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Abstract

In response to extracellular signals during embryonic development, cells undergo directional
movements to specific sites and establish proper connections to other cells to form organs and tissues.
Cell extension and migration in the direction of extracellular cues is mediated by the actin and
microtubule cytoskeletons, and recent results have shed new light on how these pathways are
activated by neurotrophins, Wnt or extracellular matrix. These signals lead to modifications of
microtubule-associated proteins (MAPs) and point to glycogen synthase kinase (GSK) 3p as a key
regulator of microtubule function during directional migration. This review will summarize these
results and then focus on the role of microtubule-binding protein Adenomatous Polyposis Coli (APC)
in neuronal polarization and directed migration, and on its regulation by GSK3p.
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1. Introduction

During embryonic development, cells reorganize into complex three-dimensional patterns in
response to secreted or surface cues such as growth factors (chemotaxis) and guidance cues
provided by cell-matrix and cell-cell adhesion proteins (haptotaxis, contact guidance) [1,2].
Many of these signals and their role in tissue formation are well known [3-5]. Signals inducing
cell extension and migration, such as Wnts and neurotrophins have very immediate and local
effects on the cytoskeleton, thereby shaping cell morphology and directionality of cell
movement [5,6]. The microtubule cytoskeleton plays an important role in axonal outgrowth
during neuronal polarization [7,8], and is involved in directional extension in many other cell
types [9]. Recent advances in the field show how Whnts, neurotrophins and other extracellular
cues, such as integrin activation by extracellular matrix, can activate microtubule-associated
proteins (MAPs) at the tip of cell extensions to increase microtubule assembly and stability
[6,10,11]. These results indicate a major role for components of the Wnt signaling pathway,
including Dishevelled, Axin, GSK3p and the microtubule-associated protein APC, in
regulating local microtubule reorganization at the cortex [6,12,13].
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2. Role of microtubules and microtubule-associated proteins in neuronal
polarization and directional cell extension

An important problem to understand is how cell extensions required for migration are induced
and oriented by extracellular signals. A common feature of this process is cell polarization
towards the source of the signal and the asymmetric distribution of signaling complexes and
the actin and microtubule cytoskeletons (Fig. 1; [14]). The role of actin in membrane extension
and directional cell migration is well established and understood (Fig. 1; [15-17]). Although,
it is clear that microtubule orientation and organization at the leading edge are critical for
directional cell migration, their role there and how signaling pathways affect microtubule
behavior (dynamic instability, cortex interaction and interaction with the actin cytoskeleton)
are less well understood (Fig. 1; [9,14,18]).

The role of microtubules in cell extension is best understood during neuronal polarization [7,
8,19,20]. Axonal outgrowth requires microtubule polymer transport into the axon and
microtubule assembly at microtubule plus ends in the axonal growth cone [8]. Local actin
instability in the growth cone periphery allows microtubule assembly and extension and
promotes outgrowth [21]. Microtubule extension into the growth cone periphery precedes
growth cone turning at substrate boundaries indicating that it is required for axonal guidance
[19].

Several microtubule associated proteins (MAPS) are important for axonal outgrowth [22]
including Tau and MAP1B which stabilize microtubules in the axon [23,24], and Collapsin
response mediator protein-2 (CRMP-2) which promotes microtubule assembly and is required
for axon formation [25,26]. Signals that regulate axonal outgrowth and remodeling decrease
the level of phosphorylation of Tau, MAP1B and CRMP-2 [23,24,27], and inhibition of
glycogen synthase kinase 3p (GSK3p) is as a central process in locally regulating these MAPs
[6,23,24,27]. Phosphorylation by GSK3p inhibits Tau and CRMP-2 binding to microtubules
[27,28]. Inhibition of GSK3p in the axonal growth cone enables CRMP-2 to bind microtubules
and to promote axonal outgrowth [27].

APC is another MAP that is enriched in the axonal growth cone and that is important for axonal
outgrowth and is regulated by GSK3p in response to neurotrophins [29]. Phosphorylation of
APC by GSK3p inhibits its ability to bundle microtubules in vitro [30] but changes in its
phosphorylation state in response to extracellular signals have yet to be investigated and the
mechanism of APC inhibition by GSK3 f is not clear (see below). APC is a key regulator of
microtubule organization during directed cell extension in other cell types and is targeted by
ECM-integrin interaction, Wnts and other extracellular signals (Fig. 2). The following section
will describe pathways that affect APC localization and function at the tip of cell extensions.

3. Pathways regulating the microtubule-associated protein APC during cell

extension

APC was identified as the product of a tumor suppressor gene mutated in hereditary and somatic
colorectal cancers, and some types of brain tumors [31,32]. There are two mammalian APC
genes that encode APC and APC2 (APCL) proteins, and two Drosophila APC genes encoding
dAPC and dAPC2 proteins [33-36]. APC plays an important role in regulating B-catenin protein
levels and, thereby, p-catenin mediated gene expression in the canonical Wnt pathway [37].
The canonical Wnt pathway is important for cell fate decisions during embryonic development
and depletion of both alleles of the mammalian APC gene is embryonic lethal [38]. We will
focus here on mammalian APC that has C-terminal microtubule-, EB1- and DIg- binding sites
(see Fig. 4). Results from several laboratories have defined another important function of this
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APC protein in regulating the microtubule cytoskeleton and in regulating cell extension and
migration in response to extracellular signals [29,39-41].

The following sections will describe pathways that modify APC subcellular localization and
stimulate APC-dependent directional cell extension (Fig. 2).

3.1. LPA and integrin-extracellular matrix interaction at the cell edge

Infibroblasts, there are at least two pathways, the LPA-Rho-mDia pathway and a non-canonical
Wnt pathway, that mediate APC localization to the plus ends of microtubules at the tip of cell
extensions and APC-mediated migration after wounding [13,41]. Both pathways seem to be
re-enforced by local integrin-extracellular matrix (ECM) interaction at the wound edge [13,
42]. The non-canonical Wnt pathway will be described later (see 3.3.). Lysophosphatidic acid
(LPA) stimulation of Rho GTPase and its effector, the formin mDia leads to capture and
stabilization of microtubules in cell extensions by a mechanism that may involve APC
interaction with mDia and End-Binding protein 1 (EB1) at microtubule plus ends [41].
Inhibition of GSK3p downstream of Rho-mDia is required for microtubule stabilization but
not for reorientation of the microtubule organizing center (MTOC) towards the wound edge
[43]. In this aspect the LPA-Rho-mDia pathway seems to be different from the non-canonical
Wnt pathway in fibroblasts [13] and another pathway mediating APC-dependent cell extension
in astrocytes [40,44]. In astrocytes, integrin-ECM interaction at the wound edge leads to
activation of a Cdc42/Par6/atypical Protein Kinase C (aPKC) complex that inhibits GSK3p3
and drives localization of APC to microtubule plus ends at the leading edge [40,44]. In these
latter two pathways, both inhibition of GSK3p and the microtubule plus end localization of
APC are required for MTOC reorientation [13,40].

3.2. Neurotrophic factors

The importance of APC in the formation of cell extensions has been best characterized in
neuronal cells where APC is essential for neurite extension and axonal outgrowth [29,45,46].
In hippocampal neurons, APC localizes to the tip of early neurites and axons and its enrichment
in axonal growth cones precedes axonal outgrowth [47]. Polarization of hippocampal neurons
requires local activity of a growth factor receptor tyrosine kinase and phosphatidylinositol 3-
kinase (P13K), and formation of a complex of the polarity proteins Par3/Par6 and aPKC at the
tip of the axonal outgrowth [48]. APC function is required for localization of Par3 to the axonal
growth cone and could mediate transport of Par3 along microtubules by forming a complex
with Par3 and kinesin superfamily protein KIF3A [46]. Local inhibition of GSK3p at the axon
tip is essential for polarization of hippocampal neurons and Par3 targeting [46]. Although the
signal that drives polarization in hippocampal neurons in vivo is not known, polarization of
hippocampal neurons can be enhanced in vitro by Brain Derived Neurotrophic Factor (BDNF)
or Neurotrophin-3 [27,49]. Both of these neurothrophic factors inhibit GSK3p and, thereby,
reduce phosphorylation of the microtubule-binding site of CRMP-2, another MAP important
for axonal outgrowth [27]. It remains to be shown whether and how reduced phosphorylation
of APC by GSK3 is involved in APC activation during axonal outgrowth (see 4.1. below).

Following NGF-induced differentiation, APC level increases and APC localizes in clusters at
the tip of neurite extensions of PC12 cells [47,50] and in axonal growth cones of dorsal root
ganglion (DRG) neurons [29]. APC function is essential for neurite and axon outgrowth in
response to NGF, since APC depletion by RNAI or expression of dominant interfering APC
fragments inhibits neurite extension and axonal outgrowth [29,45]. In DRG neurons, NGF
inhibits GSK3p in a pathway that requires activation of PI3K and Integrin-Linked Kinase
(ILK). As in hippocampal neurons, local GSK3p inhibition at the neurite tip is essential for
APC localization and microtubule stabilization in the axonal growth cone and for axonal
outgrowth [29]. However, global GSK3p inhibition with small molecule inhibitors or by RNAI
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decreases microtubule bundling in the shaft and induces excessive branching and APC
accumulation at branch points along the shaft and multiple axon-like extensions [29,51].

The Wnt family of secreted glycoproteins regulates many developmental processes (reviewed
in [4]). In the canonical Wnt pathway, Wnt binds Frizzled receptor and Lipoprotein Receptor-
Related Protein (LRP) 6 which leads to activation of the cytoplasmic protein dishevelled.
Although the function of dishevelled is not fully understood, it seems to co-cluster Wnt
receptors with downstream signaling proteins which leads to phosphorylation of LRP6 by
Casein kinase 1y (CK1y) and GSK3p and binding and recruitment of the APC-binding protein
axin to phosphorylated LRP6 at the membrane [52-54]. This process somehow inhibits
phosphorylation of B-catenin by GSK3p in the APC/axin/GSK3p destruction complex
[4].Under these conditions, stabilized 3-catenin can then accumulate in the nucleus and interact
with transcription factors of the T-cell factor (TCF) family and activate specific gene
expression [4]. In the absence of Wnt signaling, phosphorylation of B-catenin by GSK3p leads
to B-catenin ubiquitination and degradation [55]. Understanding the interaction between these
components of the canonical Wnt pathway is important for elucidating the regulation of APC
and microtubules since many of them are involved in directional cell extension and neuronal
polarization.

Non-canonical Wnt signaling does not induce ,écatenin-mediated gene expression and it was
long thought that it diverges from canonical Wnt signaling at the level of the dishevelled
substrates which in the case of non-canonical signaling include RhoA and Rac and lead to actin
cytoskeletal rearrangements and activation of the Jun N-terminal Kinase (JNK) pathway
(reviewed in [56]). However, it has been recently shown that non-canonical Wnt5a activates
components of the canonical Wnt pathway and promotes hippocampal polarization in a
dishevelled- and aPKC- dependent manner [12] and fibroblast migration in a dishevelled- and
axin-dependent manner that involves inhibition of GSK3p [13]. There is increasing evidence
that Wnts are mediators of axon outgrowth and guidance [6,57-59] and regulate axonal
remodeling through a divergent canonical pathway that includes dishevelled, axin and
inhibition of GSK3p [24,60]. It remains to be shown whether APC regulation of microtubules
is part of a Wnt pathway inducing cell extension.

In summary, local inhibition of GSK3p emerges as a common endpoint of several pathways
that regulate APC and other MAPs, and microtubule dynamics during directional cell
extensions. In astrocytes and neurons, increased phosphorylation of GSK3p on Ser-9 in
response to protein kinase B (Akt/PKB) activation by P13K has been defined as the mechanism
of GSK3p inhibition in response to integrin activation at the leading edge or neurotrophic
factors [27,40,46,51]. However, recent studies reported that inhibition of GSK3f can occur
independently of phosphorylation on Ser-9 or Ser-21 [13,61]. These studies used fibroblasts
and neurons from knock-in mice in which the two isoforms of GSK3 (a and B) had been
rendered non-phosphorylatable by Akt/PKB through replacement with Ala [62]. Surprisingly,
in GSK3 phospho-mutant fibroblasts, centrosome reorientation, APC relocalization and
microtubule polarization occurred normally in response to wounding by inhibition of
GSK3p in a Wnt5a-, dishevelled- and axin-dependent mechanism that was independent of
Ser-9 or Ser-21 phosphorylation on GSK3p [13]. GSK3p inhibition was also independently
regulated during polarization of hippocampal neurons isolated from these mice [61]. Although
the pathway leading to mutant GSK3p inhibition in the neurons was not determined, it is
intriguing to speculate that Wnt5a could mediate inhibition of GSK3p in these mutant neurons
via activation of disheveled [12].
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4. APC modification and function during cell extension

Little is known how APC is modified in response to extracellular signals inducing cell
extension or how these signals affect APC interaction with different binding partners and
regulate microtubules and cell extension via APC madification (Fig. 3). Does inhibition of
GSK3p in response to Wnt or neurotrophins lead to decreased phosphorylation of APC, as has
been shown for other MAPs?

Several phosphorylation sites for CKle and GSK3p have been identified in the central 20 amino
acid repeats of APC that bind to p-catenin [63-65]. GSK3pB phosphorylation of APC needs
priming by CKle and phosphorylation of APC by both kinases increases the affinity of these
20 amino acid repeats for B-catenin [65]. However, it remains unknown how phosphorylation
of these APC 20 amino acid repeats affects APC interaction with microtubules and with other
binding partners that are involved in microtubule regulation by APC, or whether there are other
GSK3p phosphorylation sites in APC. The following paragraphs will summarize what is known
about regulation of APC phosphorylation and interactions.

4.1. Regulation of APC-microtubule interactions by phosphorylation

APC is enriched in punctate clusters at the end of microtubule bundles in actively extending
membranes in epithelial, neuronal and other cell types [29,40,41,46,47,66,67]. APC binds and
stabilizes microtubules, and stimulates microtubule assembly and bundling in vitro [68], but
its role in regulating microtubule dynamics in general is poorly understood. In migrating
epithelial cells, microtubules decorated with APC at their plus ends spend increased time in
growth and decreased time shortening [70]. In polarized epithelial monolayers, APC forms a
cortical template of small clusters at the basal membrane along which microtubule networks
are organized [71,72].

Activity of GSK3p is important in regulating APC interactions with microtubules. Studies in
vitro show that APC bundling of microtubules is inhibited by protein kinase A (PKA)/
GSK3p phosphorylation of APC [30]. However, CKlg, and not PKA, is most likely the priming
kinase for GSK3p in the APC complex in vivo [64,65]. Although phosphorylation by PKA
itself does not affect APC binding to microtubules [30], PKA may introduce additional priming
sites for GSK3p that reduce APC/microtubule interactions. For example, PKA also
phosphorylates the C-terminal EB1-binding site in APC resulting in inhibition of APC
interaction with EB1 [74]. There may be additional unidentified GSK3p phosphorylation sites
in the C-terminal microtubule and EB1 binding sites of APC and phosphorylation of those sites
could inhibit APC interaction with microtubules or EB1 as it is the case for other MAPs [27].
It is also possible that phosphorylation of the central B-catenin binding region inhibits access
of the C-terminal domain to microtubules and EB1. As noted above, phosphorylation of the
central B-catenin binding region in APC increases the affinity of this APC region for p-catenin,
and increased binding of mutant stabilized -catenin to APC leads to APC
hyperphosphorylation and inhibits cell extension [47,63,75].

Cycles of phosphorylation and dephosphorylation could also be important in regulating APC
functions with microtubules at the cortex. The B56 subunit of protein phosphatase 2A (PP2A)
binds to the armadillo domain of APC [63]. PP2A is a likely candidate to regulate
phosphorylation of APC complex components by GSK3p and CKle [63]. Phosphorylation of
APC by cyclin dependent kinase p34¢9c2 decreases its association with EB1 and this may have
a physiological role in regulating APC/EBL1 interaction [74,76].

Despite some insight into the role of several kinases in APC phosphorylation, it remains unclear
how changes in APC phosphorylation affect APC binding to, and regulation of microtubules
at the leading edge during cell extension.
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4.2. Potential roles of other APC binding proteins

Mammalian APC is a 310 kDa protein with multiple protein-protein interaction domains (Fig.
4). In its C-terminal region APC has a basic domain that binds and bundles microtubules in
vitro [68]. This domain also binds and bundles F-actin in vitro [77]. Binding to microtubules
and F-actin is competitive [77] and this may explain why APC co-localization with F-actin
stress fibers in cells is observed only after disruption of microtubules by nocodazole [67,78].
Interestingly, binding of the basic APC domain to microtubules is inhibited by EB1 interaction
with APC [77].

The C-terminus of APC binds the mammalian homolog of Drosophila disc large (DIg) ([79];
Fig. 4). Dlg co-localizes with APC to cortical clusters at the tip of epithelial cells but also
localizes, unlike APC, strongly to established cell-cell contacts [80]. A complex of APC and
DIg seems to regulate directional migration in astrocytes [81]. Both, APC and DlIg co-localize
at the leading edge in response to Cdc42/Par6/aPKC( activation but whereas APC localization
depends on GSK3p inactivation, the localization of DlIg is independent of GSK3p inactivation.
Mutants of APC or Dlg that disrupt their interaction with each other inhibit directional
migration [81].

APC binds EB1, a microtubule plus-end binding protein [82]. Endogenous EB1 and APC
overlap in some regions of the cell, but generally, their distributions are different. APC
increases EB1’s ability to stimulate microtubule polymerization [74,83-86]. Microtubule plus-
ends show high dynamic instability once they reach the cortex [87,88]. APC could increase
the microtubule rescue frequency at the extension tip or in the growth cone by facilitating EB1
re-localization to shrinking plus-ends. Rho and the formin mDia may also play a role as Rho
activation by lysophosphatidic acid (LPA) activates mDia binding to APC and EB1 and their
localization to the tip of stabilized microtubules [41].

APC regulation of microtubule stability in cell extensions may involve IQGAP [89,90]. APC
could also indirectly associate with F-actin via binding to IQGAP [89]. IQGAP is a Cdc42/
Rac effector that cross-links F-actin, Clip170 and APC when bound to activated Rac [89,90].
IQGAP and APC form a ternary complex with activated Rac/Cdc42 and depletion of either
IQGAP or APC inhibits cell migration [89].

APC also binds Asef, an APC-stimulated Rac-specific guanine nucleotide exchange factor
[91,92]. Asef over-expression reduces cell-cell adhesion and increases cell migration, whereas
RNAI depletion of Asef decreases migration; both effects are enhanced by expression of
APCAC [92]. This indicates that Asef can be recruited to, and activated in a complex with APC
during cell migration.

The armadillo domain of APC binds Kap3 (kinesin superfamily-associated protein), a
component of the kinesin (KIF) 3A/B microtubule plus-end directed motor [93,94]. Kap3 may
facilitate transport of APC and its binding partners to the cortex, since an APC N-terminal
fragment (AEB1/MT binding sites) moves along microtubules to the cortex and accumulates
in cortical clusters, and a Kap3 dominant-negative fragment inhibited APC localization into
clusters [67,85,94,95]. It will be important to define how and where in neurons the APC/KAP3
interaction is modified in response to signals mediating neuronal polarization because KAP3
binding may regulate the formation of the KIF3A/Par3/APC complex and APC-mediated
transport of Par3 to the axonal growth cone.
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5. A role for the APC/axin/GSK3 B-catenin Destruction Complex in Cell
Migration?

Recall that in addition to regulating microtubules APC mediates the degradation of ,B’catenin
in a multi-protein complex containing axin and GSK3p. Are these two functions of APC
independent of each other? B-catenin is rarely detected in microtubule-associated APC clusters
[66,96] presumably because it is rapidly targeted to the proteasome for degradation [55].
However, deletion or mutagenesis of the N-terminal CKI/GSK3p phosphorylation sites on -
catenin results in the accumulation of B-catenin in APC clusters [96], and inhibits HGF-induced
membrane extensions in MDCK epithelial cells [75] and NGF-induced formation of neurite
extensions in PC12 cells [47]. Significantly, expression of stabilized B-catenin mutants
increases the level of APC phosphorylation by CKle and GSK3p [63,64], and, thereby, may
affect microtubule dynamics and stability at the cortex [30]. Other unresolved questions are:
does Wnt or neurotrophin signaling locally increase or decrease binding of p-catenin to APC
during cell extension or neuronal polarization; can binding of p-catenin to APC in the absence
of GSK3p activity have a positive role in cell extension? Understanding the connections
between APC functions in B-catenin regulation and in regulation of microtubules will help to
elucidate the role of APC in cell extension and neuronal polarization.

6. Conclusions

Although we have a much better understanding of how signals inducing cell extension and
migration and neuronal polarization have very immediate and local effects on the microtubule
cytoskeleton, there are still many open questions to address. Local inhibition of GSK3p
emerges as a common endpoint of several pathways that regulate APC and other MAPs and
microtubule dynamics during directional cell extension. A major question to resolve is whether
the different pathways of GSK3p inhibition that have been described downstream of
neurotrophic factors and integrin activation or downstream of Wnt signaling, respectively, are
functionally redundant or cooperate to regulate MAPs and microtubules. Furthermore, there
are many gaps in our understanding of how the different components of divergent canonical
Whnt signaling interact in their local function as regulators of microtubules during cell
extension. It remains unclear how dishevelled inhibits GSK3p, and how axin works as a
positive regulator in directional cell extension. It will be also important to learn more about
the modification(s) and role(s) of APC as a positive effector of microtubule organization
downstream of Wnt signaling and how B-catenin and other binding partners modify this
function of APC. Addressing these questions will provide a much clearer picture of how cells
reorganize into complex three-dimensional patterns, and could help to develop systems of
tissue regeneration in disease or after injury.
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Fig 1. Organization of cytoskeleton and signaling proteins in directional cell migration and
extension

(A) Epithelial or astrocyte migrating into a wound area; (B) neuronal cell extending axon and
dendrites; (C) Cytoskeletal organization and signaling proteins at the leading edge: The actin
(G- & F-actin) cytoskeleton (red) provides a membrane protrusive force by actin
polymerization at the leading edge. The microtubule (MT) cytoskeleton (green) delivers
membrane components via the secretory pathway and provides a protrusive force by
microtubule polymerization (pioneering) and bundling. The microtubule-organizing center
(MTOC, green dots in A and B) orients towards the direction of extension, and microtubules
orient along the axis of extension, being laterally guided by cortical actin bundles attached to
focal adhesions. Growth factor signals and integrin-matrix adhesion at the leading edge
stimulate small GTPases Cdc42, Rac and Rho. Cdc42 and Rac promote actin polymerization
by activating the WASP- and WAVE-Arp2/3 actin-nucleation complexes in filopodia and
lamellipodia. In epithelial cells, Rho promotes directed migration by inducing actin/myosin
contractility in the rear and contraction forces at actin bundle-focal adhesion connections in
the front. In neuronal cells, an actin arc separates the central microtubule rich area of the growth
cone from peripheral actin rich lamellipodia and filopodia and Rho activity promotes growth
cone repulsion. Small GTPases also activate the leading edge-enriched MAP APC. The
mechanism of this activation is poorly understood but activated APC promotes directed cell
extension probably by interacting with the microtubule plus-end binding protein EB1 and
regulating microtubule dynamics at the leading edge. APC can interact with actin either directly
via its actin binding domain or indirectly via binding to the CDC42/Rac effector and actin
binding protein IQGAP.
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Fig. 2.
Signaling pathways that induce activation of APC in cell migration.
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Fig. 3. APC as a common target of signals that regulate cell motility
grey double arrows indicate potential changes in APC phosphorylation and interaction with
binding partners that need further investigation.
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Fig. 4. APC protein-protein interaction domains

Grey: dimerization domain; Black: conserved APC domain. Red: armadillo repeat domain that
binds Asef, IQGAP and Kap3. The N-terminal 1121 amino acids also contain a binding site

for

the B56 regulatory subunit of PP2A. Dark green and dark purple: 3 repeats of 15 amino

acids (15aa) and 7 repeats of 20 amino acids (20 aa), respectively, which bind [‘,’catenin. Light
purple: 3 SAMP domains in between the 20 aa repeats which bind axin. Yellow: microtubule/
F-actin/mDia-binding region between amino acids 2219 and 2580. Olive: C-terminal region
that binds to the plus-end microtubule binding protein EB1. Pink: C-terminal S/TXV motif
binds to PDZ domains of DIg, PSD-95.

Semin Cell Dev Biol. Author manuscript; available in PMC 2009 June 1.




