069, unpaired t test). (G)
Western blot analysis of p38 and phosphorylated p38 in whole-cell lysates from left (nonintoxicated) and right (a-toxin treated) WT, AADAM10, and APLEKHA7
HAP1 cells. Data are representative of three independent experiments. (H) Time course of intracellular [ATP] in WT, AADAM10, and APLEKHA7 HAP1 cells following
a-toxin treatment (shown as percentage of cell type-specific nonintoxicated controls; data are mean + SEM; n = 3 biological replicates).
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PLEKHA?7 encompasses residues that mediate its interaction with
afadin (29)—another junctional protein enriched in our screen
(Fig. 14) that modulates a-toxin susceptibility (Fig. 1C).

PLEKHA7-Deficient Cells Exhibit Enhanced Resilience to a-Toxin Injury.
To interrogate the mechanism underlying PLEKHA7 modulation
of a-toxin cytotoxicity, we first assessed whether PLEKHA7 de-
letion alters expression of the toxin receptor ADAM10. Western
blot of whole-cell lysates demonstrates that APLEKHA?7 cells
express comparable levels of ADAM10 as WT controls (Fig. 2D).
To determine whether ADAMIO0 is localized at the plasma
membrane in the absence of PLEKHA7, we quantified surface-
available ADAMI10 by flow cytometry and found no significant
decrease in cell surface ADAMI10 expression between WT and
APLEKHAT cells (Fig. 2E). Consistent with these findings, time-
lapse video microscopy reveals that WT and APLEKHA?7 cells,
but not AADAMI0 cells, develop cytopathic effects following in-
toxication. However, we observe that individual APLEKHAY7 cells
recover from this initial injury and survive intoxication, in contrast
to WT cells (Movie S1).

We next sought to determine whether APLEKHA7 cells are
more resistant to a-toxin cytotoxicity because of a defect in a-toxin
pore formation spanning the targeted host cell surface. To do so, we
assessed functional outcomes of pore formation and subsequent
cellular injury in a-toxin-treated APLEKHAT7 cells using several
distinct assays. Rapid efflux of intracellular potassium is an early
effect of a-toxin pore formation (33). We observe an increase in
extracellular potassium relative to nonintoxicated controls following
intoxication of WT and APLEKHA7 cells, but not AADAMI10 cells
(Fig. 2F). Another functional consequence of a-toxin injury known
to be dependent on pore formation is the activating phosphorylation
of the cellular stress response kinase p38 (34). Consistent with
cellular injury occurring in the absence of PLEKHA7, we observe
a-toxin—dependent p38 activation in WT and APLEKHA?7 cells but
not AADAMIO0 cells (Fig. 2G). Because intracellular ATP de-
pletion is a hallmark of a-toxin damage and ATP repletion is as-
sociated with enhanced recovery from a-toxin injury (16, 35), we
quantified changes in intracellular ATP levels following intoxication.
Shortly after o-toxin treatment, both WT and APLEKHA?7 cells
quickly deplete intracellular ATP. At later time points, however,
only APLEKHAT cells restore intracellular ATP (Fig. 2H). From
these studies, we conclude that PLEKHA7 controls susceptibility
to a-toxin in a step downstream of ADAMI0 recognition and
a-toxin pore formation. PLEKHA?7 deletion does not strictly
prevent damage caused by o-toxin, but rather cells lacking
PLEKHA?7 exhibit enhanced resilience to and recovery from
a-toxin injury.

PLEKHA7 Contributes to the Severity of MRSA Skin and Pneumonia
Infections in Vivo. Given a-toxin’s critical role in S. aureus patho-
genesis during skin and lung infections and the expression of
PLEKHA7 in epithelial tissues at the adherens junctions, we hy-
pothesized that PLEKHA7 may contribute to S. aureus pathogen-
esis during an in vivo infection. To test the role of PLEKHA7
during MRSA infection, we made use of previously unpublished
PLEKHA7~~ whole-body transgenic mice (Fig. S6). Consistent
with a recently described PLEKHA7-deficient rat (36), PLEKHA7 ™~
mice are viable and fecund, exhibiting no gross developmental defects.

We first examined the contribution of PLEKHA7 during a self-
limiting MRSA skin and soft tissue infection. In this model,
S. aureus is superficially introduced into the ear pinnae using a
shallow needle, resulting in a necrotic, inflammatory lesion that
resolves with tissue loss (37). Confirming the importance of a-toxin
for this infection, USA300 LAC hla::ermB isogenic mutant infec-
tions result in significantly decreased lesion size compared with WT
USA300 LAC (Fig. S7). To assess the contribution of PLEKHA?7 to
disease during a skin and soft tissue infection, we infected WT and
PLEKHA77~ mice with WT USA300 LAC and followed disease
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development in individual animals over time. We observe that
both WT and PLEKHA7~~ mice developed similar-sized necrotic
lesions at early time points (Fig. 3 A and B) indistinguishable by
histopathology and bacterial burden (Figs. S8 and S9). However,
despite an initial similarity between lesions in WT and PLEKHA7 "~
mice, at day 14 postinfection, we found that PLEKHA7~/~ mice
had resolved the lesions with significantly less tissue loss than
WT controls (Fig. 3B and Movie S2). Paralleling our in vitro
observations at the cellular level, these data support an enhanced
recovery phenotype for PLEKHA7 '~ mice during a superficial
MRSA skin infection.

Upon observing that a self-limiting MRSA skin infection in
PLEKHA7~~ mice results in significantly reduced pathology, we
sought to assess the importance of PLEKHA7 during an acute,
lethal MRSA pneumonia (7, 8). Although both groups developed
comparable hypothermia following infection, only PLEKHA7/~
animals showed an enhanced, significant recovery of core tempera-
ture by 24 h postinfection, and more animals fully recovered without
antibiotic treatment (Fig. 3 C and D). We find that PLEKHA77~
mice survived USA300 LAC pneumonia significantly better than
WT controls (Fig. 3D). To explore the strength of this pheno-
type, we challenged mice with a threefold higher inoculum and
measured similar bacterial loads in lung tissue homogenates at
6 h and 24 h postinfection in both groups (Fig. 3E). Despite this
higher inoculum, PLEKHA7~/~ mice exhibit an increased
mean time to death relative to WT control animals (Fig. 3F),
highlighting the contribution of PLEKHA7 to MRSA pneu-
monia virulence.

Discussion

S. aureus can transiently and asymptomatically colonize the human
skin epithelium and also cause significant morbidity and mortality,
predominantly through skin and soft tissue infections that can
progress to dangerous systemic disease. Due to the critical im-
portance of S. aureus a-toxin for both pathogenesis and its in-
terface with host epithelia, we conducted a genetic screen to
identify novel host mediators of a-toxin cytotoxicity. In addition
to the toxin receptor ADAMI0, our screen identified the in-
tracellular junctional protein PLEKHA7 and several other mem-
bers of the epithelial adherens junction complex as host factors
that modulate a-toxin injury.

Our data suggest a previously unidentified biological role for the
adherens junctions in controlling cellular injury caused by a potent
bacterial cytotoxin. It is well established that many diverse patho-
gens and their virulence factors have evolved to target the cellular
junctions to facilitate attachment, entry, and invasion across tissue
barriers (38-40). Indeed, o-toxin has been shown to alter epithelial
barrier integrity by enhancing ADAMI10 cleavage of the ectodo-
main of E-cadherin (18, 21). It is increasingly appreciated, however,
that microbial interactions with the host epithelium and cell-cell
junctions are not restricted to mechanical disruption of barrier
function (39, 41). Mounting evidence illustrates that bacteria can
actively modulate other important aspects of junction function, such
as altering cell polarity (42-44) and intracellular signals emanating
from the junctions (45-47). Our findings build importantly on these
observations, revealing not only that S. aureus a-toxin does target
the junctions but also that a-toxin acts through adherens junctions
components to mediate its cytotoxicity. Considering that S. aureus is
an epithelial colonizer, our data suggest the likely existence of more
subtle biological interplay between S. aureus and the host adherens
junctions at sublytic concentrations of a-toxin to facilitate bacterial
modification of its replicative niche during colonization.

Our in vitro studies demonstrate that PLEKHA7 modulates sus-
ceptibility to a-toxin in both a human cell line and an in vitro model
of a simple, polarized epithelium. Surprisingly, further mechanistic
investigations revealed that PLEKHA7 controls susceptibility to
a-toxin downstream of functional pore formation, suggesting that
pore formation by itself is not sufficient to cause cell death. Rather,
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Fig. 3. PLEKHA7 contributes to the severity of MRSA skin and pneumonia infections in vivo. (A) Images of ear skin and soft tissue infection progression
within individual animals over time from representative WT and PLEKHA7~"~ mice following infection with MRSA strain USA300 LAC. (Scale bar, 5 mm for all
panels.) (B) Lesion size (mm?) in WT and PLEKHA7 '~ mice at day 5 and day 14 in superficial ear infection with USA300 LAC. Data are mean + SEM from two
independent experiments, representing n = 15 animals in each group. P = 0.0116, unpaired t test. (C) Core body temperature of USA300 LAC-infected WT and
PLEKHA7~"~ mice as shown in Dat 6 h and 24 h postinfection (P = 0.0047, unpaired t test). At 6 h, n = 14 animals in each group; at 24 h, n=11WTand n = 14
PLEKHA7~"~ animals. (D) Survival analysis of PLEKHA7 "~ mice and WT controls after infection with S. aureus USA300 LAC. n = 14 animals in each group; P =
0.0037, log-rank test. (E) USA300 LAC bacterial density measurements from infected lungs of WT and PLEKHA7~'~ mice at 6 h (n = 6 animals per group) and
24 h postinfection (n = 6 WT animals and 10 PLEKHA7~"~; data are mean + SEM). (F) Survival analysis of PLEKHA7 "~ mice and WT controls after infection with

a threefold higher inoculum of S. aureus USA300 LAC than in D. n = 23 animals in each group; P = 0.0247, log-rank test.

we determined that PLEKHA7-deficient cells are more resilient than
WT cells and better recover from injury caused by a-toxin, ultimately
exhibiting enhanced survival from intoxication. This conclusion is
supported by time-lapse video microscopy revealing individual cells
recovering from intoxication, as well as population-level assays
quantifying cellular viability and the kinetics of intracellular ATP
repletion in o-toxin-treated PLEKHA7-deficient cells.

We speculate that adherens junctions may regulate cytotoxicity
through controlling resolution of pores and cellular membrane
repair, or alternatively may act to transmit prodeath intracellular
signals or localize injury caused by pore-forming toxins. PLEKHA7
is known to link microtubules to the adherens junctions and regu-
late stability of the junctions (24, 30), which may serve to coordinate
these hypothesized functions. Our data support a new biological
role for intracellular components of the adherens junctions in
regulating cellular injury in response to a-toxin, a paradigm that
warrants future investigation.

The relevance of PLEKHA?7 for determining the outcome of
in vivo MRSA bacterial infections was demonstrated in two rele-
vant infection models, a self-resolving skin infection (37) and a
lethal pneumonia (7, 8). Some canonical adherens junctions pro-
teins such as E-cadherin and p120 catenin are essential for junction
formation, and systemic knockouts are embryonic lethal (48, 49).
In contrast, our previously unpublished PLEKHA7~~ mice and a
recently described PLEKHA7 7~ rat model (36) are healthy and
fecund, exhibiting no gross developmental or epithelial pathology.
From this we infer that PLEKHA7 is not an essential junctional
protein in vivo but rather may serve to regulate some previously
unidentified aspect of junction function under specific conditions.
We find that systemic PLEKHA?7 deletion in vivo attenuates the
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pathogenicity of the clinically relevant MRSA USA300 LAC strain
in mouse models of both a self-resolving skin infection as well as a
lethal pneumonia. In both epithelial infection models, we observe
an initial similarity in pathology between the WT- and PLEKHA7 -
infected animals; however, at later time points, PLEKHA7/~-
infected animals recover better than WT-infected controls. These
results suggest that targeting nonessential components of the host
adherens junctions could potentially reduce MRSA morbidity by
enhancing resilience to and recovery from a-toxin injury. The in-
creasing prevalence of drug-resistant MRSA strains underscores the
urgent need to develop host cellular targets of S. aureus virulence,
which may have future utility as adjunctive therapy.

Materials and Methods

Haploid Human Cell Genetic Screen. HAP1 cells were mutagenized with a
retroviral gene trap to cause inactivating mutations throughout the genome,
and a haploid genetic screen was performed as previously described (22, 23).
For a complete description of the haploid genetic screen, see S/ Materials
and Methods.

Genome Engineering and PLEKHA7 Cloning. Clustered regularly interspaced
short palindromic repeats (CRISPR) sequence-targeting sequences were
designed using the Zhang Lab CRISPR design tool (crispr.mit.edu), and oligos
corresponding to the guide RNA sequences were directly cloned into the
Zhang laboratory-generated Cas9-expressing plasmid px458 using the Gib-
son Assembly Reaction (NEB). A complete description of HAP1 and MDCK
genome engineering, guide target sequence oligos, and PLEKHA7 construct
cloning is presented in S/ Materials and Methods.

Bacterial Strains and Culture. The MRSA strain USA300 LAC was kindly pro-

vided by Fabio Bagnoli. A detailed description of the generation of the a-toxin
isogenic mutant strain hla::ermB and the complemented hla::ermB-phla
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is provided in S/ Materials and Methods. Bacteria were grown in tryptic soy
broth at 37° and prepared as indicated for animal infections.

Generation and Validation of PLEKHA7~'~ Transgenic Mice. A detailed de-
scription of the generation and validation of Plekha7(LacZ) mutant mice is
provided in S/ Materials and Methods.

Murine S. aureus Superficial Skin and Pneumonia Infection Models. Murine
models of MRSA superficial skin and pneumonia infections were carried out
as previously described (7, 8, 37) with minor modifications. Inoculum prep-
aration, infection conditions, and postinfection procedures are fully pre-
sented in S/ Materials and Methods.

Other Procedures. Detailed descriptions of all other procedures are avail-
able in S/ Materials and Methods. Animal experiments were carried out
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S| Materials and Methods

Eukaryotic Cell Culture. HAP1 cells and isogenic knockout subclone
lines were grown in Iscove’s modified Dulbecco’s Medium (IMDM)
(HyClone) supplemented with 10% (vol/vol) FCS, 1x penicillin/
streptomycin (Gibco), and 2 mM L-glutamine. HEK-293T cells
were used for lentivirus generation and cultured in DMEM (Hy-
Clone) supplemented with 10% FCS, 1x penicillin/streptomycin
(Gibco), and 2 mM L-glutamine. MDCK 1I cells (kindly provided
by W. James Nelson, Stanford University, Stanford, CA) were
grown in DMEM (HyClone) supplemented with 10% FCS and
1x penicillin/streptomycin. Polarized MDCK monolayers were
cultured by seeding cells at confluent density onto 12 mm, 0.4-pm
pore polycarbonate tissue culture inserts (transwell filters;
Corning Costar) and maintained as previously described (42).

Haploid Human Cell Genetic Screen. HAP1 cells were mutagenized
with a retroviral gene trap to cause inactivating mutations throughout
the genome, and a haploid genetic screen was performed as pre-
viously described (22, 23). Recombinant, purified S. aureus a-toxin
was resuspended in PBS at 0.5 mg/mL (Sigma, lot 111M4048V).
Approximately 10° gene-trap mutagenized cells were treated with
0.5 pg/mL a-toxin for 48 h. Following selection, surviving HAP1
colonies were expanded and pooled. Genomic DNA from the
surviving, expanded cell population was isolated using the QlAamp
DNA mini kit (Qiagen). Gene-trap insertion sites were recovered
by linear amplification of genomic DNA sequences flanking the
proviral DNA insertions and mapped to the human genome by
deep sequencing. For each gene, enrichment of inactivating gene-
trap insertions in the a-toxin selected pool over an unselected
control dataset was determined by a one-sided Fisher’s exact test
and corrected for false discovery rate as previously described (23).

Genome Engineering. CRISPR sequence targeting oligos were
designed using the Zhang Lab CRISPR design tool (crispr.mit.edu).
Oligos corresponding to the guide RNA sequences in Table S1
were synthesized (Integrated DNA Technologies). Guide RNA
oligos were directly cloned into Zhang laboratory-generated Cas9-
expressing plasmid px458 as described (50), a gift from Feng Zhang,
Broad Institute of Massachusetts Institute of Technology, Cam-
bridge, MA (Addgene plasmid 48138), using the Gibson Assembly
Reaction (New England BioLabs). HAP1 or MDCK cells were
transfected with guide RNA encoding px458 plasmids as described
in Table S1 using Lipofectamine 2000 according to the manufac-
turer’s guidelines (Life Technologies). For the a-catenin CRISPR
knockout cell line generation, the blasticidin resistance gene en-
coding plasmid pTIA (kindly provided by Thijn Brummelkamp,
Netherlands Cancer Institute, Amsterdam, The Netherlands) was
transfected along with the a-catenin guide containing px458 plasmid
to allow for blasticidin screening-based selection of edited clones.

At 48 h posttransfection, cells were single-cell sorted using a BD
InFlux cell sorter at the Stanford Shared FACS facility based on GFP
expression into 96-well tissue plates containing cell culture growth
media. Single-cell subclones were expanded and genomic DNA
isolated for sequence-based genotyping of the targeted exonic sites
using the sequencing primers listed in Table S1. Subclones containing
frame-shift or large indels were selected for further experimentation,
and when possible, gene knockout was confirmed by protein im-
munoblotting. APLEKHA7 subclones in the diploid MDCK cell
line were confirmed by TOPO cloning genomic DNA PCR products
and sequencing multiple colonies to verify the editing events in each
allele. Multiple independent subclones for each gene knockout were
isolated and tested to confirm the reported phenotypes.
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PLEKHA7 Cloning and Lentiviral Transduction of Cells. Using Gate-
way cloning and LR Clonase II (Life Technologies), human
PLEKHA7 cDNA (Thermo Scientific, accession no. BC071599)
was inserted into the pLenti CMV Puro DEST vector (w118-1).
pLenti CMV Puro DEST (w118-1) was a gift from Eric Campeau,
University of Massachusetts Medical School, Worcester, MA
(Addgene plasmid 17452) and has been previously described (51).
Lentivirus was produced and used to transduce the CRISPR/Cas9-
generated APLEKHAT7 cell line. Two days posttransduction, sta-
ble cell lines were selected by treatment with 1 pg/mL puromycin
(InvivoGen). To generate PLEKHA?7 full-length and deletion
mutant constructs, the following primers were used to generate
PCR products from the human PLEKHA7 cDNA and then cloned
directly into pLenti CMV Puro DEST using the Gibson Assembly
Reaction (New England BioLabs). Reverse primers were designed
to incorporate a C-terminal 1x FLAG tag sequence. Constructs
were generated with the following primers to generate PLEKHA7
constructs: PLEKHA?7 full-length, forward 5 GACTCTAGTC-
CAGTGTGGTG 3’ and reverse 5 ATCCAGAGGTTGATTGT-
CGAG 3'; PLEKHA7 A1-284, forward 5 TGTGGTGGAATT-
CTGCAGATACCATGTCTCGATCG TCACTGAAGAG 3’ and
reverse 5" ATCCAGAGGTTGATTGTCGAG 3’; PLEKHA7 Al-
500, forward 5 TGTGGTGGAATTCTGCAGATACCATGCG-
AGCCAGCCACCTGAAG AT 3’ and reverse 5 ATCCAGAG-
GTTGATTGTCGAG 3’; PLEKHA7 A800-1121, forward 5’
GACTCTAGTCCAGTGTGGTG 3’ and reverse 5 CGGCCGC-
CACTG TGCTGGATTTACTTATCGTCGTCATCCTTGTAA-
TCGGCTCTTCTGTGTTGCTCCT 3’; PLEKHA7 A698-1121,
forward 5 GACTCTAGTCCAGTGTGGTG 3’ and reverse 5’
CGGCCGCCACTGTGCTGGATTTACTTATCGTCGTCATC-
CTTGTAATCGATGCTCAGTTTGACGTCAG 3'; PLEKHA7
1-163, forward 5 GACTCTAGTCCAGTGTGGTG 3’ and re-
verse 5 CGGCCGCCACTGTGCTGGATTTACTTATCGTCG-
TCATCCTTGT AATCAACATTGGGGTTCCTCCGAA 3'; and
PLEKHA7 1-284, forward 5* GACTCTAGTC CAGTGTGGTG 3
and reverse 5 CGGCCGCCACTGTGCTGGATTTACTTAT-
CGTC GTCATCCTTGTAATCCAGCACCTGTGCAGCCTGGT
3. To generate the internal deletion construct PLEKHA7 Ap120
(538-696), two PCR products were generated and then assembled
into pLenti CMV Puro DEST using the Gibson Assembly Re-
action. The N-terminal fragment was generated using the following
primers: forward 5 GACTCTAGTCCAGTGT GGTG 3’ and
reverse 5 GGGGCTGCCGTGCCGGAACT 3'. The C-terminal
fragment was generated using the following primers: forward
5" AGTTCCGGCACGGCAGCCCCAT CTTCTGTGAACAA-
GACAG 3’ and reverse 5" ATCCAGAGGTTGATTGTCGAG 3'.

Intoxication and Cell Viability Assays. HAP1 cells were seeded at
30,000 cells per well in 96-well tissue culture plates 1 d before
intoxication with 0.5 pg/mL a-toxin. At 24 h postintoxication, via-
bility was determined by CellTiter-Glo luminescent cell viability
assay (Promega) according to the manufacturer’s guidelines and
read with a microplate reader (Tecan). Viability is plotted as a
percentage compared with untreated control wells corresponding
to each cell line. For macroscopic visualization of cellular viability
following intoxication, HAP1 cells were seeded at 300,000 cells per
well in 24-well tissue culture plates the day before intoxication and
then treated with the indicated concentrations of a-toxin, other
toxins (streptolysin O, kindly provided by Andres Lebensohn,
Stanford University School of Medicine, Stanford, CA, and
perfringolysin O, kindly provided by David Bewslow, Stanford
University School of Medicine, Stanford, CA), or the ionophore
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nigericin (Sigma). Two days after a-toxin treatment, viable, ad-
herent cells were fixed with 4% (vol/vol) formaldehyde in PBS and
stained with crystal violet. For microscopic visualization of cellular
viability following intoxication, HAP1 cells were seeded at 50,000
cells per well onto Permanox chamber slides (LabTek) and treated
the following day with 5 pg/mL a-toxin. At 24 h following in-
toxication, cells were washed 1x with PBS, then treated with the
LIVE/DEAD viability/cytotoxicity kit according to the manufac-
turer’s guidelines (Life Technologies), and visualized directly with
a Zeiss LSM 700 confocal microscope.

WT and A PLEKHA7 MDCK cells were seeded onto 0.4 pm
12-well transwell filter cell culture inserts (Corning) at 1.0e® cells
per transwell insert and cultured under polarization conditions for
4 d (42). On day 5 postseeding, basolateral media was changed to
media containing 2.5 pg/mL a-toxin, and apical media was replaced
with plain DMEM containing 1 pm SYTOX 488 (Life Technolo-
gies). At 3 h postintoxication, the apical media was washed 5x with
plain DMEM to remove excess SYTOX dye before fixation with
2% (vol/vol) paraformaldehyde in 100 mM phosphate buffer
(pH 7.4) for 10 min at room temperature. Whole transwells filters
were collected and monolayers counterstained with DAPI and 594
phalloidin (Life Technologies) in blocking buffer with PBS with
3% (wt/vol) BSA, 1% saponin, and 1% Triton X-100. Monolayers
were imaged with a Zeiss LSM 700 confocal microscope.

Immunoblotting. Cell pellets were lysed with hot Lamelli SDS
sample buffer containing 5% (vol/vol) p-mercaptoethanol and
boiled for 10 min. To probe for secreted S. aureus a-toxin ex-
pression, WT USA300 LAC or isogenic mutant cultures were
grown overnight to stationary phase, diluted to equivalent ODgqy,
and supernatants filtered before dilution in 2x hot Lamelli SDS
sample buffer containing 5% B-mercaptoethanol.

To visualize total secreted bacterial exoproteins, stationary phase,
cell-free supernatants from WT USA300 LAC and hla::ermB
USA300 LAC were concentrated by trichloroacetic acid (TCA)
precipitation. Cells were separated from 10 mL of equivalent
density overnight cultures by centrifugation, the supernatants were
passed through a 0.2-pm filter, and then one volume of 100% TCA
(wt/vol) was added to four volumes of cell-free supernatant. After
incubation for 10 min at 4 °C, total protein was pelleted by cen-
trifugation and washed with 200 pL cold acetone and repeated for
two acetone washes. Protein pellets were dried at room tempera-
ture for 30 min before resuspension in 2x Lamelli SDS sample
buffer containing 5% p-mercaptoethanol and separation by SDS/
PAGE as described below, and then total protein was visualized by
Coomassie brilliant blue stain (Bio-Rad).

Lysates were separated by SDS/PAGE using the Mini-Protean
system (Bio-Rad) on 4-15% (vol/vol) polyacrylamide gradient gels
(Bio-Rad). Proteins were semiwet-transferred onto PVDF mem-
branes (Bio-Rad) using the Bio-Rad Transblot protein transfer
system. Membranes were blocked by incubating with PBS buffer
containing 5% (wt/vol) nonfat milk and 0.01% Tween-20 for 1 h at
room temperature. Membranes were incubated overnight at 4 °C
with primary antibodies (from the following sources and dilutions)
in blocking buffer as described below. Primary antibodies were
detected using HRP-conjugated secondary antibodies, anti-mouse,
and anti-rabbit (GeneTex) by incubating membranes with 1:5,000 in
blocking buffer for 1 h at room temperature. Antibody-bound
proteins were visualized by film using the West Pico and Extended
Duration chemiluminescence peroxide solutions (Thermo).

Antibodies. ADAMI10 was detected using a rabbit monoclonal
antibody (GeneTex, EPR5622, 1:3,000). Human and murine
PLEKHA?7 was detected with previously described (28) rabbit
polyclonal antibody against recombinant C-terminal fragments of
PLEKHA7 (1:2,000 Western blot and 1:200 immunofluorescence).
Canine PLEKHA?7 was detected by Western blot with a polyclonal
guinea pig antibody against recombinant C-terminal fragments of
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canine PLEKHA7 used at 1:1,000 (antibody a kind gift from Sandra
Citi, University of Geneva, Geneva, Switzerland). Afadin was de-
tected using a rabbit polyclonal antibody (Sigma, A0349, 1:2,000).
N-cadherin was detected using a mouse monoclonal antibody
(EMD Millipore, clone 13A9, 1;5,000). a-catenin was detected using
a rabbit polyclonal antibody kindly provided by W. James Nelson,
Stanford University, Stanford, CA, at 1:5,000. p38 MAPK was vi-
sualized with rabbit polyclonal antibody (Cell Signaling Technology,
9212, 1:1,000). Phosphorylated p38 MAPK (Thr180/Tyr182) was
visualized using a rabbit polyclonal antibody (Cell Signaling
Technology, 9211, 1:1,000). GAPDH was visualized with rabbit
polyclonal antibody (Cell Signaling Technology, 5174, 1:5,000).
S. aureus a-toxin was visualized with a rabbit antibody against
H35L mutant o-toxin provided by Fabio Bagnoli at 1:1,000.
Expression of FLAG-tagged PLEKHA7 constructs were visual-
ized using rabbit polyclonal antibody anti-DYKDDDK (Cell
Signaling Technology, 2368s, 1:2,500).

Live-Cell Time-Lapse Microscopy. WT or knockout HAP1 cells were
seeded on Lab-TeK II two-chambered coverglass (Nalge Nunc
International) slides for simultaneous imaging of two conditions.
Imaging was performed using a Nikon TE2000E microscope
equipped with high numerical aperture objectives for imaging at low
light levels to minimize phototoxicity and a stage enclosed in an
incubator system with temperature and CO, enrichment con-
trols. A motorized, computer-controlled stage was used to se-
quentially monitor multiple sites of the same specimen over
time by transmitted light differential interference contrast (DIC).
For DIC imaging, a Hamamatsu high-resolution ORCA-285 digital
camera was used. A z-stack of images was collected at each time
point and processed with OpenLab software (Improvision),
and the resulting movies were assembled in Quicktime Pro.

Flow Cytometry. HAP1 cells were harvested from tissue culture
plates by incubating cells in PBS with 1 mM EDTA for 10 min at
37 °C. Live cells were suspended in 100 pL FACS buffer [5%
(volvol) FCS, 0.1% Azide, and 1 mM EDTA in 1x PBS] and
stained for 30 min on ice with ADAMI10-PE conjugated an-
tibody (anti-human CD156¢c, clone SHM14, BioLegend) ac-
cording to the manufacturer’s guidelines. Cells were analyzed
using a BD LSRII cytometer with DIVA 6 acquisition software
and gated using FlowJo vX.0.7. Events (at least 7,000 cells in the
final gate) were gated on live cells and singlets. Cells were gated
for PE-positive signal using unstained cells as a negative control.

Cellular Assays of a-Toxin Pore Formation. Efflux of intracellular
potassium upon intoxication was assessed by seeding HAP1 cells
at 2.0e° cells per well in a six-well tissue culture plate 1 d before
intoxication. Cells were either treated with media alone or with
5 pg/mL a-toxin in 500 pL total volume. At 30 min postintoxication,
extracellular media was collected from o-toxin-treated cells and
media control-treated cells, spun at 10,000 x g for 10 min, and
passed through a 0.4-pm filter (Millipore) to remove any cellular
debris. Potassium concentration in extracellular media was quanti-
fied using an Xpand Chemistry Analyzer (Siemens) by the Stanford
University Veterinary Service Center diagnostic facility. Changes in
extracellular potassium levels were normalized as change from
media control potassium levels for each individual cell line tested.

Intracellular ATP concentration was assessed over a time-course
postintoxication by seeding HAP1 at 30,000 cells per well in 96-well
tissue culture plates 1 d before intoxication with 0.75 pg/mL a-toxin
in complete media. Total intracellular [ATP] was determined at
the indicated time points postintoxication by CellTiter-Glo lumi-
nescent cell viability assay (Promega) according to the manufac-
turer’s guidelines and read with a microplate reader (Tecan). Cells
were treated in a reverse time course of intoxication in technical
quadruplicates, allowing for simultaneous lysis of all conditions
at the end of the experiment to facilitate uniform luminescence
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reading across multiple conditions. Intracellular ATP is plotted as
a percentage compared with untreated control wells corresponding
to each cell line and each time point posttreatment with a-toxin or
media alone.

Generation and Validation of PLEKHA7~'~ Transgenic Mice. The
PLEKHA7(LacZ) mutant mice (accession no. CDB0750K,
www.clst.riken.jp/arg/mutant%20mice %20list.html) were generated
as described (www.clst.riken.jp/arg/Methods.html). The targeting
vector of Plekha7 was cloned from a mouse genomic library
(BACPAC). The fragment of eighth exon was replaced by the Neo
selection cassette. Targeted ES clones were microinjected into ICR
eight-cell stage embryos, and injected embryos were transferred into
pseudopregnant ICR females. The resulting chimeras were bred
with C57BL/6 mice, and heterozygous offspring were identified by
PCR using the following primers: forward P1 5 ACATGAACG-
CCTGGGTCAGG 3’ and reverse P3 5 GCCAGTGAGATGGT-
CCAGTT 3’ for the WT allele, and forward P2 5 ATGGAAG-
GATTGGAGCTACG 3’ and reverse P3 for the targeted allele,
yielding 627 bp and 811 bp products, respectively. PLEKHA7(LacZ)
and WT mice (Jackson Laboratory) were maintained and bred in
accordance with the protocols approved by the Institutional Animal
Care and Use Committees of Stanford University School of Medi-
cine and the RIKEN Center for Developmental Biology.

Tissue samples from WT and PLEKHA7~'~ murine stomachs
were processed for confocal immunofluorescence microscopy as
previously described, with minor modification. Tissue samples
were fixed in 2% paraformaldehyde in 100 mM phosphate buffer
(pH 7.4) for 1 h. Tissue was embedded in 4% (wt/vol) agarose,
and 100-200-ym sections were generated using a Vibratome
(Leica). Tissue sections were permeabilized in PBS with 3%
BSA, 1% saponin, and 1% Triton X-100 before staining with
antibodies described above. Samples were imaged with a Zeiss
LSM 700 confocal microscope.

Bacterial Strains and Culture. The WT MRSA strain USA300 LAC
was kindly provided by Fabio Bagnoli. To generate hla:ermB mutant,
an insertional lesion of the bursa aurealis minitransposon in the hla
gene of S. aureus Newman was transduced to S. aureus USA300
LAC WT using bacteriophage 80 as previously described (52). For
selection of the colonies harboring the trasposon mutation, tryptic
soy agar (Sigma) plates containing 100 pg/mL erythromycin were
used. The insertion was verified by DNA sequencing, and lack of
Hia expression was checked by Western blotting. For plasmid
complementation, full-length hla incorporating the endogenous
promoter was cloned into Pst/ and BamHI sites of plasmid pOS1
(53) and transformed into Escherichia coli Dh5a. The resulting
plasmid phla was introduced into the S. aureus RN4220 strain by
electroporation. Plasmid isolated from this RN4220 strain was then
introduced by electroporation into the Ala::ermB USA300 LAC
mutant strain. Complementation of hla gene was verified by DNA
sequencing, and Hla expression was checked by Western blotting.
The complemented strain was named /la::ermB-phla. Bacteria was
grown in tryptic soy broth (Sigma) at 37° and prepared as indicated
below for animal infections.

Superficial Skin and Soft Tissue Murine Model of S. aureus Infection.
We used a superficial skin and soft tissue murine infection model of
MRSA infection as previously described (37). Briefly, 2 d before
infection, S. aureus USA300 LAC or the USA300 LAC hla::ermB
was streaked onto trypic soy agar (Sigma), and the following day an
overnight culture in tryptic soy broth was initiated from a single
bacterial colony. On the day of infection, overnight bacterial cul-
tures were subcultured at 1:100 (vol/vol) in 50 mL of fresh tryptic
soy broth on a shaker at 200 rpm for 2-3 h until an optical ab-
sorbance density (ODggp) of between 0.75 and 0.9 was reached.
Bacteria were pelleted by centrifugation, washed 1x in sterile
PBS, and resuspended in PBS at a density corresponding to
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1.0 x 10" cfu/mL. Inoculum density was determined by serial dilution
on tryptic soy agar to enumerate viable staphylococci. We dispensed
10 pL of this inoculum onto the tip of a sterile allergy-testing needle
(Morrow Brown Allergy Diagnostics) for infecting a single murine
ear. WT PLEKHA7* and PLEKHA7~~ mice (males and females,
6-8 wk old, 6-12 per group) were lightly anesthetized by isoflurane
inhalation before epicutaneous challenge. Before infection, mouse
ears were cleansed with 70% (vol/vol) isoproponal, allowed to dry,
and then the ventral epidermis of the ear was pricked 20 consecutive
times at the same tissue site with a S. aureus-coated needle.

To enumerate bacterial density in infected ear tissues, animals
were euthanized by CO, inhalation at the indicated time points, the
infected ear pinna was excised and mechanically homogenized, and
then homogenates were serially plated on tryptic soy agar. Disease
progression was followed in individual animals over time by con-
secutively imaging isoflurane-anesthesized animals every 2 d post-
infection for up to 14 d. A fixed camera position was used to
standardize image size across animals and time points throughout
multiple experiments, and an internal image ruler was used for
validation and scaling. Lesion sizes were calculated from raw im-
ages by measuring the pixel area of the lesion area in Imagel
(NIH) to convert image pixel area to mm” For immunohisto-
chemical analysis, infected ear tissue was gathered at indicated
time points postinfection and fixed with 10% (vol/vol) neutral-
buffered formalin. Samples were paraffin-embedded, sectioned,
and stained with hematoxylin and eosin by the Department of
Comparative Medicine at Stanford University. Blinded slides were
interpreted by a veterinary pathologist (D.M.B.).

Pneumonia Model of S. aureus Infection. We used a murine model
of S. aureus pneumonia as previously described (7, 8). Briefly,
S. aureus USA300 LAC was grown as described above. After
subculturing, bacteria were pelleted by centrifugation, washed 1x
in sterile PBS, and the pellet was resuspended in PBS at a density
corresponding to ca. 2.5 x 10" cfu/mL. A total of 30 pL of this
suspension was delivered by intranasal inoculation into the left
nare of each infected animal, corresponding to a per animal in-
oculum of ca. 2-3 x 10° cfu. In a higher inoculum challenge shown
in Fig. 3 E and F, an infectious dose of ca 8 x 10°® cfu per animal
was administered in a 30 pL PBS suspension. Inocula were de-
termined by serial dilution plating on tryptic soy agar. Before
infection, 6-8-wk-old male and female WT PLEKHA7** and
PLEKHA7~~ mice (12-25 per group, per experiment) were an-
esthetized by i.p. injection of 100 mg/kg ketamine and 10 mg/kg
xyazline in sterile PBS. Animals were held upright for 1 min
postinfection. Animals were monitored every 6 h for 72 h and
euthanized after 72 h or earlier if moribund. Core body tempera-
ture and weight of all animals was monitored before infection and
every 6 h postinfection by use of a rectal thermometer. To enu-
merate bacterial density in infected lung tissues, infected animals
were euthanized by CO, inhalation at the indicated time points,
and the left lung was excised and mechanically homogenized, and
homogenates were serially plated on tryptic soy agar.

Ethics Statement. All animal experiments were performed in ac-
cordance with NIH guidelines, the Animal Welfare Act, and US
federal law. Animal experiments were carried out with the approval
of the Institutional Animal Care and Use Committee of Stanford
University. Animals were housed in Stanford University School of
Medicine animal facilities, which are fully staffed with 24-h veterinary
personnel and accredited by the Association of Assessment and
Accreditation of Laboratory Animal Care International.

Statistical Analyses. Unless otherwise indicated, unpaired Student’s
t test was used for statistical calculations involving two group
comparisons (*P < 0.05, **P < 0.01). Statistical significance of
mouse mortality studies in the pneumonia model was assessed by
the Mantel-Cox log-rank test.
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Fig. S1. Validation of HAP1 knockout subclone cell lines generated by CRISPR/Cas9 gene editing. (A) CRISPR/Cas9 target guide sites in HAP1 AADAM10,
APLEKHA7, Aa-catenin, AAfadin, and AN-cadherin HAP1 subclones were sequenced and compared with WT predicted sequence. CRISPR guide target se-
quences are indicated in bold, underlined text. Insertions and/or deletions caused by the observed editing event(s) are noted. (B) Western blot analysis of
whole-cell lysates from WT, AADAM10, APLEKHA7, Aa-catenin, AAfadin, and AN-cadherin HAP1 subclones as shown in A probed with the indicated antibodies.
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Fig. S2. APLEKHA7 cells are more resistant to MRSA bacterial supernatants in an a-toxin—-dependent manner. (A) WT, AADAM10, APLEKHA7, and APLEKHA7
HAP1 cells stably expressing human PLEKHA7-FLAG cell lines were incubated overnight with stationary phase bacterial cell-free supernatants derived from
equivalent density cultures of WT USA300 LAC or the USA300 LAC hla::ermB a-toxin isogenic mutant. Two days after treatment, viable adherent cells were
fixed and monolayers visualized by crystal violet stain. (B) Secreted proteins from stationary phase bacterial cell-free supernatants applied to cells as shown in A
were concentrated by TCA precipitation, separated by SDS/PAGE, and total protein visualized by Coomassie blue staining to confirm similar exoprotein profiles
for the two strains. The absence of a major band in the hla::ermB USA3000 LAC isogenic mutant strain at the predicted size of a-toxin is denoted by an asterisk.
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Fig. S3. PLEKHA7 deletion does not confer resistance to other bacterial pore-forming toxins or monovalent cation ionophores. (A-C) WT and APLEKHA7
HAP1 cells were treated for 24 h with media as a control or the indicated concentrations of (A) Streptolysin O, (B) Perfringolysin O, and (C) nigericin. Two days
after treatment, surviving cells were fixed and monolayers visualized by crystal violet stain.
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Fig. S4. PLEKHA7 modulates susceptibility to a-toxin cytotoxicity in a polarized, epithelial monolayer. (A) Sequencing reads from the CRISPR guide target site
in APLEKHA7 diploid canine MDCK subclone reveals inactivating CRISPR/Cas9 genome editing events in both PLEKHA7 alleles. CRISPR guide target site se-
quence is indicated in bold, underlined text. (B) Western blot analysis of PLEKHA7 expression in whole-cell lysates from WT and APLEKHA7 MDCK cells.
(C) Number of SYTOX-positive (dying or dead, membrane-compromised) nuclei observed per field of view following a-toxin treatment of WT MDCK polarized
epithelial monolayers or APLEKHA7 MDCK polarized epithelial monolayers. Data are mean + SEM; n = 13 fields of view. Data shown are representative of
three biological replicates. (D) Confocal microscopy images of WT (Upper Left) or APLEKHA7 (Upper Right) MDCK epithelial monolayers treated with a-toxin.
Filamentous actin, red; SYTOX-positive cells, green; nuclei stained with DAPI, blue. The Lower panel depicts a confocal microscopy 3D image reconstruction of a
dying, extruding SYTOX-positive nucleus in a WT MDCK monolayer following a-toxin treatment. (Scale bars, 10 pm.)

Fig. S5. Relative protein expression of PLEKHA7-FLAG truncation constructs. Western blot analysis of whole-cell lysates from PLEKHA7-FLAG constructs stably
expressed by lentiviral transduction in APLEKHA7 HAP1 cells, as shown in Fig. 2 B and C, probed with the indicated antibodies. Data are representative of three
independent experiments.
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Fig. S6. Generation and validation of PLEKHA7 ™~ mice. (A) Diagram of the targeting vector used to generate PLEKHA7 '~ mice. Genotyping primer binding
sites are indicated in red. (B) Genotyping of PLEKHA7 ++ (WT), PLEKHA7~~, and PLEKHA7~/* heterozygous mice using a WT reverse primer, and either a WT
forward primer or a forward primer complementary to the neomycin cassette, generating a 200 bp larger product. (C) Confocal microscopy images of PLEKHA7
expression in murine gastric epithelium of WT (Left panels) or PLEKHA7/~ (Right panels) animals. Filamentous actin, red; PLEKHA7, green; nuclei stained with
DAPI, blue. (Scale bars, 25, 10, and 5 um for the Top, Middle, and Lower panels, respectively.) (D) Photograph of 6-wk-old PLEKHA7 '~ female mice. PLEKHA7 '~
animals are healthy and fecund, with no gross developmental phenotypes. (E) Weight (in grams) of 6-8-wk-old WT and PLEKHA7 '~ matched littermates; data
are mean + SEM; n > 13 animals in each group.
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Fig. S7. a-toxin contributes to the severity of a self-resolving MRSA skin and soft tissue infection. (A) Western blot analysis of a-toxin expression in cell-free
bacterial supernatant lysates from strains WT USA300 LAC, hla::ermB USA300 LAC, and hla::ermB-phla USA300 LAC complemented with a-toxin. (B) Repre-
sentative images of WT USA300 LAC and hla::ermB USA300 LAC ear skin and soft tissue lesions within individual animals at day 14. (Scale bar, 5 mm for all
panels.) (C) Bacterial density measurements from WT animals infected with WT USA300 LAC or hla::ermB USA300 LAC at the indicated time points. n = 6
animals per group, per time point. Data are mean + SEM. (D) Lesion size (in mm?) at day 14 in mice infected with WT or hla::ermB USA300 LAC. Data are
mean + SEM, representing n = 5 animals in each group, representative of two independent experiments.

Fig. $8. USA300 LAC bacterial burden in self-resolving MRSA skin and soft tissue infections of WT and PLEKHA7 "~ mice. (A) USA300 LAC bacterial density
measurements from infected ear tissue of WT and PLEKHA7 '~ animals at the indicated time points. At 6 h postinfection, n = 3 animals per group; at day 1 and
day 3 postinfection, n = 6 animals per group. Data are mean + SEM. (B) Lesion size (in mm?) at day 14 postinfection of WT and PLEKHA7 '~ animals in superficial
ear infection model with USA300 LAC. Data are mean + SEM pooled from two independent experiments, representing n = 17 WT and n = 18 PLEKHA7 '~ matched
littermates. P < 0.001, unpaired t test.
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Fig. S9. Histopathology of MRSA skin infection in WT and PLEKHA7~~ mice. (A) Representative images of WT and PLEKHA7 '~ animal MRSA ear skin and soft
tissue lesions taken at day 3 (A and B) and day 5 (C and D) postinfection. Histopathology studies of USA300 LAC skin lesions reveal full-thickness lesions filled
with serocellular material and a massive influx of degenerate neutrophils (A-D, Insets). Ear tissue edges adjacent to the necrotic, eosinophilic coagulum display
moderate re-epithelialization with mild to moderate epidermal acanthosis and a moderate population of viable neutrophils. Lesions were uniformly in-
distinguishable when examined by a veterinary pathologist (D.M.B.) who was blinded to the experimental groups (n = 6 ears per time point per group).

Table S1. CRISPR/Cas9 genome editing guide sequences and primers

Gene Guide RNA sequence Genotyping sequencing primers

ADAM10 5" TGATGATGGCGTACTTGGTC 3’ 5 GATCAGCTCAGGGATGTGG 3’ and 5' CTGTAGTGAGATAAAGAGGAG 3’
PLEKHA7 5" GGAGAAAACTGTCCCGTCAC 3’ 5 GACAATACCCATCATGCAC 3’ and 5' CAACAGATATATGTGCCAGGG 3’
a-catenin 5" GAACCATGTTGCCTCGCTTC 3’ 5’ CCAGCAATATATGAAGGTGC 3’ and 5 TTGGAATAGAGGAGTAAGTG 3’
Afadin 5" GAGGACAGCATTCGCATATC 3’ 5" CATCTCTCTACATTAGTCTCAG 3’ and 5 CGTTACTTATCTTTGGAGAAAT 3’
N-cadherin 5" AGCACAGTGGCCACCTACAA 3’ 5" AGCTTTCTAATCCACAGTGTG 3’ and 5 TTTCAGATACACAGTATAACCC 3’
PLEKHA7, canine 5" ACCAACAGACCACAGCATTCAGG 3’ 5" CCACACTTCCACATCTTCCC 3’ and 5" GTGGTCTCTTGCAGCCATTC 3’
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Movie S1. APLEKHAT7 cells develop cytopathic effects following treatment with o-toxin but recover and survive intoxication. WT, AADAM10, and APLEKHA7
HAP1 cells were seeded at the same density onto coverglass and serially imaged following a-toxin treatment to visualize response to intoxication by time-lapse
microscopy. Both WT and APLEKHA7 cells, but not AADAM10 cells, develop cytopathic effects ~1 h postintoxication, however individual APLEKHA7 cells
recover from this apparent injury, restoring normal cell morphology and ultimately surviving a-toxin treatment in contrast to WT cells.

Movie S1

Movie S2. Comparative time-lapse visualization of MRSA skin and soft tissue infection reveals PLEKHA7~~ mice repair wounds with reduced tissue loss. WT

and PLEKHA7~'~ animals were serially imaged following USA300 ear skin and soft tissue infection for time-lapse visualization of lesion development and repair.
PLEKHA7~"~ mice resolve MRSA skin infection with significantly less tissue loss than WT animals.

Movie S2

Dataset S1. Inactivating gene-trap insertions mapped in an a-toxin-selected HAP1 cell population compared with gene-trap insertions
mapped in a control, unselected HAP1 cell population

Dataset S1
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PLEKHATY recruits PDZD11 to adherens junctions to stabilize nectins

This article represents the main core of results of my PhD project. The
aim of this study was to characterize novel interactors of PLEKHA7 to further
elucidate its role in junction biology and to obtain new insights into its
physiological and pathological role. As discussed above, PLEKHA7 is
independently recruited by afadin and p120ctn at nectin based and E-
cadherin based AJ. PLEKHA7 stabilizes the ZA by connecting the E-cadherin
complex to the microtubule cytoskeleton. In this paper we report the
identification by two-hybrid screening and mass spectrometry analysis of
immunoprecipitates of PDZ domain-containing protein 11 (PDZD11) as the
highest confidence PLEKHAY interactor. PDZD11 was previously found to
interact with several membrane ATPases, but never with a junctional protein.
We confirmed that PLEKHA7 and PDZD11 interact in vitro and in vivo in
epithelial and endothelial cells. This interaction is mediated by The N-terminal
region of PDZD11, which binds the first WW domain in the N-terminal region
of PLEKHA7. Furthermore, we show for the first time that PDZD11 is a new
component of AJ, where it is recruited by PLEKHA7 through its WW domain;
in fact, epithelial cells KO for PLEKHA7 lose the junctional accumulation of
PDZD11, which is restored upon re-expression of PLEKHA7 but not of the
PLEKHA7 mutant lacking the WW domain. Moreover, the analysis of epithelial
cells KO for PDZD11 shows that PDZD11 is not required for TJ and AJ
formation, but is important for the stabilization of nectin adhesion molecules at
AJ. In fact, PDZD11 interacts with the nectin PDZ consensus motif through its

PDZ domain. The PLEKHA7-PDZD11 complex is required to stabilize nectins
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and prevent their proteasomal degradation. Finally, the PLEKHA7-PDZD11
complex, through its role in the stability of nectins, is required during the early
steps of junction assembly, where PDZD11 KO cells show a delay in AJ/TJ
formation.

My contribution to this publication was the generation of all the
PDZD11 constructs and characterization of our own PDZD11 rabbit
antiserum. | generated the PDZD11 CRISPR KO mCCD cells and rescue cell
lines. | carried out most of the immunoprecipitation and pulldown experiments
(except those in Fig. 1D, Fig. 2G and Fig. 5C). | performed most of the
immunofluorescence analysis (except IHC on mouse tissues in Fig. 3A and IF
on PLEKHAY deletion mutants in Fig. 3F), and immunoblot analysis (except in

Fig. 1A).
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PLEKHAY7 is a junctional protein implicated in stabilization
of the cadherin protein complex, hypertension, cardiac contrac-
tility, glaucoma, microRNA processing, and susceptibility to
bacterial toxins. To gain insight into the molecular basis for the
functions of PLEKHA?7, we looked for new PLEKHA?7 interac-
tors. Here, we report the identification of PDZ domain-contain-
ing protein 11 (PDZD11) as a new interactor of PLEKHA7 by
yeast two-hybrid screening and by mass spectrometry analysis
of PLEKHA7 immunoprecipitates. We show that PDZD11 (17
kDa) is expressed in epithelial and endothelial cells, where it
forms a complex with PLEKHA?7, as determined by co-immuno-
precipitation analysis. The N-terminal Trp-Trp (WW) domain
of PLEKHA? interacts directly with the N-terminal 44 amino
acids of PDZD11, as shown by GST-pulldown assays. Inmuno-
fluorescence analysis shows that PDZD11 is localized at adher-
ens junctions in a PLEKHA7-dependent manner, because its
junctional localization is abolished by knock-out of PLEKHA?7,
and is rescued by re-expression of exogenous PLEKHA7. The
junctional recruitment of nectin-1 and nectin-3 and their pro-
tein levels are decreased via proteasome-mediated degradation
in epithelial cells where either PDZD11 or PLEKHA7 have been
knocked-out. PDZD11 forms a complex with nectin-1 and nec-
tin-3, and its PDZ domain interacts directly with the PDZ-bind-
ing motif of nectin-1. PDZD11 is required for the efficient
assembly of apical junctions of epithelial cells at early time
points in the calcium-switch model. These results show that the
PLEKHA7-PDZD11 complex stabilizes nectins to promote effi-
cient early junction assembly and uncover a new molecular
mechanism through which PLEKHA7 recruits PDZ-binding
membrane proteins to epithelial adherens junctions.

The molecular organization of cell-cell contacts is of central
importance in understanding the morphogenesis, architecture,
and physiology of vertebrate organs, as well as the mechanisms
underlying the pathogenesis of human disease. In epithelia,
cell-cell junctions are essential to establish and maintain tissue

integrity and barriers between tissue compartments, and they
also play key roles in the transmission of signals to and from
adjacent cells, and within tissues, to regulate proliferation and
differentiation (1-4). The apical junctional complex includes
two structurally and functionally distinct units, tight junctions
(TJ)® and adherens junctions (AJ), whose canonical functions
are paracellular barrier and intramembrane fence (T]) (1) and
cell-cell adhesion/mechanical tissue integrity (AJ), respectively
(2, 3). AJ comprise cadherins and nectins as transmembrane
adhesion molecules, both linked to the submembrane cortical
cytoskeleton by cytoplasmic complexes of adaptor proteins:
catenins (p120-catenin and B-catenin/a-catenin) for E-cad-
herin and afadin-ponsin for nectins (2, 5).

PLEKHAY is a recently discovered cytoplasmic component
of AJ, which was identified through its interaction with the AJ
protein p120-catenin (6) and with the TJ/A]J protein paracingu-
lin (CGNL1) (7-9). PLEKHAY7 is specifically associated with the
zonula adhaerens (ZA) (7), and it interacts with the microtu-
bule-interacting protein nezha (CAMSAP3) to provide a
molecular linkage between the cadherin-associated protein
complex and the microtubule cytoskeleton (6). Genetic and
genome-wide association studies have implicated PLEKHA?7 in
the regulation of cardiac contractility in a zebrafish model (10),
in hypertension in human cohort studies (11-13) and in a rat
model (14), and in primary angle closure glaucoma (15, 16). In
addition, PLEKHA?7 has recently been involved in the control of
microRNA processing (17) and susceptibility to staphylococcal
a-toxin (18). However, the molecular and cellular mechanisms
through which PLEKHA?7 is implicated in the above-men-
tioned diseases and in its cellular functions are still largely
unknown.

To gain further insight into the biochemical basis for the
functions of PLEKHAY7, it is essential to identify and character-
ize new PLEKHA?7 interacting partners. Toward this goal, we
describe here the identification of PDZ domain-containing
protein 11 (PDZD11) as a novel PLEKHA?7 interactor. PDZD11
isrecruited to A] by PLEKHA?7, contributing to the stabilization
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of nectins at AJ and ensuring efficient early steps of junction
assembly.

Experimental Procedures

Antibodies and Plasmids—Antibodies are annotated below
with information on species-antigen and dilution for either
immunoblotting (IB) or immunofluorescence (IF) (using fixa-
tion with methanol unless otherwise stated), or proximity liga-
tion assay (PLA). The following are used: rabbit PDZD11
(immune and preimmune r29958, 1:1500 1B, 1:50 IF); mouse
B-tubulin (1:1000 1B, Zymed Laboratories Inc., catalog no.
32-2500); mouse Myc (9E10 hybridoma culture supernatant,
1:2 IB); rabbit and guinea pig PLEKHA7 (1:10,000 IB, 1:1000 IF,
in-house r30388, gp2737, these latter raised against GST fusion
proteins of canine PLEKHA7 residues 936 —1237 and 611- 809,
respectively); mouse PLEKHA7 (378F1, 1:10 PLA (7)); mouse
His (Invitrogen, catalog no. 37-2900, 1:1500 IB); mouse HA
(1:1000 IB, Zymed Laboratories Inc., catalog no. 32-6700); rab-
bit cingulin (1:5000 IF, in-house C532 (19)); mouse cingulin
(1:1000 IF, in-house 22BD5A1); rabbit paracingulin (1:10,000
1B, 1:500 IF, in-house 20893); rabbit a-catenin (1:4000 IB, 1:100
IF, Sigma, catalog no. c-2081); rabbit B-catenin (1:10,000 IB,
1:500 IF, Sigma, catalog no. C2206); mouse pl20-catenin
(1:2000 IB, 1:250 IF, 15D2 monoclonal, a kind gift from Prof. A.
Reynolds); mouse E-cadherin (1:2000 IB, 1:2000 IF, BD610181);
rabbit ZO-1 (1:1000 IB, Zymed Laboratories Inc., catalog no.
61-7300); rat ZO-1 (R40-76, 1:50 IF); mouse occludin (1:3000
IB, 1:300 IF, Zymed Laboratories Inc., catalog no. 33-1500);
rabbit nectin-1 (Abcam, catalog no. AB66-985, 1:3000 IB, 1:500
PLA); rat nectin-3 (MBL-DO084-3, 1:100 IF); rabbit nectin-3
(Abcam, catalog no. AB-63931, 1:4000 IB, 1:500 IF and PLA);
rabbit afadin (Sigma, catalog no. A0224, 1:4000 IB, 1:600 IF);
and VeriBlot secondary HRP-labeled antibodies for IP experi-
ments (Abcam, catalog no. ab131366, 1:4000). The rabbit poly-
clonal anti-PDZD11 antiserum (r29958) was generated by
immunization with recombinant full-length PDZD11 and
obtained by affinity purification and thrombin protease diges-
tion of GST-PDZD11 expressed in BL21DE3 bacteria. The full-
length human PDZD11 sequence was obtained from Kazusa
DNA Research Institute (clone number PF1KB8215) and
amplified by PCR with appropriate oligonucleotides for subse-
quent subcloning. PDZD11 sequences (either full-length or
truncated) were cloned into pGEX4T1 for bacterial expression
as GST fusion proteins (EcoRI-Xhol). GFP-PDZD11-Myc was
obtained in pcDNA3.1GFP-Myc (vector generated by NotI-
Clal digestion of the GFP-cingulin-Myc construct (20) (NotI-
Clal)). YEP- and Myc-tagged N-terminal, central, and C-termi-
nal fragments of PLEKHA7 were described previously (21).
GST fusions of smaller fragments of PLEKHA7 (WW, 1-162),
WWPH(1-284), PH(120-300), and proline-rich + coiled-coil
region (PCC, 500 — 844) were generated by PCR and subcloned
into pGEX4T1. Other GST fusions of PLEKHA7 were
described previously (7, 8). The internal WW and WF domains
within the larger WW region (1-162) were subsequently iden-
tified and subcloned into pGEX4T1 to make three GST fusion
constructs: W1 (WW, 1-53), W2 (WF, 43-98), and W1 + 2
(WW-WE, 1-98). Constructs of YFP-tagged (N-terminal)
PLEKHA?7 were generated in pTre2-Hyg as follows: full length
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(21), APH (1-165 fused to 285-1121), and AWW (90-1121).
The human nectin-1 (PVRL1) cDNA was obtained from Pro-
mega (pF1KB0475) and used by PCR amplification to subclone
into the BamHI-Notl sites of pcDNA3.1Myc/His, with an
N-terminal Myc sequence and a stop codon before the vector’s
Myc tag. The Myc-nectinl-A4, lacking the C-terminal PDZ-
binding four residues (EWYV), was similarly generated by PCR
and subcloned into pcDNA3.1Myc/His. All new constructs
were verified by sequencing.

Yeast Two-hybrid Screen and QUantitative BAC-Intera
Ctomics (QUBIC)—For the yeast two-hybrid screen, the full-
length sequence of human PLEKHA7 (residues 1-1121) was
fused C-terminally to LexA in the pB27 vector. This construct
was used to screen a human placenta library, in the presence of
0.5 mm 3-amino-1,2,4-triazole (Hybrigenics, Paris, France). A
very high confidence interaction (PBS Score “A”, based on the
PIM predicted global biological score) was detected with 24
distinct clones of PDZD11, all of which contained the full-
length coding sequence of PDZD11. In addition, a PBS score A
was also obtained with six clones of the known interactor parac-
ingulin (CGNL1) (8), whereas no PLEKHA7-interacting clones
were detected with scores “B” (high confidence) or “C” (good
confidence). For affinity purification of PLEKHA7 prior to mass
spectrometry, a BAC clone harboring the mouse Plekha7 gene
(RP23-350A9, BACPAC Resources Center) was recombined
with an N-terminal GFP BAC tagging cassette (NFLAP: GFP_
PreScission_S-peptide_TEV_FLAG) (22). Precise incorpora-
tion of the tagging cassette was confirmed by PCR and sequenc-
ing. Next, the GFP-tagged BAC was isolated from bacteria
using the NucleoBond PC100 kit (Macherey-Nagel, Germany),
and HeLa Kyoto cells were transfected using Effectene (Qiagen)
and cultured in DMEM selection media containing 400 pg/ml
geneticin (G418, Invitrogen). The pool of HeLa cells stably
expressing the tagged Plekha7 transgene was analyzed by West-
ern blot and immunofluorescence using an anti-GFP antibody
(Roche Applied Science) to verify correct protein size and local-
ization of the tagged transgene. Affinity purification and mass
spectrometry were carried out as described (23). PDZD11 (Tar-
get ID Q5EBLS8-2) and PLEKHA7 (Target ID Q61Q23-2) were
identified in the immunoprecipitate with the highest identical
score of 10.296 (three peptides).

Cell Culture, Preparation of Lysates, and Pharmacological
Treatment—We previously described culture conditions for
MDCKII (Madin-Darby canine kidney), MDCK-Tet-Off epi-
thelial cells (Clontech), Caco-2 (human intestinal carcinoma
cells), mCCD (mouse kidney collecting duct, mpkCCD, clone
N64, a kind gift of Prof. Eric Feraille, University of Geneva), and
Sf21 insect cells (24 —28). Culture conditions for human kerati-
nocytes (HaCaT, a kind gift from Dr. L. Fontao, University of
Geneva), human lung carcinoma cells (A427 and A459, a kind
gift of Prof. M. Paggi, Istituto Regina Elena, Roma, Italy), mouse
microvascular endothelioma cells (bEnd.3, a kind gift from
Prof. B. Imhof, University of Geneva), and mouse aortic endo-
thelial cells (meEC, a kind gift from Prof. B. Kwak, University of
Geneva) will be described elsewhere. Total lysates were
obtained in RIPA buffer (150 mm NaCl, 40 mm Tris-HCI, pH
7.5,2 mMm EDTA, 10% glycerol, 1% Triton X-100, 0,5% sodium
deoxycholate, 0.2% SDS) supplemented with protease inhibitor
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mixture (Roche Applied Science) from 10-cm dishes, followed
by sonication (8 s at 66% amplitude with a Branson sonifier). To
inhibit proteasome-mediated degradation, cells were treated
with 25 um MG132 (C2211, Sigma) for 8 h at 37 °C prior to lysis.

Analysis of Dynamics of Junction Assembly by Calcium
Switch—A modification of the classical protocol (29) was used
here, because mCCD cells undergo complete junction disas-
sembly upon removal of extracellular calcium much more rap-
idly than MDCK cells. mCCD cells (300,000 cells inoculated on
each round coverslip in 24-well plates 24 h earlier) were
rinsed twice with PBS and incubated for 30 min in S-MEM
low calcium medium (Gibco catalog no. 11380-052), con-
taining 10 mm Hepes, pH 7.4, 1 X non-essential amino acids,
5% FBS, 2 mM L-glutamine, 2 uM EGTA, and 1X penicillin/
streptomycin, to disassemble junctions. To initiate junction
assembly, the S-MEM medium was replaced with normal
medium, and cells were fixed for immunofluorescent label-
ingat 15and 30 min and 1 and 4 h after the switch. Junctional
assembly of E-cadherin and cingulin was evaluated by immu-
nofluorescence as described below.

Generation of Knock-out (KO) mCCD Cells by CRISPR/Cas9
Genome Editing—A construct for the CRISPR/Cas9-mediated
knock-out (KO) of PDZD11 KO in mouse mCCD cells was
generated by cloning a guide-RNA targeting exon-1 of the
mouse Pdzdl1 gene (sequence: GCCGGCCTATGAAAACC-
CTC) into the BbslI site of px458 CRISPR plasmid (Addgene
catalog no. 48138, containing GFP). Cells were transfected by
Lipofectamine2000, and isolated clones were obtained 2 days
later by fluorescence-activated cell sorting (using a Beckman
Coulter MoFlo Astrios sorter, Flow Cytometry Service, Univer-
sity of Geneva Medical School). Single PDZD11-KO clones
were screened by immunoblotting, and the genomic sequence
of the Pdzd11 locus was determined in distinct KO clones by
PCR amplification and subcloning of a fragment spanning a
1-kb region, from the 5'-untranslated region of the Pdzd1l
gene to exon-2. Clone 1B2 showed the insertion of a G in both
alleles (resulting sequence: GCCGGGCCTATGAAAACC-
CTC). Clone 2C7 showed a 2-bp deletion in allele 1 (G-GGCCT-
ATGAAAACCCTC) and a 164-bp insertion in allele 2 (GCC-
164 bp-GGCCTATGAAAACCCTC). Clone 1C8 showed a
2-bp deletion in allele 1 (G-GGCCTATGAAAACCCTC) and a
1-bp insertion in allele 2 (GCCGGGCCTATGAAAACCCTC).
Rescue clones were obtained by expression of either GFP or
GFP-tagged PDZD11 (cloned in pTre-2Hyg), and selection of
clones was made in hygromycin-containing medium. The three
clones behaved similarly, but only data from one clone (2C7)
are shown in Figs. 4 and 6 for the sake of space. The generation
of PLEKHA7-KO mCCD cells by CRISPR-mediated genome
editing, the generation of rescue clones, and their full charac-
terization will be described elsewhere.* Transfection was car-
ried out using either Lipofectamine 2000 (Invitrogen) or the
calcium phosphate method (for HEK293T cells).

Immunofluorescence Microscopy, Immunohistochemistry,
and Proximity Ligation Assay—Conventional fixation of cells
for labeling of junctional proteins was with methanol (10 min at

4. Shah, D. Guerrera, and S. Citi, unpublished results.
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—20 °C), and incubations with antibodies were for 30 min at
37 °C. To detect cytoplasmic GFP in PLEKHA7-KO cells, cells
were fixed with Triton X-100 and paraformaldehyde (26).
Immunohistochemistry was carried out as described previously
(7). Proximity ligation assay (Sigma, catalog no. DU092101)
was carried out according to the manufacturer’s instructions,
using rabbit anti-nectinl/3 and mouse anti-PLEKHA?7. Cover-
slips were mounted with Vectashield (Reactolab) and imaged
with a Zeiss LSM700 confocal microscope, equipped with X63,
1.3NA objective (Zeiss LSM software). LSM 8-bit files were
converted to TIFF files separately for each channel using
Image] software and linearly adjusted and cropped using Adobe
Photoshop. Quantification of immunofluorescent junctional
labeling for nectin-3 was carried out with Image]J software, as
described previously (8), using either E-cadherin or cingulin as
an internal reference standard for junctional labeling (E-cad-
herin is not affected by PDZD11-KO, and cingulin is not
affected by PLEKHA7-KO). Quantification of junction assem-
bly during the calcium switch was carried out by drawing the
outline of the cell periphery of 20 cells/field (three fields for
each sample) (each cell was identified by DAPI-labeled nuclei),
and by measuring the length of the regions of cell-cell contact
that were labeled by either anti-E-cadherin or anti-cingulin
antibodies. The percentage of junction assembly was obtained
by ratioing the labeled lengths over the total calculated lengths
of the cell peripheries.

Immunoprecipitation, GST Pulldown, and Immunoblotting—
Immunoprecipitation of endogenous proteins from Caco2,
mCCD, and meEC cells was carried out by rinsing cells with
cold PBS and incubating them in 0.5 ml (coIP) of buffer (150 mm
NaCl, 20 mm Tris-HCI, pH 7.5, 1% Nonidet P-40, 1 mMm EDTA,
5 mg/ml antipain, 5 mg/ml leupeptin, 5 mg/ml pepstatin, 1 mm
PMSEF) for 10 min at 4 °C. After sonication (8 s at 40% power,
Branson sonifier), the lysate was centrifuged for 15 min at
13,000 rpm. The supernatant was kept (cytoskeleton-soluble
fraction). The pellet (cytoskeleton-insoluble fraction) was
resuspended in 50 ul of SDS-buffer (1% SDS, 10 mm Tris-HCI,
pH7.5,2mMEDTA, 0.5 mm DTT, 0.5 mm PMSF), sonicated 2 s
at 10% power, incubated at 100 °C for 5 min, clarified by cen-
trifugation, brought to a volume of 0.5 ml with co-IP buffer, and
mixed with the cytoskeleton-soluble fraction to make a “total”
IP lysate. Dynabeads protein-G or protein-A (Invitrogen) (20
pl) were coupled to antibodies (either 2 ul of serum or 2 ug of
purified antibody) at 4 °C for 90 min, washed with PBS contain-
ing 5% bovine serum albumin and 1% Nonidet P-40, and incu-
bated with 0.1-0.3 ml of total IP lysate for 16 h at 4 °C. After
washing three times with colP buffer, beads were incubated in
20 wl of SDS sample buffer at 100 °C for 5 min, and between 5
and 15 pl of eluate were loaded on SDS gels (12% polyacryl-
amide for PDZD11 and 8% for PLEKHA7). SDS-PAGE and
immunoblotting were carried out as described previously (21,
27). Protein loadings were normalized by immunoblotting with
anti-tubulin antibody. Detection of proteins after Western
blotting was performed by Odyssey Imager (LI-COR). Quanti-
fication of nectin-1 and nectin-3 protein levels by immunoblot-
ting in normalized samples was carried out using Image]J soft-
ware analysis of scanned blots. Sf21 cells expressing His-tagged
PLEKHA?7 were lysed in LBT buffer (150 mm NaCl, 20 mm
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Tris-HCI, 5 mm EDTA, 1% Triton X-100, 5 mg/ml antipain, 5
mg/ml leupeptin, 5 mg/ml pepstatin, 1 mm PMSEF), sonicated
four times for 30 s at 30% power and centrifuged for 20 min at
13,000 rpm (8). Purification of GST fusion proteins and GST
pulldowns with full-length His-tagged PLEKHA?7 expressed in
baculovirus-infected insect cells was performed as described
previously (24, 25).

RT-PCR—mRNA levels for nectin-1 and nectin-3 in PDZD11-
KO and rescue clones were measured by qRT-PCR, as deter-
mined previously (28), using GAPDH as an internal reference.
The primers were as follows: nectin-1, forward 5'-TGCACTG-
TAGCTTTGCCAAC-3" and reverse 5'-ATGTACATGCCC-
TCGTCCTC-3'; nectin-3, forward 5'-TTGCCCTTTCCTTT-
GTCAAC-3'" and reverse 5'-GCATGTCTGATGGTGG-
AATG-3".

Data Analysis—All experiments were carried out at least in
triplicate, and similar results were obtained when using distinct
clones of either PLEKHA7-KO or PDZD11-KO cells. For
immunoblots and immunofluorescence data, one representa-
tive example out of three independent experiments is shown.
Statistical significance of quantitative data was determined by
Student’s £ test.

Results

PDZ Domain-containing Protein 11 Is a Novel Interactor
of PLEKHA7—We sought to identify novel interactors of
PLEKHA?7 by yeast two-hybrid screen and by mass spectrome-
try analysis of affinity-purified PLEKHA7 immunoprecipitates.
Both approaches identified PDZD11, also known as PISP
(plasma membrane calcium ATPase-interacting single-PDZ
protein) or AIPP1 (ATPase-interacting PDZ protein) (30-32)
as the highest confidence interactor of PLEKHA7. We gener-
ated a rabbit polyclonal antiserum against PDZD11, which spe-
cifically labeled a polypeptide of 17 kDa in lysates of MDCK,
mCCD, human keratinocytes (HaCaT), human lung carcinoma
cells (A427 and A549), mouse endothelial cells (bEnd.3, meEC),
human colon carcinoma cells (Caco-2), and mouse kidney tis-
sue, consistent with the predicted size of PDZD11 (Fig. 1, A and
B). The antiserum specifically immunoprecipitated exoge-
nously expressed PDZD11, containing N-terminal GFP and
C-terminal Myc tags, from MDCK cell lysates (Fig. 1C). To
validate the findings of the two-hybrid screen and mass
spectrometry analysis, we explored the PLEKHA7-PDZD11
interaction by co-immunoprecipitation and GST-pulldown
experiments. First, PDZD11 was detected in PLEKHA7Y
immunoprecipitates from lysates of endothelial (aorta,
meEC) and epithelial (kidney, mCCD) cells (Fig. 1D). Sec-
ond, PLEKHA7 was detected in PDZD11 immunoprecipitates
from lysates of Caco2 colon epithelial cells (Fig. 1E). Third,
bacterially expressed full-length PDZD11 interacted with full-
length His-tagged PLEKHA?7, isolated from insect cells (Fig.
1F). Taken together, these results demonstrate that PDZD11 is
expressed in epithelial and endothelial cells and tissues, where
it forms a complex and directly interacts with PLEKHA?7.

The First WW Domain of PLEKHA?7 Interacts with the N-
terminal 44 Residues of PDZDI11 (P7-ID)—To identify the
sequences involved in PLEKHA7-PDZD11 interaction, we gen-
erated mutated constructs of the proteins to use in GST-pull-
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FIGURE 1. PLEKHA?7 forms a complex and interacts directly with PDZD11.
A-C, characterization of a rabbit anti-PDZD11 antiserum by immunoblotting
analysis of the following. A, lysates of kidney epithelial (MDCK, mCCD) cells,
human keratinocytes (HaCaT), human lung carcinoma cells (A427, A549), and
mouse endothelial cells (bEnd.3, meEC) (tubulin levels for normalization of
total protein loading is shown below). The asterisk near one lane of HaCaT
lysates indicates overconfluent cells. B, lysates of MDCK, mCCD, and human
colon carcinoma cells (Caco2) and mouse kidney with immune and pre-
immune anti-PDZD11 antisera. C, immunoprecipitates of exogenously
expressed GFP-PDZD11-Myc (in MDCK cells) with immune and pre-immune
anti-PDZD11 antiserum. D-F, PDZD11 forms a complex and interacts directly
with PLEKHA7. D, top panel, PDZD11 is detected by immunoblotting in
PLEKHA7 immunoprecipitates from lysates of both meEC (left lanes) and
mCCD cells (right lanes). Bottom panel, detection of PLEKHA7 in PLEKHA7
immunoprecipitate. Immunoprecipitates with pre-immune only are also
shown. E, top panel, PLEKHA7 is detected in PDZD11 immunoprecipitates
from lysates of Caco-2 cells. Bottom panel, detection of PDZD11 in the
PDZD11 immunoprecipitate. Immunoprecipitates with pre-immune and
immune sera and beads alone (control) are shown. F, GST pulldowns of
lysates of insect cells expressing full-length His-tagged PLEKHA?7, using either
GST or GST-PDZD11 as baits, using anti-His antibodies. Numbers on the left
indicate size (kDa) and migration of prestained markers. Input lanes = 0.1 of
lysate volume used for immunoprecipitate.

down assays. PLEKHA7 comprises WW and PH domains in its
N-terminal half and coiled-coil and proline-rich domains in its
C-terminal half (Fig. 24). PLEKHA?7 prey (N- and C-terminal
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FIGURE 2. The first WW domain of PLEKHA?7 interacts with the N-terminal
44 residues of PDZD11. A and B, schematic diagrams of PLEKHA7 (A) and
PDZD11 (B), showing structural domains and amino acid boundaries of full-
length and truncated constructs used in GST-pulldown assays. Note: the
schemes of PLEKHA7 and PDZD11 are not size-scaled. *, m, and G indicate
GFP, Myc, and GST tags, respectively. C, immunoblot analysis, using anti-Myc
antibodies, of GST pulldowns of lysates of MDCK cells expressing GFP-
tagged constructs of PLEKHA7 (as schematically shown in A) (21) and
either GST or GST-PDZD11 as baits. D, immunoblot analysis, using anti-HA
antibodies, of GST pulldowns using GST (G-) fused to different domains
(WW, WW and PH, and PH domain alone) of PLEKHA7 (see A for scheme) as
baits and either HA-tagged PDZD11 (P11-HA) (D) or HA-tagged CFP (CFP-
HA) (E) as preys. F, amino acid sequence of the first 98 residues of human
PLEKHA7, and highlighted in bold are the W1 domain (WW domain, Trp =
W residues are highlighted in larger size) and the W2 domain (“WF”
domain, Trp = W and Phe = F residues are highlighted in larger size). The
boxes show residues included in W1 construct (continuous line, residues
1-53) and in W2 construct (dotted line, residues 43-98). The cluster of
aromatic amino acid at the center of each WW domain is highlighted by a
dotted circle. G, immunoblot analysis, using anti-HA antibodies, of GST
pulldowns using GST (G) fused either to the W1 sequence or the W2
sequence, or both (W1 + 2) (see F for residues), and either HA-tagged CFP
(CFP-HA) or HA-tagged PDZD11 (P11-HA) as preys (+ or — indicate which
prey is used in each lane). H, immunoblot analysis, using anti-His antibod-
ies, of GST pulldowns of lysates of Sf21 insect cells expressing His-tagged
full-length PLEKHA7 using GST fusion constructs of PDZD11, as schemat-
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and central regions) containing N-terminal YFP and C-termi-
nal Myc tags were obtained from lysates of stably transfected
MDCK cell lines (Fig. 2, A and C) (21). Another PLEKHA7 prey
consisted of His-tagged full-length PLEKHA7 obtained from
lysates of insect cells infected with baculovirus (Fig. 2H) (8).
PDZD11 consists of a 44-residue N-terminal peptide, followed
by a 81-residue PDZ domain and a 14-residue C-terminal pep-
tide (Fig. 2B). PDZD11 baits consisted of GST fused N-termi-
nally to 1) full-length sequence, 2) N-terminal peptide, 3) PDZ
domain, 4) the 21 C-terminal residues of the PDZ domain, fol-
lowed by the 14-residue C-terminal peptide (Fig. 2, B and H).
Immunoblot analysis of GST pulldowns showed that full-
length PDZD11 interacts with the YFP-tagged N-terminal
region of PLEKHA7, but not with C-terminal or central
domains of PLEKHA?7 (Fig. 2C), indicating that the PDZD11-
interacting region in PLEKHA?7 lies within residues 1-282 of
PLEKHA?7. This region includes Trp-Trp (WW) and PH
domains (Fig. 24). GST fusions of these domains, together or
separately, were generated to prepare baits for pulldown assays
(Fig. 2A). Pulldown experiments using HA-tagged PDZD11 asa
prey showed that the N-terminal fragment of PLEKHA?7 (resi-
dues 1-162) comprising the WW domains, either alone or in
combination with the PH domain, but not the PH domain
alone, specifically binds to PDZD11 (Fig. 2, D and E, for control
pulldowns with CFP-HA). PLEKHA?7 actually contains two
WW domains (33). The first contains the canonical Trp-Trp
signature, and the second contains a Trp and a Phe residue; the
two domains are separated by a spacer region of 11 residues.
We generated GST fusions comprising either the first WW
(W1, Fig. 2F) or the second (W2, Fig. 2F), or both (W1 + 2), and
we examined their interaction with full-length PDZD11 by
pulldown assays (Fig. 2G). Only the first, but not the second,
WW domain could interact, when isolated, with PDZD11.
However, a stronger interaction was detected when both W1
and W2 domains were present in the fusion protein (Fig. 2G).
Finally, GST fusion proteins were generated to map the region
of PDZD11 involved in interaction with PLEKHA?7 (Fig. 2, B
and H). GST fusions of full-length PDZD11 and N-terminal
peptide interacted with the full-length His-tagged PLEKHA?7 in
insect cell lysates, but no interaction of PLEKHA7 was detected
with GST fusions of either the PDZ domain of PDZD11 or the
C-terminal construct (Fig. 2H). Because its sequence is unique,
and it binds specifically to PLEKHA7, we propose to name the
44-residue N-terminal sequence of PDZD11 P7-ID (PLEKHA?
interacting domain).

PLEKHA?7 Recruits PDZD11 to Epithelial Adherens Junctions—
Because PLEKHAY7 is accumulated at the zonula adhaerens (7),
the interaction between PLEKHA7 and PDZD11 predicts that
PDZD11 should also be localized at AJ in epithelial cells and
tissues. To test this, we first labeled epithelial cell lines and
kidney tissue by immunofluorescence with the anti-PDZD11
antiserum. Junctional labeling for PDZD11 that co-localized
with TJ and AJ markers was detected in MDCK, A427, meEC,
and additional epithelial cell types and kidney tissue (Fig. 34,

ically shown in B. Images of Ponceau-S-stained blots shows the amounts
of recombinant proteins used as baits. Numbers on the left indicate size
(kDa) and migration of prestained markers.

VOLUME 291+NUMBER 21-MAY 20, 2016



PLEKHA?7 Stabilizes Nectins through PDZD11

FIGURE 3. PLEKHA? recruits PDZD11 to adherens junctions. A, PDZD11 is localized at cell-cell junctions in epithelial and endothelial cells and tissues as
follows: immunofluorescent localization of endogenous PDZD11 at junctions of MDCK cells, A427 cells, meEC cells, and frozen sections of mouse kidney, using
the anti-PDZD11 antiserum. MDCK and A427 cells were double-labeled with E-cadherin antibodies, and meEC cells were triple-labeled with E-cadherin and
PLEKHA7 antibodies, to identify adherens junctions. The kidney section was triple-labeled with PLEKHA7 and ZO-1 to identify zonular junctions. B and C,
exogenous PDZD11 co-localizes with AJ markers as follows: immunofluorescence analysis of serial z-sections of MDCK cells expressing exogenous GFP-tagged
PDZD11, and double-stained for either cingulin and ZO-1 (B) or for B-catenin (beta-cat) and ZO-1 (C), as markers of TJ (cingulin and ZO-1) or AJ (B-catenin). D-F,
PLEKHA? recruits PDZD11 to epithelial AJ. D, immunofluorescence analysis of either WT or PLEKHA7-KO (P7-KO) mCCD cells, using anti-PDZD11 antiserum.
Three distinct clones of PLEKHA7-KO cells gave identical results with regard to loss of junctional PDZD11. E, immunofluorescence analysis of either WT or
PLEKHA7-KO mCCD cells, transiently expressing either GFP or GFP-PDZD11, using anti-PLEKHA7 antibodies (GFP fluorescence was visualized directly). F,
immunofluorescence analysis of PLEKHA7-KO mCCD cells, transiently expressing either GFP or YFP-PLEKHA7 or YFP-PLEKHA7 with an internal deletion of the
PH domain (YFP-P7-APH), or PLEKHA7 with an N-terminal truncation of the WW domains (YFP-P7-AWW), using anti-PDZD11 antibodies (YFP green fluores-
cence was visualized directly). Merge images show nuclei in blue (DAPI). Arrows indicate junctional labeling, and arrowheads indicate lack of junctional labeling,

and asterisks indicate cytoplasmic labeling. Scale bar, 10 um (A, B, and D-F) and 5 um (C).

data not shown). To establish more clearly the localization of
PDZD11, we imaged serial apico-basal confocal z-sections of
MDCK cells expressing GFP-tagged PDZD11 and double-la-
beled with markers of either T] (cingulin and ZO-1) or AJ
(B-catenin) (Fig. 3, B and C). Immunofluorescence analysis
showed that GFP-PDZD11 labeling only partially overlapped
with endogenous cingulin and ZO-1 labeling along apicolateral
junctions (arrow and arrowhead in Fig. 3B), whereas it over-
lapped more precisely with endogenous labeling for junctional
B-catenin (arrows in Fig. 3C). This is very similar to the local-
ization of endogenous and exogenous PLEKHA?7 in epithelial
cells (8, 21). Next, we asked whether PDZD11 is recruited to
adherens junctions by PLEKHA?7, by examining the localization
of endogenous PDZD11 in either wild-type (WT) mCCD or in
cells where both PLEKHA?7 alleles were targeted by CRISPR-
mediated gene disruption, and which do not express PLEKHA7
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(PLEKHA7-KO) (Fig. 3, D—F). Junctional labeling for PDZD11
was detected in WT cells but not in PLEKHA7-KO cells (arrow
and arrowhead in Fig. 3D, respectively). Next, we transiently
expressed either GFP or GFP-tagged PDZD11 in either WT or
PLEKHA7-KO mCCD cells (Fig. 3E). Labeling for the GFP con-
trol protein was detected diffusely in the cytoplasm both in WT
and in PLEKHA7-KO cells (asterisks in Fig. 3E). Importantly,
exogenous GFP-tagged PDZD11 was detected exclusively at
junctions in WT cells (arrows in Fig. 3E, WT), where it co-lo-
calized precisely with PLEKHA?7. In contrast, exogenous GFP-
tagged PDZD11 was localized exclusively in the cytoplasm in
PLEKHA7-KO cells (asterisks and arrowheads in Fig. 3E,
PLEKHA7-KO). PLEKHA7-KO mCCD cells form junctions
similar to WT cells, as determined by labeling with most mark-
ers of T] and AJ, and establish a normal TJ barrier.* This indi-
cates that the lack of association of exogenous PDZD11 with
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junctions in PLEKHA7-KO cells is specifically due to the
absence of PLEKHA7, rather than to secondary effects on other
components of zonular junctions. To confirm the role of
PLEKHA? in recruiting PDZD11, we carried out a rescue
experiment by re-expressing either GFP- or YFP-tagged
PLEKHA?7 and either WT or mutant in PLEKHA7-KO mCCD
cells (Fig. 3F). Immunofluorescence analysis showed that the
junctional localization of PDZD11 was rescued in PLEKHA7-
KO cells, upon exogenous expression of either full-length
PLEKHAY (arrows in Fig. 3F, YFP-PLEKHA?7) or PLEKHA?7 lack-
ing the PH domain (arrows in Fig. 3F, YFP-P7-APH), but not upon
expression of PLEKHA?7 lacking the N-terminal WW domains
(arrowhead in Fig. 3F, YFP-P7-AWW). In addition, junctional
labeling for endogenous PDZD11 was increased in WT cells that
overexpressed exogenous PLEKHA?7 (data not shown), supporting
the idea that the accumulation of PDZD11 at junctions is pro-
moted by PLEKHA7. Taken together, these results demonstrate
that PLEKHA7 recruits PDZD11 to epithelial junctions through
its WW domain-containing N-terminal region.

PDZD11 Is Required to Stabilize Nectin-1 and Nectin-3 at
Epithelial Adherens Junctions—To determine the role of
PDZD11 in the molecular architecture of epithelial junctions,
we analyzed the localization and expression of zonular (ZO-1,
afadin, paracingulin, cingulin, and PLEKHA7) and zonular/lat-
eral (occludin, E-cadherin, a-catenin, B-catenin, and p120-
catenin) junctional markers in cells where both alleles of
Pdzd11 were inactivated by CRISPR-mediated genome editing.
When mixed cultures of WT and PDZD11-KO cells were ana-
lyzed by immunofluorescence (to identify better the differences
between WT and KO cells in the same field), the localization of
PLEKHA7 and ZO-1 was not detectably altered in PDZD11-
KO cells, when compared with neighboring WT cells (Fig. 44,
top row). No labeling for PDZD11 was detected in KO cells by
either immunofluorescence (Fig. 44) or immunoblotting (Fig.
4B), confirming the specificity of the anti-PDZD11 antiserum.
The immunofluorescent localization (Fig. 44 and data not
shown) and the levels of expression (Fig. 4B), not only of
PLEKHA?7 but also of the other zonular and zonular/lateral
tight and adherens junction markers (E-cadherin, cingulin,
occludin, afadin, pl120-catenin, «-catenin, [B-catenin, and
paracingulin), were not detectably altered in confluent
PDZD11-KO cells (Fig. 4, A and B). Next, we examined the
localization and expression of nectins, Ig-like cell adhesion
molecules localized at adherens junctions, that display PDZ-
binding motifs at their C-terminal cytoplasmic tail (34, 35). In
three distinct PDZD11-KO clones, we observed a decrease in
junctional labeling for nectin-3 (Fig. 4, C, top row, showing only
clone 2C7, and quantification in D). The decreased junctional
labeling for nectin-3 in PDZD11-KO cells was rescued by re-ex-
pression of GFP-tagged PDZD11 but not of GFP (double ar-
rows in Fig. 4C, 2nd row). By immunoblotting, we observed
decreased levels of expression of both nectin-1 and nectin-3 in
PDZD11-KO cells (Fig. 4E and quantification in F), with no
significant changes in nectin mRNA levels, as determined by
qRT-PCR (Fig. 4G). Nectin-1 and nectin-3 protein levels in
PDZD11-KO cells were rescued by re-expression of GFP-
tagged PDZD11, but not of GFP alone (Fig. 4E and quantifica-
tions in F). To ask whether the decreased levels of nectin-1 and
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nectin-3 in PDZD11 KO cells were due to decreased stability,
e.g. increased degradation, we treated either WT or KO cells
with the proteasome inhibitor MG132 (Fig. 4H and I for quan-
tification). Immunoblot analysis showed that normal levels of
nectin expression were rescued in PDZD11 KO cells upon
treatment with MG132 (Fig. 4, H and I), revealing a pro-
teasome-dependent degradation of nectin. Next, we tested the
hypothesis that the junctional localization and expression of nec-
tin-1 and nectin-3 should also be altered in PLEKHA7-KO cells,
because PLEKHA7 recruits PDZD11 to junctions. Immunofluo-
rescence (Fig. 4C, 3rd and 4th rows) and immunoblotting (Fig. 4/
and quantifications in K) analyses showed that PLEKHA7-KO
cells phenocopied PDZD11KO cells, because junctional nectin-3
labeling and nectin-1 and nectin-3 protein levels were reduced in
PLEKHA7-KO cells and rescued upon re-expression of
PLEKHA?7. These data demonstrate that although PDZD11 is
not required to maintain the molecular organization of either
TJ or the E-cadherin-associated complex at steady state, the
PLEKHA7-PDZD11 complex is required for the efficient
recruitment and stabilization of nectins at AJ.

PDZD11 Binds Directly to Nectin-1—To examine the molec-
ular basis for the regulation of nectin junctional accumulation
and stability by the PDZD11-PLEKHA7 complex, we studied
the physical interaction of PDZD11 and PLEKHA7 with nec-
tins. Immunoprecipitation experiments show that endogenous
nectin-1 and nectin-3 immunoprecipitate PDZD11 (Fig. 54). In
contrast, we were unable to detect PLEKHA7 in nectin immu-
noprecipitates. To determine whether PDZD11 or PLEKHA7
interacts directly with nectins, GST fusion constructs of
PDZD11 and PLEKHA7 were used as baits to bind Myc-tagged
nectin, expressed in HEK293T cells. Immunoblot analysis
showed that full-length nectin-1 is detected specifically in GST
pulldowns of PDZD11 but not in GST pulldown using frag-
ments of PLEKHA?7 from the N-terminal, central, or C-termi-
nal domains (Fig. 5B). Next, we asked whether the interaction
between nectin-1 and PDZD11 depends on the interaction
between the PDZ domain of PDZD11 and the PDZ-binding
motif of nectin-1. No binding to the PDZD11 GST fusion bait
was observed when the four-residue PDZ-binding motif of nec-
tin-1 was deleted (Myc-nectinl-A4 in Fig. 5C). Furthermore,
only the PDZ fragment of PDZD11 could bind nectin-1 but not
the N-terminal P7-ID nor the C-terminal fragments (Fig. 5D).
Finally, we used the PLA to detect the physical association
between PLEKHA7 and either nectin-1 or nectin-3. In both
cases, a strong junctional accumulation of labeling was detected
in WT cells (double arrows and magnified insert in Fig. 5E, WT
panels). However, only background labeling was observed in
PLEKHA?7-KO cells (arrowhead and magnified inset in Fig. 5E,
PLEKHA7-KO panels), demonstrating that the proximity
between nectins and PLEKHA7 is specifically due to PLEKHA?7.
Importantly, in PDZD11 KO cells there was a strong reduction
in junctional signal with respect to WT cells (arrow and mag-
nified inset in Fig. 5E, PDZD11-KO panels). This indicates that
PDZD11 is critical to ensure maximal physical proximity
between PLEKHA?7 and nectins and that residual association
between nectins and PLEKHA7 may be indirect, through afa-
din. Taken together, the GST pulldown and PLA results dem-
onstrate that a complex of PLEKHA7 and PDZD11 is required
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for the efficient recruitment and stabilization of nectins at A]J, PDZD11 Is Required for the Efficient Early Assembly of Apical

through the binding of the PDZ-binding motif of nectins to the  Junctions in the Calcium-switch Experimental Model—To
PDZ domain of PDZD11. address the cellular functions of PDZD11, we hypothesized,
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based on the effects of the PLEKHA7-PDZD11 complex on
nectin junctional localization and stability, that we might detect
a phenotype related to the function of nectins, which are impli-
cated in early junction assembly (see under “Discussion”) (5).
Analysis of junctions at steady state showed that WT and
PDZD11-KO cells are indistinguishable when examining a
large number of markers (Fig. 4). Therefore, we examined the
role of PDZD11 in the dynamic assembly of apical junctions, by
using the calcium-switch protocol, which is the most com-
monly used experimental model to investigate the biogenesis of
junctions in epithelial cells (29). Cells were immunofluores-
cently labeled with antibodies against cingulin (T] marker) and
E-cadherin (AJ] marker) at different times after the start of junc-
tion assembly by the calcium switch (15 and 30 min and 1 and
4 h, Fig. 6, A and D). Junction assembly was scored by quanti-
fying linear junctional labeling for each marker versus putative
total junctional length (Fig. 6, B, C, E, and F). At 15 and 30 min
after the calcium switch, WT cells showed 20 and 35% of junc-
tion assembly, respectively, corresponding to clearly identifia-
ble segments of E-cadherin and cingulin labeling at the cell
periphery (arrows in Fig. 6, A, WT, and quantifications in B and
C). In contrast, in PDZD11 KO cells only 8 and 20% of junctions
were assembled after 15 or 30 min, respectively, corresponding
to fewer segments of the cell peripheries labeled by the cingulin
and E-cadherin antibodies (arrows in Fig. 6, A, and quantifica-
tions in B and C). In PDZD11-KO cells, E-cadherin and cin-
gulin labeling were detected mostly in a granular perinuclear
pattern (arrowheads in Fig. 6A), suggesting an accumulation
in endoplasmic reticulum/Golgi compartments. The differ-
ences between WT and PDZD11-KO cells were no longer
observed at 1 and 4 h after the beginning of the calcium switch
(WT and KO in Fig. 6D and quantifications in E and F). After

4 h, junctions were fully assembled (Fig. 6, D and F). The slight
early delay in junction assembly observed in PDZD11-KO cells
was specifically due to the lack of PDZD11 and not to clone-de-
pendent variations, because the phenotype was rescued by the sta-
ble re-expression of GFP-PDZD11 but not by the re-expression
GEFP alone (KO+ GFP-PDZD11 and KO+ GFPin Figs. 6, A—C, and
see 4E for immunoblots of transgenes). Therefore, the absence of
PDZD11 causes a slight delay in the very initial phases of junction
assembly, but this delay is eventually overcome, allowing the for-
mation of junctions with localization and expression of junctional
proteins indistinguishable from that of WT cells.

Discussion

Here, we identify PDZD11 as a new interactor of PLEKHA?7,
and we show that PDZD11 is recruited by PLEKHA7 to AJ, to
promote the efficient junctional recruitment and stabilization
of nectins and the efficient early phases of assembly of apical
junctions in epithelial cells. These results uncover a new func-
tion for PLEKHA?7, in organizing the junctional clustering of
PDZ-interacting proteins, through PDZD11. They also show
that PLEKHA7 stabilizes both major adhesion transmembrane
proteins of adherens junctions (cadherins and nectins),
through binding to components of the respective cytoplasmi-
cally associated complexes: pl20-catenin/paracingulin for
E-cadherin and PDZD11-afadin for nectins (Fig. 7).

Considering the potentially critical role of PLEKHA7 in
major human pathologies, such as hypertension and glaucoma,
it is essential to learn more about its molecular interactors and
its cellular functions. Here, we report that two different types of
screening technologies identify PDZD11 as the top hit among
PLEKHA? interactors, and we confirm the relevance of the
PLEKHA7-PDZD11 interaction, as well as of the interaction

FIGURE 4.PDZD11 and PLEKHA?7 are required for the efficient recruitment and stabilization of nectins at adherens junctions. A, PDZD11 is not required
for the integrity of adherens and tight junctions. Top panel, immunofluorescence analysis of mixed cultures of wild-type (WT) and PDZD11 knock-out (KO) cells
with antibodies against PDZD11 (rabbit, Alexa488), PLEKHA7 (guinea pig, Cy3), and ZO-1 (rat, Cy5). Merge images show nuclei labeled in blue (DAPI). Arrows
indicate junctional labeling; arrowheads indicate lack of junctional labeling; asterisks indicate KO cells. Bottom panels, individual cultures (not mixed) of either
WT or PDZD11-KO cells were immunofluorescently labeled with antibodies against E-cadherin, afadin, a-catenin, B-catenin, p120-catenin, cingulin, paracin-
gulin, and occludin. B, immunoblot analysis of lysates of wild-type (WT) and PDZD11-KO (KO) mCCD cells, using antibodies against PDZD11, PLEKHA7, afadin,
paracingulin, p120-catenin (p120), E-cadherin, a-catenin, B-catenin, ZO-1, cingulin, occludin, and tubulin (for loading control). C, PDZD11 and PLEKHA7 are
required for the junctional accumulation of nectin-3. Immunofluorescence analysis of (from top to bottom): 1st row: mixed cultures of WT cells + 2C7
PDZD11-KO clone to identify differences in neighboring WT versus KO cells; 2nd row: mixed cultures of the PDZD11-KO clone (2C7) rescued with GFP together
with cells of the same clone rescued with GFP-PDZD11: again, to compare directly nectin-3 labeling in mock-rescued cells (GFP) or in cells rescued with the
GFP-PDZD11 construct. 3rd row: mixed cultures of WT cells + PLEKHA7-KO clone 1 (KO-1); 4th row: mixed cultures of the PLEKHA7-KO-1 clone rescued with GFP
together with cells of the same clone rescued with GFP-PLEKHA?. Cells were labeled with antibodies against either PDZD11 (7st and 2nd rows) or PLEKHA7 (3rd
and 4th rows) to identify WT and KO cells (or cells expressing exogenous GFP-PDZD11 or GFP-PLEKHA7 rescue), with antibodies against nectin-3 to examine
nectin-3 accumulation, and with either E-cadherin (E-cad) (1st and 2nd rows) or cingulin (CGN) (3rd and 4th rows) to identify junctional regions. The same results
were obtained with additional clonal lines of PDZD11-KO cells (1B2 and 1C8) and PLEKHA7 (KO-5 and KO-7) (data not shown). Arrows and arrowheads indicate
normal or decreased junctional labeling, respectively; double arrows indicate increased junctional labeling in cells expressing either the GFP-PDZD11 or
GFP-PLEKHA7 constructs; asterisks identify the nuclei of either KO cells (7st and 3rd row) or KO cells rescued with GFP alone (2nd and 4th rows), which is not
visible in the cytoplasm, due to methanol fixation. D, histograms showing the quantification of junctional labeling for nectin-3 in the corresponding panels,
expressed as a ratio between nectin-3 and either E-cadherin (rows 7 and 2) or cingulin (rows 3 and 4) labeling in junctions between WT cells (black) or between
KO cells (gray). E, immunoblot analysis of nectin-1 and nectin-3 levels in lysates from WT cells and from the PDZD11 2C7 clonal line, either without or with
re-expression of exogenous GFP-PDZD11 (GFP-P11) (or GFP, as a control) for rescue. Immunoblotting with anti-GFP is also shown, to detect expression of
rescuing proteins. F, histograms showing the quantification (based on densitometric scan of blots) of relative protein levels for nectin-1 (left) or nectin-3 (right),
by considering protein levels in WT clones (black) as 100% and expressing protein levels in KO 2C7 clone (dark gray), KO 2C7 clone + GFP-PDZD11 rescue (light
gray), KO 2C7 clone + GFP rescue (very light gray) as percentages of WT. G, histograms showing levels of either nectin-1 mRNA (left) or nectin-3 mRNA (right) in
WT, PDZD11-KO (clone 2C7), and rescued clonal lines, as determined by qRT-PCR. See F for labeling of columns. H, PDZD11 stabilizes nectins by preventing their
proteasome-mediated degradation. Immunoblot analysis of nectin-1 and nectin-3 levels in lysates from either WT or PDZD11KO cells (clone 2C7), either
untreated (WT, KO) or treated with the proteasome inhibitor MG132 (WT+MG and KO+MG). I, histograms showing the quantification of relative protein levels
for nectin-1 (left) or nectin-3 (right), in either WT cells (black and dark gray columns) or PDZD11 KO clone 2C7 (light and very light grays), either without (black light
gray) or with (dark and very light gray) treatment with MG132. J, immunoblot analysis of nectin-1 and nectin-3 levels in lysates from WT cells and from the
PLEKHA7-KO-1 clonal line, either without or with re-expression of exogenous GFP-PLEKHA7 (GFP-P7) (or GFP, as a control) for rescue. K, histograms showing the
quantification of relative protein levels for nectin-1 (left) or nectin-3 (right) in WT cells (black column), PLEKHA7-KO-1 clone (dark gray), KO-1 clone + GFP-
PLEKHAY? rescue (light gray), KO-1 clone + GFP rescue (very light gray) shown as percentages of WT. Histograms were obtained from three separate experiments.
Asterisks above columns indicate statistical significance.
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FIGURE 5. Nectin forms a complex and interacts directly with PDZD11. A,
PDZD11 and nectins form a complex. Immunoblotting analysis of either nec-
tin-1 or nectin-3 immunoprecipitates (from Caco2 whole cell lysates) with
antibodies against PDZD11 (top), nectin-1 (middle), and nectin-3 (bottom). B,
PDZD11 but not PLEKHA7 fragments interact directly with nectin-1. Immuno-
blotting analysis of GST pulldowns using either GST or GST fused to the fol-
lowing fragments of PLEKHA7: WW (residues 1-162, see Fig. 2); PH (residues
120-300); proline-rich and coiled-coil domains (PCC, residues 500-844);
C-terminal (residues 821-1121 (7)), and Myc-tagged-nectin-1 as a prey. Dot-
ted boxes indicate recombinant proteins stained by Ponceau-S. C, PDZD11
binds to the PDZ-binding motif of nectin-1. Immunoblotting analysis of GST
pulldowns using either GST or GST-PDZD11 as baits and either Myc-tagged
nectin-1 WT (Myc-nectin1) or the nectin-1 mutant lacking the last PDZ-bind-
ing motif 4 residues (Myc-nectin1-A4) (both expressed in HEK293T cells) as
preys. The Ponceau-S-stained blot shows the amounts of recombinant pro-
teins used as baits. Numbers on the left indicate size (kDa) and migration of
prestained markers. D, PDZ domain of PDZD11 binds to nectin-1. Immuno-
blotting analysis of GST pulldowns using either GST or different fragments of
PDZD11 (see Fig. 2) as baits, and Myc-tagged nectin-1 as a prey. E, detection of
PDZD11-dependent PLEKHA7-nectin association by PLA. Cells were labeled
with mouse anti-PLEKHA7 antibodies, and either rabbit anti-nectin-1 (top
panels) or nectin-3 (bottom panels). Abundant brightly labeled dots along the
regions of cell-cell contact are detected in WT cells (double arrows indicating
WT cell shown in magnified inset); background labeling is detected in
PLEKHA7-KO cells (arrowhead indicating PLEKHA7-KO cell shown in magni-
fied inset), and decreased labeling (78 versus 203 dots for nectin-1 and 82
versus 209 dots for nectin-3) is detected in PDZD11-KO cells. Each panel is
labeled with the cell genotype, and numbers in italics on the top-right hand
corner of eachimage indicates number of fluorescent dots in the imaged field,
for a semi-quantitative evaluation of assay results.

between PDZD11 and nectin, by biochemical direct in vitro bind-
ing assays. We show that the first WW domain of PLEKHA?7 is
sufficient for direct interaction with PDZD11 and that the 44-res-
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idue N-terminal sequence of PDZD11 interacts with PLEKHA?7.
Moreover, the PDZ-binding four-residue motif of nectin-1 medi-
ates the interaction of nectin with the PDZ domain of PDZD11.
The sequence of the P7-ID shows no homology to the N-terminal
sequences of other single PDZ domain proteins and may function
as a PDZ “supramodule,” to allow higher specificity of interaction
of PDZD11 with its target sequences (36). PLEKHA7 binding to
this region may also modulate the affinity of binding of the PDZ
domain of PDZD11 with its target sequences. Conversely, the
P7-ID of PDZD11 comprises eight proline residues, including two
PP (Pro-Pro) residues, but none of them shows a consensus ligand
sequence belonging to any of the four previously identified WW/ -
binding motif groups (37). Additional experiments are required to
determine whether the proline motifs of PDZD11 define a new
group of WW-interacting sequences and which residues of the
WW1 domain of PLEKHA?7 are implicated in its interaction with
PDZD11. In summary, we assigned a specific protein-interaction
function to the most N-terminal WW region of PLEKHA7, and we
dissected the structure-function relationships in PDZD11.

PDZD11 was previously described as PISP, based on its bind-
ing to the cytoplasmic domain of all plasma membrane Ca*>" -
ATPase b-splice variants (30). PDZD11 is also known as AIPP1
through its binding to the cytoplasmic tail of the Menkes cop-
per ATPase ATP7A (31) and as an interactor of the sodium-de-
pendent multivitamin transporter (32). The proposed function
of PDZD11, a ubiquitously expressed protein, was to provide a
scaffold for these transmembrane proteins, by binding through
its PDZ domain, to the PDZ-binding motif at their C terminus.
Supporting this idea, depletion of PDZD11 reduced the cell
surface expression of the sodium-dependent multivitamin
transporter, as assessed by cell surface biotinylation assay (32).
Other single PDZ proteins, such as MALS (mammalian homo-
log of Lin-7), are implicated in intracellular transport and tar-
geting of their partner proteins (38), and future studies should
determine whether PDZD11 also plays this role, for example by
promoting the efficient transport of PDZ-binding proteins such
as nectins to the cell surface. Here, we discover a new role for
PDZD11. It promotes the efficient recruitment and stabiliza-
tion of nectins at AJ of epithelial cells. The C-terminal cytoplas-
mic domain of nectins interacts with the PDZ domains of
several junctional partners as follows: afadin (35), which is
important for the accumulation of nectin-1 at AJ (39), and
depending on nectin isoform, also Par-3 (40), PICK-1 (41),
MUPP1 (42), PAT] (42), and MPP3 (43). Therefore, redundant
interactions can stabilize nectins at junctions (44). This is con-
sistent with our observation that KO of PDZD11 in epithelial
cells does not result in the complete loss of junctional nectins.
PDZD11 may function not only through direct scaffolding of
nectins but also indirectly by affecting the conformation of the
N-terminal region of PLEKHA7, which interacts with afadin,
hence affecting the PLEKHA7-afadin interaction and the ability
of afadin to form an efficient scaffold for nectins.

Because PDZD11 promotes the efficient recruitment of nec-
tins to ZA, we hypothesized that one cellular function of
PDZD11 may be related to the function of nectins. Few studies
have been carried out to address the function of nectins in cul-
tured epithelial cells. Nectins independently initiate, subse-
quently followed by E-cadherin, the formation of AJ, by trans-
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FIGURE 6. PDZD11 is required for the efficient assembly of junctions at early time points after the calcium switch. A-C, decreased junctional accumu-
lation of E-cadherin and cingulin (CGN) at 15 and 30 min after the calcium switch. A, immunofluorescent localization of cingulin and E-cadherin in either WT cells
(1st row), or PDZD11 KO cells (clone 2C7) (2nd row), or PDZD11 KO cells stably rescued with GFP-PDZD11 (3rd row), or PDZD11 KO cells stably rescued with GFP
(4th row), 30 min after the calcium switch. Arrows indicate junctional labeling, and arrowheads indicate perinuclear granular labeling. Mergeimages show nuclei
labeled in blue by DAPI. B and C, quantification of percent of junction assembly (see under “Experimental Procedures” for protocol) in WT cells (black), PDZD11
KO cells (dark gray), KO cells rescued with GFP-PDZD11 (light gray), KO cells rescued with GFP (very light gray), either 15 min (B) or 30 min (C) after the calcium
switch. D-F, immunofluorescent localization of cingulin and E-cadherin 4 h after the calcium switch (D) and quantification of percent of junction assembly after
either 1 h (E) or 4 h (F) after the calcium switch (see A-C for labeling). Asterisks indicate statistical significance (¥, p < 0.05; **, p < 0.01).
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FIGURE 7. New model of the molecular architecture of the zonula adhae-
rens. This simplified scheme (depicting a half-junction) shows how PLEKHA7
may bridge nectin and cadherin complexes by binding through its N-terminal
half to afadin and PDZD11, and through its C-terminal half to p120“*" and
paracingulin. The transmembrane ZA proteins nectin and E-cadherin are
shown as dimers, with Ig-like and extracellular domains represented by purple
and blue ovals, respectively. PLEKHA7 binds to its interactors p120<" (6), paracin-
gulin (CGNL1) (8), and nezha (6) through its central and C-terminal regions, to
membrane-phosphorylated phosphatidylinositols (orange patch) through its PH
domain (10), and to afadin (50) and PDZD11 through its N-terminal region. The
yellow circle at the N terminus of PLEKHA? indicates the WW1 domain (w) that is
sufficient for PLEKHA? interaction with PDZD11 in vitro. PDZD11 connects the
C-terminal PDZ-binding motif of nectin to PLEKHA7. Afadin/a-catenin and nezha
provide the linkage of the complexes to actin filaments and microtubules,
respectively. The cytoplasmic domain of E-cadherin interacts with p120-catenin
and B-catenin (which in turns binds to a-catenin).

interacting at protrusions of neighboring cells, giving rise to
spot-like junctions that subsequently mature into belt-like AJ
(45). Nectins and E-cadherin cooperatively organize AJ, by
interacting through their cytoplasmic partners (46), although
nectins can efficiently drive the formation of AJ and T] even in
the absence of E-cadherin (47). Nectin mutations that prevent
their trans-interaction affect junction formation in MDCK
cells, causing a delay in AJ formation (48). Consistent with the
reduction of junctional nectin levels, and the role of nectins in
initiating junction assembly, the KO of PDZD11 resulted in a
reduction of the efficiency of assembly of zonular junctions,
which was detectable at the 15- and 30-min time points in
the calcium switch experimental model. Junction assembly
resumed to normal kinetics at later time points in PDZD11-KO
cells, probably due to the cooperative and redundant adhesive
functions of E-cadherins and the residual nectin molecules.
We propose a new model for the architecture of the ZA (Fig.
7), based on the results presented here. By binding to p120-
catenin and paracingulin on one side and to PDZD11 and afa-
din on the other side, PLEKHA?7 establishes a molecular bridge
between nectin- and cadherin-based protein complexes at the
ZA (Fig. 7), distinct from the connection provided through the
afadin-ponsin complex (49). Through PDZD11, PLEKHA?
contributes to recruiting nectins to the ZA. In addition, by
binding both to afadin and to PDZD11, PLEKHA?7 further
strengthens the cytoplasmic scaffold for nectins, by bridging
together these two cytoplasmic scaffolding proteins. Finally, by
binding to actin filaments through afadin (and potentially other
actin-binding proteins (17)), and to microtubules through
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nezha (6), PLEKHA7 contributes to reinforcing the cytoskeletal
anchoring of both nectin and cadherin adhesion receptors.

The PLEKHA7-PDZD11 module that we describe provides a
new type of molecular machinery that brings PDZ-binding mem-
brane proteins to the AJ in epithelial and endothelial cells. This is
important to explore new mechanistic hypotheses to understand
at the molecular level the role of PLEKHA? in tissue physiology
and pathology. In fact, it has not escaped our attention that the
interaction of PDZD11 with the plasma membrane Ca**-ATPase
(30) may be relevant to the role of PLEKHA?7 in the control of
calcium homeostasis. Studies on zebrafish show that loss of the
PLEKHA?7 homologue hadp1 leads to a reduced rate of extrusion
of cytoplasmic Ca*>* during diastole (10). Furthermore, in a model
of PLEKHA7-KO rats, increased endothelial NOS signaling and
increased intracellular calcium detected in PLEKHA7-KO aortic
endothelial cells suggest that reduced blood pressure in KO ani-
mals may depend on PLEKHA7- and calcium-mediated increase
of endothelial NOS signaling to vascular smooth muscle, leading
to its relaxation (14). Significantly, both PDZD11 and PLEKHA7
are localized at endothelial junctions (Fig. 34). Thus, we are cur-
rently investigating whether PLEKHA?7 regulates plasma mem-
brane Ca®>*-ATPase, and hence calcium homeostasis, through
PDZD11, to clarify mechanistically its role in the regulation of
blood pressure, cardiac contractility, and glaucoma. It is also pos-
sible that altered calcium homeostasis in PLEKHA7-KO cells
underlies the phenotype of decreased susceptibility and recovery
after intoxication by staphylococcal a-toxin, shown by cells and
mice lacking PLEKHA?7 (18). Interestingly, PDZD11 was one of
the proteins identified in the screen on Hapl cells whose KO
reduced the cytotoxic effects of a-toxin (18).

In summary, here we describe a new protein complex module
comprising PDZD11 and PLEKHA?7, whereby the single PDZ
domain protein PDZD11 connects nectins to the cadherin- and
cytoskeleton-associated protein complex, through its binding
to PLEKHA7 (Fig. 7), to stabilize nectins at AJ and promote
efficient early assembly of junctions. The results presented here
also raise the hypothesis that PLEKHA7 orchestrates the mem-
brane organization and function of proteins regulating calcium
homeostasis, through PDZD11, providing a new potential
molecular mechanism to explain the implication of PLEKHA7
in vascular and cardiac pathophysiology.
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Epithelial junctions and Rho family GTPases: the zonular signalosome

The formation and maintenance of cell-cell junctions is fundamental for
epithelial cells to regulate adhesion, polarity and motility, and to build
epithelial organs. Junctions are supported and regulated by the actin
cytoskeleton, whose organization and dynamics are in turn regulated by small
GTPases of the Rho family. In this review we summarized current knowledge
about the role of the Rho GTPases RhoA, Racl and Cdc42 in the assembly of
apical junctional complexes and in the regulation of actin cytoskeleton
organization and contractility. Furthermore, we describe the role of junctional
proteins in this regulation, through the junctional recruitment and modulation
of the regulator of Rho family GTPases, GEFs and GAPs. The fine tuning of
Rho family GTPases activity is required for proper junction assembly and
maintenance, and this is achieved through the zonular signalosome, including
zonular junctional proteins functioning as adaptors for GEFs and GAPSs,
transcription factors and signaling proteins, cytoskeletal proteins, and
RhoGTPases which act in feedback loops supporting the assembly and
disassembly of this signalosome.

| contributed in this publication writing the section about the regulation

of GAPs.
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The establishment and maintenance of epithelial cell-cell
junctions is crucially important to regulate adhesion, apico-
basal polarity and motility of epithelial cells, and ultimately
controls the architecture and physiology of epithelial organs.
Junctions are supported, shaped and regulated by
cytoskeletal filaments, whose dynamic organization and
contractility are finely tuned by GTPases of the Rho family,
primarily RhoA, Racl and Cdc42. Recent research has
identified new molecular mechanisms underlying the cross-
talk between these GTPases and epithelial junctions. Here we
briefly summarize the current knowledge about the
organization, molecular evolution and cytoskeletal anchoring
of cell-cell junctions, and we comment on the most recent
advances in the characterization of the interactions between
Rho GTPases and junctional proteins, and their consequences
with regards to junction assembly and regulation of cell
behavior in vertebrate model systems. The concept of
“zonular signalosome” is proposed, which highlights the close
functional relationship between proteins of zonular junctions
(zonulae occludentes and adhaerentes) and the control of
cytoskeletal organization and signaling through Rho GTPases,
transcription factors, and their effectors.
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Small GTPases

Introduction

Cell-cell junctions provide epithelial tissues with mechanical
and functional integrity, by playing an essential role in cell-cell
adhesion and formation of barriers between distinct body com-
partments. One key feature of junctions is their association with
highly ordered cytoskeletal networks of actin, microtubules and
intermediate filaments. Since Rho GTPases are major regulators
of the polymerization, organization and mechanics of the cyto-
skeleton, the interplay between Rho GTPase activity and the
organization of junctions is of fundamental importance in epithe-
lial morphogenesis and physiology. In this review we attempt to
address the complexity of this regulation, going from basic con-
cepts about the organization, evolution and cytoskeletal anchor-
ing of cell-cell junctions, to the most recent exciting findings
about the role of GEFs and GAPs at junctions, and their mecha-
nisms of regulation.

The Organization and Molecular Evolution of the
Epithelial Apical Junctional Complex

Epithelial tissues are at the boundary between the organism
and the external environment, and form the first barrier to the
entry of pathogens and toxins."” In addition, they separate inter-
nal body compartments, thus allowing the maintenance of
homeostatic specialized functions, which depend on polarized
secretion and absorption, and maintenance of gradients across
epithelia.

To form efficient barriers, epithelial tissues must display spe-
cific architectural characteristics, such as being formed by at least
one continuous layer of closely packed cells, and show a
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topological asymmetry, paralleled in the structural and functional
apico-basal polarity of their individual units. Furthermore, they
must ensure the maintenance of a strong adhesion between cells,
to prevent their mechanical separation when tensile forces are
applied. Finally, they must establish and maintain continuous
seals, to prevent the free diffusion of solutes, molecules and
pathogens through the paracellular space. The adhesion and
barrier functions in vertebrate epithelia are carried out by spe-
cialized intercellular junctions: tight junction (TJ), zonula
adhaerens (ZA), and desmosomes. Tight junctions (T7], also
called zonulae occludentes) (Fig. 1) provide the paracellular per-
meability seal, through 4-pass membrane proteins such as
occludin and claudins, which are anchored to the actin cyto-
skeleton via scaffolding complexes of PDZ-containing pro-
teins.>® ZAs can be viewed as a highly specialized and
topologically unique form of adherens junction (AJ): a contin-
uous, linear circumferential belt (zonula) around the apex of
polarized epithelial cells. AJ are present both in non-epithelial
cells (e.g., intercalated disks of cardiac myocites, sites of adhe-
sion between fibroblasts, neurons and others), and epithelial
and endothelial cells, and are characterized by the presence of
a member of the classical cadherin family (E-cadherin for epi-
thelia, VE-cadherin for endothelia, and so on).”® The epithe-
lial ZA is located immediately below the T], and contains not
only E-cadherin, a-catenin, B-catenin, and p120ctn, but also
PLEKHA?7 and afadin, whereas lateral contacts with spot-like

adhesions (puncta adhaerentia) lack PLEKHA7 and afadin.”
Transmembrane Ig-like adhesion molecules such as JAM and
nectin are also present both in TJ and AJ, where they perform
adhesion and signaling functions. Desmosomes are essential to
provide tissue integrity and strength to the cell-cell junctions,
and they contain, as transmembrane proteins, desmocollin and
desmoglein, which belong to the cadherin superfamily of pro-
teins. Although there is evidence for a cross-talk between des-
mosomes and Rho GTPases,®!! here we will focus primarily
on Rho GTPase regulation at the apical, zonular junctional
complex of vertebrates (ZA and TJ). The structure, function,
and molecular composition of vertebrate cell-cell junctions
have been described in several excellent reviews.>*®!%!3
Morphological and genomic analyses show that during evolu-
tion from lower Eukaryotes to Metazoans, and from invertebrates
to vertebrates, junctions have undergone dramatic changes with
regards to architectural organization, molecular composition, regu-
latory mechanisms, and, in some cases, the functions of individual
molecular constituents (Fig. 1). For example, the barrier function
in vertebrates is fulfilled by TJ, which are located immediately api-
cal to the cadherin-based zonula adhaerens (Fig. 1). In contrast,
the barrier function in invertebrates is carried out by septate junc-
tions, which are located basally, with respect to cadherin-based
adherens junctions.* Ultrastructurally, vertebrate TJ are character-
ized by the intimate apposition of claudins on adjoining plasma
membranes, which appear as a network of fibrils upon freeze

Figure 1. Evolution of junctional architecture, and the molecular complexity of vertebrate junctions. Simplified schemes showing the organization of the
apical junctional complexes of polarized epithelial cells in insects (as an example of invertebrates) and vertebrate organisms. The canonical functions
(polarity, barrier, adhesion) of each type of junction (SAC = sub-apical complex/marginal zone, zonula adhaerens (ZA), septate junction, tight junction,
desmosome) are indicated on the left of the respective junction. E-cadherin based junctions along the lateral contacts of epithelial cells (puncta adhaer-
entia) have a composition similar to that of punctate junctions between filopodial tips, e.g they contain a classical cadherin, and catenins (p120ctn, B-cat-
enin, a-catenin), but not PLEKHA7 and afadin. On the right, a non-exhaustive list of proteins associated with vertebrate junctions is shown. Proteins,
which have so far been identified exclusively in vertebrate organisms, are highlighted in bold character.
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fracture. Insect septate junctions show extracellular electron-dense
“septa” bridging the opposite plasma membranes, rather than clau-
din-based fibrils."* In vertebrates, TJ correspond topologically to
the physical “fence” separating apical from lateral plasma mem-
brane domains, which maintains apico-basal polarity (Fig. 1).
Instead, the fence in invertebrates is not the septate junction, but
the subapical complex (SAC)/marginal zone, which is apical to the
ZA, and morphologically distinct from TJ (Fig. 1). Evolutionarily
conserved polarity complexes confer either apical identity (Par3-
Par6-apKC and Crumbs-Pals1-Pat] complexes), or basolateral
identity (Scribble-Dlg-Lgl complex) to the plasma membrane, and
are segregated at the level of the TJ in vertebrates and the subapical
complex (SAC)/marginal zone in invertebrates (Fig. 1).31%15 A
the molecular level, the number of isoforms and/or family mem-
bers for most junctional proteins is considerably larger in verte-
brates, providing for increased molecular complexity and
redundancy. For example, although cadherin and catenins are
shared between insect and vertebrate AJ, invertebrates do not
express many classical cadherin isoforms, and lack desmosomal
cadherins, desmosomes and intermediate filaments.">'® Strikingly,
epithelial cells of lower Eukaryotes, such as the amoeba Dyctioste-
lium discoideum, achieve adhesion and polarity in the absence of
any cadherin, whereas in metazoans E-cadherin is critically
required for cell-adhesion, embryonic development, and the gener-
ation of apico-basal polarity.'”'® Claudins, the transmembrane
proteins responsible for the barrier of TJ to ions, are highly diver-
gent in their sequence from invertebrates to vertebrates, and the
family includes over 20 members in vertebrates, whereas only 5
and 3 members, respectively, have been described so far in C. ele-
gans or Drosophila."* A ZO-1 homolog has been identified in Dro-
sophila, but the ZO family in vertebrates comprises also
Z0O-2 and ZO-3, which have partially redundant functions with
Z0-1."% Knock-out of the components of the Par3-Par6-aPKC
complex in invertebrates has dramatic consequences on epithelial
and neuronal morphogenesis, but can have only tissue-specific and
more subtle effects in mice.”’ The lateral polarity protein Lgl acts
as a canonical tumor suppressor protein in Drosophila, but not in
mice.”” Over 70 GEFs and 60 GAPs have been described in Ver-
tebrates, whereas only about 10 Rho GEFs and GAPs combined
have so far been identified in Drosophila.”> In summary, although
invertebrate model systems are useful to establish some general
principles, vertebrate cells and organisms are required to under-
stand the remarkably more complex organization of vertebrate
junctions and their signaling and regulatory mechanisms. In this
review, we focus on vertebrate model systems.

Assembly and Anchoring of the Cytoskeleton at
Epithelial Apical Junctional Complexes

To understand the relationships between Rho GTPase regula-
tion and assembly of vertebrate junctions, it is necessary to exam-
ine how the actomyosin and microtubule cytoskeletons, which
are major targets of Rho GTPase effectors, functionally and
structurally interact with AJ and T7J.
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The circumferential, junction-associated bundle of actin
microfilaments and nonmuscle myosin in the brush border of
polarized epithelial cells was described three decades ago.”* The
actomyosin cytoskeleton regulates the distribution, stability, clus-
tering and endocytosis of cadherin at the cell membrane,* and
the thickness of the bundle is related to the greater mechanical
tensions applied to the ZA, compared to weaker forces applied to
lateral AJ complexes.”® Contraction of the ZA-associated actomy-
osin ring causes apical constriction, which is crucial to support
morphogenetic changes in developing embryos.”” In addition,
the contractile apical actomyosin ring is critical for the regulation
of TJ integrity and barrier function.”®

How actin and myosin are structurally connected to junctions,
and how they are regulated in their polymerization, assembly and
activities by junctional molecules are crucial questions. Several
actin-binding proteins are localized at AJ and TJ (Fig. 2).'>%
E-cadherin, although not directly binding to actin, acts as a scaf-
fold for cytoskeleton-associated protein complexes, and plays an
instructive role by marking the sites of de novo actin filament
polymerization.”>>" E-cadherin directly interacts with cortactin,
which in the presence of N-WASP can recruit Arp2/3 and its
activator WAVE2 to the ZA, thus promoting actin nucleation at
junctions.’®** This process also requires a-actinin.”® The
WAVE2-Arp2/3 complex is activated by Racl, and is necessary
for junctional integrity and contractile tension at the ZA.>* At
the ZA, N-WASP is also involved in a putative “non-canonical,”
Arp2/3-independent pathway, to stabilize newly formed actin fil-
aments, and promote their incorporation into apical rings.”

Figure 2. Proteins implicated in the organization and junctional anchor-
ing of cytoskeletal filaments. For each type of cytoskeletal filament (actin
and microtubules) the proteins shown are involved either in their poly-
merization, bundling, and anchoring to junctions, based on biochemical
and/or cell biological evidence.
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This is an example of a new role played at zonular junctions by a
protein, beyond its classical activity. Nucleation of actin filaments
by the Arp2/3 complex gives rise to an extensive array of
branched actin filaments, but mature apical junctions are charac-
terized by the presence of bundled actin filaments. Several actin-
binding proteins can influence microfilament organization and
dynamics at the ZA. Formins, for example, have been implicated
in the formation of junctional actin bundles in some cell
types.®®?” a-catenin, which has an evolutionarily conserved role
in organizing the cortical actin cytoskeleton,'”**?? suppresses
actin polymerization by the Arp2/3 complex, while stabilizing
and bundling actin filaments. The affinities of interaction of
monomeric a-catenin with actin and vinculin are dramatically
increased when tensile forces are applied to junctions, through a
molecular stretching mechanism, indicating that monomeric
a-catenin bound to B-catenin can directly link F-actin to the
cadherin complex in vivo,*”*! although this is not observed in
vitro.*? EPLIN (Epithelial Protein Lost In Neoplasm) is recruited
to junctions by a-catenin, and it inhibits actin depolymerization,
and crosslinks actin filaments.”>** Afadin associates with the
cytoplasmic domain of nectins and JAM, is recruited to the ZA
through an interaction with a-catenin, and directly interacts with
actin filaments.*®
tional complex, and is essential for the development of apico-
basal polarity in vertebrate embryogenesis.”*® Finally, myosin I
is an essential component of the contractile bundle associated
with the ZA, and its positioning is regulated by Shroom, and
actin-binding protein which interacts with the Rho effector
kinase ROCK,*” and is regulated by the FERM domain protein
Lulu.’® Recent studies have addressed the role of different actin
and myosin isoforms at epithelial junctions. Depletion studies
show that both B- and y- actin isoforms, though differently dis-
tributed, are essential for T7] barrier function and junction assem-
bly, whereas B-actin is selectively involved in the establishment
of apico-basal cell polarity.”" Concerning myosins, myosin IIA is
the most important in regulating cell morphology and cell-cell
adhesion, whereas myosin IIB has more subtle roles in actin fila-
ment dynamics.”*>?

Besides AJ, TJ are also structurally and functionally linked to
the actin cytoskeleton (Fig. 2). Actin has multiple potential part-
ners at TJ, including the ZO proteins (ZO-1, ZO-2, ZO-3),
occludin and cingulin (Fig. 2).54’56 Cells depleted of ZO-1 show
defects in the barrier to larger solutes, and changes in the junction-
associated actin, indicating that ZO-1 forms a stabilizing link
between the barrier and the junctional actomyosin.””*® In con-
trast, depletion of ZO-2 does not lead to either actin reorganiza-
tion or altered permeability to larger molecules,” whereas
depletion of both ZO-1 and ZO-2 leads to a dramatic expansion
of the actomyosin belt associated with AJ.®° Since ZO-1 interacts
directly or indirectly with several actin-binding proteins, includ-
ing a-catenin and cortactin,'”°"%? and with GEFs for Racl and
RhoA,*>%* some of the phenotypes of these knock-down models
may be dependent on these interactions, although this remains to
be determined. Cingulin is so far the only TJ protein for which an
actin-bundling activity has been described in vitro.’® However,
cingulin depletion or overexpression in MDCK cells does not

Afadin is a major organizer of the apical junc-
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result in dramatic changes in actin organization or barrier func-

6567 suggesting functional redundancies with other proteins.

tion,

Microtubules show a polarized distribution in epithelial cells,
and associate with the apical junctional complex.®® Recent stud-
ies show that E-cadherin is connected to the minus ends of
microtubules through a complex containing p120ctn, PLE-
KHA7, paracingulin and nezha (CAMSAP3)%7° (Fig. 2).
Microtubule anchoring confers stability to apical junctions,*””"
and also indirectly stabilizes TJ barrier function, by enhancing
the accumulation of E-cadherin and associated proteins at the
ZA.”? Exogenous PLEKHA7 can accumulate at lateral contacts
puncta adhbaerentia, probably through its interaction with
p120ctn, but this does not result in increased recruitment of
microtubule minus ends, suggesting that microtubule anchoring
requires a specialized molecular environment that occurs only at
the ZA.”? Interaction of microtubule plus ends with cadherin-
based junctions involves dynein, which interacts with (-cate-
nin,”> APC,# and the spectroplakin ACF7.”> Recent experi-
ments indicate that a planar apical network of microtubules is
anchored to TJ through cingulin, and this interaction is regulated
by adenosine monophosphate protein kinase (AMPK)-mediated
phosphorylation of cingulin 7 (Fig. 2). There is an important
cross-talk between the actin and microtubule cytoskeletons. For
example, the formin mDia is involved both in linear actin poly-
merization and microtubule stabilization,”” and microtubules
can both sequester Rho GEFs that control actin organiza-
tion,”®”? and associate with the centralspindlin complex, which
plays roles not only in mitotic spindle organization and cytokine-
sis, but also in the control of Rho and Rac activity at junc-
tions.””*® In summary, cell-cell junctions are critical sites of
anchoring and organization of cytoskeletal filaments, through
specific adaptor and regulatory molecules.

The Involvement of RhoA, Rac1 and Cdc42 in
Epithelial Junction Assembly and Regulation

The cytoskeleton is essential for the establishment, mainte-
nance, remodeling and disassembly of apical junctions, and this
process is regulated by Rho family GTPases and their effectors.
The first studies addressed the role of Rho GTPases in junction
regulation by exogenously expressing either the Rho inhibitor C3
transferase, or dominant negative (DN) or constitutively active
(CA) mutants of Rho GTPases. This lead to loss of barrier and
fence functions of TJ, inhibition or perturbation of junction
assembly, and was in some cases associated with disrupted locali-
zation of junctional proteins, depending on expression levels of
mutant proteins.®’ > The observation that DN and CA mutants
have similar effects is consistent with the notion that catalytic
cycling between active and inactive states, rather than a perma-
nent “on” or “off” state, is essential for the proper functioning of
Rho GTPases. Thus, mutant phenotypes may similarly affect the
Rho GTPases functional output, by binding to and sequestering
targets and effectors. In summary, correct junction assembly and
function requires a finely tuned balance in the activities of RhoA,

Racl and Cdc42.
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Racl and Cdc42 are essential in the initial formation of junc-
tions, following engagement of adhesion receptors at primordial
junctions,®"%¢*” by promoting the polymerization of actin fila-
ments in lamellipodia and filopodia, through activation of the
Arp2/3 complex by WAVE2.?? A second crucial role of Cdc42 is
to promote the formation of the Par6-aPKC-Par3 complex, thus
allowing the establishment of apico-basal polarity and segregation
of apical TJ.? The role of Cdc42 in polarity was first discovered
in the yeast Saccharomyces cerevisiae, where a Cdc42 mutation
resulted in inhibition of polarized budding.®® In vertebrate cells,
aPKC activity is required for the establishment of TJ, but not for
their maintenance, whereas the role of Cdc42 in the regulation of
mature T] appears to depend on cell type. For example, in endo-
thelial cells Cdc42 does not play a significant role in regulating
junctional actin organization and barrier function,®® but in other,
non-endothelial cells, regulation of Cdc42 is necessary for T]
maintenance.”””" Evidence from invertebrate models indicates
that at steady state the Cdc42-Par6-aPKC axis acts by limiting
RhoA activity, and thus junctional tension at AJ.”* The role of
N-WASP, a target of Cdc42 and Racl, in regulating junction
architecture and cortical tension has also been demonstrated in
vertebrate model systems.®> N-WASP can also be targeted by
pathogens, to promote cell-to-cell spreading.”

RhoA plays a fundamental role both in the establishment and
maintenance of AJ and TJ through 2 major effectors: Rho-associ-
ated protein kinase (ROCK) and Diaphanous-related formin-1
(Dia).”* mDia nucleates linear actin polymerization at the AJ,*°
and can sense and generate mechanical forces on actin fila-
ments,” whereas ROCK promotes the bundling of actin fila-
ments and the contractility of actomyosin, by enhancing the
phosphorylation of nonmuscle myosin light chains.”® These
functions are critical to maintain tension at apical junctions,
inhibit cadherin endocytosis, and establish and maintain T] bar-
riers.”>?”?% A physiological balance between mDia and ROCK
activities is required to maintain ZAs, since decreased Dia or
increased ROCK activation can induce the transition from belt-
like ZA to punctate PA.**% Indeed, ROCK activation can also
be a major mechanism of junction disruption, triggered by cyto-
kines and other exogenous stimuli.'® Therefore the fine-tuning
of the activation of RhoA effectors in space and time is a critical
factor in the regulation of junction assembly and stability.

New Insights Into the Molecular Mechanisms
Underlying the Spatio-temporal Regulation of Rho
Family GTPases at Junctions

The biological impact of Rho family GTPases critically
depends on the precise site and timing of their activation. Thus,
understanding how Rho GTPases control junction assembly
requires the identification of the molecular mechanisms that reg-
ulate Rho GTPase activity at junctions.

The spatial and temporal control of Rho GTPases is coordi-
nated by GEFs and GAPs, which activate and deactivate Rho
GTPases by promoting either the exchange of GDP for GTP, or
GTP hydrolysis, respectively. GEFs and GAPs interact with
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adaptor proteins, which recruit them to defined subcellular sites,
and/or modulate their activity, for example by phosphorylation
(see section on “Regulation of regulators”). In a previous review,
we summarized the interactions of vertebrate junctional proteins
with GEFs and GAPs implicated in the regulation of RhoA,
Racl, Rapl and Cdc42.1°! Here, we will focus on more recent
studies, which have provided additional insights into the cross-
talk between junctional proteins and Rho family GTPases, and
frame them into a dynamic view of the involvement of GEFs and
GAPs in the different steps of junction formation.

RhoA

New roles in the regulation of RhoA activation at junctions have
recently been identified for both T] and ZA proteins. ARHGEF11
(also known as PDZ-RhoGEF), a Rho-GEF containing a regulator
of G protein signaling (RGS) domain, was found to interact with
Z0O-1, and to be important for the efficient assembly and remodel-
ing of apical junctions ** (Fig. 3). Genomic studies identify ARH-
GEF11 as a susceptibility locus for intracranial aneurysms '* and
kidney injury in the Dahl salt-sensitive rat model,'” suggesting
that ARHGEF11 is also involved in cardiovascular and renal physi-
ology and pathology, possibly through its activity at endothelial
and/or epithelial junctions. Two additional RhoGEFs were recently
found to be associated with the E-cadherin-catenin junctional com-
plex. TEM4 (ARHGEF17, also known as p164-RhoGEF) localizes
at stress fibers in sparse cells, and at junctions in confluent epithelial
cells.'®™ TEM4 depletion leads to decreased RhoA activation,
decreased myosin light chain phosphorylation, defective endothelial
junctions, and attenuated angiogenesis.'® Second, the E-cadherin-
a-catenin complex was found to mediate the retention of the Rho-
GEF ECT?2 (Epithelial Cell Transforming gene 2, also known as
ARHGEEF31) at the ZA in breast cancer (MCF7) cells, resulting in
spatially restricted RhoA activation, and generation of junctional
tension, to maintain junction integrity >*'%” (Fig, 3). During cyto-
kinesis ECT?2 plays an important regulatory role in furrow contrac-
tility, and is associated with the centralspindin complex, which
comprises MgcRacGAP (RACGAP1), and the kinesin family
member MKLP1 (KIF23).1% Centralspindin not only regulates
ECT2-Rho signaling at junctions, but also inhibits the junctional
recruitment of p190RhoGAP (ARHGAP35),* which functionally
interacts with p120-catenin.'””'®® In addition to TEM4 and
ECT2, a new junctional RhoA GEF which has been identified is
p114RhoGEF (ARHGEF18), which interacts with cingulin to pro-
mote junctional tension in some, but not all types of epithelial
cells”® (Fig. 3). Recently it was found that p114RhoGEF also binds
to the FERM domain protein Lulu2, the polarity protein Pat],'®”
and the Ser/Thr kinase LKB ''° (Fig. 3), suggesting that different
adaptor proteins can recruit p114RhoGEEF to cellular sites where it
must be localized. GEF-H1 is another prominent junctional Rho
GEF, which interacts with cingulin and paracingulin, resulting in
its inactivation, and thus decreased RhoA activation and stress fiber
formation in the cytoplasm (reviewed in '°"). GEF-HI has been
implicated in diverse cellular activities, and recently it was also
shown to regulate apical constriction and cell intercalation to regu-
late neural tube closure in Xenopus development.''' Additional
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one scheme for the sake of summarizing them. See text for additional details.

Figure 3. Crosstalk between junctions and Rho GTPases during the biogenesis of epithelial junctions. Simplified schemes showing sequential steps in the
formation and maturation of the apical junctional complex (TJ and ZA) in epithelial cells, from primordial contact (top) to mature junction (bottom), and
the proteins involved. Legends for graphical objects are shown in box (top left). Green and red arrows/lines indicate activation and inhibition, respec-
tively. The main effects of Rho GTPase regulation on cytoskeletal organization and function are summarized on the sides of each scheme. Proteins and
protein interactions depicted here are derived from studies on different model systems, so they do not necessarily occur together, but are grouped in

RhoGEFs which have been implicated in epithelial apical constric-
tion during morphogenesis are Trio,''* and ARHGEF11.'"?
Regarding Rho GAPs, indirect roles in regulating junctions
have been found for the unconventional myosins Myo9a and
Myo9b, large single-headed motor molecules that comprise a N-
terminal actin binding domain, and a tail with a Rho GAP
domain.""*!'"> Depletion and overexpression studies show that
both Myo9a and Myo9b regulate collective epithelial cell migra-
tion and wound healing, by down-regulating RhoA activity, and
thus reducing localized cytoskeletal tension at the leading edge of
lamellipodia, thus stabilizing nascent cell-cell contacts. However,
assembly of junctions in non-migrating cells is not affected by
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Myo9a-depletion, suggesting that this myosin may be important
only for dynamic junctions.114 In another study, knockdown of
Myo9a was reported to disrupt T7,""® similarly to what observed
following Myo9b depletion in Caco2 intestinal cells."" Interest-
ingly, polymorphisms in the gene encoding the Myo9b heavy
chain are linked to several forms of inflammatory bowel dis-
ease,"'”""® and Myo9b function may be implicated in pathogen-
esis both through defective cell migration of sub-mucosal
immune cells, and a leaky TJ barrier. Another Rho GAP that has
recently been implicated in the maintenance of cell adhesion is
DLC1 (Deleted in Liver Cancer 1), which acts as a GAP for
RhoA, RhoC, and, to a lesser extent, for Cdc42. Exogenous

Volume 5 Issue 4



DLCI interacts with a-catenin at AJ, and suppresses invasion
and metastasis by up-regulating E-cadherin expression, in a Rho-
dependent manner.""” Another member of the DLC family of
RhoGAP proteins, DLC3, is localized at AJ in breast cancer cells
when exogenously expressed, and is essential for E-cadherin-
mediated maintenance of cell-cell contacts'*® (Fig. 3).

Racl

A key regulator of Racl activity at epithelial junctions is
Tiam1, which is required for the efficient formation of TJ, and is
inhibited in confluent cells by Par3,'?! suggesting a negative
feedback mechanism upon junction maturation. The junctional
adaptor paracingulin interacts with Tiam1 and is involved in its
recruitment to junctions in MDCK cells,'** whereas B2-syntro-
phin regulates apico-basal positioning of Racl activity at junc-
tions, by counteracting the Par3-Tiam1 inhibitory interaction'>>
(Fig. 3). A new E-cadherin associated Rac GEF, Trio, was
recently localized at AJ, and its Racl-activating activity is down-
regulated by the F-actin binding protein Tara in confluent epi-
thelial monolayers '** (Fig. 3). Interestingly, the regulation of
Racl activity by Tara is implicated in the modulation of expres-
sion of E-cadherin, through a pathway involving the transcrip-
tion factor Tbx3,'** highlighting the link between junction
assembly and Rho family GTPase-mediated regulation of gene
expression.'?> A new functional interaction of AMOT with mer-
lin was reported to regulate Rac signaling, through the Cdc42/
Racl GAP RICH1 (ARHGAP17)."*® Merlin is a FERM-domain
protein encoded by the NF2 (neurofibromatosis-2) tumor sup-
pressor gene, and it regulates cell proliferation in response to
adhesive signaling.'”” In confluent cells, junctionally localized
merlin relieves the inhibition of AMOT over Rich-1, thereby
allowing Rich-1 to inhibit Racl, and thus inhibit downstream
MAPK and PAK signaling.'*® Thus merlin functions to block
mitogenic signaling, by inhibiting Racl activity at T]. Recent
studies also demonstrate that Racl activity during junction
assembly is regulated by the centralspindlin complex protein
MgcRacGAP, which is recruited to T] by cingulin and paracin-
gulin.® Since cingulin and paracingulin do not affect the locali-
zation of the RhoGEF ECT2, it appears that there are 2 pools of
MgcRacGAP at apical junctions, one which is recruited by cingu-
lin and paracingulin (at TJ), and a second one which is recruited
by the E-cadherin/ a-catenin complex, and interacts with ECT?2,
at least in MCF7 cells.””*

It should be emphasized that not all GEFs and GAPs act
locally at junctions, but they may contribute to junction assembly
through their action on different steps of junctions biogenesis, as
shown in the case of the Racl/Cdc42 GAP PX-RICS (ARH-
GAP32), which is involved in the transport of N-cadherin and
B-catenin from the endoplasmic reticulum to the junctional sur-
face, but is not localized at junctions."*®

Cdc42

Cdc42 is a third Rho family GTPase member that has been
implicated in regulation of junctions, albeit not in all cell
types.'*” In MDCK cells, for example, activation of Cdc42 is
crucial for regulation of membrane traffic, biogenesis of cell

www.landesbioscience.com

Small GTPases

polarity, and formation of junctions, primarily through the acti-
vation of the Par6-aPKC-Par3 apical polarity complex.” In addi-
tion to the previously characterized regulation by the Cdc42
GAP Rich-1,""" a new protein complex, comprising paracingulin
and CD2AP (CD2-associated protein), was found to regulate
Cdc42 activity at junctions of intestinal carcinoma cells, through
its interaction with the Cdc42 GAP SH3BP1 (SH3 domain
binding protein-1)."** SH3BP1 is implicated both in the matura-
tion of cell-cell junctions, and in homeostatic actin remodeling at
mature junctions.’*® CD2AP is a scaffolding protein that has
been implicated in the maintenance of cell-cell contacts in the slit
diaphragms of glomerular podocytes, as well as the function of
cortactin and actin-capping proteins.'”""'** Regarding specific
Cdc42 GEFs, genetic experiments in Drosophila embryos indi-
cate that multiple GEFs, including the Rho GEF ECT2, contrib-
ute to cortical activation of Cdc42 during contact-induced cell
polarization.'>® However in mammalian epithelia only the ZO-
1-interacting Cdc42 GEF Tuba has so far been implicated in the
maintenance of junctional architecture, but not in junction
assembly.>?® Recently, it was shown that the Cdc42 GEF Dbl
(MCEF2, also known as ARHGEF21) regulates apical differentia-
tion and apical junction positioning, but not junction assembly,
through enhancing the accumulation and activity the Par6-aPKC
complex, and the expansion of the apical membrane.'**

Importantly, Cdc42 and RhoA activities can also be modu-
lated by the cross-talk with Rap1, a member of the Ras family
of GTPases, which is associated with cadherin-, JAM- and
complexes in  epithelial endothelial
cells.’®"3% In endothelial cells the physiological restoration of
the TJ barrier requires the activation of the Rapl-afadin axis,
through phosphorylation of the Rapl GEF C3G (RAPGEF1),
and leads to the down-regulation of RhoA signaling, and
enhanced AJ assembly.'*® In addition, Rap1l induces FGD5
(FYVE, RhoGEF and PH domain containing 5)-dependent
Cdc42 activation, leading to MRCK (myotonic dystrophy-
related Cdc42-binding  kinase)-dependent  circumferential
accumulation of nonmuscle myosin II at junctions, while at
the same time suppressing the Rho-ROCK pathway, leading
to dissolution of radial stress fibers.'”” In summary, different
molecular pathways are employed, in a cell-context-dependent
manner, to orchestrate junction assembly/disassembly through
Rho GTPase-dependent modulation of the actomyosin cyto-
skeleton. Moreover, the finely tuned antagonism between dif-
ferent Rho GTPases (typically Racl/Cdc42 versus RhoA) sets
the position of the border between apical and lateral plasma
membrane domain, and thus apico-basal polarity, through the
spatially restricted accumulation of cytoskeletal and polarity
complex proteins.

nectin-based and

Regulation of Regulators

Several mechanisms have been characterized, which regulate
the activity and stability of GEFs and GAPs, including phosphor-
ylation, lipid binding, intra-molecular auto-inhibition, and pro-
tein-protein interactions.
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The Rho GEF GEF-H1 can be sequestered either by binding

78138 o1 by binding to cingulin

to microtubules in the cytoplasm,
and paracingulin at epithelial junctions.®®'**'3° Phosphoryla-
tion of GEF-H1 occurs at several different sites and has multiple
effects on GEF-H1 activity. In Jurkat cells, phosphorylation by
the Racl effector PAK1 leads to GEF-H1 binding to 14-3-3, and
association of the complex with microtubules, resulting in inhibi-
tion of GEF-H1 activity."*® Another member of the PAK kinase
family, PAK4, induces dissociation of GEF-H1 from microtu-
bules in fibroblasts, and switching of substrate specificity, from
Rho to Racl."' In COS cells, phosphorylation by Parlb, a
member of the conserved Par/MARK serine/threonine kinase
family, leads to dissociation of GEF-H1 from microtubules, and
microtubule destabilization."**'** GEF-H1 phosphorylation can
be cell-cycle dependent, since at early stages of mitosis in Hela
cells GEF-H1 is phosphorylated by Aurora A kinase, whereas at
telophase it is dephosphorylated, to allow RhoA activation, cleav-
age furrow formation, and ingression during cytokinesis.'** In
HT1080 (fibrosarcoma) and LK2 (lung squamous cell carci-
noma) cells phosphorylation by ERK enhances the guanidine
exchange activity of GEF-H1.'"® In LLC-PK1 kidney tubular
cells, GEF-H1 is involved in the sequential activation of Racl
and RhoA, through TNF-a induced phosphorylation, which
activates Racl, followed by a signaling cascade that results in
ERK phosphorylating GEF-H1, leading to RhoA activation.'*®
ERK signaling also leads to inhibition of GEF-H1 through phos-
phorylation in MDA-MB-231 breast cancer cells, thus regulating
cell motility and invasiveness.'*” In summary, the specific mecha-
nisms of GEF-H1 regulation appear largely determined by the
cell context-dependent expression of interacting partners.

The Rho activator ECT2 is a key regulator of cytokinesis, and
is subjected to cell-cycle-dependent regulation. ECT2 first
becomes active in prophase, when it is phosphorylated by Cdkl1,
and exported from the nucleus into the cytoplasm, to activate
RhoA and induce the formation of a mechanically stiff and
rounded metaphase cortex.'*® Phosphorylation on a different site
is required for catalytic activity and interaction with polo-like
kinase, leading to stimulation of RhoA activity and SRE-regu-
lated transcription.'*’ In anaphase ECT2 associates with the cen-
tralspindlin complex, and is targeted to the equatorial membrane
through a mechanism that requires a pleckstrin homology
domain and a polybasic cluster that bind to phosphoinositide lip-
ids."° Targeting of ECT2 to the equatorial membrane is the key
step to initiate cleavage furrow formation during cytokinesis.
Upon completion of mitosis, ECT2 undergoes ubiquitin-depen-
dent degradation, indicating that ECT2 is a bona fide cell-cycle-
regulated protein.'’!

Another GEF for which a putative phosphoinositide lipid-
mediated recruitment to the membrane has been proposed is
Tiaml, a Racl-specific GEF."? The guanine nucleotide
exchange activity of Tiaml is enhanced by different inositol
phospholipids and other lipids."*>'>* Tiam1 is a substrate for
the Src kinase, and phosphorylation of residue Y384 of Tiaml,
which occurs preferentially at AJ, triggers its degradation, leading
to AJ disruption and increased cell migration.'”” Tiam1 also
interacts with 14-3-3 proteins when phosphorylated on serine
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residues, and although phosphorylation does not affect Tiam1
activity, it is required for Tiam1 proteolytic degradation.'>>'>¢
Tiam1 phosphorylation by protein kinase C and by calcium-cal-
modulin kinase II have been described in activated fibroblasts,
this latter leading to increased guanidine exchange activity toward
Racl in vitro."”’ Finally, protein kinase-D-mediated phosphory-
lation of the Rho GEF Syx reduces its junctional targeting,
through binding to 14-3-3 proteins.'*®

Phosphorylation also regulates GAPs, to activate or inhibit
their activity, or affect their stability. pl90RhoGAP is regulated
by phosphorylation on Tyr, Ser and Thr residues, and by binding
to phospholipids. Activation of Src by different pathways (EGF,
integrin, PKC, and cadherin engagement) leads to phosphoryla-
tion of pl90RhoGAP on Y1105, resulting in enhanced GAP
activity, inhibition of RhoA and stress fiber disassembly.'>*'*
Recruitment of active pl90RhoGAP to cadherin through
p120ctn leads to local suppression of RhoA activity, which is
essential for AJ formation.'”'®" ERK mediated phosphorylation
on different Ser and Thr residues in the C-terminal part of the
protein suppresses the GAP activity of pl90RhoGAP during
focal adhesion formation.'®® Interaction of a polybasic region
(PBR) of p190RhoGAP with phospholipids can switch substrate
specificity of p190RhoGAP, from RhoA to Racl, and this inter-
action is antagonized by phosphorylation on Ser1221 and
Thr1226."% Substrate specificity of RICH-1 is regulated in plate-
lets by Src-mediated phosphorylation, either to inhibit activity on
Rho/Rac or to activate GAP activity toward Cdc42.'** MgcRac-
GAP is regulated by binding to PRC1, which inhibits GAP activ-
ity toward Cdc42, thus allowing spindle formation during
mitosis, and by Aurora B-mediated phosphorylation and PP2A-
mediated dephosphorylation, which affect substrate specificity
and interaction with ECT2.'>'®” The Rho GAP activity of
DLC1 can be inhibited either by phosphorylation, which favors
interaction with 14-3-3 and exclusion from focal adhesions,'®® or
by intramolecular autoinhibition, which is mediated by a SAM
domain, and modulated by EGF signaling, through tensin3.'®

A Dynamic View of the Cross-talk Between Rho
GTPases and Junction Assembly

The process that leads to the formation of epithelial cell-cell
junctions is highly regulated in space and time, and results from
the coordinated interactions between Rho GTPases, their GEF
and GAP regulators, and junctional molecules (Fig. 3). Upon
formation of primordial contacts, accumulation of E-cadherin
and Ig-like adhesion molecules (JAMs, nectins) is driven by and,
at the same time, stimulates Racl-dependent actin polymeriza-
tion at the submembrane cortex, in positive feedback loop that
further promotes the accumulation of adhesion molecules at new
junctions (Fig. 3). In this initial phase, the activities of Racl/
Cdc42, and the Ras-like GTPase Rapl play a key role, both to
generate the cytoskeletal scaffold upon which to build the new
junction, and to expand the junctional surface, through cortac-
tin/N-WASP/WAVE2/Arp2/3-mediated actin polymerization,
and directed targeting of membrane vesicles. In order for
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junctions to be expanded and stabilized, RhoA must also be deac-
tivated at sites of cell-substratum interaction, for example
through the Rho GAP activity of myosin-9, and activated at
junctions (Fig. 3). Junctional RhoA activation is stimulated by
GEFs such as pl114RhoGEF, ARHGEF11 and ECT2, which
interact with different ZA and T] molecules (Fig. 3), and lead to
positioning, assembly and contractility of myosin filaments. Acto-
myosin contraction at junctions generates the tension required to
strengthen adhesion, and helps to cluster and stabilize adhesion
molecules (Fig. 3). Since excessive RhoA activation can lead to
junction disruption, a process which occurs also during epithelial-
mesenchymal transition or in response to pathogens and injury,
RhoA activity must also be downregulated, a process which
depends at least in part on the pl120-dependent recruitment of
p190RhoGAP to AJ, and on the antagonism between RhoA and
Racl. Activation of the Rac1/Cdc42 axis of Rho GTPases is essen-
tial both for junction expansion, through actin polymerization,
and to set apico-basal polarity, through the precise segregation of
apical from basolateral determinants at TJ. This is achieved
through ezrinDbl3-mediated localized activation of Cdc42, which
in turns activates the Par6-aPKC complex, to expand the apical
membrane.'** In developing embryos most junctional proteins are
targeted to the new junctional membrane through incorporation
of membrane vesicles along the basal/lateral plasma membrane,
whereas some junctional proteins are recruited to new junctions
from a cortical, apical pool.'”*"”* Once junctions are mature, the
dynamic remodelling and functional modulation of the actin and
microtubule cytoskeletons is supported by the steady-state equilib-
rium between activation and inhibition of GEFs, which maintains
homeostatic junction architecture and tension (Fig. 3).

A Zonular Signalosome at the Crossroads of
Junction Assembly, Rho GTPase Activities,
Cytoskeletal Organization, and Nuclear Signaling

Junction assembly and maturation is a dynamic process where
different inter-related events are coordinated in space and time:
a) accumulation and stabilization of transmembrane adhesion
proteins at T] and ZA; b) accumulation of cytoplasmic plaque
proteins of ZA and TJ in the submembrane cortical cytoplasm,
and their linkage to cytoskeletal filaments; ¢) actin polymeriza-
tion, actin filament bundling and actomyosin contractility; d)
microtubule reorganization; ) spatial segregation of junctional
protein complexes into apical zonular TJ, subapical zonular ZA,
and lateral adherens junction (puncta adhaerentia). This process
is mediated by and culminates in the formation of a “zonular sig-
nalosome” (Fig. 4), defined as a complex of apical adaptor and
signaling proteins associated with zonular (circumferential, belt-
like) epithelial junctions (T] and ZA). The zonular signalosome
therefore includes: 1) zonular junctional proteins which function
as adaptors for GEFs, GAPs (see Fig. 3), transcription factors
and other signaling molecules (for example ZO proteins, cingu-
lin, paracingulin, AMOT, Par3, afadin, etc); 2) the interacting
zonular signaling partners of zonular adaptors (GEFs, GAPs,
transcription  factors, and other signaling molecules); 3)
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Figure 4. The zonular signalosome. The zonular signalosome is com-
posed of zonular adaptor proteins, GEFs and GAPs, transcription factors
and other signaling proteins (see text). Rho GTPases which functionally
interact with the signalosome are at the center of a regulatory network
that controls adhesion, junction assembly and maturation, regulation of
gene expression, cell differentiation and survival, and motile behavior of
cells. Transcription factors and other signaling molecules can either exist
as part of the signalosome, or are cytoplasmic and regulated indirectly
by the signalosome (for example, through RhoA regulation). Arrows indi-
cate functional interactions (unidirectional or reciprocal activation, inhi-
bition, homeostatic balance). See text for additional details.

Small GTPases

potentially, additional zonular structural proteins for which no
or licdde direct role in regulation of signaling has yet been
described (PLEKHA?7, for example), and their interacting signal-
ing partners. The targets and/or effectors of the zonular signalo-
some are: 1) RhoGTPases and their effectors (kinases and
phosphatases for example), which in turn affect signalosome
assembly and disassembly, through feedback loops (Fig. 4); 2)
genes whose expression is modulated by zonular signalosome-reg-
ulated pathways; 3) cytoskeletal proteins (actins, myosins, micro-
tubules and associated proteins): 4) transmembrane and adaptor
proteins which are clustered at zonulae through interactions with
signalosome adaptors, but can also be distributed at lateral con-
tacts (claudins, occludin, Ig-like CAMs, E-cadherin, catenins,
and others). Zonular clustering creates a molecular environment
which may confer new or different functions to these proteins,
for example only at T] claudins assemble into continuous fibrils,
and are thus able to form ionic pores or barriers.

The composition and properties of the zonular signalosome
depend on cell and tissue type, as well as on cell-cycle stages. For
example, the Rho GEF ECT2 is zonular in cultured MCF7
mammalian carcinoma cells,”” partially zonular in keratinocytes,
not zonular in intestinal carcinoma cells, and not detectable in
kidney cells.*” MgcRacGAP is zonular in interphase kidney cells,
and excluded from junctions during mitosis.** Different
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members of the large GEFs and GAPs families probably show
cell- and tissue-type specific expression, however we are far from
a precise immunohistochemical mapping of their distribution in
different normal and diseased tissues. Similarly, structural adap-
tor proteins are not identically distributed in all cell types. For
example paracingulin is not detected in differentiated intestinal
epithelial cells,’”” and ZO-3 shows a narrower tissue distribution
than ZO-1,"7® and is not expressed in cultured mammary epithe-
lial cells.”

What are the functions of the zonular signalosome? One is to
fine-tune in space and time the activation of Rho family
GTPases, and thus the organization of the cytoskeleton, during
the dynamic processes of junction assembly and disassembly, and
at steady-state, to ensure the correct remodelling and turnover of
cytoskeletal and junctional proteins (Fig. 4). This equilibrium
can be perturbed by mechanical stresses, and pathological cues
(cytokines, pathogens, toxins), leading to junction disruption,
perturbation of the signalosome complex, and hence dramatically
altered spatio-temporal regulation of Rho GTPases. As such, the
signalosome can be viewed as a sensor, or signal transducer, of
extra- and intra-cellular signals, to control cell behavior, includ-
ing adhesion, motility, and junctional membrane integrity and
dynamics. By sequestering and/or stabilizing at junctions GEFs
and GAPs, the zonular signalosome also indirectly controls acti-
vation of signaling at cell-substratum adhesions, and thus cell
spreading and motility, for example through the Par3-
Tiam1,'77-178 p114RhoGEF,179 and GEF-H1 "’ modules. At
the tissue and organ level, perturbation of the zonular signalo-
some can elicit dramatic consequences on epithelial or endothe-
lial cell cell-adhesion and barrier functions, resulting for example
in loss of skin or mucosal barrier integrity, jaundice, edema, and
loss of proteins or ions across tissue barriers.

A second important function of the zonular signalosome is to
regulate transcription factors, cell-cycle regulators, and other sig-
naling molecules, thus controlling gene expression, proliferation,
differentiation, and survival. One mechanism of this regulation
involves the direct or indirect sequestration of the signaling mole-
cules at junctions, as shown for example by the role of ZO pro-
teins in the junctional retention and stability of the transcription
factor DbpA/ZONAB,*>'® and the cell cycle regulator
cyclinDl.181 Moreover, ZO-2, a-catenin and AMOT control
the nucleo-cytoplasmic shuttling of YAP/TAZ transcription fac-
tors by different mechanisms, including direct or indirect interac-
tion, stabilization at junctions, and cytoplasmic retention
through modulation of phosphorylation (reviewed in '*).
Another mechanism involves the modulation of RhoA activation,
by zonular GEFs, and interacting adaptor proteins. For example
GEF-H1 activation is critical in Dbpa/ZONAB activation and
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the activity of YAP transcription factors.'®> RhoA is a central
molecule in the cross-talk between cytoskeletal organization and
nuclear signaling, and the integrity of the zonular signalosome,
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Concluding Remarks

In the past decade there have been striking advances in clarify-
ing the identity of junctional proteins, GEFs and GAPs, and their
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one whereby epithelial morphogenesis and physiology are regu-
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antagonistic Rho GTPases, through modulation of the expres-
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and each cell type is thus likely to be characterized by a unique
configuration of junctional adaptors and Rho GTPase regulating
molecules. So, results obtained in one model system cannot be
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improved reagents for the subcellular localization of GEFs and
GAPs will be critical to map sets of regulatory modules in their
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GEFs and GAPs, and their interacting partners, in tissue and
organ physiology and pathology. Special attention should be
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of interaction between the adaptor molecules, GEFs and GAPs,
and how post-translational modifications can modulate them.
Addressing these questions will help to define the composition
and functions of zonular signalosomes in different epithelial and
endothelial cells and tissues, and develop strategies for their
experimental and therapeutic modulation.
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PLEKHA7: Cytoskeletal adaptor protein at center stage in junctional

organization and signaling

Several studies have been published in the last year, showing the
importance of PLEKHA7 in junctional organization and signaling, and in
pathology. For example, genome-wide analysis and genetic studies indicate
its implication in cardiac morphogenesis and contractility, blood pressure
regulation and primary angle closure glaucoma. More recent studies showed
its role in micro RNA processing and cell response to alpha-toxin. In this
review we summarize the current knowledge about PLEKHA7, describing its
domain organization, molecular interactors and reviewing studies that
highlight its importance in junction organization, signaling, and diseases. We
also discuss possible therapeutic strategies involving PLEKHA7.

My role in this publication was writing the part about PLEKHA7 role in

mMiRNA processing and related possible therapeutic strategies.
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PLEKHA?7 is a recently characterized component of the cytoplasmic region of epithelial adherens junc-
tions (AJ). It comprises two WW domains, a pleckstrin-homology domain, and proline-rich and coiled-coil
domains. PLEKHA7 interacts with cytoplasmic components of the AJ (p120-catenin, paracingulin, afadin),
stabilizes the E-cadherin complex by linking it to the minus ends of noncentrosomal microtubules, and
stabilizes junctional nectins through the newly identified interactor PDZD11. Similarly to afadin, and
unlike E-cadherin and p120-catenin, the localization of PLEKHA7 at A] is strictly zonular (in the zonula

I;S;}/(v:[f; : adhaerens subdomain of A]), and does not extend along the basolateral contacts. Genome-wide association
p120catenin studies and experiments on animal and cellular models show that although PLEKHA?7 is not required for
Afadin organismviability, itis implicated in cardiovascular physiology, hypertension, primary angle closure glau-
Paracingulin coma, susceptibility to staphylococcal a-toxin, and epithelial morphogenesis and growth. Thus, PLEKHA7
PDZD11 is a cytoskeletal adaptor protein important for AJ organization, and at the center of junction-associated

Adherens junctions
Microtubules

signaling pathways which fine-tune important pathophysiological processes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

PLEKHA7 stands for Pleckstrin Homology Domain Containing,
Family A Member 7, and was discovered as a new A protein inde-
pendently by the Takeichi laboratory through its interaction with
the N-terminal region of p120-catenin (Meng et al., 2008), and
by the Citi laboratory as an interactor of the N-terminal region of
paracingulin (CGNL1) (Pulimeno et al.,2010; Pulimeno et al.,2011).
Genomic and genetic studies also identified PLEKHA7 as a protein
associated with human hypertension (Levy et al., 2009), and impli-
cated in cardiac development and contractility (Wythe et al., 2011).
PLEKHA7 is involved not only in stabilizing the two main trans-
membrane components of AJ, e.g. E-cadherin (Meng et al., 2008)
and nectins (Guerrera et al., 2016), but also in a wider array of sig-
naling functions, which are relevant to its role in tissue physiology
and pathology.

* Corresponding author at: Department of Cell Biology, 4 Boulevard d’Yvoy, 1211-4
Geneva, Switzerland.
E-mail address: sandra.citi@unige.ch (S. Citi).

http://dx.doi.org/10.1016/j.biocel.2016.04.001
1357-2725/© 2016 Elsevier Ltd. All rights reserved.

2. Gene and protein structure

PLEKHA7 is coded by the plekha7 gene, which is found only
in vertebrate organisms, although other members of Pleckstrin
Homology Domain Containing Family A of genes are expressed in
lower metazoa. In the human genome the plekha7 gene maps to
chromosome 11 and spans a 237 kB region. In the mouse the plekha?
gene maps to chromosome 7 and spans a 185 kB region.

The amino acid sequence of the PLEKHA7 protein is well
conserved throughout vertebrate species: the sequence identity
between the human protein sequence and those of dog, mouse,
chicken, Xenopus laevis and Danio rerio are 94%, 89%, 73%, 61% and
64%, respectively.

Human PLEKHA?7 is predicted to exist in two isoforms, com-
prising either 1121 or 1271 amino acids, and PLEKHA?7 is detected
as polypeptides with apparent sizes of 135-145kDa in lysates of
mammalian cells and tissues (Pulimeno et al., 2010). The functional
differences between the isoforms are not known. The N-terminal
half of PLEKHA7 contains a pleckstrin-homology (PH) domain
(residues 166-281) (Fig. 1A), which allows PLEKHA7 to interact
in vitro with phosphorylated phosphatidyinositol lipids (Wythe
et al.,, 2011) (PI in Fig. 2B). A region of PLEKHA7 comprising the
PH domain, but lacking the WW domain (residues 120-374) is
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Fig. 1. The structure and molecular interactors of PLEKHA7. (A) Scheme of human
PLEKHA7, with domains highlighted in: red (the two WW domains); green (PH);
brown (proline-rich); blue (coiled-coil). The regions of interaction with PDZD11,
afadin, p120-catenin, paracingulin (CGNL1) and nezha, based on in vitro binding
studies, are indicated. (B) Alignement of the two WW domains of PLEKHA7 (high-
lighted in bold type): the first (W1) containing two Trp residues, and the second
(W2) containin a Trp and a Phe residue. Signature Trp and Phe are highlighted in
bold, red and larger size. Dotted circles outline the hydophobic residues at the core
of the structure.

involved in PLEKHA7 interaction with the scaffold protein afadin
(Kurita et al., 2013) (Fig. 1A). Although in some studies only one
WW domain was annotated (Meng et al., 2008; Kurita et al., 2013),
PLEKHA7 comprises two WW domains in its N-terminal region
(Pulimeno et al., 2011; Wythe et al.,, 2011; Endres et al., 2014;
Popov et al., 2015): one canonical class 1 WW domain (with the
two signature Trp residues) and a second WW domain, compris-
ing a Trp and a Phe residue, a feature detected in other class-1 WW
domains (Kasanov et al., 2001), separated by a spacer region of 11
residues (Fig. 1B). Both domains are 33-residue long, and contain
a cluster of aromatic residues in the second 3-sheet strand (dot-
ted circle in Fig. 1B), which are implicated in the stabilization of
the hydrophobic core of the structure (Martinez-Rodriguez et al.,
2015). We showed that the region of PLEKHA7 comprising the WW
domains specifically interacts with the small PDZ protein PDZD11,
and is required for the recruitment of PDZD11 to A] (Guerrera et al.,
2016) (Fig. 1A). The C-terminal half of PLEKHA7 comprises coiled-
coil (CC) and proline-rich (Pro) domains (Fig. 1A). p120-catenin
binds to a central region of PLEKHA7, that includes the first proline-
rich region but lacks the coiled-coil region. Paracingulin and nezha
(calmodulin-regulated spectrin-associated protein 3, CAMSAP3)
interact with overlapping C-terminal regions of PLEKHA7, com-
prising the larger coiled-coil domain (Fig. 1A). The recruitment
of PLEKHA7 to AJ probably depends on its redundant interactions
with phospholipids, p120-catenin and afadin (Meng et al., 2008;
Wythe et al., 2011; Kurita et al., 2013; Pulimeno et al., 2010). Addi-
tional interactors of PLEKHA7, for which no direct in vitro binding
validation is yet available, have been identified through mass spec-
trometry analysis of PLEKHA7 immunoprecipitates (Kourtidis et al.,
2015; Kourtidis and Anastasiadis, 2016).

3. Expression and localization

Immunofluorescence (Meng et al., 2008; Pulimeno et al., 2010)
and immuno-electron microscopy (Pulimeno et al., 2010) analy-
ses show that PLEKHA?7 is localized at adherens junctions (A]) of
epithelial cells, and specifically in its zonular subdomain (zonula
adhaerens) (Fig. 2A), which has important signaling functions (Citi
et al., 2014). The distance of PLEKHA7 from the junctional mem-
brane, as determined by immuno-electron microscopy, is 25 nm
(Pulimeno et al., 2010). Similarly to afadin and differently from
E-cadherin, a-catenin, B-catenin and p120-catenin, PLEKHA7 is
not detected along lateral contacts of epithelial cells (Pulimeno
et al., 2010), thereby defining two pools of p120-catenin, belong-

ing to two distinct E-cadherin complexes, one comprising and one
lacking PLEKHA7 (Kourtidis et al., 2015) (Fig. 2A). However, exoge-
nously expressed PLEKHA7 localizes at lateral contacts (Paschoud
et al., 2014), suggesting different affinities for zonular and lat-
eral complexes. PLEKHA7 is detected at zonular junctions in all
epithelial tissues investigated so far, and in endothelial cells and
tissues (Pulimeno et al., 2010; Guerrera et al., 2016; Lee et al.,
2014). In human eye tissues expression of PLEKHA7 was detected
in epithelial, smooth muscle and endothelial cells, and within ante-
rior cavity structures, such as iris and ciliary body (Lee et al., 2014).
The expression of the PLEKHA7 homolog in zebrafish, Hadp1, was
determined only by mRNA in situ hybridization in the embryonic
myocardium (Wythe et al., 2011). The unique subcellular localiza-
tion and tissue distribution of PLEKHA7 distinguish it from both
Z0-1 and E-cadherin (Pulimeno et al., 2010), suggesting that the
PLEKHA7/afadin-associated protein complex bridges the ZA to tight
junctions (T]) (Citi et al., 2012).

In relationship to expression in human normal and cancer tis-
sues, PLEKHA7 was detected at junctions of normal epithelial breast
tubular structures and in low grade ductal carcinomas, but not in
high grade and lobular carcinomas (Tille et al., 2015). Mislocaliza-
tion or loss of PLEKHA7 was independently observed in human
breast and renal cancers (Kourtidis et al., 2015).

4. Biological functions

PLEKHA7 is emerging as a multifunctional adaptor protein with
important roles both in the structural organization of AJ, and in
their signaling functions.

The complex between PLEKHA7, nezha and the minus-end
directed motor kinesin KIFC3 allows PLEKHA7 to tether the
E-cadherin complex to the minus end of noncentrosomal micro-
tubules, thus stabilizing E-cadherin-based junctions (Meng et al.,
2008) (Fig. 2B). By binding to afadin, PLEKHA?7 is also indirectly
linked to microfilaments (Fig. 2B). In MDCK cells, PLEKHA7 is
required for the junctional localization of the zonular protein
paracingulin, through their direct interaction (Pulimeno et al.,
2011) (Fig. 2B). By recruiting PDZD11 to AJ], PLEKHA7 stabilizes
nectins, the second major class of transmembrane adhesion recep-
tors of AJ (Guerrera et al., 2016) (Fig. 2B). Thus, by binding to the
E-cadherin complex through redundant direct and indirect inter-
actions (p120-ctn, paracingulin, afadin), and to the nectin complex
through PDZD11 and afadin, PLEKHA7 connects these two protein
complexes within the ZA (Guerrera et al., 2016) (Fig. 2B). Although
PLEKHA7 is not required for the formation of functional TJ (Kurita
et al., 2013; Paschoud et al., 2014), overexpression experiments
show that PLEKHA?7 stabilizes T] barrier function in a microtubule-
and AJ-dependent manner (Paschoud et al., 2014).

In colon epithelial carcinoma cells (Caco2) the interaction
with PLEKHA7 differentiates two pools of p120-catenin: an api-
cal complex (unphosphorylated inactive p120-catenin), bound
to PLEKHA7; and a basolateral complex (p120-catenin phospho-
rylated by activated Src), which signals to promote cell cycle
progression and cancer. Indeed, Caco2 cells depleted of PLEKHA7
show increased anchorage independent growth and expression
of transformation and mesenchymal markers (Kourtidis et al.,
2015). Analysis of PLEKHA7 immunoprecipitates reveals the pres-
ence of components of the miRNA processing complex (DROSHA
and DGCRS8), allowing the processing and regulation of miR-24,
miR-30a, miR30-b and let7-g, which suppress the expression of
growth promoting proteins SNAIL, MYC and cyclin D1 at junctions
(Kourtidis et al., 2015; Kourtidis and Anastasiadis, 2016). Conse-
quently, in cells depleted of PLEKHA7 the junctional localization
of the microprocessor complex is lost, and there is a decrease in
the levels of the above mentioned miRNAs. Since reintroduction
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Fig. 2. The localization and functions of PLEKHA7. (A) Schematic drawing of a polarized epithelial cell, with the subcellular localizations of zonular junctions (T], ZA) and
lateral contacts indicated by apical continuous circles and lateral dotted lines, respectively. Text on the sides indicates non-exhaustive lists of transmembrane and cytoplasmic
junctional proteins localized both at zonular and lateral junctions (claudins, occludin, E-cadherin, nectin and catenins) or exclusively at the apical “zonulae”, for example
cingulin and ZO-1 for TJ, and paracingulin (CGNL1), PLEKHA7 and afadin for ZA (highlighted in the grey box), in polarized epithelial cells. (B) Schematic drawing of the zonula
adhaerens, where PLEKHA7 is shown interacting with PDZD11, afadin, membrane phosphorylated phosphatidylinositols (PI), nezha (CAMSAP3), p120ctn and paracingulin.
Ig-like and EC domains of nectin(s) and E-cadherin are shown by blue and green ovals, respectively. Functions of PLEKHA7 are indicated by arrows and text on each side of
the scheme. Stabilization of the E-cadherin and nectin complexes is mediated by nezha-dependent linkage to microtubules, and by the PDZD11 and afadin interactors (the

latter binding to actin filaments), respectively.

of miR-30b in PLEKHA7 knockdown cells rescues the abnormal
increased levels of SNAIL, MYC and cyclin D1, the p120-catenin-
PLEKHA7-microprocessor complex antagonizes the effects of the
tumor-promoting basolateral p120 complex (Kourtidis et al., 2015)
(Fig. 2B).

PLEKHA7 was recently shown to be important in the cytotoxic
effect of a-toxin, the most potent virulence factor of Staphylo-
coccus aureus (Popov et al., 2015) (Fig. 2B). PLEKHA7 was in fact
identified in a genetic screen designed to determine host cellular
factors required for alpha-toxin cytotoxicity. A library of mutage-
nized haploid human cells (HAP1) was screened to identify clones
that survived upon treatment with a-toxin. Besides the a-toxin
receptor (ADAM10) the most enriched gene in the screen was
PLEKHA7 (Popov et al., 2015). In PLEKHA7-KO mice, which are
viable and otherwise show no apparent additional phenotype,
necrotic inflammatory effects of S. aureus on the skin were resolved
with a significantly reduced tissue loss, with respect to WT (Popov

etal.,2015).Liveimaging analysis reveals that WT and PLEKHA7-KO
HAP1 cells undergo similar levels of initial cell injury after alpha-
toxin treatment (Popov et al., 2015). This cytopathic effect is absent
inthe ADAM10-KO HAP1 cells, suggesting that PLEKHA7 might play
a role in the recovery process in a step downstream of ADAM10
interaction and pore formation by the toxin.

Depletion of the PLEKHA7 homologue Hadpl in zebrafish
demonstrates its role in cardiac morphogenesis and contractility
(Wythe et al., 2011). The loss of Hadp1 alters Ca%* signaling in car-
diomyocytes, leading to an increase in the amplitude and duration
of the calcium transient (Wythe et al., 2011). This was explained
by a reduced rate of extrusion of cytoplasmic calcium during dias-
tole, through the interaction of Hadp1 with phosphatidylinositol
4-kinase signaling (Wythe et al., 2011). It was proposed that Hadp1
inhibits the generation of phosphatidylinositol (4,5)-biphosphate
and/or its hydrolysis, regulating the calcium released by the sar-
comeric reticulum, the reuptake of Ca2* from the cytoplasm and the
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plasma membrane calcium conductance (Wythe et al.,, 2011). An
alternative hypothesis for a mechanism through which PLEKHA7
modulates calcium homeostasis, proposed following the discovery
of its new interactor PDZD11, is by acting on the calcium pump
Plasma Membrane Calcium ATPase (Guerrera et al., 2016), which is
known to interact with PDZD11 (Goellner et al., 2003) (Fig. 2B).

Specific single nucleotide polymorphisms of the PLEKHA7 gene
have been identified in different human cohort studies as associ-
ated with hypertension (Levy et al., 2009; Hong et al., 2010; Lin
et al., 2011) albeit not in African-Americans (Fox et al., 2011). The
implication of PLEKHA7 in the regulation of blood pressure was
confirmed experimentally in a rat PLEKHA7-KO model, whereby
the loss of PLEKHA7 resulted in lower blood pressure, and hence
reduced kidney and cardiac damage (Endres et al.,, 2014). The
vasodilatory effect of PLEKHA7 KO was shown to correlate with
increased intracellular Ca2* and eNOS signaling in endothelial cells
(Endres et al., 2014). Thus, PLEKHA7 plays a role in cardiac con-
tractility and blood pressure regulation through its involvement
in intracellular calcium dynamics (Fig. 2B). However, additional
studies are required to characterize the different hypothetical
mechanisms by which PLEKHA7 regulates intracellular Ca2* levels
in these tissues.

Genetic variants of PLEKHA7 are also associated with primary
angle closure glaucoma, one of the leading causes of irreversible
blindness (Vithana et al., 2012; Day et al., 2013; Shuai et al., 2015).
Glaucoma is characterized by the increase in intraocular pres-
sure, due to reduced trabecular meshwork function. The molecular
mechanism through which PLEKHA?7 is implicated in glaucoma is
not clear, but PLEKHA7 is expressed in different structures that
might be involved in the increase of intraocular pressure, such as
the iris, ciliary body and vasculature (Lee et al., 2014).

5. Medical applications

As mentioned above, studies on human cohorts and animal
models show that PLEKHA7 is implicated in the control of car-
diac morphogenesis and contractility, in hypertension, in glaucoma
and in susceptibility to S. aureus a-toxin. This, and recent studies
on the role of PLEKHA7 in regulating microRNA processing, make
PLEKHA7 an interesting candidate for the development of new ther-
apeutic approaches for cardiovascular and infectious diseases, and
cancer.

Based on observations on PLEKHA7-KO rats (Endres et al., 2014)
it could be hypothesized that a reduction of PLEKHA7 expres-
sion/function in endothelial cells could help to control blood
pressure. Possibly PLEKHA7 mutations in hypertensive patients
may lead to increased blood pressure through an increase in
PLEKHA7 levels. Drugs targeting PLEKHA7 might allow to modu-
late vascular tone, as well as cardiac contractility, and also primary
angle closure glaucoma.

Since PLEKHA7 is mislocalized, drastically reduced or lost in
different human tumors (Tille et al., 2015; Kourtidis et al., 2015),
PLEKHA7 is a potential new marker of tumor progression, and a
possible candidate for gene therapy. Reintroduction of PLEKHA7
in cells showing a reduced expression, or introduction of miR-
NAs, whose maturation is specifically regulated by PLEKHA7, could
be a successful strategy to prevent tumor formation and progres-
sion. Similarly, manipulation of PLEKHA7 levels or function could
be helpful to reduce the cytotoxic effects of S. aureus infection in
epithelial cells.

As our understanding of the molecular mechanisms through
which PLEKHA7 controls endothelial and epithelial cell and tis-
sue functions improves, it will be possible to develop targeted
approaches to treat diseases involving PLEKHA7.
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DISCUSSION AND PERSPECTIVES

The junctional complex plays fundamental roles in the physiology of
epithelial tissues and organs. Therefore, dissecting the molecular composition
of the junctional complex and the functions of its molecular components is of
critical importance to understand their implication in tissue morphogenesis,
physiology and disease.

PLEKHAY is a junctional adaptor protein localized at AJ of epithelial
and endothelial cells, and it interacts with both major adhesion complexes of
AJ (based on either E-cadherin or nectin), through its binding to p120ctn and
afadin, respectively [5, 7]. Although the functional relevance of the interaction
of PLEKHA7 with the E-cadherin complex has been characterized by previous
studies [5, 8, 81], the specific role of PLEKHA7 at nectin-based complexes
was not known. The results presented in this thesis provide new information in
this perspective.

The exclusive localization of PLEKHA7 and afadin at the zonular apical
region could be relevant for their participation in the molecular linking of the
two junctional structures of the apical junctional complex, AJ and TJ. Only
when exogenous PLEKHA?Y is overexpressed can it localize also to lateral
contacts, suggesting a differential affinity of binding for the two complexes. In
fact, afadin has been found either at AJ in complex with nectins, or at TJ
where it binds JAM, ZO-1 and cingulin [47, 58, 59]. In contrast, , PLEKHA7
binds and recruits paracingulin to AJ, the latter being present also at TJ in
association with ZO-1 and cingulin [81]. Thus, PLEKHA7 could further

strengthen the linkage provided by the interaction of afadin-ponsin with o-
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catenin-vinculin. Our recent findings that PLEKHA7 modulate TJ barrier
function, and its association in epithelial cells with the TJ proteins ZO-1 and
cingulin strongly support the idea that all the mentioned proteins are part of a
molecular framework linking TJ to AJ, with PLEKHA7 having a key role in it.
The observation that PLEKHA7, similarly to afadin but unlike p120ctn, is
excluded from lateral discontinuous AJ, points to a major role of the afadin-
PLEKHAY interaction in its cellular localization, and possibly function.

Considering the emerging role of PLEKHA7 as an adaptor protein
conferring stability to the apical junctional complex, its recent implication in
signaling regulating miRNA processing and tumor growth [8], and its
implication in human pathologies, like hypertension and glaucoma [9, 11}, it is
essential to learn more about its molecular interactors to gain more insight in
its role in physiological and pathological conditions.

In this perspective, through different approaches, we identified
PDZD11 as a novel molecular partner of PLEKHAY. Interestingly, two distinct
screening technologies, yeast two-hybrid and mass spectrometry, gave both
as top hit PDZD11 among PLEKHAY interactors, drawing our attention to this
relatively unknown new partner as a potentially critical mediator of PLEKHA7
function in epithelial and endothelial cells. PDZD11 is a small (17 kDa) single
PDZ domain-containing protein, and litlle information has been published
about it so far. PDZD11 is ubiquitously expressed, and is also known as PISP
(Plasma membrane Ca-ATPase Interacting Single-PDZ protein) or AIPP1
(ATPase-Interacting PDZ Protein 1), since it was first identified as an
interactor of the plasma membrane calcium ATPase b-splice variants (PMCA)

and of the menkes copper ATPase (ATP7A), regulating copper homeostasis
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[189, 190]. Moreover, it also interacts with the sodium multivitamin transporter
(SMVT) regulating biotin uptake [191]. These studies proposed a function for
PDZD11 as a scaffold for these transmembrane proteins, by binding, through
its class | PDZ domain (Table 1), to the PDZ-binding motif at their C-terminal
tail. In agreement with this idea, PDZD11 depletion resulted in a reduced cell
surface expression of the sodium-dependent multivitamin transporter, as
assessed by cell surface biotinylation assay [191].

PDZ domains are widely expressed protein interaction modules, which
are often found in scaffold proteins. In humans more than 150 PDZ domain-
containing proteins with more than 250 non-redundant PDZ domain
sequences have been identified [192]. Due to their abundance and diversity in
the cells of various organisms, together with protein domains like WW, SH3,
SH2 and PH, that mediates dynamic protein-protein interactions, they are
involved in many cellular and biological functions. The lack of intrinsic catalytic
activities in most PDZ proteins suggest a pure scaffolding function in signal
transduction complexes assembled through PDZ-mediated interactions. For
example, PDZ domain proteins are involved in cell polarity establishment and
maintenance, cell migration, cell proliferation and differentiation, embryonic
development, through the trafficking and clustering of membrane proteins,
receptors and ion channels at specific membrane regions and connecting
membrane and cytoskeletal structures [192-197]. A canonical PDZ domain
comprises ~90 amino acids, and is organized in six B-strands which form a
partially opened barrel, and two a-helices, each capping the opening sides

[198, 199]. The binding site of the PDZ domains is located between the a-

helix and the B-strand, and comprises the GLGF motif or more in general
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XOGD motif (where X is any amino acid and ® represents hydrophobic amino
acids), QLGF in the case of PDZD11. Its conformation is fundamental for the
binding specificities of PDZ domains. PDZ domains can bind either another
PDZ domain or a PDZ consensus motif localized on the C-terminal tail of
target proteins, mainly membrane proteins. The classical classification of PDZ
domains is based on the binding preference for different consensus motifs:
class | domains recognize the motif S/T-X- ®; class Il domains recognize the
motif ® -X- ®; class lll domains recognize the motif D/E-X-®. However,
recently the importance for upstream positions within the PDZ ligand has
emerged, with the position -3 and -4 from the C-terminus being also important
for the binding specificity, leading to the definition of sixteen classes of PDZ
domains [192, 200]. PDZD11 so far has been shown to have preference for
class | motif, based on the PDZ-consensus motif recognized on the known
intercators (Table 1) [189-191]. Additional single PDZ domain proteins exist,
with some of them showing high similarity to the PDZ domain of PDZD11, like
GOPC, pB2-syntrophin and MALS family proteins. These proteins are
implicated in the intracellular trafficking or targeting of their molecular
partners. MALS binds the polarity complex protein PALS1, thus stabilizing it,
and is involved in the regulation of TJ formation [201]. B2-syntrophin is an
activator of the Rac GEF Tiaml at AJ, and is required for correct apico-basal
polarization [179]. Future studies should determine if PDZD11 also plays this
role, for example by promoting the efficient transport of PDZ-binding proteins

to the cell surface.
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Table 1. PDZD11 interactors and PDZ consensus motif classes.

Protein C-terminal residues Motif class Reference
PMCA1b LETSL classl (S/T-X-®) [189]
PMCA2b LETSL classl (S/T-X-®) [189]
PMCA3b VETSL classl (S/T-X-®) [189]
PMCA4b LETSV classl (S/T-X-®) [189]
ATP7A DDTAL classl (S/T-X-®) [190]
SMVT QESTL classl (S/T-X-®) [191]
Nectin-1 KEWYV classll (O -X- ®) [202]

PDZD11 could mediate several functions for PLEKHA7, connecting it
with a variety of membrane or signaling proteins, helping in proteins
stabilization or signal transduction. However, PLEKHA7 does not contain
either a PDZ domain or a PDZ binding motif that could mediate an interaction
with PDZD11. In fact, by biochemical direct in vitro binding assays, not only
we confirmed the direct interaction of PLEKHA7 with PDZD11 identified
through the two screening technologies, but we also showed that the N-
terminal regions of both proteins are implicated in their interaction.
Specifically, the first WW domain of PLEKHAY is sufficient for interaction with
PDZD11, whereas the PDZ domain of PDZD11 is not required for PLEKHA7
binding, but it interacts through a short unstructured N-terminal region that
does not show any homology to the N-terminal sequences of other single PDZ
domain proteins. For this reason, we proposed to call it PLEKHAY Interacting
Domain (P7-ID). The P7-ID may function as an additional module of the PDZ
domain, increasing the specificity of interaction of PDZD11 for its target

sequences. Indeed, the affinity of binding of a PDZ domain with its target
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sequence and its specificity can be modulated by several regulatory
mechanisms, among them allosteric interactions and phosphorylation in
specific residues of the PDZ domain. Several studies investigated the effect of
allostery in PDZ-containing protein, showing that allosteric interactions
modulate the binding preferences of PDZ domain [192]. For example, this is
the case of NHERF1: ezrin binding to its C-terminal region leads to
conformational changes that increase the binding capabilities of both PDZ
domain of NHERF1 [203]. Thus, PLEKHA7 interacts with the P7-ID of
PDzD11, leaving the PDZ domain free to interact with other molecular
partners that could mediate different biological functions for the PLEKHA7-
PDZD11 complex. Moreover, PLEKHA7 binding to this region may also
modulate the affinity of binding of the PDZ domain of PDZD11 with its target
sequences. Future studies should address whether PDZD11 present possible
phosphorylation sites and protein kinases consensus motifs in its PDZ
domain, that could regulate the binding with molecular partners and possible
function of the PLEKHA7-PDZD11 complex.

On the other hand, PLEKHA7 contains in its N-terminal region two WW
domains. WW domains are the smallest occurring protein modules and
comprise ~40 amino acids; the name comes from the two hallmark tryptophan
residues that are typically spaced 20-22 amino acids apart, and are present in
most of the known WW domains. WW domains have a compact conformation
with three-stranded antiparallel B-sheets, and recognize proline-rich linear
sequences. WW domains are very abundant, with more than 200 identified so
far in many different proteins implicated in signaling complexes [204]. The

binding properties and specificity of WW domains can be modulated by the
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presence of tandem WW domains and by tyrosine residue phosphorylation
present in the core of WW domain [205, 206]. WW domains are classified
based on the ligand predilection among the proline-rich motifs: the class |
binds the minimal core consensus PPXY:; the class Il binds the PPLP motif;
the class Il prefers poly-proline motifs flanked by arginine or lysine, PP-R/K;
the class IV binds short sequences comprising phosphorylated serine or
threonine, p-S/T-P [204]. PLEKHA7 contains two class | WW domains each of
33 residues separated by a spacer region of 11 residues; the first is
characterized by two signature tryptophan residues, the second by a
tryptophan and a phenylananine residue [207] . Notably, the sequence of the
P7-I1D of PDZD11 comprises eight proline residues, including two proline (PP)
residues, but none of them is part of a consensus ligand sequence belonging
to any of the four previously described WW-binding motif groups [204].
Additional experiments are required to determine whether the proline motifs of
PDZD11 constitute a new group of WW-interacting sequences, and which
residues within the WW domain of PLEKHA7 are implicated in its interaction
with PDZD11. Interestingly, we showed that the first WW domain of PLEKHA7
alone, but not the second, is sufficient to bind PDZD11. However, in line with
previously reported studies suggesting that the presence of WW domains in
tandem could influence their binding properties [205, 208], we found that the
fragment comprising the two WW domains showed a stronger interaction with
PDZD11. This suggests that the presence of the second WW domain in
tandem could support the binding capabilities of the first WW domain.
Moreover, it is interesting to note that PLEKHA7 presents two proline-rich

domains in its C-terminal region, and although the structural conformation of
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PLEKHAY is not known, we cannot exclude that its WW domains and proline-
rich regions interact together, promoting a "folded" conformation of PLEKHA?Y.
The binding of PDZD11 to PLEKHA7 could be either inhibited by this self-
interaction or promote the open conformation of PLEKHA7, with consequent
regulation of activity. In the first case, additional regulation of both proteins
would be needed to promote their binding, like phosphorylation within either
the proline-rich motifs or the WW domains. Further studies are needed to
address these guestions, with additional in vitro binding analysis of PLEKHA7
N-terminal and C-terminal fragments, and analysis of the possible
phosphorylation sites on both proteins. In summary, we assigned a specific
protein-interaction function to the most N-terminal, WW region of PLEKHA?7,
which so far was never implicated in any protein interaction, and we dissected
the structure-function relationships in PDZD11.

Although PDZD11 was reported to bind several transmembrane
pumps, its subcellular localization was never clearly established, probably due
to the lack of good antibodies against the endogenous protein. To overcome
this problem, we developed a rabbit antiserum against PDZD11, using a GST
fusion protein of full-length PDZD11, produced in bacterial cells, as an
antigen. We could thus show for the first time that both exogenous and
endogenous PDZD11 accumulate at junctions, in particular colocalizing with
markers of AJ, thus identifying PDZD11 as a novel AJ protein. Moreover, from
the analysis of epithelial cells KO for PLEKHA7, and rescued with different
fragments of the protein, we showed that PDZD11 is recruited by PLEKHA7 at
AJ, and, in accordance with the in vitro binding analysis, the WW domain of

PLEKHAY is required for PDZD11 junctional accumulation. These results
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confirm the relevance of the PLEKHA7-PDZD11 interaction, strengthening the
idea that PDZD11 could act as a mediator of PLEKHA7 function either in the
stabilization of junctional complexes or in the regulation of signaling
complexes. Indeed, we showed that PDZD11 can form a complex with nectins
In vivo, and also binds in vitro to nectin-1, and this interaction occurs between
the PDZ domain of PDZD11 and the PDZ consensus motif present at the C-
terminal tail of nectin-1. However, the PDZ domain of PDZD11 has been
shown to prefer class | consensus motif so far, whereas nectins contain a
class Il PDZ consensus motif [209] (Table 1). We could speculate, based on
the previously reported allosteric modulation of PDZ domains binding
specificities [192], that the binding of PLEKHA7 to the P7-ID of PDZD11
modifies its binding preferences, favoring the binding with the class Il
consensus motif of nectin-1. Supporting this idea, we showed that PDZD11 is
recruited at AJ by PLEKHA7, and only then it can bind nectins, since its
junctional accumulation is completely lost upon PLEKHA7 KO. Furthermore,
we provided evidence that PDZD11 binding is important for nectins
stabilization at junctions by preventing their proteasomal degradation, since
PDzZD11 KO in epithelial cells results in reduced protein levels and junctional
accumulation of nectins. Thus, we discovered a new role for PDZD11 in
promoting the efficient recruitment and stabilization of nectins at AJ of
epithelial cells. The C-terminal tail of nectins was previously reported to
interact with the PDZ domains of several junctional partners, primarily with
afadin, which can interact with all the nectins and was shown to be important
for the accumulation of nectin-1 at AJ [123, 128]. Depending on nectin

isoform, additional scaffolding PDZ-containing interactors of nectins have
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been reported, such as Par-3 [125], PATJ, MUPP1 [126], PICK-1 [124], and
MPP3 [210]. These observations suggest that redundant interactions can
stabilize nectins at junctions [1]. Consistent with this notion, from our
observations on epithelial cells KO for PDZD11, we reported that the absence
of PDZD11 does not result in the complete loss of junctional nectins. PDZD11
may function not only through direct scaffolding of nectins, but also indirectly;
for example, the interaction of PDZD11 with the N-terminal region of
PLEKHA?7 could affect the conformation of PLEKHA7. Since the N-terminal
region of PLEKHA7 interacts also with afadin, PDZD11 could affect
PLEKHA7-afadin interaction, and the ability of afadin to form an efficient
scaffold for nectins. Consistent with our reported results and this idea,
PLEKHA7 KO in epithelial cells phenocopies the effects of PDZD11 KO.
Thus, PDZD11 is recruited by PLEKHA7 to AJ, to promote the efficient
junctional recruitment and stabilization of nectins in epithelial cells. These
results confirm the relevance of the PLEKHA7-PDZD11 interaction and
uncover a new function for PLEKHA7: PLEKHA7, through PDZD11, can
organize the junctional clustering of PDZ-interacting proteins. Furthermore,
the reported results highlight the importance of PLEKHAY in stabilizing both
the major adhesion transmembrane proteins of AJ, cadherins and nectins,
through the binding of cytoplasmic components associated with the two
complexes: pl20catenin/paracingulin for E-cadherin, and PDZD11-afadin, for
nectins.

Since we showed that the PLEKHA7-PDZD11 complex promotes the
efficient recruitment of nectins to ZA, it is possible to hypothesize that one

cellular function of PDZD11 may be related to the biological function of
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nectins. In few studies the role of nectins in cultured epithelial cells was
investigated. Nectins mutations in the extracellular domain that prevent their
trans-interaction affect junction formation in MDCK cells, resulting in a delay in
AJ formation [135]. Consistent with the reduction of junctional nectin levels
observed in the PDZD11 KO cells, and the fundamental role played by nectins
In initiating junction assembly, the KO of PDZD11 resulted in a reduction of
the efficiency of assembly of zonular junctions, that was observed only in the
very early time points of junction assembly, up to 30 minutes after calcium re-
addiction. Junction assembly resumed to normal kinetics at later time points,
probably due to the residual nectin molecules, that are not completely lost in
PDzZD11 KO cells, and the cooperative adhesion functions of E-cadherins,
which are not affected by the absence of PDZD11. Thus, the PLEKHA7-
PDZD11 complex is important in the regulation of initial steps of junction
assembly and in the correct kinetics of this process.

In summary, PLEKHAY is at center stage in the cytoplasmic complex
bridging nectin and E-cadherin complexes. By binding to pl120ctn and
paracingulin on one side, and to PDZD11 and afadin on the other, PLEKHA7
connects and stabilizes the two major adhesion complexes at ZA, in addition
to the previously reported connection provided through the afadin-ponsin
complex interacting with the o-catenin-vinculin complex [132]. PLEKHA7
recruitment of PDZD11 to AJ contributes to the recruitment and stabilization of
nectins to the ZA. The interaction of PLEKHA7 with both afadin and PDZD11
strengthens the cytoplasmic scaffold provided by these two PDZ proteins for
nectins. Finally, thanks to the interaction with the actin cytoskeleton mediated

by afadin [86], and with the microtubules through nezha [5], PLEKHA7Y
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reinforces the cytoskeletal anchoring of nectin and cadherin adhesion
molecules (Fig. 8).

The PLEKHA7-PDZD11 complex that we characterized defines a new
module capable to bring PDZ-binding membrane proteins to the AJ in
epithelial and endothelial cells (Fig. 8). This function is extremely important to
explore new mechanistic hypotheses to understand at the molecular level the
role of PLEKHAY in tissue physiology and pathology. Recently, in the study
conducted with our collaborators, through a genetic screening in haploid cells,
PLEKHA7 and other AJ proteins have been implicated in the cytotoxicity of
the Staphylococcus aureus a-toxin. Interestingly, PDZD11 was also found in
this screen, where its KO reduced the cytotoxic effects of the staphylococcal
a-toxin, promoting increased cell survival. PLEKHA7 KO cells were more
resistant to the effect of the a-toxin, with significantly reduced cell death upon
intoxication. Upon intoxication, wild-type cells show high potassium extrusion
and drastically decreased intracellular ATP levels; the KO cells initially show
the same phenotype but are capable to recover. However, the molecular
mechanisms underlying PLEKHA7 involvement in the mechanisms of action
of a-toxin are not identified yet. Our new findings that PLEKHA7 form a
complex with PDZD11 at AJ are consistent with the data of the genetic
screening, and suggest that the complex formation with PDZD11 could be
relevant for the mechanism of action of a-toxin. In particular, PDZD11 could
mediate the interactions with transmembrane ionic pumps and the regulation
of their functions possibly underlies the molecular mechanisms implicated in

the cytotoxic effects of a-toxin. Indeed, PDZD11 was previously shown to
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interact with the Plasma Membrane Calcium ATPase (PMCA) a key regulator

of intracellular calcium homeostasis [189].

Figure 8. Schematic representation of PLEKHA7Y interactions at AJ.

PLEKHA? interaction with its partners at AJ allow the bridging of the nectin and E-cadherin
complexes, stabilizing and connecting the two complexes with the actin and microtubule
cytoskeleton. PLEKHA7 could recruit and stabilize PDZ-binding transmembrane proteins at
AJ.

Genetic studies on zebrafish show that the PLEKHA7 homologue
hadpl is implicated in cardiac development and contractility, since its loss
leads to a reduced rate of extrusion of cytoplasmic calcium during diastole
[10]. Genome-wide analyses have identified SNPs in PLEKHA7 locus to be
associated with high systolic blood pressure and primary angle closure
glaucoma [9, 11]. Furthermore, genome-wide data were confirmed in vivo in
a PLEKHA7 KO rat model, where the absence of PLEKHA7 reduced the
blood pressure and attenuated the salt-induced hypertension. Aortic

endothelial cells from PLEKHA7 KO rats showed increased intracellular
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calcium levels and synthesis of nitric oxide [168], in agreement with the idea
that PLEKHA7 promotes endothelial-mediated smooth muscle relaxation
through endothelial nitric oxide synthase (eNOS) signaling [211]. However,
the molecular mechanism through which PLEKHA7 may regulate intracellular
calcium homeostasis is still completely unknown. Our recent findings lead us
to hypothesize a possible mechanism for the PLEKHA7-dependent regulation
of intracellular calcium through its molecular partners at AJ. Significantly, we
showed that both PDzZD11 and PLEKHA7 are localized at endothelial
junctions. Thus, it is possible to hypothesize that PLEKHA7 and its partner
PDZD11 regulate PMCA and in turn calcium and nitric oxide (NO) signaling in
endothelial cells. The PLEKHA7-PDZD11 complex could be involved in the
accumulation, stabilization and junctional clustering of PMCA and/or in the
direct or indirect regulation of its function and in turn of NO production and
signaling in endothelial cells, with systemic effects on blood pressure
regulation. Future studies are needed in this direction to assess whether
PLEKHA7 regulates PMCA, and hence calcium homeostasis, through
PDZzD11, to clarify mechanistically its role in the regulation of blood pressure,
cardiac contractility, and glaucoma. Alternatively, PLEKHA7-PDZD11 complex
could bind and regulate several others transmembrane proteins and receptors
involved in calcium and NO signaling. For example, 20% of known human G
protein coupled receptors (GPCRs) contain a PDZ-binding motif [192].
GPCRs are involved in calcium signaling; upon agonists binding they promote
the activation of phospholipase C (PLC) and formation of IP3, promoting
calcium signaling [211]. Furthermore, shear stress can directly activate eNOS

and NO production independently of calcium signaling, through
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phosphorylation mediated by PI3K-AKT pathway [212]. PLEKHA7 can bind,
through its PH domain, different types of phosphorylated
phosphatidylinositols, including PIP2 [10]. In this manner, PLEKHA7 could
prevent PKC-mediated conversion of PIP2 in PIPs and the subsequent
activation of the AKT pathway. Finally, a similar mechanism could be involved
in the regulation of calcium signaling. By binding to PIP2, PLEKHA7 could
prevent its PLC-mediated conversion in IPs and DAG that activate calcium
signaling, leading to an increased calcium response in the absence of
PLEKHAY.

In summary, we described a new protein complex, where the single
PDZ domain protein PDZD11, through the binding to PLEKHA7, connects
nectins to the cadherin complex and the cytoskeleton. This complex formation
Is relevant for the stabilization of nectins at AJ and to promote efficient early
assembly of junctions. These results also point to a role for PLEKHA7 in
regulating the function and membrane organization of proteins involved in
calcium homeostasis, through PDZD11, providing new insight in the potential
molecular mechanism that could explain PLEKHA?7 implication in vascular and

cardiac pathophysiology.
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