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Introduction
Spouses and siblings know well the neglect that can arise from
too close identification with famous figures. Similar fates can
even occur in biology. Take the example of a-catenin: first
identified as a cytoplasmic protein that binds indirectly to
classical cadherin cell adhesion molecules, its function and
mechanism(s) of action have long been defined in terms of this
interaction. A commonplace concept is that a trimolecular
complex of classical cadherin, b-catenin and a-catenin
associates with the actin cytoskeleton to determine cell-cell
adhesion and hence tissue organization (Fig. 1A). One
consequence of this gestalt is that the biological impact of a-
catenin has often been thought to be encompassed by its
contribution to cadherin activity. There is, however, increasing
evidence that a-catenin has more complex and diverse
functions then previously supposed. Our aim in this
commentary is to survey some of these new developments that
suggest a distinct cellular identity for this too-long neglected
molecule.

aaaa-Catenin is a morphogenetic regulator in its own
right.
The functional importance of a-catenin was first directly tested
in cultures of tumor cells lacking this protein (Hirano et al.,
1992; Watabe et al., 1994). These cells aggregate poorly,
reflecting a deficiency in cadherin-based cell-cell adhesion that
can be overcome by re-expression of a-catenin (Hirano et al.,
1992). Interestingly, such a-catenin-deficient cells possess the
other core components of the cadherin molecular complex, but
fail to concentrate them on the cell surface at adhesive contacts,
which suggested that a-catenin exerted its important influence
on adhesion by helping to ensure that cadherin was present at
cell-cell contacts (Watabe et al., 1994). Consistent with this

idea, restoration of a-catenin allowed these cells to polarize,
establish specialized epithelial cell-cell junctions and undergo
three-dimensional organization to form cysts (Watabe et al.,
1994), properties of cultured epithelial cells that also require
E-cadherin (Gumbiner et al., 1988; Troxell et al., 2001).
Together, such observations indicated a necessary role for a-
catenin in E-cadherin adhesion and in the morphogenetic
consequences of cadherin activity.

To an extent, this conclusion from cultured cells was
corroborated in organismal studies. Specific disruption of a-
catenin in a variety of species compromises tissue integrity,
which is consistent with disruption of cell-cell adhesion.
Characteristically these phenotypes involve morphogenetic
abnormalities, because cell differentiation is generally, but
not always (Nemade et al., 2004), unaffected (Costa et al.,
1998; Lien et al., 2006; Tinkle et al., 2004). These phenotypes
often also resemble the changes associated with cadherin
dysfunction. Thus, depletion of a-catenin causes
disaggregation of early Xenopus embryos (Kofron et al.,
1997), as does disrupting EP/C-cadherin, the predominant
cadherin found at this stage of development (Heasman et al.,
1994). In the early fly embryo, depletion of a-catenin by
RNAi compromises morphogenetic movement during
gastrulation (Magie et al., 2002), and an a-catenin mutation
in mice blocks embryonic development at the blastocyst
stage (Torres et al., 1997), as does targeted disruption of
E-cadherin (Larue et al., 1994). Even more dramatic effects
are seen later when a-catenin is disrupted in specific mouse
tissues. Targeted deletion of a-catenin in neural precursors
(Lien et al., 2006) or skin (Vasioukhin et al., 2001)
dramatically compromises tissue cohesion and there is
concomitant loss of adherens junctions. Overall, these
phenotypic changes appear very consistent with disruption of
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cell-cell adhesion, as one would predict if a-catenin critically
supports cadherin function.

In several striking instances, however, the phenotypes
associated with disruption of a-catenin differ significantly
from those seen when cadherin itself is perturbed. For example,
conditional deletion of a-catenin in skin disrupts tissue
integrity so severely as to cause overt loss of the epidermis in
newborn pups (Vasioukhin et al., 2001). E-cadherin deletion,
by contrast, produced mild hyperproliferation with changes in
hair follicle development in one study (Tinkle et al., 2004) and
a specific tight junction defect in another (Tunggal et al., 2005).
In neither case do the E-cadherin-null animals show the
extensive and dramatic disruption of tissue architecture seen
upon loss of a-catenin.

In mouse skin, upregulation of P-cadherin may compensate
for loss of E-cadherin. However, this is unlikely to be the case
in Caenorhabditis elegans, which has only one classical
cadherin gene (Hammerhead, Hmr-1). Although worms have
two a-catenin genes, only deletion of Humpback (Hmp-1) has
a morphogenetic impact. Loss of Hmp-1 produces a distinctive
humpback phenotype, characterized by abnormal bulges on the
dorsal side of the embryo (Costa et al., 1998). Interestingly,
few animals possessing cadherin mutations display the
humpback phenotype (~2%); instead, the majority show
the hammerhead phenotype, in which the hypodermis, the
covering epithelial layer of the embryo, fails to envelop the
organism. These interesting phenotypic disparities suggest the
possibility that a-catenin exerts cellular effects that are distinct
from its undisputed contribution to cadherin function.

The challenges, then, are to elucidate the cellular
mechanisms by which a-catenin supports cadherin activity and
to identify other mechanisms that may account for additional
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morphogenetic effects. In this commentary we highlight three
issues: the role of a-catenin in functional cooperation between
cadherin adhesion and the actin cytoskeleton; its capacity to
influence cell proliferation; and emerging evidence that a-
catenin also acts independently of the cadherin molecular
complex. We will discuss possible molecular mechanisms
involved in each case, but one core theme is the idea that a-
catenin functions as a dynamic molecular scaffold, that can
select binding partners in a tightly regulated fashion.

aaaa-Catenin, cadherins and the actin cytoskeleton
The notion that a-catenin facilitates cooperation between
cadherins and the actin cytoskeleton is attractive for several
reasons. Both cadherin adhesion and cytoskeletal activity are
key determinants of tissue integrity and morphogenesis.
Moreover, it has long been recognized that the biological
function of cadherins requires intact actin filaments. Indeed,
an increasing range of actin regulatory proteins can affect
cadherin adhesion or its morphogenetic consequences. These
include actin nucleators, such as formins (Kobielak et al.,
2004) and Arp2/3 (Verma et al., 2004), scaffolding proteins
such as cortactin (Helwani et al., 2004) and regulators of post-
nucleation actin dynamics such as Ena/VASP proteins (Scott
et al., 2006). Conversely, the actin cytoskeleton must be
mechanically coupled to sites of adhesion if its dynamic
activity is to affect cell-cell cohesion and patterning. One
example of such coupling comes from the observation that N-
cadherin molecules display retrograde flow on the dorsal
surfaces of cells (Lambert et al., 2002). Not only do cadherins
move rearward at rates similar to those reported for the cortical
actin cytoskeleton, but retrograde flow of cadherin is abolished
by disrupting actin integrity. This implies that N-cadherin
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Fig. 1. Possible mechanisms for a-
catenin-mediated cooperation between
classical cadherins and the actin
cytoskeleton. (A) A popular earlier model
posited a quaternary complex comprising
classical cadherins, b-catenin, a-catenin
and cortical actin filaments. In this model,
a-catenin directly binds to both actin
filaments and b-catenin, thereby coupling
stable actin filaments to the cadherin
adhesion molecule. (B) The more complex
current possibilities. a-Catenin, acting in
the cytosol or bound through b-catenin to
the cadherin molecular complex has the
capacity to regulate the actin cytoskeleton
by several mechanisms: binding directly to
actin filaments, potentially thereby
inhibiting Arp2/3-mediated actin
nucleation; interacting with a range of
actin regulators, including filament
nucleators and binding proteins; and
interacting with cell signalling pathways
that can affect actin dynamics and
organization. (C) The regions of a-catenin
responsible for association with some
actin-binding proteins have been mapped.
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molecules are moved by coupling to retrograde actin flow, as
has been observed for other transmembrane proteins
(Felsenfeld et al., 1996). Molecular mechanisms that
functionally and physically couple the cadherin adhesion
apparatus to the actin cytoskeleton must then exist.

The notion that a-catenin fulfils this role arose from several
early observations. During the biogenesis of cell-cell
adhesions, the association of a-catenin with E-cadherin and b-
catenin at the cell membrane coincides with the complex
becoming Triton-insoluble (Hinck et al., 1994; Nathke et al.,
1994). Moreover, E-cadherin is readily extracted with non-
ionic detergents in tumor cells lacking a-catenin, but becomes
more detergent-resistant upon expression of a-catenin (Watabe
et al., 1994). While detergent-extractability has often been
taken as evidence for cytoskeletal association, many other
factors influence the detergent sensitivity of membrane
proteins (Schuck et al., 2003). More directly, Rimm and
colleagues (Rimm et al., 1995) used co-sedimentation assays
to demonstrate that recombinant a-catenin can directly bind to
actin filaments in vitro. These data supported the popular
model in which a-catenin represents the crux of a quaternary
complex coupling the cadherin molecular complex to cortical
actin filaments and thereby linking the adhesion system to the
actin cytoskeleton (Fig. 1A).

The existence of such a quaternary complex was not directly
tested until recently (Yamada et al., 2005) and this yielded
surprising results. Using in vitro binding assays, Yamada et al.
(Yamada et al., 2005) confirmed that recombinant a-catenin
can bind to F-actin; however, they detected no interaction when
a-catenin was incorporated into a soluble complex with b-
catenin and the cadherin cytoplasmic tail (Yamada et al., 2005).
In fact, its binding to b-catenin and its binding to F-actin were
apparently mutually exclusive (Drees et al., 2005). Nor could
F-actin binding be detected when the ternary cadherin-catenin
complex was reconstituted on stripped membrane patches.
Finally, the protein dynamics of actin differed significantly
from those of E-cadherin or catenins at cell-cell contacts
(Yamada et al., 2005): turnover of GFP-tagged actin at cell-cell
contacts was much more rapid than that of E-cadherin, b-
catenin or a-catenin itself. Thus, a simple quaternary complex
linking E-cadherin to stable actin filaments does not readily
account for the functional coupling of cadherins to actin.

Does this mean that a-catenin has no role to play in
cooperation between cadherins and actin? Although the
biochemical basis for such cooperation is a more open question
than it was previously, other observations suggest that it would
be premature to dismiss a role for a-catenin in this process.
The actin cytoskeleton at cadherin cell-cell adhesions may take
several forms, which differ in their organization and dynamics
(Scott et al., 2006; Zhang et al., 2005). These forms include
cortical actin often found closely apposed to cadherin
adhesions as well as prominent bundles that appear to
terminate in adhesions.

Interestingly, genetic ablation studies in worms and
mammalian cells suggest that a-catenin preferentially supports
cadherin-based actin cables. During elongation of the C.
elegans embryo, the epithelial cells of the hypodermis display
an array of actin cables that are orientated parallel to the
circumferential contour of the body and also appear to extend
into the subapical adherens junctions (Costa et al., 1998). As
elongation commences, the actin filament bundles thicken and

shorten, decreasing the circumference of the worm while
increasing its body length. In hmp-1 mutant embryos, by
contrast, the contracting actin bundles detach from the
adherens junctions and retract towards the dorsal midline,
failing to draw opposing edges of the cell together. This
suggests that a-catenin may support morphogenetic cell shape
changes by coupling contractile actin bundles to cell adhesions
(Costa et al., 1998).

Similarly, two patterns of actin cables are found near
contacts between mammalian epithelial cells. Perijunctional
cables that run parallel to the zones of contact are most
apparent in cohesive monolayers (Yonemura et al., 1995;
Zhang et al., 2005). Additionally, shorter radial bundles that
are orientated outwards to extend into cell-cell contacts often
appear to terminate in prominent punctate cadherin adhesions
(Scott et al., 2006; Vaezi et al., 2002). These radial actin cables
are most prominent as cells establish contacts with one another
but may also anchor the perijunctional actin cables.
Interestingly, radial actin cables often appear to line up across
cell-cell contacts (Sahai and Marshall, 2002; Vaezi et al., 2002;
Yap et al., 1995), which suggests that, as in the worm embryo,
they might identify lines of contractile force that extend across
epithelial sheets. In keratinocytes from a-catenin-knockout
mice, however, radial actin cables are much less evident and
fail to line up across the cell contacts, which suggests that
coupling between adhesions and actin cables is perturbed
(Vaezi et al., 2002).

If a-catenin does not directly couple actin filaments to the
cadherin molecular complex, are there other ways in which it
might support cooperation between cadherins and the actin
cytoskeleton, particularly actin bundles? Again, this remains
an open question, but there are several possibilities (Fig. 1B).
First, a-catenin may regulate actin filament dynamics. Recent
work from the Fuchs lab reported that a-catenin can bind to,
and recruit, formin 1, one of a family of actin nucleators that
support barbed-end assembly of filaments in bundles, including
the radial bundles that extend into cadherin contacts (Kobielak
et al., 2004). Additionally, a-catenin can inhibit the activity of
the Arp2/3 actin nucleator in vitro, perhaps by competing for
F-actin association (Drees et al., 2005). Arp2/3 is also found
at cadherin contacts (Kovacs et al., 2002; Yamada et al., 2005),
where it contributes to actin assembly (Verma et al., 2004).
Given that Arp2/3 is commonly believed to contribute to the
formation of branched actin networks that drive cell surface
protrusion, this suggests that a-catenin might regulate the
balance between formation of branched actin networks (via
Arp2/3) and formation of actin bundles (via formins),
promoting the latter while inhibiting the former. If a-catenin
can coordinate the activity of these two actin nucleators
and consequently regulate the cytoskeleton, it could be
instrumental in orchestrating the changes to cell shape that
occur throughout development in response to cadherin ligation.

Second, a-catenin might promote actin bundling either
directly or indirectly by recruiting other actin-regulatory
proteins. Indeed, a-catenin can associate with several other
actin-binding proteins (outlined in Fig. 1B,C), such as vinculin
(Watabe-Uchida et al., 1998; Weiss et al., 1998), spectrin
(Pradhan et al., 2001) and ZO-1 (Imamura et al., 1999).
Whether such indirect interactions critically affect actin
regulation at cadherin contacts remains to be directly tested.

Third, a-catenin may affect signalling pathways that
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regulate the actin cytoskeleton. Notably, Drosophila Rho binds
to a-catenin both in vitro and in vivo (Magie et al., 2002) and
overexpression of a-catenin alters the phenotype of Rho
mutant embryos. Interestingly, in vitro binding of Rho to a-
catenin was independent of its nucleotide status, which
suggests that this interaction influences the subcellular
localization of Rho. Consistent with this is the observation that
Rho fails to accumulate at cell-cell contacts in Drosophila
embryos depleted of a-catenin by RNAi. Whether a similar
biochemical and functional interaction occurs in vertebrates
has yet to be reported. In mammalian cells, however, a-catenin
also binds to ARHGAP10, a GTPase-activating protein that
catalyses GTP hydrolysis on both Rho and Cdc42 (Sousa et al.,
2005). Again, it remains to be determined whether this
interaction affects Rho signalling at cell-cell contacts.

Overall, then, there are interesting alternative ways for a-
catenin to regulate the actin cytoskeleton. And these
alternatives may not be mutually exclusive. One example is the
LIM-domain protein, Ajuba, whose recruitment into cell-cell
contacts is regulated by a-catenin (Marie et al., 2003). Not only
can Ajuba bind to a-catenin and F-actin, but in migrating cells
it is capable of influencing a range of signalling molecules that
regulate the cytoskeleton, including Rac1 and PtdIns(4,5)P2
(Kisseleva et al., 2005).

Finally, can a specific role in actin bundling explain the
impact of a-catenin on tissue cohesion and cadherin adhesion?
We can envisage several ways in which this might be so. First,
coupling of cell-cell adhesions to the contractile apparatus of
the cytoskeleton may mechanically integrate cells across a
population or monolayer. Such integration might facilitate
resistance to detachment forces as well as coordinate
morphogenetic movements in a cell population. Loss of
integration would then sensitize tissues to mechanical
disruption and compromise morphogenetic rearrangements.
Second, if the cadherin puncta seen at the termini of actin
cables represent lateral clusters, then assembly of actin cables
may strengthen adhesion by stabilizing clusters, as has been
suggested for focal adhesions (Chrzanowska-Wodnicka and
Burridge, 1996). The fact that disruption of Ena/VASP proteins
(Scott et al., 2006) or myosin II activity (Shewan et al., 2005)
both perturb cadherin-based actin bundles and prevent
generation of large cadherin clusters supports this idea. Again
it must be emphasized that these possibilities, interesting
though they might be, have yet to be tested directly. Clearly,
there is much left to do.

aaaa-Catenin and cell population control
Cell-cell cohesion and adherens junctions are not the only
things affected by disruption of a-catenin. Altered cell
population number is another distinctive feature of several a-
catenin-deficiency phenotypes. In mice, targeted deletion of a-
catenin in either the skin or in neural progenitor cells of the
cerebral cortex leads to hyperproliferation, commonly
manifested as poorly polarized cells that form hyperplastic
masses (Vasioukhin et al., 2001). The hyperplasia of murine
neural progenitors is attributable both to shortening of the cell
cycle and decreased apoptosis (Lien et al., 2006). Conversely,
re-expression of a-catenin slows the proliferation of tumor
cells previously lacking this protein (Matsubara and Ozawa,
2004; Watabe et al., 1994).

The potential for a-catenin to influence population dynamics

has direct morphogenetic relevance, because control of cell
number can affect tissue size and organization (Chenn and
Walsh, 2002; Lien et al., 2006). Moreover, it is potentially
relevant to cancer. Although E-cadherin dysfunction is well
known to promote invasiveness and metastasis in many types
of carcinoma (Birchmeier et al., 1996), there are also cases
where tumour progression correlates with reduced levels of a-
catenin but not of E-cadherin (Matsubara and Ozawa, 2004;
Watabe et al., 1994). If a-catenin can regulate cell population
dynamics, its loss may contribute to tumorigenesis not only
by affecting cell-cell adhesion, but also by promoting cell
proliferation.

How, then, might a-catenin exert such effects? One likely
avenue is by regulating signalling pathways that control cell
proliferation. Changes in a-catenin levels can affect a number
of cell cycle regulators, including expression of the p27 cyclin-
dependent kinase inhibitor (Matsubara and Ozawa, 2001) and
phosphorylation of p130, a member of the ‘pocket protein’
family of cell cycle regulators that trigger progression through
the G0-G1 and G1-S transitions of the cell cycle (Cobrinik,
2005). Interestingly, hyperproliferative mouse keratinocytes
lacking a-catenin display a striking upregulation of mitogenic
signalling, resulting in sustained activation of the Ras-ERK
pathway and increased responsiveness to growth factor
stimulation (Vasioukhin et al., 2001). This is consistent with
emerging evidence that the cadherin molecular complex can
regulate growth factor signalling (Bryant et al., 2005). For
example, E-cadherin was reported to inhibit cell growth by
forming a complex with the EGF receptor, decreasing receptor
mobility and its affinity for ligand (Qian et al., 2004). Whether
a-catenin might affect such lateral sequestration has yet to
be tested. Interestingly, a-catenin-deficient keratinocytes are
hyper-responsive to a range of growth factors, which suggests
that a downstream component common to multiple individual
pathways might be affected. Indeed, insulin stimulation causes
the E-cadherin–b-catenin complex to associate with the insulin
receptor substrate-1 (IRS-1) adaptor in a-catenin-deficient
cells, and this interaction appears to activate the Ras-MAP
kinase pathway (Vasioukhin et al., 2001).
a-Catenin may also affect other signalling pathways that

regulate cell proliferation, including the canonical Wnt
signalling pathway (Kioussi et al., 2002), in which b-catenin
plays a central role as a transcriptional regulator (Harris and
Peifer, 2005). a-catenin can inhibit the ability of b-catenin to
regulate transcription (Hwang et al., 2005; Takahashi et al.,
2000). Blocking proteosomal degradation of a-catenin in
chondrocytes causes an a-catenin–b-catenin heterodimer
to accumulate and concomitantly suppresses Tcf/Lef
transcriptional activity in response to Wnt-7a (Hwang et al.,
2005). Similarly, co-expression of a-catenin blocks axis
duplication in Xenopus embryos expressing b-catenin and
Wnt-8, a classic assay of canonical Wnt signalling (Sehgal et
al., 1997). It is therefore possible that loss of a-catenin may
promote cell proliferation and perhaps tumor progression by
failing to inhibit b-catenin signalling.

The hyperproliferative phenotype displayed by a-catenin-
deficient mouse brains is not, however, typical of that
associated with canonical Wnt signalling (Lien et al., 2006).
Instead, microarray analysis identified upregulated expression
of Fgf15 and Gli1, transcriptional targets of the Hedgehog
signalling pathway in this system. Moreover, inhibition of
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Hedgehog signalling by cyclopamine
prevents hyperproliferation in a-catenin-
deficient brains, without affecting the
disruption of cell-cell cohesion. This
observation carries two important
implications. First, it suggests that a-
catenin may regulate cell-cell cohesion
and cell proliferation through distinct
cellular mechanisms. Second, it implies a-
catenin can regulate cell proliferation in
neural precursors by inhibiting Hedgehog
signalling, through a mechanism that
remains unknown. However, since the
Hedgehog and Wnt signalling pathways
can potentially interact in epithelial tissues
(Watt, 2004), it would be fascinating to
investigate a potential role for a-catenin in
coordinating the activity of these two
pathways.

Can aaaa-catenin work without a
cadherin?
Interestingly, the ability of a-catenin to
regulate b-catenin signalling may involve
protein pools that are independent of the
cadherin itself (Fig. 2), and these could be
present both in the cytoplasm (Drees et al.,
2005; Gottardi and Gumbiner, 2004) and
in the nucleus (Giannini et al., 2000).
Association of a-catenin with b-catenin in
the cytoplasm potentiates the binding of
b-catenin to the cadherin (Castano et
al., 2002), which would promote the
adhesive function of b-catenin over its
transcriptional role in canonical Wnt signalling (Gottardi and
Gumbiner, 2004). Specific phosphorylation of Tyr142 in b-
catenin blocks the interaction with a-catenin, lending support
to the notion that this interaction in the cytoplasm may be
physiologically regulated (Brembeck et al., 2004). Moreover,
nuclear expression of a-catenin also antagonizes the
transcriptional activity of b-catenin (Giannini et al., 2000).

Nor may these be the only roles for cadherin-independent a-
catenin. Recombinant a-catenin monomers and dimers inhibit
Arp2/3-mediated actin nucleation in vitro (Drees et al., 2005),
suggesting that in the cytosol these species might exert a
similar effect on actin assembly. a-catenin has also been
identified in a cytosolic complex with APC and b-catenin (Su
et al., 1993) and it has been suggested that a-catenin
cooperates with APC and armadillo to support cortical
tethering of mitotic spindles during the syncytial blastoderm
stage in fly embryos (McCartney et al., 2001). Thus, although
mechanistic analysis of a-catenin has been dominated by the
concept that it acts as part of the cadherin molecular complex,
this may not be exclusively so.

Issues for the future
Clearly, we are moving away from any simple model for a-
catenin function. Instead, we suggest that a-catenin’s
substantial biological impact arises from its capacity to
participate in several fundamental cellular processes. We have
highlighted roles in cooperation between cadherins and the

actin cytoskeleton as well as in regulation of cell proliferation.
In the latter case, rather than being solely active when it is
complexed with the cadherin, a-catenin also exists in cadherin-
independent pools that are likely to be functionally significant.
Nor may the processes that we have highlighted be the only
relevant ones. Cell polarity is often altered in a-catenin-null
tissues, and a-catenin can bind to molecules such as ZO-1 (Itoh
et al., 1997) that participate in other specialized junctions
involved in biogenesis of the polarized epithelial phenotype. a-
Catenin is also found in many non-epithelial tissues, including
neurons where it regulates synaptic stability (Abe et al., 2004;
Park et al., 2002). Understanding the signals that control where
and when a-catenin works in the cell, and identifying how it
chooses amongst a repertoire of potential partners, will provide
invaluable insights into this versatile molecule.
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advice and generous intellectual stimulation. The authors were
supported by the National Health and Medical Research Council of
Australia.
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