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Abstract

Adenomatous Polyposis Coli (APC) protein is mostly known as a tumor suppressor that regulates
Whnt signaling, but is also an important cytoskeletal protein. Mutations in the APC gene are linked
to colorectal cancer and various neurological disorders and intellectual disabilities. Cytoskeletal
functions of APC appear to have significant contributions to both types of these disorders. As a
cytoskeletal protein, APC can regulate both actin and microtubule cytoskeletons, which together
form the main machinery for cell migration. As APC is a multifunctional protein with numerous
interaction partners, the complete picture of how APC regulates cell motility is still unavailable.
However, some molecular mechanisms begin to emerge. Here, we review available information
about roles of APC in cell migration and propose a model explaining how microtubules, using
APC as an intermediate, can initiate leading edge protrusion in response to external signals by
stimulating Arp2/3 complex-dependent nucleation of branched actin filament networks via a series
of intermediate events.

INTRODUCTION

The Adenomatous Polyposis Coli (APC) gene was first identified in 1991 (Groden et al.,
1991), when mutations of this gene were found to be associated with familial adenomatous
polyposis (FAP), an inherited condition characterized by the presence of multiple colorectal
polyps. If not treated, the FAP patients often develop colorectal cancer. These findings led
to a concept that APC functions as a tumor suppressor (Zhang and Shay, 2017). In addition,
APC mutations have been also linked to various neurological disorders and intellectual
disabilities (Gonzalez et al., 2015; Mohn et al., 2014; Onouchi et al., 2014).

The APC gene encodes a 312 kDa, multi-domain protein that has multiple interacting
partners and diverse cellular functions. In humans, APC has highest expression levels in
the brain, but is also expressed in multiple other tissues including high levels of expression
in the gastrointestinal tract (https://www.proteinatlas.org/) (Bhat et al., 1994). The APC
gene undergoes alternative splicing that primarily affects the N-terminal region of the APC
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protein. The APC gene produces a conventional ubiquitously expressed APC isoform with
2843 amino acids (aa) and several splice variants that are usually expressed in differentiated
tissues (Carson et al., 2004; Liou et al., 2004; Santoro and Groden, 1997; Thliveris et

al., 1994). Human genome also encodes a brain-specific APC paralog, APC2, which

shares some, but not all functions with APC and plays important roles in nervous system
development (Shintani et al., 2012; Yamanaka et al., 2002).

The tumor suppressor activity of APC largely relies on its roles in the canonical Wnt/p-
catenin signaling pathway, which regulates organogenesis, embryonic development, tissue
homeostasis and tumorigenesis (Schaefer and Peifer, 2019). In steady-state conditions, when
Whnt signaling is not activated, APC, together with scaffolding protein Axin, serine/threonine
kinases GSK3p and CK1, and p-catenin, forms a destruction complex that phosphorylates
B-catenin, thus promoting its ubiquitination and degradation. Activation of the Wnt pathway
disrupts the destruction complex, leading to p-catenin accumulation in the cytoplasm, and
its translocation into the nucleus, where B-catenin interacts with transcription factors to
activate expression of Wnt target genes. The FAP-linked APC mutations typically produce a
truncated APC protein unable to assemble a functional destruction complex, which leads

to constitutive activation of the Wnt pathway, abnormal target gene transcription, and
cancerous lesions in the colon.

In addition to regulating Wnt signaling, APC has been subsequently recognized to be

a microtubule-binding protein (Nathke et al., 1996), and a multifunctional regulator of

the cytoskeleton that is able to interact with and regulate all three major components

of the cytoskeleton — microtubules, actin filaments and intermediate filaments (Dogterom
and Koenderink, 2019; Nelson and Nathke, 2013). Through its ability to regulate the
cytoskeleton, APC plays important roles in various aspects of cell behavior, such as cell
migration, adhesion, polarity, division, and morphogenesis. In this review, we focus on the
cytoskeletal functions of APC, especially those that affect directional cell motility through
regulation and coordination of actin and microtubule dynamics. Additional APC functions
are discussed in other recent reviews (Hajka et al., 2021; Lesko et al., 2014; Li et al., 2021;
Narayan and Sharma, 2015; Schaefer and Peifer, 2019; van der Wal and van Amerongen,
2020; Zhang and Shay, 2017).

APC DOMAINS

Here, we will primarily discuss the conventional human APC isoform (2843 aa), but
comment on other APC variants and APC2, as needed. The amino acid sequence of APC
can roughly be divided into three major regions (Figure 1): (1) the N-terminal segment
(subsequently referred to as APC-N), which contains protein-protein interaction and self-
assembly domains, (2) the middle domain (APC-M), which is involved in the assembly

of the B-catenin destruction complex, and (3) the C-terminal region (APC-C), which
contains microtubule- and actin-interacting sites. Compared with APC, APC2 contains well-
conserved N-terminal and middle domains, but has a different C-terminal region (Nakagawa
etal., 1998; van Es et al., 1999).
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The APC N-terminus (APC-N)

In the conventional human APC isoform, APC-N comprises ~1,000 aa that includes three
self-association domains (SD1-3) and an Armadillo repeat domain (ARD).

Self-association domains (SDs)—SD1 of APC was originally mapped to the first 55
aa of APC, when an isolated N-terminal peptide of APC (aa 2-55) was found to form an
a-helical coiled-coil, suggesting that it could be responsible for dimerization (Joslyn et al.,
1993). However, subsequently characterized biochemical and crystal structure features of
the peptide dimer suggested that within the full length APC, this coiled coil likely extends
beyond the first 55 aa (Day and Alber, 2000). Furthermore, since the neighboring region

of APC (aa 46-256) that lacks most of SD1, is also able to dimerize (Joslyn et al., 1993),
possibly, using the heptad repeats at aa 125-156 (Day and Alber, 2000), SD1 likely extends
at least till residue 156. Additional APC self-association regions have been mapped to aa
396-426 (SD2) and aa 768-958 (SD3) (Kunttas-Tatli et al., 2014; Li et al., 2008). A shorter
splice isoform of APC that is enriched in the brain and the heart lacks the first 45 aa of SD1,
and possibly also SD2, which could render this isoform largely monomeric (Kunttas-Tatli
et al., 2014), although this possibility has not been specifically addressed. Despite having
several SDs within APC-N plus a dimerizarion motif in the APC-C, purified recombinant
full-length mouse APC behaved predominantly as a dimer in vitro (Baumann et al., 2020).

Armadillo repeat domain (ARD)—The ARD of APC is located between SD2 and

SD3, and is involved in multiple protein-protein interactions of APC (Nelson and Nathke,
2013). The Armadillo repeat was first characterized for Drosophila Armadillo (p-catenin)
(Riggleman et al., 1989) and refers to a 42-aa motif consisting of three a.-helices (Huber
etal., 1997). Initial studies have identified seven tandem Armadillo repeats in APC (aa
453-767) (Peifer et al., 1994), but a subsequent crystal structure analysis showed that the
Armadillo repeats fold together with a preceding region (aa 326-442), forming a common
right-handed solenoid (Zhang et al., 2012). Therefore, the proper ARD boundaries should be
aa 326-767. However, since the pre-ARD region completely encompasses SD2, it remains to
be understood whether SD2 remains dimerization competent in the context of the extended
ARD. As a typical protein-protein interaction domain, ARD of APC interacts with multiple
proteins via the groove of the solenoid. The interaction partners of ARD include Asefl

and Asef2 (Kawasaki et al., 2000), IQGAP1 (Watanabe et al., 2004), Amerl and Amer2
(Grohmann et al., 2007), KAP3 (Jimbo et al., 2002), and vimentin (Sakamoto et al., 2013;
Wang et al., 2009) among others (Nelson and Nathke, 2013).

Asefl (APC-stimulated guanine nucleotide exchange factor) and its paralog Asef2 are
Cdc42-activating GEFs (Kawasaki et al., 2007; Kawasaki et al., 2000). The Asef1/2
sequences consist of an APC-Binding Region (ABR) that can bind ARD of APC, the

SH3 domain, and the DH-PH tandem domain responsible for GEF activity. Asef1/2 can
acquire an autoinhibited conformation, in which the ABR-SH3 domains bind the DH-PH
domain, thus blocking its interaction with the GTPase (Hamann et al., 2007; Zhang et al.,
2012). Binding of ARD of APC to ABR of Asef1/2 disrupts the autoinhibition and releases
the GEF activity of Asefl1/2. Although the initial study showed that Asef activates Racl
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(Kawasaki et al., 2000), subsequent analyses demonstrated that Asefl1/2 activate Cdc42, but
not Rac (Gotthardt and Ahmadian, 2007; Hamann et al., 2007).

IQGAPs are cytoskeletal scaffolding and regulatory proteins that have dozens of binding
partners (Abel et al., 2015; Watanabe et al., 2015), including the small GTPases Cdc42

and Rac, APC, other microtubule plus end-tracking proteins (+TIPs), actin filaments, and
the stimulators of actin polymerization N-WASP and formin mDial, as well as itself.
IQGAPL1 is the best studied member of this family. It is ubiquitously expressed and acts
both downstream of active Rac and Cdc42, which stimulate the binding of IQGAP1 to APC
and actin filaments, and upstream of these GTPases (Mosaddeghzadeh et al., 2021). Thus,
IQGAP1 binding to GTP-Cdc42 stabilizes the active Cdc42 state by inhibiting the GTP
hydrolysis. Binding of IQGAP1 to Racl, on the other hand, appears to involve both positive
and negative regulation (Jacquemet and Humpbhries, 2013).

Amerl is a membrane-binding protein that contains two binding sites for interaction with
phosphoinositides P1(4,5)P2, P1(4)P and PIP3 (Grohmann et al., 2007). Its paralog Amer2
has been shown to be a +TIP (Jiang et al., 2012; Pfister et al., 2012).

KAP3 is a cargo-binding subunit of the heterotrimeric kinesin-2 (KIF3A-KIF3B-KAP3) that
was also reported to bind ARD (Jimbo et al., 2002), although another study was not able

to detect the KAP3-APC interaction by coimmunoprecipitation from cell lysates (Jaulin

and Kreitzer, 2010). However, it detected coimmunoprecipitation of homodimeric kinesin-2
(KIF17) with an N-terminal half of APC, although whether this interaction is mediated by
the ARD was not determined.

Vimentin is a structural subunit of intermediate filaments in mesenchymal cells.
Intermediate filaments, a third major component of the cytoskeleton, mainly function to
provide mechanical integrity and resilience to cells and tissues, but they are also involved

in regulation of cell motility and adhesion (Dutour-Provenzano and Etienne-Manneville,
2021). Distribution of vimentin intermediate filaments throughout the cytoplasm strictly
depends on microtubules (Goldman, 1971). ARD of APC has been shown to directly bind
vimentin intermediate filaments, promote vimentin polymerization in vitro and contribute to
the distribution of intermediate filaments along microtubules (Sakamoto et al., 2013).

The APC middle domain (APC-M)

APC-M (aa ~1000-2100) is mainly responsible for APC participation in the p-catenin
destruction complex. APC-M is an intrinsically disordered region of APC that binds -
catenin through two types of short imperfect amino acid repeats (McCartney and Nathke,
2008; Minde et al., 2011): four 15-aa repeats in the N-terminal part of the APC-M (aa
1020-1034; 1136-1150; 1155-1169; 1173-1187) and seven 20-aa repeats spread throughout
the rest of APC-M (aa 1265-1284; 1378-1397; 1494-1513; 1646-1664; 1850-1869; 1957—
1976; 2015-2034). Three additional short sequences interlaced with the 20-aa repeats —

the SAMP repeats (aa 1568-1587; 1718-1736; 2033-2051) — bind to Axin, a scaffolding
protein within the destruction complex. The middle region of APC2 lacks the 15-aa repeats
and has only five 20-aa repeats and two SAMP repeats (Nakagawa et al., 1998; van Es et al.,
1999).
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The APC C-terminus (APC-C)

APC-C (aa 2130-2843) is the main cytoskeleton interacting domain of APC. It contains
three subdomains important for the cytoskeletal functions of APC: the basic domain (aa
2223-2579) that interacts with both actin and microtubules, the EB-binding domain (aa
2782-2831) that enables APC to act as a +TIP, and the PDZ-binding domain (aa 2841—
2843). In APC2, the C-terminal region is not conserved and lacks the PDZ-binding motif,
but still binds microtubules, actin, and EB proteins (Kahn et al., 2018).

Basic domain—The ability of APC to bind microtubules was discovered when full length
APC was ectopically expressed in epithelial cells (Munemitsu et al., 1994). The same study
also demonstrated that such localization was mediated by APC-C, and that APC-C can

also nucleate and bundle microtubules in vitro. Subsequent data showed that the direct
APC-microtubule interaction, bundling and nucleation of microtubules were mediated by
the APC basic domain (2219-2580) within APC-C (Deka et al., 1998). An APC-C region
overlapping with the end of the basic domain and extending further in the C-terminal
direction (aa 2539-2680) has been shown to directly bind kinesin-1 (KIF5) (Ruane et al.,
2016). The distinct basic domain in APC2 is still able to bind microtubules (Kahn et al.,
2018).

The basic domain, together with additional C-terminal residues, also can nucleate and
bundle actin filaments /n vitroin a manner that is mutually exclusive with microtubule
binding (Moseley et al., 2007; Okada et al., 2010). Two regions, ANS1 (aa 2326-2353) and
ANS2 (aa 2526-2612), are critical for actin nucleation. They are responsible for interaction
with actin monomers and dimerization, respectively (Juanes et al., 2017; Okada et al., 2010).
The basic domain can also link APC to actin filaments indirectly through a formin family
protein mDial, which is an actin nucleator and elongator on its own right (Schonichen

and Geyer, 2010). mDial can interact with the APC region (aa 2167-2674) encompassing
the basic domain (Wen et al., 2004). Although details of APC-mDial interaction remain
unclear, mDial strongly potentiates actin nucleation mediated by the APC basic domain
(Breitsprecher et al., 2012; Okada et al., 2010). In the proposed model, the APC basic
domain brings together several actin monomers to promote nucleation, whereas mDial binds
the newly formed barbed (fast-growing) end of the actin filament to accelerate its elongation,
thereby producing long unbranched actin filaments. The actin-nucleating activity of the APC
basic domain was proposed to be inhibited by a +TIP, EB1 (Juanes et al., 2020). However,
since in vitro inhibition of actin nucleation was observed at a very large molar excess of EB1
over APC-C, physiological relevance of this mechanism remains to be further assessed.

EB-binding domain—In addition to direct interaction of APC with microtubules through
the basic domain, APC-C can also bind microtubules indirectly using the EB-binding region
(Slep et al., 2005). The EB family of +TIPs (EB1-3) can directly recognize the GTP cap

of growing microtubules and recruit additional +TIPs that contain either SxIP or Cap-Gly
motifs (Akhmanova and Steinmetz, 2015; Galjart, 2010). APC interacts with EB1 (Su et al.,
1995) through an SxIP sequence (2803-SQIP-2806) at the C-terminus of APC (Honnappa
et al., 2009). An additional SxIP sequence within the basic domain (2537-SRLP-2540) can
also contribute to APC-EB1 interaction (Serre et al., 2019). Through binding to EB proteins,
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APC becomes a part of a large +TIP network at growing microtubule tips, where individual
+TIPs are involved in multiple intra- and intermolecular interactions (Gupta et al., 2014).

PDZ-binding motif—A canonical PDZ-binding domain of APC comprises the last three
residues of its sequence (TSV). This motif has been shown to interact with two epithelial
basolateral polarity proteins, DLG1 (Matsumine et al., 1996) and Scribble (Takizawa et
al., 2006), and with a postsynaptic scaffolding protein of excitatory synapses, PSD-95
(YYanai et al., 2000). The crystal structures of the C-terminal peptides of APC bound to

the PDZ domains of DLG1 (Zhang et al., 2011) or Scribble (How et al., 2019) suggested
that additional residues upstream of the canonical TSV sequence enhanced the interaction.
An APC-C fragment containing both the EB- and PDZ-binding regions, but not the basic
domain, was found to bind the intermediate chain of cytoplasmic dynein (Gao et al., 2017),
the minus end-directed microtubule motor.

APC REGULATION

APC in cells undergoes phosphorylation (Li and Nathke, 2005; Mimori-Kiyosue et al.,
2000a), although the exact phosphorylation pattern and significance of individual sites

are still poorly understood. Among them, the roles of APC phosphorylation by GSK3p

are best characterized. GSK3p-mediated phosphorylation of APC at the 20-aa repeats

in APC-M enhances B-catenin binding (Minde et al., 2011), but reduces microtubule
binding in vitro and in cells (Etienne-Manneville and Hall, 2003; Zumbrunn et al., 2001),
suggesting a mechanism that balances the APC functions between the destruction complex
and the cytoskeleton. Consistent with this idea, APC was isolated from cells as two
distinct complexes that interacted with microtubules and p-catenin in a mutually exclusive
manner (Penman et al., 2005). However, the GSK3p-mediated phosphorylation of APC-M
represents a rather indirect way to inhibit APC-microtubule association. It remains unclear
whether GSK3p can regulate this interaction more directly, for example, by phosphorylating
APC-C.

Multiple consensus phosphorylation sites for the p34°4¢2 PKA, CKII and PKC kinases have
been identified in APC-C and proposed to regulate the APC-EB interaction (Askham et al.,
2000; Trzepacz et al., 1997), which offers a more direct way to regulate APC-microtubule
binding by phosphorylation. Consistent with this idea, in vitro phosphorylation by p34¢cdc2
of the C-terminal region of APC (aa 2560-2943), downstream of the basic domain, inhibited
its interaction with EB1 (Nakamura et al., 2001). Interestingly, in vitro dephosphorylation of
APC-C increased its ability to bundle actin filaments (Moseley et al., 2007), suggesting that
the phosphorylation state of APC-C can balance its binding to either actin or microtubules.

APC phosphorylation was also found to render APC-N more resistant to proteolytic
degradation, suggesting that APC phosphorylation affects either APC-N conformation or
its interactions with other proteins (Li and Nathke, 2005). Additionally, phosphorylation
of S948 in APC-N that allows for binding of 14-3-3 protein was found to enhance APC
self-association through SD3 (Li et al., 2008).
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APC AND MICROTUBULES

Microtubules are highly dynamic cytoskeleton components. They are intrinsically polar,
with a fast-growing plus end and a slow-growing minus end. In cells, microtubule minus
ends are usually stabilized, while plus ends undergo constant shrinkage and elongation. The
most essential functions of microtubules in cells are intracellular transport, cell division
and directional cell migration (Dogterom and Koenderink, 2019). Because of their diverse
functions, microtubule dynamics are highly regulated by various microtubule-associated
proteins, including APC.

APC colocalizes with microtubules in cells

Overexpressed APC was initially found to localize along the entire length of microtubules
(Munemitsu et al., 1994). However, endogenous APC in various cell types was found to
localize only at the microtubule tips (Mogensen et al., 2002; Nathke et al., 1996; Rosin-
Arbesfeld et al., 2001). It is generally considered that such localization is mediated via EB
interaction. This idea is supported by partial and/or transient colocalization of EB1 and APC
at APC-positive microtubule tips, although many EB1-positive microtubule tips lacked APC
(Kita et al., 2006; Mimori-Kiyosue et al., 2000b; Wen et al., 2004). Also, experiments with
exogenous expression of APC fragments demonstrated that an isolated APC basic domain
localized along the length of microtubules, whereas the EB1-binding region, either alone or
in combination with the basic domain, concentrated at microtubule tips and colocalized with
EB1 (Askham et al., 2000; Rosin-Arbesfeld et al., 2001; Zumbrunn et al., 2001). Although
the microtubule lattice-binding ability of the APC basic domain is not sufficient for tip
localization, it can help stabilize both APC and EB1 at microtubule tips (Serre et al., 2019).
The reported inability of EB1 knockdown to affect APC tip localization (Kita et al., 2006)
could potentially result from compensation by other EB proteins or from incomplete EB1
knockdown. The lattice-binding ability of the basic domain can also explain existence of a
fraction of APC-positive microtubule tips lacking EB proteins (Kita et al., 2006; Koester et
al., 2007). Indeed, live cell imaging showed that when a microtubule stops growing, APC
can remain at the microtubule tips for seconds after EB proteins dissociate (Kita et al.,
2006).

Another mechanism by which APC can localize to microtubule tips is by serving as a
kinesin cargo. Both full length APC and an APC mutant lacking the C-terminus were
observed to move along microtubules toward the plus end in A6 Xenopus epithelial cells

in an ATP-dependent manner (Mimori-Kiyosue et al., 2000a), consistent with the plus end-
directed motor activity of kinesins. The translocation of the APC-C-deleted construct likely
depended either on heterotrimeric (KIF3A/3B/KAP3) or homodimeric (KIF17) kinesin-2,
both of which can bind APC-N and facilitate APC accumulation at the cell periphery (Jaulin
and Kreitzer, 2010; Jimbo et al., 2002). The C-terminus-dependent interaction of APC with
KIF5 is another potential mechanism, but it seems to contribute mostly to APC stabilization
at the microtubule tips, rather than to its delivery (Ruane et al., 2016).
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APC forms clusters around microtubule tips

Compared with other +TIPs, APC association with microtubule tips has two distinctive
features (Barth et al., 2002; Etienne-Manneville and Hall, 2003; Langford et al., 2006;
Nathke et al., 1996). First, both endogenous and ectopically expressed APC are typically
present only at a subset of microtubule tips; specifically, at those penetrating into actively
extending membrane protrusions. Second, APC forms relatively large clusters at these sites,
which only partially colocalize with microtubule tips and can be positioned microns away,
indicating that APC clusters are not equivalent to bundled microtubule tips. Additionally,
when growing APC-positive microtubules switch to shortening, the tip-associated APC
can be left behind and remain stationary until being dispersed or picked up by another
microtubule (Kita et al., 2006; Mimori-Kiyosue et al., 2000a). Nonetheless, these clusters
still depended on microtubule integrity and gradually dissipated after nocodazole-induced
microtubule disassembly (Langford et al., 2006; Mimori-Kiyosue et al., 2000a; Nathke

et al., 1996). The microtubule-associated APC clusters were also separate from the APC-
containing destruction complexes (Lupo et al., 2016; Penman et al., 2005; Schaefer and
Peifer, 2019). The mechanism of APC clustering remains unclear, but it seems to depend
on APC-N, as APC constructs lacking ARD failed to incorporate into cortical clusters

of endogenous APC at the microtubule tips (Barth et al., 2002). The APC clustering

likely involves contribution of the ARD interaction partners. For example, IQGAP1 — an
oligomerizing scaffolding protein — can organize large multiprotein complexes and link
them to the actin cytoskeleton, whereas Amer1/2 might link such complexes to the plasma
membrane. In cultured hippocampal neurons, APC2 clustering at microtubule tips was
proposed to be driven by an interaction between the APC2 C-terminus and dynein (Kahn et
al., 2018).

Together, the APC localization and clustering at microtubule tips in actively extending cell
protrusions of different cell types likely depends on a combination of different mechanisms,
including interactions between the APC basic domain and microtubule lattice, between the
APC C-terminus with EB proteins, and between APC and kinesin family members (Figure
2). However, how APC binds to selective microtubule tips specifically at the protruding
region of the cell but not elsewhere remains an open question. The mechanism of APC
clustering also remains to be clarified.

APC stabilizes microtubules

The multimodal association of APC with microtubules raises a question of whether APC
affects microtubule dynamics. Collectively, available information from in vitro and in vivo
assays leads to a conclusion that APC promotes microtubule assembly and stabilization.

The microtubule-stabilizing potential of APC could already be inferred based on the original
in vitro analyses showing that APC-C can nucleate and bundle microtubules (Munemitsu et

al., 1994). Subsequent studies demonstrated that the APC fragment comprising both APC-M
and APC-C slowed down microtubule depolymerization upon dilution in vitro (Zumbrunn et
al., 2001). Furthermore, the EB-binding region of APC-C in combination with EB1 induced
tubulin polymerization in vitro and microtubule elongation in permeabilized cells, whereas

these proteins had no effect in either assay when added individually (Nakamura et al., 2001).
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A TIRF microscopy analysis of dynamic microtubules assembled in vitro showed that EB3
and the entire APC-C segment prolonged residence of each other at microtubule tips, which
led to faster microtubule elongation, but also to increased catastrophe frequency, which were
attributed to the activities of APC and EB3, respectively (Serre et al., 2019).

Consistent with in vitro studies, APC was also found to stabilize microtubules in cells.

Thus, overexpression of full length APC or APC-C in Ptk2 cells protected microtubules
from depolymerization by nocodazole treatment, whereas deletion of the basic domain from
either APC or APC-C significantly reduced this protective effect (Zumbrunn et al., 2001).
Overexpressed APC also increased the formation of detyrosinated (stable) microtubules

in cells (Wen et al., 2004). Conversely, downregulation of APC reduced the amount of
acetylated (stable) microtubules in cells and tissues and made microtubules less resistant

to nocodazole treatment (Eom et al., 2014; Hughes et al., 2002; Kroboth et al., 2007,
Yokota et al., 2009). Detailed analysis of microtubule dynamics in MDCK cells showed

that microtubules possessing endogenous APC at their tips (visualized by an introduced
fluorescently labeled non-perturbing APC antibody) spent more time in growth and less time
in shortening, as well as exhibited reduced frequencies of catastrophes and rescues, thus
leading to overall microtubule stabilization (Kita et al., 2006). A discrepancy with the in
vitro study detecting greater catastrophe frequency despite the presence of APC (Serre et al.,
2019) can be attributed to accumulation of many more +TIPs at microtubule ends in cells,
as compared with the reconstitution system, which can collectively prevent microtubule
catastrophes (Gupta et al., 2014). An increase in microtubule acetylation and protection
against nocodazole-driven depolymerization was also observed upon overexpression of
APC2, while APC2 knockdown in chicken retinal neurons decreased tubulin acetylation
and detyrosination (Shintani et al., 2009).

In addition to stabilization of preexisting cytoplasmic microtubules, APC can also facilitate
microtubule nucleation at the centrosome. Analysis of mitotic spindle assembly in a cell-free
system revealed that APC depletion from Xenopus egg cytoplasmic extracts reduced the

size of microtubule asters nucleated at the centrosomes. This phenotype could be rescued

by either full length APC or by the APC-M+APC-C fragment, but not by the latter

fragment lacking the basic domain (Dikovskaya et al., 2004). Similarly, APC knockdown

in U20S cells, which endogenously express full length APC, impaired the formation of

the centrosome-associated microtubule asters induced by the nocodazole treatment and its
subsequent washout, while expression of full length APC in colon cancer SW480 cells,
which endogenously express only a C-terminally truncated APC (aa 1-1337), stimulated
astral microtubule growth (Lui et al., 2016). These effects are likely explained by the
APC-dependent stabilization of initial microtubule oligomers nucleated by the y-tubulin ring
complex at the centrosome.

In summary, APC most likely exerts microtubule stabilization effects by binding to
the microtubule lattice through the basic domain with contribution from the APC-EB1
interaction.
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APC AND THE ACTIN CYTOSKELETON

The actin cytoskeleton is the major force-generating system in cells, which can produce
pushing, pulling and resistance forces and also initiate and strengthen cell-cell and cell-
matrix adhesions (Svitkina, 2018). Pushing force for protrusion of lamellipodia at the
leading edge of migrating cells is predominantly generated by polymerizing branched
actin filaments, which are nucleated by the Arp2/3 complex following its activation by
nucleation-promoting factors. Pulling or contractile forces are produced by myosin Il
moving along actin filaments. For adhesion, initial interactions of adhesion receptors
(cadherins for cell-cell junctions and integrins for cell-matrix adhesions) with their ligands
are stimulated by actin-dependent protrusions, whereas adhesion stabilization requires actin-
myosin I1-dependent contractility. Although APC was initially viewed exclusively as a
microtubule-associated protein in the context of its cytoskeletal functions, accumulating
evidence increasingly points to important roles of APC for the actin cytoskeleton as well
(Figure 2).

APC colocalizes with actin cytoskeleton in cells

The initial studies that addressed mechanisms of APC localization using pharmacological
inhibitors observed that APC clusters in cell protrusions were sensitive to microtubule
inhibitors, such as nocodazole, but not to actin polymerization inhibitors (Nathke et al.,
1996; Rosin-Arbesfeld et al., 2001; Zhou et al., 2004). More detailed analyses, however,
revealed a pool of APC that colocalized with actin at cell-cell junctions in endothelial
and epithelial cells in an actin-dependent, but microtubule-independent manner (Harris
and Nelson, 2010; Kawasaki et al., 2013; Langford et al., 2006; Reinacher-Schick and
Gumbiner, 2001). The microtubule- and actin-dependent pools of APC in cells were
dynamically interchangeable, as nocodazole-mediated disruption of microtubules shifted
APC from the microtubule-associated clusters to the plasma membrane-associated cortical
actin (Rosin-Arbesfeld et al., 2001).

Besides cell-cell junctions, APC localization was also detected in the vicinity of focal
adhesions (lizuka-Kogo et al., 2005; Matsui et al., 2008; Matsumoto et al., 2010; Rosin-
Arbesfeld et al., 2001), the cell-matrix interaction sites, which are typically linked to the
ends of contractile actin-myosin 11 bundles, called stress fibers. The APC clusters were
juxtaposed to focal adhesions without colocalizing with them. They appeared to be the same
as the APC clusters associated with microtubule tips. This correlation suggests that APC
can mediate a cross-talk between microtubules and contractile actin bundles associated with
focal adhesions.

As it has been noted early on, the microtubule-associated APC clusters are specifically
found in actively advancing cell protrusions (Koester et al., 2007; Nathke et al., 1996).
APC was also found to colocalize with actin filaments at the leading edge of various cell
mammalian types, including fibroblasts (Watanabe et al., 2004), neurons (Caro-Gonzalez et
al., 2012; Shimomura et al., 2005), and Schwann cells (Elbaz et al., 2016), as well as in
Drosophila S2 cells (Zhou et al., 2011). Given that membrane protrusion at the cell leading
edge is normally driven by actin polymerization in an Arp2/3 complex-dependent manner,
these observations suggest that APC also mediates a cross-talk between microtubules
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and protrusive branched actin networks. This possibility has been supported by electron
microscopy data showing that APC localizes at the interface between microtubules and
branched actin filaments in neuronal growth cones (Efimova et al., 2020).

Mechanisms of APC-actin association

Several mechanisms have been proposed to mediate the APC interaction with the actin
cytoskeleton. Given that B-catenin can interact with both APC and cadherin, it was initially
thought that APC was localized at cell-cell junctions via the cadherin/p-catenin/a-catenin
complex that can interact with actin filaments. However, p-catenin binding to APC and
E-cadherin was found to be mutually exclusive, thus ruling out this model (Hulsken

et al., 1994; Penman et al., 2005; Rubinfeld et al., 1995). Furthermore, the N-terminal
fragment of APC truncated right after the ARD, and thus lacking the B-catenin-binding
APC-M, was sufficient for junctional localization of APC in an actin-dependent manner
(Langford et al., 2006). This result suggested a role of the ARD interaction partners, such
as IQGAP1 that can directly bind actin filaments (Watanabe et al., 2004), in the APC-actin
interaction. Asef1/2 also have a potential to indirectly link APC to the actin cytoskeleton,
specifically to branched actin networks, because Asef-mediated activation of Cdc42 can
stimulate nucleating activity of the Arp2/3 complex through intermediate activation of the
Arp2/3 complex activator N-WASP (Rohatgi et al., 1999). This mechanism can explain the
localization of APC at the microtubule-branched actin interface (Efimova et al., 2020).

Given that the actin cytoskeleton typically functions in tight association with the plasma
membrane, APC localization at the actin-containing cortical structures can be stabilized

by APC-membrane links. One such link can be provided by the membrane-binding

protein AMER1, which interacts with APC-N and facilitates cortical localization of APC
(Grohmann et al., 2007). In the context of full length protein, APC can also be anchored to
the plasma membrane by the polarity protein DLG, which binds the C-terminal PDZ-binding
motif of APC. This interaction was found to play a role for APC localization at cell
protrusions (Etienne-Manneville et al., 2005; lizuka-Kogo et al., 2005). The APC-membrane
anchorage also may be mediated by an ERM (ezrin-radixin-moesin) family protein ezrin,
which can interact with membrane components, actin and DLG1 (Aguera-Gonzalez et al.,
2017; Lasserre et al., 2010), although it is not clear whether Dlg can simultaneously bind
ezrin and APC.

The APC-membrane linkage in the vicinity of focal adhesions can be mediated by APC
interactions with focal adhesion components. One candidate is a Wnt-signaling component,
Dvl, which was reported to bind both the ARD of APC and the focal adhesion components,
paxillin and FAK (Matsumoto et al., 2010). Another candidate is DDEF that also can bind
paxillin and FAK, as well as the first SAMP repeat of APC, although this interaction
appeared to negatively regulate APC recruitment to focal adhesions (Matsui et al., 2008).
The observed accumulation of APC next to focal adhesions resembles the localization of the
cortical microtubule stabilization complex (CMSC), which traps microtubule tips at the focal
adhesion periphery through a series of protein-protein interactions (Meiring et al., 2019).
However, APC has not been formally shown to be a part of this complex.
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Regulation of actin structures by APC

Consistent with the APC localization in actively advancing protrusions, downregulation of
APC impaired protrusion formation in epithelial cells (Watanabe et al., 2004), fibroblasts
(Kroboth et al., 2007), neurons (Chen et al., 2011) and T cells (Juzans et al., 2020),
whereas APC overexpression in fibroblasts promoted or stabilized cell protrusions (Kroboth
et al., 2007; Mimori-Kiyosue et al., 2007). APC was also found to be necessary for
induction of lamellipodia by growth factors in HeLa cells (Kawasaki et al., 2009). Even
more impressively, local laser-mediated inactivation of APC at one side of the neuronal
growth cone led to growth cone turning toward the other side (Koester et al., 2007). APC
knockdown in primary hippocampal neurons decreased the overall F-actin levels in cells,
whereas the detailed analysis of actin cytoskeleton architecture by platinum replica electron
microscopy revealed that APC deficiency specifically abrogated branched actin filament
networks in growth cones, but spared long unbranched actin filaments (Efimova et al.,
2020). A decrease in total F-actin levels after APC depletion was also observed in U20S
cells (Juanes et al., 2017). This phenotype was attributed to the ability of APC to directly
nucleate actin filaments, as F-actin levels were not rescued by an actin nucleation-deficient
APC mutant. In some cells, downregulation of APC had no effect on protrusions (Zaoui et
al., 2010) or even increased lamellipodia formation (Elbaz et al., 2016).

APC is also implicated in focal adhesion dynamics, although the reported results are not
fully consistent with each other, possibly, reflecting cell type variations. In HeLa cells, APC
knockdown inhibited focal adhesion formation (Matsumoto et al., 2010). In contrast, APC
knockdown in Xenopus epithelial A6 cells increased focal adhesion size and strengthened
cell-substrate attachment, while APC overexpression in these cells increased the number

of focal adhesions, although no effects on their size was reported (Matsui et al., 2008;
Mimori-Kiyosue et al., 2007). Consistent with the latter results, APC knockdown decreased
the number but increased the size of focal adhesions in U20S cells, which resulted from

an impaired focal adhesion turnover (Juanes et al., 2017; Juanes et al., 2019). A positive
role of APC in focal adhesion turnover could potentially be linked to its ability to somehow
promote longitudinal splitting of focal adhesions (Young and Higgs, 2018). A role of APC in
restricting the formation of invadopodia was reported for breast cancer cells (Chanez et al.,
2021).

The roles of APC in cell-cell adhesion are poorly understood despite the reported
localization of APC to intercellular junctions. A most conclusive study conducted using
Drosophila ovary showed that a dAPC loss-of-function mutation in flies led to the formation
of large gaps between nurse cells and reduced formation of adherens junctions between
epithelial cells in the ovary (Hamada and Bienz, 2002). In mammalian cells, overexpression
of APC led to impaired formation of a polarized epithelial monolayer, even though it

did not disrupt cell-cell junctions (Mimori-Kiyosue et al., 2007). APC is also important

for epithelial cell polarity and proper formation of junctional complexes in other systems,
although these functions can involve both cytoskeletal and transcriptional APC activities
(Lesko et al., 2014).
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ROLES OF APC IN CELL MIGRATION

The ability of cells to migrate as a whole, move their subcellular components, and

interact with their neighbors and the extracellular matrix is essential for many normal

and pathological aspects of physiology of multicellular organisms. Microtubules and the
actin cytoskeleton are the major cellular machinery executing these complex tasks. Toward
this end, they carry out their individual functions but also are engaged in multifaceted
cooperation. Most proteins that are currently considered as candidates to mediate such
cooperation belong to the +TIP family. Among them, APC seems to be a lead candidate due
to its ability to interact and regulate both cytoskeleton subsets and influence cell maotility,
polarity and adhesion.

The individual and cooperative functions of actin and microtubules are most clearly
exhibited, and best understood during directional cell migration, which is essential for
multiple aspects of normal development and disease. The precise navigation during cell
migration is especially critical for neurons, which extend neurites over enormous distances
and find exact targets to form functional neural circuitry during development and after
injury. In this context, the high expression levels of APC in the brain and existence of the
neuron-specific APC2 paralog support the idea of APC proteins being at the heart of cell
polarity and navigation. Accordingly, much information about roles of APC in regulating
cell migration comes from studies in neurons.

Phenotypic links between APC and cell migration

The role of APC in cell migration could already be gleaned from the FAP phenotypes,
which are characterized by aberrant migration patterns of epithelial cells in colonic polyps
(Moss et al., 1996) and the intestine of APC mutant mice (Mahmoud et al., 1997; Moser

et al., 1995; Oshima et al., 1997; Sansom et al., 2004; Wong et al., 1996). Studies with
cultured cells strongly support the notion that cytoskeletal functions of APC play key roles
in regulating cell migration. Initial insights into these roles came from a correlation of APC
localization with actively protruding cell regions in various epithelial cells and fibroblasts
(Nathke et al., 1996; Neufeld and White, 1997), as well as in astrocytes (Etienne-Manneville
and Hall, 2003). In addition, cell lines originating from the ApcMi"* mouse model of FAP,
which carry one APC allele truncated at codon 850, exhibited impaired migration in culture
(Fenton et al., 2002; Forest et al., 2003). Aberrant migration of T cells isolated from FAP
patients was also recently reported (Mastrogiovanni et al., 2022). In developing neurons,
APC is particularly enriched at the tip of the axon, which exhibits the fastest growth rate
relative to other neurites (Shimomura et al., 2005; Votin et al., 2005). Moreover, APC
enrichment at the future axon tip preceded axon specification (Votin et al., 2005), whereas
local enrichment of APC within an individual growth cone predicted future direction of
growth cone movement (Koester et al., 2007). These observations suggested a causative
relationship between APC enrichment and axon growth.

Functional experiments largely support a causative role of APC in cell migration. Thus, APC
depletion led to slower cell migration in several cell lines, either due to impaired protrusion
formation (Kroboth et al., 2007; Pfister et al., 2012; Watanabe et al., 2004) or abnormal
cell-matrix adhesion turnover (Juanes et al., 2017), or both (Mastrogiovanni et al., 2022).
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In various neuronal cell types, APC deficiency retarded neurite extension (Dobashi et al.,
2000; Eom et al., 2014; Kroboth et al., 2007; Namekata et al., 2012), or impaired neuron
polarity leading to multidirectional neurite outgrowth, formation of ectopic branches and
inability of neurons to respond to guidance cues without affecting the elongation speed per
se (Chen et al., 2011; Eom et al., 2014; Yokota et al., 2009). APC also plays important roles
in establishing apicobasal polarity of epithelial cells (Lesko et al., 2014; Lesko et al., 2015),
polar apical extrusion of dying epithelial cells from an epithelial monolayer (Marshall et al.,
2011) or T cell polarity (Mastrogiovanni et al., 2022). APC2 also plays an important role

in neuronal navigation, because knockout of this paralog abrogated migratory response of
cerebellar granule cells in cultured explants to guidance cues, although APC2 knockout had
no effect on migration of these cells in basal conditions (Shintani et al., 2012).

In addition to downregulation approaches, APC functions were investigated using
manipulations of its upstream regulators, mainly GSK3p. GSK3p is constitutively active in
cells unless it is inhibited by phosphorylation at Ser9 in response to many diverse signaling
pathways (reviewed in (Hajka et al., 2021)). As GSK3p-mediated APC phosphorylation
inhibits APC-microtubule association (Zumbrunn et al., 2001), manipulations of GSK3p
activity or expression are frequently used to investigate roles of APC in cells. However,
since GSK3p phosphorylates multiple targets, including several +TIPs, the results of such
studies are not strictly conclusive regarding the roles of APC.

An elegant model linking APC to cell polarity has been proposed for directional migration
of astrocytes in culture, which was studied using a combination of imaging and inhibitory
approaches, including manipulation of GSK3p (Etienne-Manneville and Hall, 2003).
According to this model, local activation of Cdc42 at the cell leading edge activates the
Par3/Par6/aPKC polarity complex, which then phosphorylates and inhibits GSK3p, thus
allowing APC to bind and anchor microtubule plus ends, thereby inducing reorientation

of the centrosome toward the cell front, a readout of cell polarization. However, how

Cdc42 becomes activated in a polarized manner was not addressed in this study. Local
APC accumulation in a GSK3p inactivation-dependent manner was also reported to occur
in cultured neurons (Asada and Sanada, 2010; Kim et al., 2006; Shi et al., 2004; Zhou

et al., 2004). Neuron polarity in these studies was impaired by either global activation or
inactivation of GSK3p, as well as by interference with various signaling pathways triggering
local inactivation of GSK3p, suggesting a requirement for a proper level and/or localization
of GSK3p activity.

Collectively, the phenotypes of APC downregulation and GSK3p manipulation suggest that
APC contributes to cell migration and neurite extension by facilitating local leading edge
protrusion not only through proper interpretation of guidance cues and establishment of
cell polarity, but also through regulation of cell-matrix adhesions, and possibly, cell-cell
junctions.

Molecular mechanisms of APC functions in cell migration

Understanding molecular mechanisms underlying cytoskeletal functions of APC is a
daunting task due to diverse activities of APC and its numerous interaction partners. The
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experimental approaches that have been used to reach this goal include the use of various
APC mutants, mostly truncations, and addressing the roles of the APC interaction partners.

Functions of APC domains—Domain-based analyses of APC-dependent mechanisms
of cell matility suggest that virtually all functional determinants of APC play a role in at
least some aspects of cell motility.

APC-C: The microtubule-binding regions of APC-C (basic and EB-binding domains) were
found to be necessary for centrosome reorientation (i.e. cell polarization) in directionally
migrating astrocytes (Etienne-Manneville and Hall, 2003) and axon specification in
differentiating neurons (Shi et al., 2004), as they were impaired by overexpression of
C-terminally truncated APC proteins. The dominant negative effects of such constructs were
explained by sequestration of the endogenous full length APC away from microtubules
through the APC-N-mediated dimerization. However, a similar approach did not elicit

a dominant negative effect in PtK2 cells, but instead increased cell elongation and

protrusion formation (Kroboth et al., 2007). These distinct effects could result from different
overexpression levels relative to endogenous APC.

Overexpressing the isolated APC-C fragment retarded axon elongation in neurons
containing endogenous APC (Zhou et al., 2004), but partially rescued the aberrant branching
and protrusion phenotype in APC-deficient neurons (Chen et al., 2011). Together with
dominant negative effects of the C-terminally truncated APC proteins, these results suggest
that APC interaction with microtubules is necessary but not sufficient for APC-mediated cell
polarity. A partial rescue of cell polarity by APC-C could be explained by its interaction
with the polarity protein DIg1, which can partially anchor microtubules to the plasma
membrane and has been shown to contribute to astrocyte polarization (Etienne-Manneville
et al., 2005). However, expression of APC-C, with or without the DIg1-binding motif, was
sufficient to normalize the orientation of epithelial cell extrusion disrupted by expression of
C-terminally truncated APC (Marshall et al., 2011), suggesting that microtubule stabilization
by APC-C was sufficient for restoring cell polarity in this system.

APC-N: APC-N has significant contributions to cell migration. An early indication of this
role was the observed decrease in cell motility after APC knockdown in the colon cancer
cells that expressed only C-terminally truncated APC mutants and lacked full length APC
(Kawasaki et al., 2003). On the other hand, expression of APC-N in the APC-deficient
neurons rescued excessive axon branching (Chen et al., 2011). These data suggested

that although APC-N overexpression could impair normal phenotype through a dominant
negative effect, it can mitigate APC deficiency by providing some missing functionality.

A convincing evidence for an important role of the APC-N in directional protrusion was
obtained using chromophore-assisted laser inactivation (CALI) of APC domains in the
context of full length APC protein in growth cones of chick retinal neurons. In these
experiments, local application of CALI to one half of the growth cone triggered growth cone
turning away from the treated side, if the chromophore was attached to the APC-N-targeting
antibody, but toward the illuminated side if APC-M was targeted (Koester et al., 2007).
These results suggested that APC-M negatively regulates APC-N, while APC-N is needed
for protrusion.
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Given existence of several functional subdomains within APC-N, additional studies were
aimed to reveal their individual roles for cell migration. A positive role of the APC-N-
mediated self-association of APC was uncovered using over-expression of a SD3-containing
APC construct, which disrupted APC dimerization, or by inhibiting the 14-3-3 protein,
which facilitated the SD3-mediated self-interaction (Li et al., 2008). However, the APC
fragment containing both SD1 and SD2, but lacking ARD, was insufficient for rescuing

the APC deficiency in cultured cortical neurons (Chen et al., 2011), suggesting that APC
oligomerization facilitates activities of other APC domains rather than performs its own
functions. The ARD appears to be a key functional module within APC-N for regulation

of cell matility. In APC-deficient neurons, expression of ARD was able to partially rescue
excessive axon branching (Chen et al., 2011). These key roles of ARD appear to be mediated
by its multiple interaction partners (discussed below).

APC-M: The degree of involvement of APC-M, which interacts with the destruction
complex components, in cytoskeletal functions of APC is less clear. In general, manipulation
of APC expression can change the p-catenin levels, and therefore the cell transcription
profile, which could induce the observed phenotypes. Although this mechanism was indeed
found to be at play in some cases (Duraikannu et al., 2018; Lang et al., 2013; Rusan et al.,
2008; Sansom et al., 2004), other studies showed that the APC-dependent phenotypes were
[B-catenin independent (Chen et al., 2011; Harris and Nelson, 2010; Lang et al., 2013; Lesko
etal., 2015; Lesko and Prosperi, 2017; Nelson et al., 2012; Odenwald et al., 2013; Yokota et
al., 2009).

Notably, B-catenin can collaborate with APC not only as a transcriptional regulator, but also
as a cytoskeletal protein. In particular, p-catenin was found to partially colocalize with APC
clusters in cell protrusions, which were thought to contain a separate APC pool than that in
destruction complexes (Faux et al., 2010; Odenwald et al., 2013; Sharma et al., 2006; \Votin
et al., 2005). On a functional side, expression of a degradation-resistant B-catenin mutant

in PC-12 cells inhibited neurite outgrowth in PC-12 cells, whereas HeLa cells acquired an
unusually elongated bipolar shape after p-catenin knockdown (Votin et al., 2005). These
results suggest that an interaction of p-catenin with APC-M has an inhibitory effect on
protrusion-promoting functions of APC. Other studies, however, showed that p-catenin
colocalizing with APC clusters improved APC clustering in protrusions of NIH 3T3 cells
(Sharma et al., 2006) and stimulated protrusion formation in MDCK cells (Odenwald et al.,
2013). These conflicting results suggest that the roles of the p-catenin/APC cooperation or
competition for cell migration remain to be further explored.

Roles of APC interaction partners—Among multiple interaction partners of APC,
most significant mechanistic insights have been obtained through investigation of roles of
Asef, IQGAPs, mDia and microtubule motors.

Asef1/2: Functional interrogation of the roles of Asef-APC interaction suggests that this
interaction is important for membrane protrusion. Overexpression of constitutively active
Asefl or Asef2 lacking their autoinhibitory ABR, or coexpression of full length Asef
with ARD of APC, stimulated cell migration and formation of lamellipodia (Kawasaki et
al., 2007; Kawasaki et al., 2000; Mitin et al., 2007). Similarly, overexpression of Asefl
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(Lee et al., 2021) or Asef2 (Evans et al., 2015) in neurons enhanced the formation of
dendritic spines — postsynaptic protrusions induced by Arp2/3 complex-dependent actin
polymerization. Asef also colocalized with APC at cell-cell junctions in epithelial cells
(Kawasaki et al., 2013) and could enhance cell-cell junctions in endothelial cells (Tian et
al., 2015). As such junctions are supported in part by branched actin networks (Efimova and
Svitkina, 2018), this finding is also consistent with the idea that Asef stimulates branched
actin assembly. However, Asef overactivation disrupted cell-cell junctions in epithelial cells
indicating a need for its proper regulation (Kawasaki et al., 2003). Disruption of Asef-APC
interaction in cells using either the ABR of Asef, or peptides mimicking the Asef-binding
pocket in APC, or an N507K APC mutant unable to bind Asef, inhibited lamellipodia
formation and cell migration (Jiang et al., 2017; Mitin et al., 2007; Yan et al., 2019).

Importantly, coexpression of full length APC with full length Asef did not enhance
lamellipodia formation in MDCK cells beyond the level induced by full length Asef alone,
suggesting that APC first needs to be “activated” in order to activate Asef (Kawasaki et al.,
2003). The autoinhibition of APC that prevents Asef binding was proposed to be mediated
by an interaction between the ARD of APC and sequences within APC-M (Kim et al.,
2018). According to this mechanism, the C-terminally truncated APC proteins in colon
cancer cells would constitutively activate Asef to promote cell migration, which is likely a
part of the cancer promoting mechanism in FAP. How this autoinhibition can be disrupted in
the full length APC by normal signaling remains unknown.

IQGAP: IQGAP1 functions are tightly linked to positive regulation of various actin-based
protrusions, such as lamellipodia, neuronal growth cones and dendritic spines. Depletion

of either IQGAPL or APC inhibited lamellipodia and polarized migration of Vero cells,
although effects of IQGAP1 depletion were stronger (Watanabe et al., 2004). IQGAP1

has multiple ways to stimulate APC functions in protrusion. As an actin-binding protein,
IQGAPL1 can link APC to actin filaments, which together with its PIP2-binding ability
(Choi et al., 2013), can help anchor APC at the plasma membrane-associated actin cortex
(Watanabe et al., 2004). IQGAP1 can also promote actin polymerization at microtubule ends
by recruiting and stabilizing active Rac and Cdc42, because IQGAP1 can bind ARD of
APC simultaneously with GTP-bound forms of Cdc42 and/or Rac (Watanabe et al., 2004).
Asef and IQGAP1 also do not obviously compete for binding to ARD, as the ARD carrying
the N507K mutation that disrupts Asef binding can still displace IQGAP1 from clusters of
endogenous APC (Watanabe et al., 2004). Additionally, Asef and IQGAP1 can be recovered
in the same complex by immunoprecipitation (Tian et al., 2015). Thus, APC can integrate
both Asef- and IQGAP1-dependent pathways of actin polymerization. In addition, IQGAP1
can directly stabilize actin filaments (Hoeprich et al., 2022) and function as a coactivator of
mDial (Chen et al., 2020) and N-WASP (Bensenor et al., 2007; Wallrabe et al., 2013) to
employ yet additional actin assembly pathways.

mDia: Formins mDial, mDia2 and mDia3 can nucleate and elongate actin filaments using
their FH1-FH2 domain module (Schonichen and Geyer, 2010). These formins can stabilize
microtubules using different determinants in the same domains (Bartolini et al., 2008). An
initial idea that APC can cooperate with mDial for cell motility was suggested by a loss
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of APC accumulation at the leading edge in mDial-depleted cells and its enhancement

after expression of constitutively active mDial (Yamana et al., 2006). Similar observations
were subsequently made in mDial-deficient T cells (Dong et al., 2013). Discovery of direct
interaction of mDia proteins with APC suggested a molecular basis for their cooperation
(Cheng et al., 2011; Wen et al., 2004). There are two potential mechanisms by which mDial
can cooperate with APC. First, a combination of microtubule-stabilizing activities of both
proteins can make stabilization more efficient if they function as a complex (Wen et al.,
2004). Also, mDial was proposed to promote GSK3 inactivation through aPKC (Eng et
al., 2006), which opens another route to microtubule stabilization. Second, an ability of
APC and mDial to cooperate for efficient assembly of unbranched actin filaments in vitro
(Breitsprecher et al., 2012; Okada et al., 2010) can also contribute to actin-based protrusion
in cells. However, the actin-nucleating activity of APC was found to be more essential for
proper F-actin levels in cells and focal adhesion turnover with no reported effects on leading
edge protrusion (Juanes et al., 2017; Juanes et al., 2019).

Kinesins: APC is able to interact with kinesin-2 family motors (KIF3 and KIF17) via
APC-N and with kinesin-1 (KIF5) through APC-C. An interaction of APC with kinesin-2
was reported to facilitate APC localization to microtubule tips (Jaulin and Kreitzer, 2010;
Murawala et al., 2009). Accordingly, KIF3A depletion in MDCK cells prevented formation
of peripheral APC clusters, and impaired cell migration and polarization (Boehlke et al.,
2013; Jaulin and Kreitzer, 2010). Besides delivering APC, kinesin-2 also cotransports the
Par3/Par6/aPKC polarity complex (Shi et al., 2004), which is important for cell polarity.
Binding of kinesin-1 to APC-C was found to be important for APC localization to cell
protrusions in fibroblasts and to axon tips in neurons (Ruane et al., 2016). An ability

of APC to act as an RNA-binding protein (Preitner et al., 2014) adds another aspect to

its numerous functions. The kinesin-2 heterotrimer (KIF3A-KIF3B-KAP3) (Baumann et
al., 2020) and the kinesin-3 member KIF1C (Pichon et al., 2021) can transport multiple
APC-bound mRNAs, which encode proteins important for protrusion (Chrisafis et al., 2020;
Wang et al., 2017).

INTEGRATED MODEL OF APC FUNCTIONS IN CELL MOTILITY

A conventional model of cell migration involves two main components: (1) protrusion and
adhesion of the cell front and (2) retraction and deadhesion of the cell rear. During these
events, the actin cytoskeleton generates necessary forces, whereas microtubules can regulate
the distribution of these forces. A large knowledge gap in the cytoskeleton field is how
microtubules accomplish this task. Available data put APC at the core of this mechanism,

as APC can regulate both microtubules and the actin cytoskeleton at the same locality in
response to upstream signals (Figure 3).

APC-mediated regulation of microtubules for cell migration

On the microtubule side, APC mechanistically contributes to microtubule stabilization and
anchors microtubules at the site of (future) membrane protrusion. A key question is what
good this stabilization does for the protrusion.
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Microtubules have been long known to regulate directional cell migration and neuron
navigation (Cammarata et al., 2016; Etienne-Manneville, 2013; Pacheco and Gallo,

2016; Vasiliev et al., 1970), but the underlying mechanisms are complex and still not

fully understood. Microtubules are best known to support intracellular transport, which
enables them to deliver necessary cargo to proper sites. This mechanism in principle can
benefit from microtubule stabilization at the site of future protrusion. Indeed, stabilized
microtubules often are enriched at the cell front (Dogterom and Koenderink, 2019;
Gundersen and Bulinski, 1988) and can promote outgrowth of neuronal processes (Buck
and Zheng, 2002; Witte and Bradke, 2008). However, abundant data support the critical
need in dynamic microtubules, rather than just stable microtubule tracks, for virtually all
migratory processes (Kaverina and Straube, 2011). These conflicting ideas can be reconciled
by assuming that the microtubules regulating directional cell migration have stable “trunks”
and dynamic tips.

APC is well positioned to reach the goal of generating such “stably dynamic” microtubules
by locally retaining microtubule plus ends without blocking their dynamic instability.

First, APC can form large but dynamic clusters through multivalent interactions between
APC and its interaction partners that have dimerization or oligomerization capabilities
including APC itself. Multimolecular clusters of other +TIPs have been recently proposed
to exhibit properties of biomolecular condensates and promote microtubule polymerization
(Wu et al., 2021). The APC clusters likely also have such function. Second, a special
property of the APC clusters is that they are attached to the plasma membrane by their
various membrane-binding components, such as Amers, IQGAPs and polarity proteins. This
membrane anchorage can facilitate microtubule retention at the plasma membrane, as has
been shown for Amer2 (Pfister et al., 2012). The interaction between APC and cortical
actin can also contribute to the anchorage of APC clusters. As a result, APC clusters can
exhibit their “liquid” nature within a relatively restricted locality. Third, APC binds to the
microtubule lattice, thus leaving the actual plus end free to undergo short-range dynamic
instability within the limits of the cluster, because the high concentration of +TIPs there
would quickly rescue a shortening microtubule tip before it escapes the cluster. Finally,
since APC binds microtubules when GSK3 is locally inhibited by upstream signaling, the
formation of APC clusters can occur in response to various inputs, thereby defining cell
polarity.

Roles of stably dynamic microtubules in cell adhesion

Assuming that APC clusters can recruit and transiently retain stably dynamic microtubules
at a specific site, the next question is how these microtubules regulate cell migration.

A stable part of the microtubule can serve as a track to bring important cargo. Such
mechanism can be indeed at play for the microtubule-stimulated focal adhesion disassembly
(Kaverina et al., 1999) through delivery of cargo that degrades focal adhesion from

outside, such as using metalloprotease secretion (Stehbens et al., 2014), or from inside

by delivering autophagosomes (Kenific et al., 2016) or endocytic machinery (Ezratty et al.,
2005). However, even for this mechanism microtubule dynamics was found to be important
(Kaverina et al., 2002), suggesting the involvement of +TIPs including APC as a candidate.
In this context, the autophagosome delivery to focal adhesions was found to be regulated

Eur J Cell Biol. Author manuscript; available in PMC 2023 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fang and Svitkina Page 20

by APC, specifically, by the ability of APC to nucleate actin filaments (Juanes et al., 2019).
However, exact roles of the APC-nucleated actin filaments in this process remain a puzzle.

Roles of stably dynamic microtubules in membrane protrusion

Mechanistic experiments strongly point to the idea that APC can stimulate membrane
protrusion. In contrast to focal adhesion turnover, no microtubule-delivered cargo that
would be able to induce protrusion has been identified so far. Therefore, a more likely
possibility is that the protrusion initiation depends on dynamic microtubule tips, which in
turn suggests that protrusions are induced by signaling triggered by +TIPs. This signaling
undoubtedly should lead to actin polymerization — the actual driving force for membrane
protrusion. Given that branched actin networks are the most powerful and relevant cellular
machinery for protrusion, the +TIP-mediated signaling is expected to eventually activate the
Arp2/3 complex. Several striking experimental observations in neurons strongly support this
possibility. Specifically, when “pioneer” microtubules approach the growth cone periphery
or enter a dendritic spine, they induce growth cone advance or turning (Buck and Zheng,
2002; Dent et al., 2003) and spine expansion (Gu et al., 2008; Hu et al., 2011; Hu et

al., 2008; Jaworski et al., 2009), respectively. Both of these events are driven by the
assembly of branched actin networks (Korobova and Svitkina, 2008; Korobova and Svitkina,
2010) suggesting that microtubules were able to induce Arp2/3 complex activation in these
situations.

Given these considerations, APC again takes a center stage as a functional linker between
microtubule dynamics and actin assembly. This function of APC clearly depends on its
N-terminus, most likely through its ability to stimulate the Asef — Cdc42 — N-WASP -
Arp2/3 signaling pathway (Figure 3). As a Cdc42 GEF that can be activated by ARD

of APC, Asef1/2 can induce protrusion through Cdc42 and its downstream effectors, one
of which is a nucleation-promoting factor N-WASP (Rohatgi et al., 1999). Upon binding
GTP-Cdc42, N-WASP can activate the Arp2/3 complex, which then nucleates branched
actin filaments to exert pushing force onto the plasma membrane, where Cdc42 is localized
upon activation (Osmani et al., 2010). This cascade can be triggered when an APC-positive
pioneer microtubule hits the plasma membrane, where APC can encounter its downstream
effectors. This model is strongly supported by experimental findings showing that APC
localizes at the expected site — an interface between microtubule tips and branched actin
networks — and is critically required for branched actin network formation in neuronal
growth cones. Moreover, when dynamic APC-positive microtubule tips hit the plasma
membrane, a local actin-rich protrusion is formed at that site within seconds (Efimova et
al., 2020).

Another Cdc42 effector, the Par3-Par6-aPKC polarity complex (Joberty et al., 2000), can
cooperate with the APC — Asef — Cdc42 — N-WASP — Arp2/3 complex pathway to amplify
the initial protrusive event. The PAR complex can inhibit GSK3p activity, thus promoting
further APC clustering (Etienne-Manneville and Hall, 2003), and induce activation of Racl
—a more potent driver of lamellipodial protrusion — through Rac GEF Tiam1 (Nishimura et
al., 2005).
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In the context of membrane protrusion, a role of APC-C-dependent nucleation of
unbranched actin filaments in cooperation with mDial awaits further elucidation. Given
that full activation of the Arp2/3 complex requires its binding to the side of a pre-existing
“mother” actin filament (Machesky et al., 1999), the APC-mDial actin nucleation pathway
is well-positioned to generate mother filaments for the first round of branched nucleation
when pre-existing actin filaments are scarce. This exciting idea, however, is not consistent
with the actual experimental data showing that APC knockdown in neurons does not have
any negative impact on linear actin filaments (Efimova et al., 2020).

CONCLUSIONS

APC has emerged as a key regulator of the microtubule-actin crosstalk during cell
protrusion, polarization and adhesion dynamics. APC accomplishes these functions by
integrating localization and activities of its various interaction partners. The key outcomes
produced by APC-dependent cytoskeletal machinery include “dynamic stabilization”

of microtubules at specific locations, recruitment of polarity proteins to impose cell
polarity, initiation of downstream signaling events leading to microtubule-associated actin
polymerization to induce protrusion, and actin nucleation to stimulate focal adhesion
disassembly. Among these functions, microtubule-dependent membrane protrusion has
long been most enigmatic. At present, however, it seems to be a best defined molecular
mechanism among other functions of microtubules in cell migration.

By focusing here on APC functions in cell migration, we propose an APC-centered model
of microtubule-dependent actin-driven membrane protrusion in motile cells. This model
integrates the APC-dependent regulation of microtubule dynamics and the APC-dependent
initiation of branched actin network assembly. It explains how microtubules can regulate
directional migration and achieve high precision of protrusive activity in response to
external signals, which is especially important for neurons. This mechanism is consistent
with numerous observations of normal cell behavior, as well as phenotypes induced by
perturbations of APC functions. However, many postulates and predictions of this model
remain to be experimentally tested.

Cell-cell and cell-matrix adhesion are also important factors for cell migration. APC plays
important roles for their proper organization and dynamics. However, available data are not
yet sufficient to come up with as explicit molecular model that would explain how exactly
APC-mediated actin assembly promotes focal adhesion turnover.

Most APC mutations found in colorectal cancer patients result in expression of C-terminally
truncated APC proteins with an intact N-terminal region. These mutations can disrupt not
only Wnt signaling, but also cytoskeletal functions of APC. First, due to a loss of functions
provided by the microtubule-binding C-terminus, truncated APC cannot localize properly to
impose cell polarity. Second, by having an incomplete middle domain, the intact N-terminus
in cancer-related APC mutants is no longer inhibited through an intramolecular interaction,
which leads to uncontrolled cell protrusion and migration. Whereas aberrant Wnt signaling
resulting from APC mutations clearly makes important contribution to colorectal cancer, the
APC-related neurological disorders may be more heavily dependent on disorganization of
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cytoskeletal functions of APC. In this context it will be important to advance our knowledge
of specific functions of the neuron-specific APC2, as well as APC splice isoforms.

Besides cell migration and adhesion, APC plays important roles in other cytoskeleton-driven
cellular activities, which we largely left out of the scope of this review. They include cell
division (Fodde et al., 2001; Green and Kaplan, 2003), intermediate filament dynamics
(Dutour-Provenzano and Etienne-Manneville, 2021), mRNA and organelle trafficking
(Brocardo et al., 2008; Mili et al., 2008; Preitner et al., 2014; Qian et al., 2010; Yasuda
etal., 2013), as well as non-cytoskeletal activities in the nucleus (Neufeld and White, 1997)
or as a part of the destruction complex (Schaefer and Peifer, 2019). How APC handles all
these diverse and intertwined activities is a fascinating topic for future research.
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Highlights:
APC regulates both actin and microtubule cytoskeleton
APC stabilizes microtubules while maintaining its dynamics at the plus end

APC stimulates actin-based protrusion by activating APC-Cdc42-N-WASP-Arp2/3
complex pathway

APC promotes focal adhesion dynamics by yet to be understood mechanism
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Figure 1.
APC domains and interaction partners. Domain names are shown underneath the APC

diagram. APC regions that interact with proteins shown above the APC diagram are shown
as black lines. KIF17-interacting regions was determined approximately and is shown by a
dashed line.
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Figure 2.
Localization and functions of APC in cells. (a) APC clusters at microtubule tips initiate

branched actin assembly at the cell leading edge for membrane protrusion; (b) APC clusters
assembled in the vicinity of focal adhesions nucleate linear actin filaments to facilitate
focal adhesion turnover by as yet unknown mechanism; (c) APC can localize to cell-cell
junctions, but its roles at this location remain unclear. APC can accumulate at microtubule
tips through interaction with EB family +TIPs or be delivered by kinesin family motors.
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Figure 3.
Model for the role of APC in protrusion. APC associates with the plus end of a dynamic

microtubule using the APC-C region. When the microtubule encounters the cell edge, an
interaction of APC-N with Asef triggers the APC — Asef — Cdc42 — N-WASP — Arp2/3
complex pathway. Activation of the Arp2/3 complex by this pathway leads to the assembly
of branched actin filament network, which pushes the plasma membrane. Elongation of
some actin barbed ends can be further accelerated by formins. The end result of this
mechanism is a local plasma membrane protrusion driven by actin polymerization at the site
of the microtubule-plasma membrane encounter. The figure is created with BioRender.com.
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