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The secret life of a-catenin: Moonlighting

in morphogenesis

Stephanie L. Maiden and Jeff Hardin

Molecular and Cellular Pharmacology Program and Department of Zoology, University of Wisconsin-Madison, Madison, WI 53706

Cadherin-based intercellular adhesions are important de-
terminants of proper tissue architecture. These adhesions
must be both stable and dynamic to maintain tissue integ-
rity as cells undergo morphogenetic movements during
development. The role of a-catenin in this process has
been vigorously debated due to conflicting in vitro and
in vivo evidence regarding its molecular mechanism
of action. Recent data supports the classical view that
a-catenin facilitates actin attachments at adherens junc-
tions, but also suggests that a-catenin may act as a force
transducer, and may have additional roles in the cytoplasm.
These multiple functions for a-catenin converge on the
regulation of adhesion and may help to explain its stable
yet dynamic nature.

Introduction

The challenge of morphogenesis: Balancing adhe-
sive stability and pliancy. During morphogenesis in ani-
mal embryos, changes in tissue architecture are supported by
stable adhesive interactions between neighboring cells. At the
same time, however, local changes in cell attachments and posi-
tion require these adhesive interactions to be highly dynamic
(Gumbiner, 1996). How cells are able to measure and respond
to morphogenetic forces and change the strength of cell—cell
adhesions accordingly is a critical question in developmental
biology. Intercellular adhesions also support other aspects of
tissue formation, including cell sorting and recognition, and the
acquisition of apicobasal polarity in epithelial cells (Gumbiner,
1996; Takeichi, 1991). Adhesion is likewise important in main-
taining mature tissues, as disruption of proteins involved in
intercellular adhesions can lead to a variety of pathologies, in-
cluding heart dysfunction (Radice et al., 1997; Luo et al., 2001;
Kostetskii et al., 2005; Sheikh et al., 2006), tumorigenesis and
metastasis (Benjamin and Nelson, 2008), and hyperprolifera-
tion related to up-regulated cell signaling (Vasioukhin et al.,
2001; Lien et al., 2006).
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The cadherin-catenin complex: Deceptively
simple? A key cell-cell adhesion structure is the adherens
junction (AJ), which features the highly conserved cadherin—
catenin complex (CCC; Fig. 1 A). Three decades ago, cadherins
were identified as calcium-dependent transmembrane glycopro-
teins that mediate adhesion through homophilic interactions of
their extracellular domain with cadherins on adjacent cells (for
historical review, see Franke, 2009). Not long after the discov-
ery of cadherins, three distinct proteins termed catenins were
found to be associated with their cytoplasmic tails (Ozawa
et al., 1989; Reynolds et al., 1994). 3-Catenin, which was soon
realized to be a member of a highly conserved family of pro-
teins that includes Drosophila Armadillo (Peifer et al., 1992),
contains 12 a-helical armadillo (arm) repeats and binds directly
to the tail of cadherin (Stappert and Kemler, 1994; Huber et al.,
1997a). B-Catenin also binds directly to a-catenin (Aberle
et al., 1994; Huber et al., 1997b), and in addition to its role in
cell—cell adhesion, has functions in Wnt signaling (Nelson and
Nusse, 2004). A fourth conserved member of the CCC is p120-
catenin, an arm repeat protein that binds a juxtamembrane
region of the cadherin cytoplasmic tail and is known to be an
effector of Rho GTPases and to be involved in regulating cad-
herin stability (Anastasiadis, 2007).

a-Catenin (Fig. 1 B) is an actin-binding and -bundling
protein (Rimm et al., 1995) that contains three domains (VH
domains) homologous to another actin-binding and -bundling
protein, vinculin (Herrenknecht et al., 1991; Nagafuchi et al.,
1991). The N terminus of a-catenin contains a [3-catenin-binding
site (Aberle et al., 1994; Huber et al., 1997b; Koslov et al.,
1997; Nieset et al., 1997; Pokutta and Weis, 2000), whereas the
C terminus contains the actin-binding domain (Nagafuchi et al.,
1994; Imamura et al., 1999; Pokutta et al., 2002). Other binding
partners include an assortment of actin-related proteins, includ-
ing vinculin itself (Watabe-Uchida et al., 1998; Weiss et al.,
1998; Imamura et al., 1999), a-actinin (Knudsen et al., 1995;
Nieset et al., 1997), ZO-1 (Itoh et al., 1997; Imamura et al., 1999),
afadin (Pokutta et al., 2002), formin-1 (Kobielak et al., 2004),
and Rho (Magie et al., 2002). These features made «-catenin a
logical choice for linking the CCC directly to the actin cytoskel-
eton. A simple model predicted that cadherin, -catenin, and
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Figure 1. The role of a-catenin in cell-cell adhesion. (A) The cadherin-

catenin complex (CCC). The transmembrane cadherin mediates cell—cell
adhesion through calcium-dependent homophilic binding of an adjacent
cadherin. Intracellularly, cadherin interacts directly with p120-catenin and
B-catenin. a-Catenin joins the complex by binding to B-catenin through its
N terminus, while the Cerminal actin-binding domain recruits the actin
cytoskeleton. (B) Key features of a-catenin, including the three vinculin
homology (VH) domains and the binding sites of several proteins discussed
in this review.

a-catenin bind one another as a ternary complex with 1:1:1 stoi-
chiometry, which in turns binds F-actin (Rimm et al., 1995;
Pokutta et al., 2002; Pappas and Rimm, 2006).

This simple and appealing model for a-catenin function
left several unanswered questions. First, how is it that a quater-
nary complex of CCC + F-actin can mediate dynamic adhesions
that are still capable of resisting mechanical tension, as must be
true in developing embryos? Second, are there roles for addi-
tional actin-binding proteins that connect to the adherens junc-
tion through a-catenin? Third, are there any roles for a-catenin
beyond its function as a simple linker between the CCC and
F-actin? Collaborative studies from Nelson, Weis, and colleagues
on the vertebrate epithelial isoform of a-catenin, aE-catenin,
have challenged the earlier, simple models for a-catenin func-
tion. These studies indicated that the binding affinities of
aE-catenin appear unexpectedly complex: purified aE-catenin
could bind E-cadherin—f3-catenin or F-actin in vitro, but these
binding events appeared to be mutually exclusive. Moreover,
quaternary CCC + F-actin complexes could not be reconstituted
on membrane patches (Yamada et al., 2005). Other structural
studies further suggested that the N terminus of a-catenin con-
tains overlapping and mutually exclusive binding sites for itself
and B-catenin that form a conformational “switch” (Pokutta and
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Weis, 2000). Moreover, the affinity for F-actin was higher for
oE-catenin homodimers compared with oE-catenin—3-catenin
heterodimers, and these homodimers could, at fairly high con-
centrations, inhibit Arp2/3-dependent actin polymerization
in vitro (Drees et al., 2005). Taken together, these studies sug-
gested that aE-catenin homodimers might regulate actin dy-
namics independently of direct physical association with the
CCC (Drees et al., 2005; Yamada et al., 2005; for a more de-
tailed analysis of this work, see Gates and Peifer, 2005; Pokutta
et al., 2008).

From simplicity to complexity: Re-evaluating
the role of «-catenin during morphogenesis. In light
of the new evidence on aE-catenin function, as well as the re-
maining questions regarding how adhesions are regulated dur-
ing development, efforts have been made to reevaluate the role
of a-catenin at AJs and to define its exact molecular activities.
In this review, we discuss new and classical experiments that
provide evidence for a-catenin—dependent actin attachment to
the AJ; we also present emerging evidence that o-catenin can
act as a force transducer and that it may have additional roles in
the cytoplasm. These seemingly disparate functions may better
explain how a-catenin is able to modulate the stability of the AJ
and how it participates in morphogenetic processes.

Direct or indirect: Probing the linkage of
the CCC to actin

Testing direct linkage through cadherin-a-catenin
chimeras. Once a- and (-catenin were identified as intra-
cellular binding partners of cadherin, it was soon realized that
cadherins lacking the cytoplasmic tail no longer bind to catenins
(Nagafuchi and Takeichi, 1989; Ozawa et al., 1989, 1990), are
nonfunctional in adhesion, and fail to interact with the actin
cytoskeleton (Nagafuchi and Takeichi, 1988). If a-catenin
provides a direct linkage between cadherins and F-actin, a
straightforward prediction is that a cadherin—a-catenin chimera
should confer cell-cell adhesion abilities on cells that lack
cadherin function. To test this hypothesis, chimeric fusions
that directly linked portions of aE-catenin to a nonfunctional,
C-terminally deleted E-cadherin construct (Fig. 2 A) were ex-
pressed in fibroblasts lacking cadherin activity. In this assay,
both the full-length aE-catenin fusion (nEa) and a fusion with
only the C terminus of aE-catenin (nEaC) were sufficient to
confer strong adhesion and recruit F-actin, but a fusion contain-
ing only the N terminus of aE-catenin (nEaN) was not (Nagafuchi
et al., 1994; Imamura et al., 1999). Although there is some con-
cern about the levels of endogenous a-catenin in these assays
(possibly dimerizing with the fusions; see the discussion at the
end of this section), these studies suggested that cadherin—
a-catenin chimeras are sufficient for rescue in cultured cells,
and that this rescue requires the C terminus of oE-catenin.

In vivo, adhesions must be dynamically regulated. To test
whether cadherin—a-catenin chimeras are sufficient in vivo, a
similar experiment has been conducted in Drosophila (Pacquelet
and Rgrth, 2005) using both a nonfunctional DE-cadherin lack-
ing the cytoplasmic tail (ACyt) and a full-length DE-cadherin,
each fused to a-catenin (Fig. 2 B). The DE-cadherinACyt—
a-catenin fusion was able to rescue adhesion defects seen in
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Figure 2. Structure and function of chimeric adhesion constructs. Fusions b
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etween the cytoplasmic tail of cadherins and a-catenin, or between cadherin

and actin-binding proteins, have been used to probe the connection between the CCC and the actin cytoskeleton. Note: Not all of the chimeras used in
each experiment are depicted in this schematic; only those discussed in this review are shown. (A) Chimeric fusion constructs of mammalian E-cadherin and

aE-catenin (Nagafuchi et al., 1994; Imamura et al., 1999). (B) Chimeric fu
(C) Chimeric fusion of mammalian «E-catenin and formin-1(IV) (Kobielak et
and Takeichi, 2008).

DE-cadherin null mutants during oogenesis, including follicle
cell sorting, loss of epithelial integrity, and oocyte misposition-
ing, but not defects in border cell migration. In contrast, the full-
length DE-cadherin—a-catenin fusion was able to rescue all
defects, including border cell migration. This latter result was
independent of B-catenin because the construct was still able to
rescue the same defects in arm null mutants (Pacquelet and Rgrth,
2005). Interestingly, Nagafuchi et al. (1994) saw defects in inter-
cellular motility in their original cell culture fusion experiments
where they also used a nonfunctional cadherin lacking the cyto-
plasmic domain (Fig. 2 A). They concluded this effect might be
due to a lack of B-catenin at the junction (Nagafuchi et al., 1994),

sions of Drosophila DE-cadherin and a-catenin (Pacquelet and Rerth, 2005).
al., 2004). (D) Chimeric fusion of mammalian E-cadherin and EPLINa (Abe

but unfortunately, no follow up experiments were conducted to
test this theory. It would be interesting to see if a full-length cad-
herin fused to a-catenin is able to rescue this intercellular motil-
ity defect in cells lacking endogenous B-catenin, which would
correlate with the D. melanogaster study.

Both the cell culture and D. melanogaster chimeric fusion
results support the idea that the predominant function of
{3-catenin is to link cadherin to a-catenin and thus the actin cyto-
skeleton, and that modulation of this link is unnecessary. This
finding was not as surprising in a simple cell culture system as
it was in D. melanogaster, where the chimeric fusions not
only rescued basic adhesions but also complex morphogenetic

The secret life of a-catenin ¢ Maiden and Hardin
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movements in the absence of 3-catenin. There are, however,
caveats to these experiments. In both the fibroblasts and Dro-
sophila embryos used in these experiments, there was at least
some endogenous a-catenin expression, which could compli-
cate the interpretations because mammalian aE-catenin is
known to homodimerize. Moreover, although the chimeric con-
structs were sufficient to rescue adhesion, full-length a-catenin
may be necessary for other activities that were not assayed in
these experiments, or were masked because of residual endoge-
nous expression. Conclusive corroboration of these results
awaits testing in true a-catenin null mutants.

w-Catenin as an intermediary. In part because of
the recent doubts cast on the simple, direct linkage model, other
studies have used the same basic chimeric construct approach
to examine the possibility that other junctional actin-associated
proteins provide an indirect link to the actin cytoskeleton through
a-catenin. Formin-1, which nucleates unbranched actin fila-
ments, was identified as a binding partner of a-catenin in a yeast
two-hybrid screen of cDNAs from newborn mouse epithelia
(Kobielak et al., 2004). Formin-1 localizes to nascent AJs and
coimmunoprecipitates with a-catenin in wild-type keratino-
cytes. In contrast, formin-1 fails to localize to AJs in cells lack-
ing endogenous a-catenin, which lack the radial actin cables
typical in wild-type cells. To determine if formin-1 is able to
modulate actin organization at the junction independent of most
of a-catenin, chimeric fusions were created that link the 3-catenin
binding site of a-catenin to the actin polymerization domains
(FH1-FH2) of formin-1 (Fig. 2 C). In a-catenin null keratino-
cytes expressing this construct, cells were able to form nascent
AlJs with properly localized radial actin cables (Kobielak et al.,
2004). Similar results were subsequently obtained for EPLIN, an
actin-binding protein that stabilizes actin filaments by suppress-
ing depolymerization. Like formin-1, EPLIN could be coimmuno-
precipitated from mouse tissue lysates with CCC components.
EPLIN colocalizes with the CCC in multiple epithelial cell lines,
and this association is perturbed when adhesion is disrupted by
a-catenin depletion (Abe and Takeichi, 2008). A chimeric fusion
of a nonfunctional cadherin with full-length EPLIN (Fig. 2 D)
expressed in the fibroblast cells used in the original studies of
Nagafuchi et al. (1994) rescued nascent AJ formation and re-
cruitment of radial actin cables similar to cadherin—a-catenin
fusions (Abe and Takeichi, 2008). Taken together, these experi-
ments support a role for other actin-binding proteins in linking
the CCC to F-actin in an a-catenin—dependent fashion. To what
extent such indirect linkages contribute to actin recruitment to
the CCC under normal circumstances is unclear, as is whether
such linkages are mutually exclusive of direct binding of
a-catenin to F-actin.

a-Catenin under stress: Roles as a dynamic
mechanical modulator

a-Catenin during actomyosin-mediated contractile
events. However a-catenin may mediate actin attachment to
the CCC, recent studies in model organisms implicate o-catenin
in conferring the ability of the CCC to dynamically associate
with the F-actin cytoskeleton in cells under tension. During Cae-
norhabditis elegans embryogenesis, contractile stress transmitted
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through circumferential actin filament bundles that are anchored
to the adherens junctions in the outer epithelial cells mediates
elongation of the embryo. Mutations in the C-terminal actin-
binding domain of hmp-1, the worm homologue of a-catenin,
result in defects in the organization of circumferential actin fila-
ment bundles during this morphogenetic process. These defects
include large gaps and bunching between the normally equally
spaced parallel actin filaments, as well as an absence of F-actin
at AJs (Costa et al., 1998; Pettitt et al., 2003; Kwiatkowski
et al., 2010), which leads to physical ripping of AJs as epidermal
cells generate myosin-dependent tensile forces (Costa et al.,
1998). In embryos lacking maternal ~mp-1 mRNA, an earlier
defect occurs, as the initial attachment of epidermal cells at the
ventral midline fails. In this case, nascent adhesions cannot
withstand tension generated within the epithelium during ven-
tral enclosure (Raich et al., 1999).

Roles for a-catenin in junctions under stress have also
been identified in Drosophila. In early embryonic epithelia of
D. melanogaster, E-cadherin and a-catenin localize to extremely
stable microdomains called spot AJs. Some of the F-actin con-
tained in these microdomains is resistant to latrunculin A, a
known inhibitor of actin polymerization. The localization of sta-
ble F-actin to these spot AJs is unperturbed after knockdown
of a-catenin via RNAI, indicating that a-catenin is not required
to maintain stable F-actin at these spots. However, a-catenin
knockdown prevents the lateral diffusion of spot AJs after ablat-
ing the stable F-actin using nanojoule pulses of a near-infrared
laser (nano-scissors), indicating a role for a-catenin in mediating
the more dynamic, junctional pool of F-actin with respect to spot
AJ mobility (Cavey et al., 2008). More recent work suggests that
myosin-dependent events at the junction may be affected by a
dynamic, nonjunctional actomyosin network (Rauzi et al., 2010).
Taken together, these studies indicate that in vivo, a-catenin is
crucial for dynamic actin recruitment, and that at least some of
these functions are mediated by the same region of a-catenin
that normally enables it to bind F-actin in vitro. Whether these
functions are mediated directly via F-actin binding, or indirectly
through other actin-binding proteins such as formin-1 and
EPLIN (Kobielak et al., 2004; Abe and Takeichi, 2008; Cavey
et al., 2008), remains unclear. Dissecting these possibilities awaits
further analysis of amino acids in the C terminus of a-catenin
that mediate one or both functions in vivo.

Potential roles in mechanotrans-
duction. Because cells and tissues during morphogenesis often
experience contractile forces, it seems logical that a pathway
should exist to measure and respond to these forces appropri-
ately to maintain tissue integrity. Proteins involved in adhesive
interactions have been likely candidates because they are di-
rectly responsible for maintaining stable tissues during morpho-
genetic movements. Integrins have been studied for many years
as mechanosensors in cell-matrix adhesions. The size of integrin-
containing focal adhesions depends not only on the amount of
tension on specific adhesions, but also on the rigidity of the sub-
strate, with larger focal adhesions forming under more tension
and higher rigidity (Bershadsky et al., 2003). The downstream
effectors of this pathway include talin, which connects integrins
to the actin cytoskeleton, and vinculin. Increased association of
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vinculin with focal adhesions is force dependent. Talin contains
cryptic vinculin-binding sites that are exposed in response to
force exerted on talin through its binding to the actin cytoskele-
ton (del Rio et al., 2009). Tension on vinculin itself has recently
been measured using Forster resonance energy transfer (FRET),
and highest tension is associated with expanding focal contacts
at the leading edges of migrating cells (Grashoff et al., 2010).

Like cell-matrix contacts, cell-cell adhesions must pre-
sumably have tension-sensing capabilities. Several studies have
shown that vinculin localizes to AJs through binding to residues
325-402 of a-catenin (Watabe-Uchida et al., 1998; Weiss et al.,
1998; Imamura et al., 1999; Yonemura et al., 2010). Given its
pivotal role in recruitment of actin to AJs and its ability to bind
vinculin, a-catenin is a sensible candidate for mediating such
mechanotransduction at AJs. Two recent studies suggest that
a-catenin can indeed function in this manner. Treatment of epi-
thelial cells with a myosin II inhibitor abrogates vinculin localiza-
tion at AJs, suggesting that vinculin recruitment is tension
dependent (Yonemura et al., 2010). Analysis of aE-catenin
deletion constructs further suggests that a-catenin contains a
conformation-dependent inhibitory region that prevents vinculin
binding under low-stress conditions. Release of this inhibition
requires both applied tension and the C-terminal actin-binding
domain of aE-catenin (Fig. 3). Interestingly, a monoclonal antibody
to aE-catenin also localizes to AJs in a force-dependent manner;
the epitope has been mapped to the region between the vinculin-
binding site and the putative inhibitory region (Yonemura et al.,
2010). A second study, this time using magnetic twisting cytom-
etry, also identified the CCC as a mechanosensor that acts via
force-dependent vinculin localization. Applying force to beads
coated with Fc-E-cadherin attached to the dorsal surface of cul-
tured cells causes decreased bead displacement over time, imply-
ing a stiffening response to prolonged loading (le Duc et al.,
2010). This stiffening response decreases when cells are treated
with inhibitors of either actin or myosin II, as well as in vinculin
knockout cells. Although le Duc et al. (2010) did not address the
role of a-catenin in mechanosensing directly, their results are con-
sistent with a model of force-dependent conformational change in
a-catenin’s binding affinities that allows additional adaptor pro-
teins to bind to AJs under conditions of heightened tension.

These in vitro studies provide evidence that a-catenin
may serve as a tension sensor that can modulate the strength of

turn recruit additional F-actin to the CCC (Yonemura

etal., 2010).

8665535833

F-actin

actin attachments at AJs. But is the C-terminal actin-binding
activity of a-catenin itself regulated via tension? Although such
a role has not been shown, studies of the C. elegans homologue
of a-catenin, HMP-1, are suggestive (Kwiatkowski et al., 2010).
HMP-1 may be useful for examining vinculin-independent
mechanotransduction mediated via a-catenin because the vin-
culin homologue DEB-1 has not been shown to be expressed in
epithelial cells in worms (Barstead and Waterston, 1989). Some-
what surprisingly, unlike vertebrate aE-catenin, even under the
most favorable conditions recombinant HMP-1 cannot homo-
dimerize. Nevertheless, HMP-1 appears to undergo regulated
binding to F-actin. In an actin cosedimentation assay, full-length
recombinant HMP-1 does not pellet significantly with F-actin.
Sequential addition of recombinant HMR-1/cadherin, HMP-2/
-catenin, and full-length HMP-1/a-catenin to form the ter-
nary complex did not increase avidity for F-actin. In contrast,
however, C-terminal fragments of HMP-1 that contain the
actin-binding domain cosediment at levels comparable to the
same region of mammalian aE-catenin. These data suggest that
binding of F-actin to HMP-1 is regulated by intramolecular in-
hibition that is neither alleviated by homodimerization nor for-
mation of the ternary complex (Kwiatkowski et al., 2010). The
precise basis for this intramolecular regulation is unknown, as
is how widespread such regulation is among a-catenin family
members. However, it is appealing to speculate that a-catenin is
tightly regulated, both in terms of its ability to recruit secondary
sites for F-actin attachment via other actin-binding proteins and
in terms of its own ability to bind F-actin. In the case of C. ele-
gans HMP-1, such regulation would have a clear physiological
role. As the embryo elongates, tension is exerted along circum-
ferential actin filament bundles, which in turn must be stably
anchored to the plasma membrane through the CCC (Priess and
Hirsh, 1986). Tension-dependent enhancement of the stability
of the connection between HMP-1 and actin could thereby pro-
mote the reliability of this actin-dependent morphogenetic
process. Recent work by Zhang et al. (2011) has further im-
plicated fibrous organelles, hemidesmosome-like, intermediate
filament-based attachment structures in the C. elegans epider-
mis, as part of a multi-tissue, mechanosensory feedback loop
during elongation (Zhang et al., 2011). How this feedback loop
relates to the CCC during elongation is an interesting question
for future study.

The secret life of a-catenin ¢ Maiden and Hardin
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More than a linker: Additional roles
of a-catenin
a-Catenin in the cytosol: Potential new roles for a
versatile protein. Cell-cell interactions are crucial not only
for allowing cells to adhere to one another, but for regulating
cell proliferation and down-regulating excess motility as cells
form stable adhesions in epithelia. Indeed, cell adhesion
molecules are well known as tumor suppressors (Hanahan and
Weinberg, 2011). Within the CCC, the prototype in this regard
is B-catenin, which is well known to serve double duty as a
downstream component in Wnt signaling (Cadigan and Peifer,
2009; Heuberger and Birchmeier, 2010). Recent experiments
suggest that a-catenin also lies at the intersection of cell—cell
adhesion and cell signaling. Although an irenic synthesis of
a-catenin’s nonjunctional roles awaits future experiments, here
we review some of these functions, and suggest potential con-
nections to the “canonical” functions of a-catenin at junctions.
Several early studies suggested that a significant fraction
of the total cellular pool of a-catenin may exist in the cytosol.
In Xenopus embryo extracts, both immunodepletion of extracts
using anti-cadherin antibodies and sucrose gradient fraction-
ation suggested that a large fraction of total a-catenin, like
[B-catenin, is nonjunctional (Schneider et al., 1993). In cultured
cells, not all a-catenin cosediments with cadherin-containing
fractions, consistent with the results from Xenopus (Gottardi
and Gumbiner, 2004). Overexpression of full-length a-catenin
attenuates Wnt signaling in Xenopus (Sehgal et al., 1997,
Gottardi and Gumbiner, 2004); although its relevance under
normal conditions is unclear, these results raised the possibility
that cytosolic a-catenin plays roles distinct from a-catenin at
junctions, possibly via interaction with cytosolic (3-catenin.
a-Catenin and proliferative signaling. The first
indication from loss-of-function experiments that «-catenin
may have nonjunctional roles came from studies using Cre-
mediated recombination to conditionally ablate aE-catenin in
the mouse epidermis (Vasioukhin et al., 2001). Several defects
mimicking human squamous cell carcinoma were seen, including
defects in cell polarity, internalized cell masses, and hyperpro-
liferation. The hyperproliferation was found to be independent
of defects in cell adhesion or Wnt signaling and instead due to
increased levels of both activated Ras and MAPK. The in-
creased levels of Ras/MAPK signaling appeared to be due to an
increased sensitivity of aE-catenin knockout cells to insulin
and the insulin-like growth factor, IGF-1. Further follow-up
showed that IRS-1, a protein that interacts with activated insu-
lin and IGF-1 receptors to promote downstream signaling, as-
sociates with E-cadherin in aE-catenin null cells (Vasioukhin
et al., 2001). How aE-catenin normally prevents the association
of IRS-1 with E-cadherin and how this aberrant association
causes a robust increase in downstream signaling is unclear.
This surprising result was followed by other studies sug-
gesting nonjunctional roles for aE-catenin. Using microarray
analysis and in situ hybridization, target genes of the Hedge-
hog (Hh) pathway were found to be up-regulated specifically
in the cerebral cortex in conditional knockout mice lacking
a-catenin in the brain. Cyclopamine, a specific inhibitor of the
Hh coreceptor Smoothened, rescued the hyperproliferation
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defects (Lien et al., 2006). The up-regulated Hh signaling
and subsequent hyperproliferation were attributed to a loss of
“crowd control” in aE-catenin null brains via a mechanism
akin to contact inhibition. There have been no follow-up ex-
periments to test whether aE-catenin can directly interact with
members of the Hh pathway, or, as is more likely, if this inter-
action is indirect. In either case, aE-catenin’s involvement in
both Ras/MAPK and Hh signaling suggests an intimate rela-
tionship between the formation of cell-cell adhesions and reg-
ulation of the cell cycle.

Recent experiments further support the role of a-catenin
in proliferation control through the Hippo signaling pathway
(Kimetal., 2011; Schlegelmilch et al., 2011; Silvis et al., 2011).
In nonconfluent wild-type or a-catenin null cells, the transcrip-
tional coactivator Yapl/Yorkie localizes to the nucleus to
up-regulate proliferative genes. When wild-type cells be-
come confluent, Yapl is found in the cytoplasm; however, in
a-catenin null cells, Yapl remains nuclear (Schlegelmilch et al.,
2011; Silvis et al., 2011). Although biochemical assays have
identified a-catenin as a novel physical interactor with Yapl
(Silvis et al., 2011; Schlegelmilch et al., 2011), there is no con-
sensus on how a-catenin may be controlling Yap! localization
and activity. Another study found that E-cadherin homophilic
ligation independent of other intercellular connections could
control the localization of YAP in a density-dependent manner.
This was shown by incubating sparse or isolated cells with
E-cadherin—coated coverslips or beads. This same effect was seen
in cadherin-deficient cells expressing either E-cadherin alone
or an E-cadherin—a-catenin fusion (like nEa in Fig. 2 A; Kim
etal.,2011). Taken together, these results support a model whereby
adherens junctions transduce information concerning cell density
to regulators of cell proliferation through a-catenin.

o-Catenin as a cytoskeletal modulator. Sup-
pression of cell proliferation in coherent tissue sheets is only
one of many potential nonjunctional roles for a-catenin. In ad-
dition, cell—-cell junction formation has profound effects on
the state of the microtubule- (Stehbens et al., 2009) and actin-
based cytoskeleton (Cavey and Lecuit, 2009), which in turns
allows cells to integrate into coherent tissue sheets. Recent
evidence suggests that a-catenin is involved in such regula-
tion. Based on the observation that cadherin-mediated cell
adhesions can stabilize noncentrosomal microtubules (MTs)
throughout the cytoplasm, not just near cell-cell contacts
(Chausovsky et al., 2000), Shtutman et al. (2008) tested whether
or not a-catenin may act in this pathway. Using chimeric fu-
sions, p120-catenin, (3-catenin, and a-catenin were all targeted
to the membrane independent of cadherin. Only the expres-
sion of an a-catenin fusion was able to stabilize MTs in the
noncentrosome cytoplasts of fibroblast-like cells that contain
low levels of endogenous cadherin (Shtutman et al., 2008).
What downstream effector(s) might mediate this effect on cor-
tical MTs remains unclear. The authors suggest formins may
play a role because both mDial and formin-1 were able to
positively affect microtubule polymerization in a similar
assay (Shtutman et al., 2008), and at least formin-1 is able to
bind aE-catenin (Kobielak et al., 2004). Future experiments
will be required to explore these interesting possibilities.



Another link to MTs comes from work analyzing dynactin-
mediated intercellular traffic (Lien et al., 2008). In a yeast
two-hybrid screen using the VH2-VH3 domains of oE-catenin
as bait, dynamitin, a member of the dynactin complex, was
identified as a novel aE-catenin binding partner. In wild-type
keratinocytes, MTs and small amounts of dynamitin—aE-
catenin complexes can be found at AJs and the cell periphery,
and these are lost in aE-catenin null cells. Using the movement
of lysosomes as a readout of intracellular trafficking, Lien et al.
(2008) found that lysosomes in null cells traveled significantly
farther than those in wild-type cells, and this could be rescued
by expression of epitope-tagged aE-catenin. Significantly, loss
of AJs in low-calcium media did not affect the distance traveled
by lysosomes, supporting an adhesion-independent role of
oE-catenin in dynactin-mediated intercellular traffic. Interest-
ingly, the actin cytoskeleton also appears to be involved in this
process. Treatment of wild-type cells with latrunculin also
caused lysosomes to travel farther than controls. The same
treatment in aE-catenin null cells had no additional effect on
movement, and unlike addition of full-length o E-catenin, a con-
struct lacking the actin-binding domain was unable to suppress
the increased trafficking (Lien et al., 2008), suggesting an
oE-catenin—actin interaction is necessary for these effects. It is
not clear whether F-actin interacts directly with dynactin com-
plexes to control intracellular trafficking, or if its removal sim-
ply causes less impedance of cargo movement through the cell.
Although the experiments of Shtutman et al. (2008) imply
adhesion-dependent effects on the MT cytoskeleton, it would
be interesting to know if dynactin complexes colocalize with
the a-catenin fusion construct used in those assays as well.

In addition to its potential roles in modulating MTs,
a recent study (Benjamin et al., 2010) further implicates
oE-catenin in nonjunctional regulation of the actin cytoskeleton.
Previous work from the Nelson and Weis groups had shown
that aE-catenin homodimers have a higher affinity for F-actin
than do aE-catenin—3-catenin heterodimers, and that homo-
dimers can inhibit Arp2/3-dependent actin polymerization, al-
beit at a high overall concentration (Drees et al., 2005). These
data led to the suggestion that association of aE-catenin with
E-cadherin—(3-catenin may act to raise the local concentration
of aE-catenin once it dissociates from the CCC, promoting
homodimer formation, which would in turn inhibit the Arp2/3
complex (Drees et al., 2005; Yamada et al., 2005). In a follow-
up paper, Benjamin et al. (2010) attempted to specifically de-
plete only the cytosolic pool of aE-catenin in epithelial cells,
which would presumably contain the homodimeric fraction,
and assess changes in the morphology of the actin cytoskele-
ton. They used a chimeric fusion containing the aE-catenin
binding site of B-catenin and a mitochondrial targeting se-
quence to sequester nonjunctional aE-catenin without affect-
ing AJs. Expression of this construct caused cells to exhibit
increased lamellipodial dynamics, increased migration in a
wound-healing assay, and a broader zone of F-actin contain-
ing components of the Arp2/3 complex. Conversely, targeting
cytosolic aE-catenin to the plasma membrane independent of
E-cadherin caused decreased lamellipodial dynamics compared
with control cells (Benjamin et al., 2010). Collectively, these

Branched F-actin Arp2/3
complex

Cadherin

~

actin
Figure 4. Non-junctional, homodimeric «E-catenin regulates membrane
dynamics. In this model, there are two distinct populations of aE-catenin.
At the AJ, aE-catenin associates with the CCC and mediates attachment
to the actin cytoskeleton, either directly or indirectly. Near the membrane,
a cytosolic pool of aE-catenin is created through dissociation from the
CCC. This cytosolic pool has a high local concentration and can therefore
form aE-catenin homodimers that are able to inhibit the Arp2/3 complex

and thereby dampen membrane dynamics by preventing the formation of
branched F-actin (Benjamin et al., 2010).

R

aE-catenin dimers

Cytosollc pool
of aE-catenin

data support the existence of two functional populations of
aE-catenin: an E-cadherin—3-catenin associated population
that acts to attach F-actin to AJs and a nonjunctional, cytosolic
pool that regulates actin organization to control cell migration
(Fig. 4). In vivo functions for these two pools have not been
determined. One potential place in which such a-catenin—
dependent dampening of cell motility may come into play is
during maturation of cell-cell junctions during epithelial sealing
events in embryos. Evidence in several systems indicates that
lamellipodial-driven cell migration, which results in the for-
mation of nascent adhesions, is followed by a reorganization
of the actin cytoskeleton and a dampening of membrane dy-
namics (Raich et al., 1999; Vasioukhin et al., 2000; Ehrlich
et al., 2002; Sheffield et al., 2007).

Junctional and nonjunctional «-catenin: Po-
tential interactions. Even though the precise mechanism
by which nonjunctional a-catenin acts is still unclear, there
are several questions raised by these recent studies. First, a
particularly intriguing question is how a functionally distinct
pool of nonjunctional a-catenin might interrelate with pools
of a-catenin performing its other known functions. In their
mechanotransduction experiments, Yonemura et al. (2010)
tested whether full-length a-catenin mechanically linked to a
nonfunctional E-cadherin could still participate in force trans-
duction. In cells lacking endogenous cadherin, this fusion
construct rescued cell-cell adhesion and recruited vinculin to
Als in a force-dependent manner, indicating that a nonjunc-
tional pool of a-catenin is not required for this pathway
(Yonemura et al., 2010). A second question is whether the ratio
of junctional to nonjunctional a-catenin is important, or in-
stead its absolute level in the two pools. A nonjunctional pool
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of aE-catenin acting to inhibit the Arp2/3 complex would, at
first glance, appear to correlate with the decreased motility
and migration noted in the earlier cadherin—a-catenin fusion
studies (Nagafuchi et al., 1994; Pacquelet and Rgrth, 2005);
however, because the chimeric constructs are assumed to be
strictly junctional and endogenous aE-catenin was present in
both cases, a cytosolic pool should not have been affected.
Alternatively, chimeras that retain the dimerization domain of
a-catenin may still be able to homodimerize with endoge-
nous a-catenin monomer and inhibit Arp2/3. Therefore, over-
expression of these chimeras may lead to increased suppression
of membrane dynamics, explaining the motility defects (Weis
and Nelson, 2006). This explanation would not seem to apply
to the chimera lacking the a-catenin N terminus, which ex-
hibits the same decrease in intercellular motility as the full-
length a-catenin fusion (nEaC and nEa, respectively; Fig. 2 A;
Nagafuchi et al., 1994). It should also be noted that with
respect to DE-cadherinACyt/a-catenin (Fig. 2 B), addition
of DE-cadherin’s cytoplasmic tail (DE-cadherin/a-catenin,
Fig. 2 B), rather than removing «-catenin’s dimerization
domain, rescued migration defects in Drosophila (Fig. 2 B)
(Pacquelet and Rgrth, 2005).

Another hypothesis is that increased cell-cell adhesion
due to overexpression of the chimeric constructs ultimately inter-
feres with the creation of other cell surface complexes that aid
migration, either by sequestering common proteins or due to
downstream signaling from the CCC. This is in part supported
by experiments using micropatterned surfaces containing stripes
of either collagen I'V or E-cadherin-Fc to mimic focal adhesions
or cell-cell adhesions, respectively (Borghi et al., 2010). The
results show that in a concentration-dependent manner, cadherin-
based adhesions can suppress membrane dynamics and guide
the direction of migration along ECM surfaces without affect-
ing migration rate, supporting a cross talk model between
the CCC and focal adhesions. Clearly there are many unre-
solved issues regarding how a-catenin acts beyond its role in
recruiting actin to the CCC.

Conclusions

Cells in animal embryos place high demands on cell-cell adhe-
sions, which must be dynamically regulated to yield connec-
tions that are simultaneously stable yet flexible. a-Catenin lies
at the heart of this regulation. In addition to its role in attaching
F-actin to the AJ, a-catenin has also emerged as a force trans-
ducer and regulator of cell signaling and motility. Although the
exact molecular mechanisms by which «-catenin functions
likely depend on the organism or the cellular event, the chal-
lenge for the future is to devise ways to cleanly delineate its
multiple functions in complicated in vivo contexts.
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