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Cadherin-mediated cell adhesion at
Adherens Junctions (AJs) and its
dynamic connections with the microtu-
bule (MT) cytoskeleton are important
regulators of cellular architecture. How-
ever, the functional relevance of these
interactions and the molecular players
involved in different cellular contexts and
cellular compartments are still not com-
pletely understood. Here, we comment
on our recent findings showing that the
MT plus-end binding protein CLASP2
interacts with the AJ component p120-
catenin (p120) specifically in progenitor
epidermal cells. Absence of either protein
leads to alterations in MT dynamics and
AJ functionality. These findings repre-
sent a novel mechanism of MT targeting
to AJs that may be relevant for the main-
tenance of proper epidermal progenitor
cell homeostasis. We also discuss the
potential implication of other MT bind-
ing proteins previously associated to AJs
in the wider context of epithelial tissues.
We hypothesize the existence of adapta-
tion mechanisms that regulate the for-
mation and stability of AJs in different
cellular contexts to allow the dynamic
behavior of these complexes during tis-
sue homeostasis and remodeling.

Introduction

Cadherin-based structures are funda-
mental for the maintenance of cell-cell
adhesion, tissue architecture and for the
integration of signaling cues that preserve
tissue homeostasis.! They were initially
described in 1963 by Marilyn Farquhar
Palade using

and  George electron

BioArchitecture

microscopy,” but it was not until the late
70s when the groups led by Takeichi,
Kemler and Jacob identified and charac-
terized the first component of the AJs: the
transmembrane protein cadherin.’”

Cadherins exert their functions via
a group of intracellular proteins termed
catenins. At adhesion sites, pl20 binds
directly to the juxtamembrane domain of
the cadherin tail and controls its stability
at the membrane.® B-catenin, a transcrip-
tional coactivator of the Wnt pathway, also
binds the C-terminal domain of cadherins
mediating the connection with a-catenin.’
In turn, a-catenin interacts with actin
binding proteins connecting the cadherin
complex to the actin cytoskeleton. This
connection has been thoroughly studied
and is fundamental for cells within tissues
to function as cohesive sheets.®

The dynamic regulation of cadherin
cell adhesion is critical during develop-
ment and adult tissue homeostasis. At the
organismal level, absence of E-Cadherin
(ECad) is embryonically lethal at the
blastocyst stage,” whereas in adult tissues,
alterations in cadherins have a causal role
in cancer progression and metastasis.'*!!

Due to the relevance of cadherins in
human disease, substantial efforts have
been made to understand the mechanisms
that dynamically regulate the surface lev-
els of cadherins. Phosphorylation, proteo-
lytic cleavage, regulation of actomyosin
contractility and trafficking of cadherins
are all dynamic processes that impact
on cadherin levels at the membrane, and
thus, on the adhesive properties of cells.™?
However, the role of microtubules and
their associated proteins in the dynamic
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regulation of cadherins at the membrane
is still not well understood. More impor-
tantly, one of the challenges in the field is
to understand how the MT-A] connection
preserves cell-cell adhesion in the physi-
ological context of tissues.

In recent years, several findings have
started to illustrate the organization of
microtubule networks in the epidermis.”
This self-renewing stratified tissue is able
to regenerate due to the presence of pro-
genitor cells located in the innermost basal
layer, that undergo terminal differentia-
tion to form the suprabasal postmitotic
layers and sustain the epidermal barrier
function of skin.

We have recently identified a novel
interaction between the MT binding pro-
tein CLASP2 and the AJ component p120.
This interaction mediates MT targeting to
AJs specifically in progenitor cells of the
epidermis, where it controls the dynam-
ics of A] components and impacts on the
adhesive properties of these cells." In this
commentary, we will highlight the major
findings of our work and globally discuss
the role of MTs in the maintenance of
adhesion in different cellular contexts.

Microtubules and Adherens
Junctions

Simple epithelial cells exhibit polarized
apical and basolateral surface domains,
which present a distinct composition of
proteins and lipids. This organization is
accompanied by non-centrosomal arrays
of MTs that align parallel to the apical-
basolateral polarity axis.” In addition, a
number of MTs that emanate from the api-
cal centrosome projecting their plus-ends
to the cell cortex can be identified.'® In the
epidermis, this organization is established
across the stratified tissue. Basal progeni-
tor cells present a centrosomal MT net-
work, while suprabasal postmitotic cells
exhibit non-centrosomal MT arrays at the
cell cortex.?

Using simple epithelial cells in cul-
ture, diverse mechanisms of MT inter-
actions with AJ components have been
proposed.”?* Indeed, both MT plus-ends
and minus-ends have been observed at AJs
by electron microscopy.” However, the
specific functions that MTs play at AJs
remain under debate.
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Pioneering experiments using MT
depolymerizing drugs such as Nocodazole
(noc) have undoubtedly implicated MTs
in AJ homeostasis, but depending on the
cellular context different outcomes have
been observed. MT depolymerization
compromised AJ formation in PtK2 kid-
ney epithelial cells,” but had no effect in
AJ formation in L cells expressing ECad
or MDCK kidney cells.*** In terms of
maintenance of AJs, MT depolymeriza-
tion in monolayers of primary thyroid
cells or newt lung epithelial cells induced
AJ discontinuities.”*?” The opposite effect
was observed in human colonic epithelial
cells (SK-CO-15). MT depolymerization
inhibited junction disassembly, suggesting
that MTs are required for cadherin endo-
cytosis in this cellular system.?

In our work using confluent primary
mouse keratinocytes (mKer) we observed
that treatment with noc did not disas-
semble AJs. In fact, the surface levels of
cadherins increased with time, suggesting
that most likely cadherins were not inter-
nalized." In terms of AJ formation we did
not observe any apparent abnormalities in
their assembly (unpublished observations).
This resembles the behavior observed at
cell-extracellular matrix (ECM) adhesion
sites termed Focal Adhesions (FAs), in
which noc treatment induces FA forma-
tion via RhoGTPase, and MT regrowth
after noc induces FA disassembly.”

The diverse effects observed in dif-
ferent cell types may reside in the use of
different noc concentrations, incomplete
MT depolymerization and/or cell context.
However, these results globally underscore
the relevance of MTs in the assembly/dis-
assembly of cadherin complexes depend-
ing on the cellular system. One of the
current challenges in the field is to find
scaffolding molecules in specific tissues
that link MTs to AJs and regulate their
functional activity.

p120 and CLASP2: A Novel Link
Between MTs and AJs in Primary
Mouse Keratinocytes

pl120 is best known for its role as a
regulator of cadherin stability at the mem-
brane, but in the last decade a number
of connections between pl20 and MTs
have been documented, placing p120 at
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the crossroads of cell adhesion and MT
regulation.

p120 has been shown to bind directly
the kinesin motor KIF5 and this link
may be relevant for cadherin traffick-
ing.>*3! p120 also interacts directly with
MTs throughout the entire MT lat-
tice,?? leading to an increased MT stabil-
ity in a cadherin-independent manner.*
Interestingly, p120 was found to capture
MT at AJs in simple epithelial cells. In
this scenario, pl120 interacts with non-
centrosomal MT minus-ends via the MT
minus-end binding protein Nezha and its
associated protein PLEKHA7.%!

How are MTs targeted to AJs in basal
mKer? To answer this question, we per-
formed a yeast-two hybrid screen search-
ing for novel p120 interactors that could
mediate MT targeting to AJs in basal
mKer, and we identified the MT binding
protein CLASP2 (CLIP-associated protein
2). CLASP2 belongs to the +TIP family of
proteins, which track only the plus-ends of
MTs.** In particular, CLASP2, together
with CLASP1, are major MT stabilizing
factors at the cortex, preventing MT catas-
trophe and promoting MT pausing in a
polarized manner.”>3¢ Thus, CLASP2 was
an ideal candidate to mediate interactions
between MT plus-ends and AJs in basal
epidermal cells.

According to the “search and capture”
hypothesis, MT attachment to cortical
sites leads to MT stabilization.”” Thus, we
envisioned a working model in which MT
targeting to AJs via the CLASP2-p120
interaction would lead to MT stabiliza-
tion at sites of cell-cell adhesion. Indeed,
CLASPs have already been proposed to
mediate cortical capture of MTs at cell-
ECM adhesion sites. CLASPs interact
with proteins located in the vicinity of
FAs (LL5a and LL5B).%® The absence of
CLASPs or LL5s leads to a decrease in MT
density at cell-ECM adhesion sites and an
increase in MT growth rate.”” In the same
way, we observed a decrease in MT den-
sity and stability and an increase in MT
growth rate at AJs in the absence of either
CLASP2 or p120. Therefore, our results
expand the role of CLASP2 as a cortical
MT anchor to AJs.

Furthermore, MTs have been pro-
posed to stabilize cell-cell adhesions.?>%
In this regard, our results indicate a role
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for CLASP2 in the formation and
maintenance of proper AJ dynam-
ics. In the absence of CLASP2, AJs
do not properly form and p120 has
decreased dynamics at cell-cell con-
tacts. So far, the role of CLASP2 in
terms of formation and stability of
FAs has not been evaluated. Thus, to
our knowledge this is the first time
a role for CLASP2 in the mainte-
nance of adhesion homeostasis is
described, and future research will
clarify whether CLASP2 functions
are shared both at FAs and AJs.

MT Plus-Ends as Platforms
for Protein Interactions
atAlJs

CLASDPs were described as CLIP
interacting proteins that bind MT
plus-ends in an EBl dependent
manner.’**° Additional studies have
shown that Drosophila CLASP inter-
acts with ACF7 (Actin crosslinking
family 7)* and in mammalian cells
CLASP2 functions downstream of
ACF7 during polarized cell migra-
tion.”> CLASP2 also interacts
with the Rac and Cdc42 effector
IQGAPI1, which has fundamental
roles during cell-cell contact forma-
tion.> Which other MT binding
proteins have been studied in the
context of AJs? And how do they fit
in our model? (Fig. 1).

The most accepted mechanism
for MT plus-end capture at AJs is
the interaction between dynein and
B-catenin described in PtK2 cells. It
has been proposed that dynein teth-
ers MTs to AJs in a 3-catenin depen-
dent manner.”?® The distribution
of this macromolecular complex has
not been explored in the epidermis,
but the +TIP protein and dynein reg-
ulator LIS1localizes to desmosomes
in suprabasal mKer.”* Absence of
LISI in the epidermis leads to altered
MT organization in suprabasal mKer
and desmosomal defects.

The CLIP-170-IQGAP1 interac-
tion has been described as a mecha-
nism for MT capture at the leading
edge of migrating fibroblasts.*
IQGAPI1 also localizes to sites of
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Figure 1. Mechanisms of MT interactions with AJs. In basal progenitor cells of the epidermis the
CLASP2-p120 interaction leads to MT targeting to AJs. ACF7 localizes to cell-cell contacts in primary mKer.
It remains to be addressed whether it is also associated to CLASP2 at these sites. Regarding MT minus-
ends, their interaction with AJs in epidermal cells has not been experimentally validated. In simple epi-
thelial cells different mechanisms of MT interactions with AJs have been proposed depending on the cell
context. In particular, CLIP170, dynein and APC have been implicated in mediating the interaction of MT
plus-ends with cadherin-based adhesions. The more mature AJs termed zonula adherens interact with
MT minus-ends via the p120-PLEKHA7-Nezha complex.
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cell-cell adhesion,*? but whether the CLIP-
170-IQGAP1 interaction mediates MT
targeting to AJs has not been formally
tested. IQGAP1 is known to bind directly
B-catenin, inhibiting the B-catenin-o-
catenin interaction, and leading to cell-
cell dissociation. Thus, it is unlikely that
the CLIP-170-IQGAP1 interaction rep-
resents a mechanism of MT targeting to
AJs. Furthermore, CLIP-170 is preferen-
tially expressed in suprabasal epidermal
cells,® where it may potentially associate
with LIS1.%° It should be noted that in the
neuromuscular junction, CLIPs seem to
function together with CLASP2 in target-
ing MTs to these sites,” suggesting differ-
ential functions in these tissue contexts.

Another candidate is APC
(Adenomatous Polyposis Coli), which is
found at AJs in both Drosophila and mam-
malian cells.?>*® At these sites it seems to
interact with cortical actin, but whether it
mediates MT capture together with EBI
remains to be experimentally validated.'®
ACF7 has also been observed at AJs in pri-
mary mKer but its function at this loca-
tion is not yet understood."”

Whether all these MT associated pro-
teins interact with CLASP2 at AJs, or
form part of independent MT subsets
associated to cell-cell contacts remains to
be explored. This type of compartmen-
talization has been observed at the lead-
ing edge of migrating PtK1 cells in which
CLASP2 and APC decorate different sub-
sets of microtubules.”” Given the fact that
MT depolymerization does not perturb
CLASP2 localization to AJs, we hypoth-
esize that CLASP2 could further interact
with cortical proteins such as ACF7 or
actin. The cortical localization of numer-
ous +TIP proteins is not affected after
depolymerization of the MT network with
noc. This is the case for ACF7 at AJs,”
CLASD:s at the leading edge of migrating
cells,>3¢3% and APC both at cell-cell con-
tacts and at the leading edge of migrating
cells.»»°

Thus, we propose a model in which
there are two pools of CLASP2 at AJs:
a MT plus-end-associated pool, and a
MT-independent pool. The latter could be
forming additional complexes with actin,
ACF7, APC or IQGAP1 and this may be

relevant for the proper organization and

28

dynamics of A] components. Such a model
of actin-dependent and MT-dependent
pools has already been described for APC
and could represent a general feature of
+TIP proteins that bind both actin and
MT cytoskeletons.” From our own results
and what has already been published,
CLASPs, APC and ACF7 share a cortical
MT-targeting function both at cellECM
and cell-cell adhesion sites.

In addition, we have observed that
although CLASP1 moderately localizes
to AJs, its deficiency leads to a clear delay
in the formation of AJs, a phenotype that
worsens when both CLASP2 and CLASP1
are missing. Future work will shed light
onto the mechanisms and functions of

CLASPT at AJs.

CLASP2 in Progenitor Versus
Differentiated Epidermal Cells

MTs in the basal layer of the epidermis
present a centrosomal organization, with
their plus-ends projecting towards areas
of cell-cell contact.”® This correlates with
one of the most interesting aspects of our
work, the enrichment of CLASP2 in the
basal progenitor cells of the epidermis.
Upon differentiation, the MT network
reorganizes and concentrates at sites of
cell-cell adhesions in a desmosome-depen-
dent manner.”® We not only observed that
CLASP2 levels decreased upon differ-
entiation, but also that Nezha localized
to cell-cell contacts in suprabasal cells.
Interestingly, both CLASP2 and Nezha
bind to the N-terminal domain of p120,
which is expressed across the epidermal
layers. This finding led us to hypothesize
that MT plus-ends preferentially asso-
ciate to AJs in basal progenitor cells via
the CLASP2-p120 interaction, whereas
in suprabasal differentiated cells, MT
minus-ends associate to cell-cell contacts
together with Nezha and p120. Whether
Nezha is recruited to desmosomes or
remains associated to AJs in suprabasal
epidermal cells remains to be addressed.

In conclusion, this particular comparti-
mentalization may be relevant for different
subsets of epidermal cells (proliferating vs.
differentiated) to meet their specific func-
tional requirements. We hypothesize that
basal progenitor cells undergo frequent AJ
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dynamic rearrangements to fuel proper
epidermal regeneration, compared with
those in suprabasal-differentiated layers.
Interestingly, this also parallels what has
been observed in simple epithelial cells,
where p120 binds to the complex formed
by PLEKHA7 and Nezha in a specialized
and mature A] compartment called zonula
adherens but not at the more dynamic lat-
eral AJs.”! Overall, these findings suggest
the existence of a compartmentalization
of MTs at AJ sites in simple and stratified
epithelia, which probably regulates their
dynamic state.

Conclusions

In closing, we have uncovered that
the novel interaction between CLASP2
and p120 leads to MT targeting to AJs in
basal progenitor mKer. Absence of either
protein leads to A] and MT alterations,
suggesting that their cooperative interac-
tion may be responsible for the dynamic
regulation of cell-cell adhesion in epider-
mal progenitor cells.

Our findings illustrate the need to fur-
ther explore how different mechanisms of
MT-A] interaction function in specific
cell types within the physiological context
of diverse tissues. In addition, the future
development of genetically modified
mouse models will help us to understand
if these processes hold epidermal progeni-
tor cells into stemness and contribute to
tissue architecture and function.
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