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Abstract

Multiple extracellular signals have been identified that regulate actin dynamics within motile cells,
but how these instructive cues present on the cell surface exert their precise effects on the internal
actin cytoskeleton is still poorly understood. One particularly interesting class of these cues is a
group of extracellular proteins that negatively alter the movement of cells and their processes.
Over the years, these types of events have been described using a variety of terms and herein we
provide an overview of inhibitory/repulsive cellular phenomena and highlight the largest known
protein family of repulsive extracellular cues, the Semaphorins. Specifically, the Semaphorins
(Semas) utilize Plexin cell-surface receptors to dramatically collapse the actin cytoskeleton and we
summarize what is known of the direct molecular and biochemical mechanisms of Sema-triggered
actin filament (F-actin) disassembly. We also discuss new observations from our lab that reveal
that the multi-domain oxidoreductase (Redox) enzyme MICAL, an important mediator of Sema/
Plexin repulsion, is a novel F-actin disassembly factor. Our results indicate that MICAL triggers
Sema/Plexin-mediated reorganization of the F-actin cytoskeleton and suggest a role for specific
Redox signaling events in regulating actin dynamics.

Keywords

Actin Depolymerization; Signal Transduction to the Actin Cytoskeleton; Repulsive Signaling;
Motility; Navigation; Axon Guidance and Cell Morphology

Actin proteins assemble together into long filaments and it is this property that underlies
cellular behaviors including polarity, morphology, adhesion, motility, process elongation,
navigation, and connectivity. These behaviors are precisely controlled by signals that
originate from outside of cells and impinge through signal transduction pathways on the
proteins that directly regulate actin dynamics. Many of these extracellular signals have now
been identified including small molecules such as amino acids, metals, lipids, and cyclic
nucleotides; peptides and pheromones; plant chemotropic cues; cell adhesion molecules
such as CAMs and cadherins; extracellular matrix molecules such as laminin and
fibronectin; growth factors such as brain-derived neurotrophic factor (BDNF) and vascular
endothelial growth factor (VEGF); morphogens such as hedgehog, wingless-ints (Wnts), and
bone morphogenetic proteins (BMPs); cytokines including chemokines and tumor necrosis
factors; and axon guidance cues including ephrins, netrins, semaphorins, and slits.
Interestingly, these extracellular regulators of actin dynamics can be generally grouped into
two classes based on either their positive or negative effects on cell motility. Positive signals
attract cells or provide permissive/adhesive signals to induce cell movement, whereas
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negative signals prevent cells from moving or repel them from inappropriate areas. In this
review, we will examine these negative or inhibitory effects on cell movement and highlight
recent results that identify a new link between one of the largest families of these repulsive
cues, the semaphorins, and the negative regulation of actin dynamics.

Contact Inhibition and Repulsive Guidance — Historical Perspectives

In the late 1800’s, Theodor Engelmann, Wilhelm Pfeffer and others working with bacteria,
flagellata, leukocytes, and plant spermatozoa noticed that chemicals exhibit differences in
their effects on motile processes (Reviewed in (Eisenbach 2004; Loeb 1906; Porter et al.
2011; Rosen 1962)). Those chemicals triggering movement towards themselves were termed
attractants, while chemicals inducing movements in the opposite direction were called
repellents. These positive and negative responses were also regarded as chemotaxis, if the
chemical stimulated the oriented movement of an organism or cell, and chemotropism, if
only parts of the organism or cell reoriented in response to the stimulus. Influenced by these
seminal observations, the Spanish Nobel laureate Santiago Ramon y Cajal proposed his
chemotactic (neurotropic) hypothesis to explain how a nerve cell develops, displaces its cell
body and axonal and dendritic processes, and forms its connections (Cajal 1893; Cajal
1899). At the time, observations on nerve fiber growth after injury and transplantation also
brought forth the idea that inhibitory barriers (“negative neurotropism™) might prevent axon
regeneration (Figure 1a; (Cajal 1893; Cajal 1919; Lugaro 1906; Windle 1955)). It was these
extensive observations on poorly regenerating axons that “suggested that there might be
some form of short-range cell interaction which limited cell movement (Abercrombie
1970)” and influenced the seminal observations of Michael Abercrombie, Paul Weiss, and
others working during that time (Abercrombie 1970; Harris 1974; Heaysman 1978; Loeb
1921; Weiss 1958; Wolf 1921). Specifically, Abercrombie and colleagues noted that when
fibroblast cells meet each other in culture, their locomotion stops immediately in the region
of contact, which is followed by a localized contraction of the cell membrane, a subsequent
change in direction, and migration away from the area of contact (Figure 1b; (Abercrombie
and Heaysman 1953)). Abercrombie named this cellular behavior “contact inhibition of
locomotion (CIL)” and related behaviors have also been observed using a number of cell
types (reviewed in (Abercrombie 1980; Harris 1974; Keynes and Cook 1995; Mayor and
Carmona-Fontaine 2010; Schwab et al. 1993)).

Over the years, these negative chemotaxic and chemotropic events have been perhaps best
characterized using neurons and watching the growth of their axons. Several groups first
noted that growing nerve fibers spontaneously retract both /n vivoand in vitro (Burrows
1911; Speidel 1933), and further characterization revealed that these retractive events often
occur when the growing tips of nerve fibers (growth cones) encounter obstructions including
other cells and axons (Hughes 1953; Nakai 1964). Further analysis of these behaviors
suggested that nerve fibers selectively associate according to their subtype (“selective
fasciculation” (Weiss 1947)) and that when axons make contact with one another they either
grow along the other fiber or they retract (Nakajima 1965). Therefore, the reaction of a
nerve fiber to contact appeared to be selective — either positive or negative — and in light of
the similarity of these retractive events to CIL, these negative reactions were termed
“contact inhibition of extension” (Dunn 1971; Ebendal 1976). Dennis Bray, Dick Bunge and
their colleagues extended these observations when they noticed that individual fibers from
the same region of the nervous system tend to adhere or extend along one another in culture,
while fibers cultured from different regions often retract upon contact and avoid one another
(Bray et al. 1980). These results suggested that nerve fibers might use inhibitory or repulsive
activities to prevent unwanted associations; immediately suggesting both a means to guide
developing axons and a mechanism to explain substrate-dependent differences affecting
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regenerating axons (Aguayo et al. 1979; Berry 1982; David and Aguayo 1981; Reier et al.
1983; Schwab and Thoenen 1985).

Today, it is clear that these observations on axonal selectivity and inhibitory axonal
responses complement those made by others documenting that axonal behaviors vary
significantly depending on cell, tissue, or substrate encounters (e.g., (Bonhoeffer and Huf
1980; Keynes and Stern 1984; Lawrence 1975; Letourneau 1975; Nuttall and Zinsmeister
1983; Raper et al. 1983; Smalheiser et al. 1981; Sperry 1963; Tosney and Landmesser 1985;
Wessells et al. 1980; Yoon 1979; Zinsmeister and Nuttall 1986)). Yet, it was
mechanistically critical to confirm that these retractive events did not result from a lack of
growth cone adhesion — as might occur when axons encounter a substrate that is simply non-
permissive for elongation (Cajal 1928; Carter 1965; Keynes and Cook 1990; Letourneau
1987; Martz and Steinberg 1973). Importantly, follow-up experiments further demonstrated
that axons actively avoid certain cells/tissues, often taking circuitous detours around them
(Figure 1c—d; e.g., (Ebendal 1982; Peterson and Crain 1982; Pini 1993; Verna 1985)), and
these avoidance responses are dependent on cell/tissue viability (Figure 1e; (Ebendal 1982;
Verna 1985; Walter et al. 1987a)). As we discuss below, inhibitory and repulsive influences
are now known to regulate the motility and navigation of multiple types of axons and cells
(see also Box 1). Furthermore, inhibitors and repellents are not only present on cell
membranes, where they induce a contact-mediated effect (i.e., contact repulsion), but they
are also soluble (i.e., chemorepellents) and diffuse away from the cells that secrete them
(Tessier-Lavigne and Goodman 1996).

Extracellular Repulsive and Inhibitory Cues

To identify the mechanisms underlying these inhibitory/repulsive effects, Jonathan Raper
and his colleagues returned to the assays of Bray and Bunge and in a series of
groundbreaking studies better characterized negative axon behaviors (Fan et al. 1993; Fan
and Raper 1995; Kapfhammer et al. 1986; Kapfhammer and Raper 1987a; Kapfhammer and
Raper 1987b; Luo et al. 1993; Raper and Grunewald 1990; Raper and Kapfhammer 1990).
Specifically, Raper and colleagues used time-lapse video microscopy to carefully document
that neurons cultured on a uniform substrate extend growth cones at a relatively steady rate
with only rare spontaneous retractions. Likewise, they observed that growth cones typically
cross over other fibers without delay or retraction. Yet, they found that when different types
of neurons contact one another, their growth cones rapidly decrease in size and withdraw
from contact (Figure 1f). Raper and colleagues called this phenomenon “growth cone
collapse” — and they also noticed that within an hour the collapsed growth cone regains its
typical morphology and motility. However, they also noticed that if growth cones continue
to advance into unlike fibers this collapse/retraction/recovery/extension cycle repeats itself
multiple times. The researchers postulated that these events revealed the existence of
specific chemical labels that negatively alter axon elongation even in environments that are
permissive for outgrowth.

To determine the molecular identity of this “chemical label”, Raper and colleagues devised a
simple and ingenuous bioassay in which they grew axons on a permissive substrate and then
screened membrane fractions from different cell lines and tissue sources for growth cone
collapse (Raper and Kapfhammer 1990). Strikingly, they identified both membrane-
associated and soluble fractions that induce growth cone collapse, and their results suggested
that this “collapsing activity” was induced by a protein, since it was both heat and trypsin
sensitive. Using successive rounds of biochemical separation, collapsing activity tests, and
enrichment, the researchers went about trying to purify this mysterious “collapsing factor”
(Luo et al. 1993; Raper and Kapfhammer 1990). Their peptide sequencing results identified
a specific extracellular protein that they called Collapsin that exerts negative effects on cell
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motility and morphology (Luo et al. 1993). Surprisingly, Collapsin was highly similar to a
protein that had been identified by Alex Kolodkin, Corey Goodman and their colleagues in
grasshoppers for its effects on axon guidance and named Fasciclin 1V (Kolodkin et al.
1992). Today, we know that both Fasciclin IV (Sema-1a) and Collapsin (Sema3A) are the
founding members of one of the largest known families of repulsive guidance cues, the
Semaphorins (Figure 2a; (Kolodkin et al. 1993; Luo et al. 1995; Yazdani and Terman
2006)). Over the years, a number of additional extracellular proteins such as ephrins, netrins,
slits, repulsive guidance molecules (RGMs), Wnts, BMPs, Nogo, myelin-associated
glycoprotein (MAG), oligodendrocyte-myelin glycoprotein (OMgp), and tenascin have been
found that exert these same types of negative effects on cell shape and motility (Figure 2b;
Reviewed in (Dickson 2002; Giger et al. 2010; Huber et al. 2003; Keynes and Cook 1995;
Schwab et al. 1993; Tessier-Lavigne and Goodman 1996)). Likewise, selective
neurotransmitters, amino acids, peptides, proteases, lipids, and posttranslational
modifications including chondroitin sulfate proteoglycans (CSPGs) have also been described
as inhibitors/repellents (Reviewed in (Fields and Nelson 1994; Giger et al. 2010; Schwab et
al. 1993)). As we highlight below for the Semaphorins (Semas), much has been learned
about the mechanisms of action of these inhibitory/repulsive signals (Bashaw and Klein
2010; Giger et al. 2010; Huber et al. 2003), yet it still remains poorly understood how they
negatively alter the actin cytoskeletal machinery necessary for cell morphology and motility.

Semaphorins Negatively Regulate Cell Motility and Cytoskeletal
Organization

Since the discovery of Sema-1a and Sema3A, over twenty Semas have been reported in
organisms as diverse as nematode worms, insects, crustaceans, vertebrates, and viruses.
Semas exist as secreted, transmembrane, and glycosylphosphatidylinositol (GPI)-linked
proteins and for these reasons and the presence of other conserved protein domains, they are
grouped into eight classes (Figure 2a; (Tran et al. 2007; Yazdani and Terman 2006)). Semas
serve not only diverse functions in the nervous system but also specify the immune,
cardiovascular, and musculoskeletal systems (Melani and Weinstein 2010; Suzuki et al.
2008; Tran et al. 2007; Yazdani and Terman 2006). Likewise, Semas have been linked to a
number of pathologies including different cancers, musculoskeletal disorders,
neurodegeneration, and heart disease (Mann et al. 2007; Neufeld and Kessler 2008; Yazdani
and Terman 2006). Yet, much of our understanding of the cellular effects of Semas has
come through characterizing Sema-mediated growth cone collapse. Norman Wessells,
Kenneth Yamada, and their colleagues first identified that the periphery of growth cones,
including their dynamic filopodia, are highly enriched in F-actin (Yamada et al. 1970;
Yamada et al. 1971). Their observations also revealed that disrupting the actin network in
axons using the actin depolymerization drug Cytochalasin B causes growth cones to “round-
up” (i.e., collapse) (Figure 3a; (Wessells et al. 1971; Yamada et al. 1970)). In hindsight,
these observations with actin depolymerization drugs suggested that there might exist
specific “repulsive” signaling cascades that locally disassemble F-actin and negatively
regulate motility. However, such an effector was unknown until Raper, Phillip Gordon-
Weeks, and their colleagues observed that contact with the extracellular cue Sema3A
dramatically decreases F-actin in the growth cone periphery and its filopodia (Figure 3b;
(Fan et al. 1993)). Multiple Semas have now been found to induce growth cone collapse /in
vivoand /n vitro and negatively regulate actin dynamics (e.g., reviewed in (Yazdani and
Terman 2006)). Indeed, the picture that has emerged is that Semas collapse growth cones by
locally destabilizing F-actin (Brown and Bridgman 2009; Fan and Raper 1995) — events that
are characterized by a loss of peripheral F-actin, a rapid decrease in F-actin bundles, and a
reduced ability to polymerize new F-actin (Brown and Bridgman 2009; Dent et al. 2004; Fan
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et al. 1993; Fournier et al. 2000; Fritsche et al. 1999; Gallo 2006; Mikule et al. 2002; Roche
et al. 2009).

Importantly, these cellular effects of Semas are not just a peculiarity of neuronal growth
cones, but Semas also exert these same types of negative effects on multiple different cell
types including glia, endothelial cells, platelets, different types of immune cells,
mechanosensory cells, and a number of cancer cell lines (Barberis et al. 2004; Bielenberg et
al. 2008; Eickholt et al. 1999; Guttmann-Raviv et al. 2007; Hung et al. 2010; Kashiwagi et
al. 2005; Lepelletier et al. 2006; Li and Lee 2010; Miao et al. 1999; Shimizu et al. 2008;
Takahashi et al. 1999; Torres-Vazquez et al. 2004; Tran-Van et al. 2011; Turner and Hall
2006; Varshavsky et al. 2008; Walzer et al. 2005; Xu et al. 2000; Yukawa et al. 2005). In
many ways, the cellular response to Semas is similar to that seen after cytochalasin
treatment, yet differences have been noted including that growth cones continue to advance
after treatment with cytochalasin, but not Sema3A (e.g., (Fan et al. 1993; Yamada et al.
1970)). It is thought that these differences result because Semas not only impair actin
dynamics, but also negatively regulate microtubule stability (Dent et al. 2004; Fan et al.
1993; Fritsche et al. 1999) and cell-substrate interactions (Barberis et al. 2004; Gatlin et al.
2006; Kashiwagi et al. 2005; Mikule et al. 2002; Serini et al. 2003; Walzer et al. 2005; Woo
and Gomez 2006). Interestingly, these effects on microtubules and adhesion are separable
from Sema-mediated F-actin disassembly (discussed in (Gallo and Letourneau 2004)) and
indicate that Semas are likely to independently regulate F-actin, microtubules, and adhesion.

Searching for the Molecular and Biochemical Basis of Sema-mediated F-
actin Disassembly

Since the initial observations of Raper and colleagues over 25 years ago, the molecular
mechanisms of Sema-mediated repulsion have been a question of considerable interest.
Major insights into these mechanisms have come with the discovery that large, cell-surface
proteins in the Plexin family are Sema receptors (Figure 4a; (Comeau et al. 1998; Takahashi
et al. 1999; Tamagnone et al. 1999; Winberg et al. 1998)). Interestingly, the cytoplasmic
portion of Plexins directly bind Rho and Ras family GTPases, providing a direct link
between Semas/Plexins and small GTP-binding proteins (reviewed in (Negishi et al. 2005;
Puschel 2007)). Small GTPases, although not themselves direct actin regulatory proteins, are
key regulators of cytoskeletal dynamics and cell adhesion (Hall 1998; Hall and Lalli 2010).
Moreover, Plexin receptors contain a GTPase activating protein (GAP) domain and Plexins
are GAPs for specific Ras superfamily GTPases (Figure 4a; reviewed in (Gay et al. 2011)).
Extensive work now indicates that Plexins utilize their GAP activity to inactivate Ras family
GTPases and thereby turn-off RasCTP-integrin-dependent cell-substrate adhesion (Figure 4b;
reviewed in (Gay et al. 2011)). Progress has also been made in characterizing the means by
which Sema/Plexins alter microtubule organization. The current model is that Semas
differentially regulate the activities of two microtubule regulatory proteins, tau and
Collapsin Response Mediator Protein (CRMP), and thereby alter microtubule dynamics
(Figure 4c; (reviewed in (Hou et al. 2008; Schmidt and Strittmatter 2007)). In contrast, much
less is known of how Semas/Plexins directly connect and disassemble F-actin. Complicating
these investigations are results indicating that Plexins have class-specific differences in their
intracellular binding partners (reviewed in (Yazdani and Terman 2006; Zhou et al. 2008),
and so they may differ in how they induce F-actin disassembly. Likewise, an understanding
of Sema/Plexin F-actin disassembly has been confounded by oberservations that Semas also
induce positive effects on motility, guidance, and adhesion (reviewed in (Roth et al. 2009))
and at least some Semas can initiate “reverse signaling” through their own cytoplasmic
regions or by coupling with transmembrane proteins on the same cell (reviewed in (Yazdani
and Terman 2006; Zhou et al. 2008)). So, although numerous proteins including kinases,
phosphatases, and regulators of G protein signaling play important roles in Sema-mediated
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repulsion (for discussion and review, see (Bechara et al. 2007; Franco and Tamagnone 2008;
Potiron et al. 2007; Yazdani and Terman 2006; Zhou et al. 2008)), only a few of these
proteins are known to directly associate with actin.

One hypothesis proposes that Sema “turns-off” actin polymerization. Specifically, Plexins
associate with GTP-bound Rac, and B class Plexins prevent RacG TP from associating with
its downstream effector, p21-activated kinase (PAK) (Figure 4d; (Driessens et al. 2001; Hu
et al. 2001; Vikis et al. 2002)). Since PAK localizes to regions of cytoskeletal assembly and
plays important roles in cell motility (Bokoch 2003), Sema-mediated repulsion/loss of
motility may be accomplished by preventing Rac from activating PAK (Figure 4d). Yet,
PAK has multiple targets (Bokoch 2003; Hofmann et al. 2004) and it is unknown which
pathway and direct actin regulatory proteins it is important to keep PAK away from in
response to Semas. Moreover, in contrast to B class Plexins, Plexin A-induced repulsion
does not appear to “sequester active Rac from PAK” since Plexin A requires active Rac for
“collapse” (e.g., (Dalpe et al. 2004; Jin and Strittmatter 1997; Kuhn et al. 1999; Toyofuku et
al. 2005; Turner et al. 2004; Vastrik et al. 1999)). Furthermore, Plexin A - RacCTP
interactions regulate Plexin GAP-mediated negative effects on adhesion (Toyofuku et al.
2005), further complicating this “sequestering” model to explain how F-actin disassembles
upon Sema treatment. Indeed, Plexin A - RacCTP signaling activates an endocytic pathway
that accompanies Sema-mediated growth cone collapse but is not a part of the initial F-actin
disassembly process (Fournier et al. 2000; Jurney et al. 2002).

Another hypothesis first raised by Raper and colleagues (Fan et al. 1993) is that “....actin
polymerizes normally in collapsing growth cones but is depolymerized at an accelerated
rate.......[which] could occur if the collapsing activity induced a filament severing and
capping activity or a modification of actin that facilitates depolymerization”. Along these
lines, a key player implicated in Sema-mediated F-actin disassembly are the actin
depolymerizing factor (ADF)/Cofilins, a family of phylogenetically conserved proteins that
depolymerize F-actin (Bamburg 1999; Oser and Condeelis 2009). However, while F-actin
depolymerization is a hallmark of Sema-mediated negative motility, depolymerization of F-
actin is also required for the turnover and recycling of actin that is needed for locomotion
(Oser and Condeelis 2009; Pollard and Borisy 2003). Therefore, F-actin depolymerization
induced by cofilin often favors matility, since it generates more free actin and barbed ends
for polymerization (Oser and Condeelis 2009). These positive effects on actin assembly
complicate any models employing cofilin and not surprisingly, both cofilin activation
(Fritsche et al. 1999; Hu et al. 2001; Kashiwagi et al. 2005; Nukazuka et al. 2008; Shimizu
et al. 2008; Vikis et al. 2002) and inactivation (Aizawa et al. 2001; Scott et al. 2009; Walzer
et al. 2005) have been suggested to underlie Sema-mediated repulsion (Figure 4d). Likewise,
cofilin only poorly depolymerizes bundled F-actin (e.g., (Schmoller et al. 2011)), which
makes up the leading edge of cells and the filopodia of growth cones, has different effects on
actin as its concentration changes (e.g., (Andrianantoandro and Pollard 2006)), and neither
cofilin activation nor inactivation is always associated with or sufficient for Sema/Plexin-
mediated F-actin disassembly. Thus, further analysis of the levels, spatiotemporal activation,
and regulation of cofilin (e.g., (Andrianantoandro and Pollard 2006; Bernstein and Bamburg
2010)) is necessary to fully understand its role in Sema/Plexin-mediated repulsion.

MICALs are Plexin—interacting Proteins that Negatively Regulate Cell Shape
and Motility

To identify new molecules underlying Sema-mediated repulsion, we and others have
conducted unbiased genetic, molecular, and biochemical screens in model organisms. These
screens have identified new Sema signaling components including a family of unusual
proteins, the MICALSs (Terman et al. 2002). The first MICAL (Human MICAL-1) was
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identified by Hisamaru Hirai and colleagues and named for its interaction with the SH3
domain-containing protein, CasL (Molecule Interacting with CasL; (Suzuki et al. 2002)).
Cas proteins regulate integrin-mediated cell adhesion and cytoskeletal organization (Cabodi
et al. 2010) and although the functional significance of this MICAL-CasL interaction
remains to be determined, these biochemical observations suggested that MICAL-1 might
alter cell morphology and motility. In parallel experiments, Terman, Kolodkin, and
colleagues identified Drosophila Mical in a screen for Plexin A-interacting proteins and
based on similarity, found two additional mammalian MICAL family members (MICAL-2
and MICAL-3) (Figure 5a and Box 2; (Terman et al. 2002)). Subsequent work revealed that
vertebrate MICALSs also associate with A class Plexins; MICAL-1 immunoprecipitates with
both Plexin Al and Plexin A3, while MICAL-2 interacts with Plexin A4 (Schmidt et al.
2008; Terman et al. 2002). Interestingly, MICALSs may not directly associate with B, C, or D
Class Plexins (Terman et al. 2002), but the significance of these class-specific binding
preferences are unclear since at least some different classes of Plexins join together into
complexes (Ayoob et al. 2006; Turner et al. 2004; Usui et al. 2003), substitute for one
another (Ayoob et al. 2006), and work with MICALSs /n vivo ((Ayoob et al. 2006); see
below).

MICALSs are broadly expressed in many tissues and this expression varies considerably with
age. For example, MICALSs are highly expressed throughout the embryonic, postnatal and
adult nervous systems in a variety of neuronal cell types and glia (Ashida et al. 2006; Bron
et al. 2007; Fischer et al. 2005; Kirilly et al. 2009; Morinaka et al. 2011; Pasterkamp et al.
2006; Terman et al. 2002; Weide et al. 2003; Xue et al. 2010). MICALS are also highly
expressed in non-neuronal tissues including within skeletal muscle (Ashida et al. 2006;
Beuchle et al. 2007; Fischer et al. 2005; Terman et al. 2002; Xue et al. 2010), heart (Ashida
et al. 2006; Fischer et al. 2005; Xue et al. 2010), fibroblasts (Hochman et al. 2006), lung
(Ashida et al. 2006; Fischer et al. 2005; Suzuki et al. 2002), kidney (Ashida et al. 2006;
Fischer et al. 2005; Suzuki et al. 2002), bone marrow (Ashida et al. 2006), thymus (Ashida
et al. 2006; Suzuki et al. 2002), spleen (Suzuki et al. 2002), liver (Ashida et al. 2006; Fischer
et al. 2005), testis (Ashida et al. 2006; Miura and Imaki 2008b; Suzuki et al. 2002)), and
hematopoietic and fibroblast cell lines (Hochman et al. 2006; Suzuki et al. 2002). MICAL is
also upregulated in several different cancer cell lines (Ashida et al. 2006) and in glia and
meningeal fibroblasts after neural trauma (Pasterkamp et al. 2006). Decreased MICAL
expression is also associated with neurological diseases including epilepsy (Luo et al. 2011).
Subcellularly, the MICALSs are associated with the cytoskeletal fraction and reside within
axons, dendrites, and growth cones, along pre- and post-synaptic terminals of neuronal
synapses, at the plasma membrane of muscle attachment sites, and within the growing tips
of actin-rich mechanosensory bristle processes in close association with F-actin (Beuchle et
al. 2007; Fischer et al. 2005; Hung et al. 2010; Kirilly et al. 2009; Morinaka et al. 2011,
Suzuki et al. 2002; Terman et al. 2002; Weide et al. 2003).

The physiological functions of the MICALS have been best characterized in Drosophila
where both loss-of-function (“knockout) and gain-of-function (overexpression) studies have
revealed that Sema-1a and its receptor Plexin A (PlexA) repel axons (Winberg et al. 1998;
Yu et al. 1998). Likewise, /n vivo results indicate that Mical functions with Sema-1a/PlexA
to mediate axon-axon repulsion (Figure 6a; (Ayoob et al. 2004; Beuchle et al. 2007; Hung et
al. 2010; Terman et al. 2002)) and Mical also has roles in Sema2/PlexB-mediated repulsion
(Ayoob et al. 2006). Genetic screens have also revealed that the synaptic terminals of
neurons do not spread and increase in size in Mical mutants (Figure 6b; (Beuchle et al.
2007)), and that Mical is required to prune developing neuronal dendrites (Figure 6c;
(Kirilly et al. 2009)). Drosophila Mical is also necessary for muscle organization, larval
movements, and flight (Figure 6d; (Beuchle et al. 2007; Langer et al. 2010)).
Complementing these observations with Drosophila Mical, vertebrate MICALS also have
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been found to have neuronal as well as non-neuronal functions. MICAL-1 decreases cell
size, axon outgrowth, and cell death in culture and mediates Semas effects on axon length
and growth cone collapse (Morinaka et al. 2011; Schmidt et al. 2008; Zhou et al. 2011).
Knockdown approaches have also indicated that MICAL-3 is required for Sema-mediated
growth cone collapse /n vitro, and together with Semas/Plexins, controls motor neuron
migration /in vivo (Bron et al. 2007; Morinaka et al. 2011). MICAL-2, in contrast, has not
been examined in neuronal contexts, but is highly expressed in prostate cancer cells where
its knockdown reduces cancer cell viability (Ashida et al. 2006).

MICALSs are Multi-domain Oxidoreductase (Redox) Enzymes

MICALSs are large proteins (some of which are >300kDa) with a phylogenetically conserved
domain organization that undergoes alternative splicing (Figure 5a; Box 3). At their C-
termini, MICALSs contain their plexin-interacting region, which is a coiled-coil motif that
shows similarity to the alpha-helical region present in Ezrin, Radixin, and Moesin (ERM)
proteins (Figure 5a; (Terman et al. 2002)). Interestingly, this plexin-interacting region
autoinhibits MICAL function, and it has been proposed that Sema-induced Plexin-MICAL
interactions relieve this autoinhibition and activate MICAL (Hung et al. 2010; Schmidt et al.
2008). Adjacent to the ERM alpha-like portion is a region enriched in proline residues,
including multiple PxxP motifs, which are ligands for SH3 domain—containing proteins
including CasL (Figure 5a; (Suzuki et al. 2002; Terman et al. 2002)). This C-terminal
portion of MICAL also interacts with vimentin (Suzuki et al. 2002), Rab small GTPases
including Rabs 1, 8, 10, 13, 15, 35, and 36 (Fischer et al. 2005; Fukuda et al. 2008;
Grigoriev et al. 2011; Weide et al. 2003), and the Rab6-interacting coiled-coil protein ELKS
(Grigoriev et al. 2011). At least some of these MICAL-Rab interactions regulate vesicle
fusion at the plasma membrane (Grigoriev et al. 2011). Preceding this proline-rich region is
a LIM domain (Figure 5a), which is a zinc binding region that mediates protein interactions
in a variety of proteins including cytoskeletal-associated proteins (Kadrmas and Beckerle
2004). The LIM domain of MICAL-1 is important for interactions with CRMP (Schmidt et
al. 2008), and these interactions regulate both MICAL-mediated repulsion (Schmidt et al.
2008) and CRMP-mediated effects on microtubules (Morinaka et al. 2011). This region,
together with the C-terminal region, of MICAL-1 also associates with NDR/Tricornered
serine-threonine kinases and regulates their activation and effects on cell survival (Zhou et
al. 2011). N-terminal to the LIM domain, MICALSs contain a single calponin homology
(CH) domain (Figure 5a). CH domains typically bind F-actin when they are present in
tandem (Gimona et al. 2002), but Mical requires its single CH domain for proper
localization /n vivo (Hung et al. 2010) and not for F-actin binding (Hung et al. 2010; Sun et
al. 2006). At their N termini, MICALSs contain a nucleotide-binding motif that is distinct
from mononucleotide and cyclic nucleotide binding motifs. In particular, MICALS have a
Rossmann fold (GxGxxG motif) that matches the consensus for binding the adenosine
diphosphate (ADP)-moiety of flavin adenine dinucleotide (FAD) (Figure 5a, ¢; (Terman et
al. 2002; Wierenga et al. 1986)). Proteins use FAD to catalyze oxidation-reduction (Redox)
reactions and MICALSs contain three separate motifs (GXGxxG, GD, DG) found in
flavoprotein monooxygenases (also called hydroxylases), a subclass of oxidoreductase
(Redox) enzymes (Figure 5a, ¢; (Eppink et al. 1997; Terman et al. 2002)). Flavoprotein
monooxygenases (FMs) insert one atom of molecular oxygen directly into their substrate
using nucleotides such as nicotinamide adenine dinucleotide phosphate (NADPH) as
electron donors. Therefore, the presence of this FM domain suggested that MICAL is a
Redox enzyme. Yet, each FM has distinct substrates so predicting MICAL substrates based
on FM sequence is not possible (Terman et al. 2002).

MICALS are unique among FMs in that they contain additional domains besides their Redox
domain, including their CH and LIM domains that are also present in cytoskeletal-associated
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proteins. Likewise, the MICALS represent a new class of FMs because they contain
additional motifs through which they directly associate with transmembrane proteins such as
Plexins. However, the large size of the MICALS has made characterizing their biochemical
function difficult. Therefore, Terman and colleagues expressed and purified recombinant
protein containing only the FM domain of Mical and found that Mical proteins exhibit the
yellow color characteristic of FAD binding proteins (Terman et al. 2002). Flavins, such as
FAD, contain an isoalloxazine ring (Figure 5c) that absorbs light in the ultraviolet (UV) and
visible spectral range (Chapman and Reid 1999) and is responsible for the yellow
appearance of proteins that bind flavins (flavoproteins). MICAL proteins also exhibit
flavoprotein-like UV-Visible absorption spectra (Terman et al. 2002), and structural analysis
reveals that MICAL is an FAD binding protein whose closest structural relative is the FM p-
hydroxybenzoate hydroxylase (PHBH) (Nadella et al. 2005; Siebold et al. 2005).
Furthermore, purified protein corresponding to the FM domain of MICAL is able to
consume NADPH, indicating that like PHBH, MICAL uses NADPH as a co-enzyme (Hung
et al. 2010; Nadella et al. 2005; Schmidt et al. 2008). Interestingly, MICAL is also able to
produce hydrogen peroxide (H,O,. (Morinaka et al. 2011; Nadella et al. 2005; Schmidt et al.
2008)). Thus, H,O, may be the physiological signal generated by MICAL. However, FMs
such as MICAL typically directly associate and catalyze the addition of oxygen to specific
substrates and produce small amounts of H,O, in the absence of a substrate (Massey 1995;
Terman et al. 2002). In this way, FMs are different from oxidases, which simply produce
H»0,. Therefore, the current model for MICALSs catalytic function is that it binds and
employs the cofactor/prosthetic group FAD, utilizes the coenzyme NADPH, and either
directly oxidizes a specific substrate/s and/or produces H,O, (Figure 5c).

MICAL Links Sema/Plexins to F-actin Disassembly

So what is the specific cellular role of these MICAL Redox enzymes? Our laboratory
recently gained new insights into this question when we noticed defective hairs (bristles) on
the bodies of Mical mutant adult flies (Hung et al. 2010). Drosophila bristles have long
served as a simple, high-resolution single cell model to characterize molecules and
mechanisms that regulate actin dynamics (Sutherland and Witke 1999; Tilney and DeRosier
2005). Specifically, Lewis Tilney and his colleagues extensively described that bristle
process elongation, like neuronal process extension, is actin-dependent such that a bristle
cell extends an unbranched, slightly curved, actin-rich process (Figure 6e; (Hung et al. 2010;
Tilney and DeRosier 2005)). Utilizing this in vivo model system for studying actin
dynamics, we determined that Mica/ mutant bristles are abnormally shaped — with bends and
tip alterations (Figure 6e) — and restoring Mical expression in bristle cells rescues these
defects. In contrast, we found no defects in bristle cell numbers or positioning, indicating
that Mical has specific effects on cell morphology. Closer examination revealed that the
normal parallel organization of F-actin in bristles is disrupted in Mical/”~ mutants, and F-
actin bundles are unusually thick and abnormally localized (Figure 6f). These Mical
“knockout” bristles resemble those generated by overexpressing F-actin-stabilizing proteins
such as actin crosslinking/bundling proteins, indicating that Mical controls the size,
abundance and bundling of F-actin (Figure 6f). Consistent with this hypothesis, elevating
Mical levels (overexpression) specifically in bristles generates thinner, fewer, and shorter
arrays of F-actin and F-actin bundles (Figure 6f); again, defects that also appear when F-
actin is destabilized in bristles using either cytochalasin treatment or loss-of-function
mutations in actin bundling proteins (Figure 6f). Therefore, Mical is a critical inducer of F-
actin instability /n vivo.

The effects of the MICALS on the actin cytoskeleton are not simply a curiosity of bristle
processes. Elevating Mical activity in neuronal growth cones /in vivo also results in F-actin
remodeling (Figure 6g; (Hung et al. 2010)). Likewise, Mical mutants exhibit localized
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defects in actin organization in skeletal muscle, and F-actin abnormally accumulates at
postsynaptic regions of the neuromuscular junction (Figure 6h;(Beuchle et al. 2007)).
Mammalian MICALSs also regulate the F-actin dependent “collapse” of cells and growth
cones in culture (Morinaka et al. 2011; Schmidt et al. 2008). Moreover, this MICAL-
mediated actin remodeling occurs in response to Sema signaling (Hung et al. 2010;
Morinaka et al. 2011; Schmidt et al. 2008). For instance, most Drosophila bristle cells are
mechanosensors that are similar to the hair cells of the vertebrate inner ear that detect sound,
gravity and acceleration (Muller and Littlewood-Evans 2001). Neuronal dendrites extend
alongside elongating bristle processes and specify their actin arrangement and curved shape
(Hung et al. 2010; Tilney and DeRosier 2005). We found that Class 1 Semas localize along
these bristle-innervating dendrites whereas PlexA and Mical co-localize in bristles at sites of
Mical-mediated F-actin disassembly (Figure 7a; (Hung et al. 2010)). Altering Sema/PlexA
levels generates Mical-like morphological and F-actin defects, and also regulates the extent
of Mical-mediated F-actin disassembly (Hung et al. 2010). Likewise, we also found that
Mical “knockout” mutations dramatically suppress/eliminate PlexA-dependent F-actin
remodeling in bristle processes /n vivo (Figure 7b; (Hung et al. 2010)). Thus, Mical is both
activated and required for Sema-induced F-actin disassembly /in vivo (Figure 7i).

MICALSs are a New Class of F-Actin Disassembly Factors

Critical studies have revealed that these MICAL-mediated effects on repulsive axon
guidance, synaptogenesis, cell “collapse”, exocytosis, and muscle organization require an
intact Redox domain (Beuchle et al. 2007; Grigoriev et al. 2011; Hung et al. 2010; Morinaka
etal. 2011; Schmidt et al. 2008; Terman et al. 2002). Namely, different mutations
selectively disrupting the FAD binding motifs generate MICAL loss-of-function-like
defects, eliminate MICAL-mediated gain-of-function effects, and suppress Sema-dependent
repulsion. Likewise, our results utilizing many of these reagents indicate that the Redox
activity of MICAL is necessary /n vivo for both normal F-actin organization and Mical-
induced F-actin disassembly (Hung et al. 2010). Interestingly, we also found by examining
different truncated forms of the Mical protein that Mical-mediated F-actin disassembly only
occurs /n vivowhen Mical co-localizes with F-actin in specific regions of the cell (Hung et
al. 2010). These observations suggested that Mical might be directly associating with F-actin
or an F-actin regulatory protein, and thereby locally targeting the F-actin cytoskeleton for
Redox-dependent disassembly. To directly test this possibility, we moved to /n vitro assays
with purified Mical protein and found using several F-actin binding assays that different
forms of purified recombinant Mical protein containing the Redox domain directly associate
with /n vitro-generated actin filaments (Hung et al. 2010). Strikingly, we also observed that
purified Mical substantially decreases the rate, extent, and steady-state level of actin
polymerization when it was activated with its co-enzyme NADPH (Figure 7c¢;(Hung et al.
2010)). In contrast, activated Mical does not directly induce actin branching, alter actin-
bundling protein activity, or regulate the dynamics of /n vitro-generated microtubules (Hung
et al. 2010). Thus, Mical directly and specifically alters actin filament assembly. Indeed,
follow-up analysis using pyrene actin assays, co-sedimentation, gel filtration, and electron
microscopy (EM) revealed that activated Mical directly disassembles actin filaments
(Figures 7e, g;(Hung et al. 2010)). Moreover, using purified proteins to perform /n vitro
assays that closely resemble the bundled organization of F-actin present within bristles and
growth cone filopodia revealed that activated Mical also directly disassembles bundled actin
filaments, decreasing both their length and width (Figure 7h;(Hung et al. 2010)).

Redox-dependent Effects on the Actin Cytoskeleton?

There are several families of actin depolymerization factors including members of the ADF/
Cofilin family (Bugyi and Carlier 2010; Ono 2007) and our results identify Mical as a novel
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actin depolymerization factor that directly disassembles both individual and bundled F-actin.
Interestingly, Mical has actin regulatory properties unlike any previously characterized
protein indicating that Mical is likely to be mediating disassembly in a novel way. In
particular, Mical’s activity in different actin polymerization and depolymerization assays
indicates that Mical does not mediate its destabilizing effects on F-actin by strictly
functioning as a monomer binding/sequestering protein, a barbed (+) -end capping protein, a
pointed (=) -end capping protein, or even a severing protein such as cofilin (Cooper 1992;
Hertzog and Carlier 2005). Interestingly, Mical, unlike cofilin, does not enhance
polymerization, but solely decreases the rate and extent of actin polymerization (compare
Figures 7c—d and e—f). In addition, the enzymatic moiety of Mical is required /n vivo and
sufficient /n vitro for F-actin disassembly, suggesting that Mical induces F-actin
disassembly through a catalytic process (Hung et al. 2010). In support of this hypothesis, the
co-enzyme NADPH is required for Mical-mediated F-actin disassembly (Hung et al. 2010).
Likewise, the rate and extent of Mical-mediated F-actin disassembly changes with NADPH
concentration (Hung et al. 2010). Moreover, Mical-mediated F-actin disassembly occurs
even with lower (substoichiometric) levels of purified Mical in comparison to actin (Hung et
al. 2010), further suggesting that Mical is an actin regulatory enzyme.

Although the nature of this enzymatic activity and its effect on actin have not been
determined, the observed Redox activity of the MICALS suggests a novel role for specific
Redox signaling events in altering actin dynamics. Interestingly, previous results have
suggested that actin is susceptible to Redox regulation, but no specific enzymes have been
identified that perform this function. For instance, it has long been reported that oxidation
alters the physicochemical properties of actin (Bailey and Perry 1947; Balin and Barany
1967; Feuer et al. 1948; Ishiwata 1976; Katz and Mommaerts 1962; Martonosi and Gouvea
1961) and the reducing agent dithiothreitol (DTT) is employed to “protect” stored actin
(Cooper 1992; Ishiwata 1976; Tang et al. 1999). Moreover, numerous reports have indicated
that oxidants including H,O, adversely affect actin polymerization (e.g., (Balin and Barany
1967; Dalle-Donne et al. 2001; DalleDonne et al. 1995; Guan et al. 2005; Hinshaw et al.
1986; Lassing et al. 2007; Milzani et al. 1997; Mirabelli et al. 1988; Moldovan et al. 1999)),
providing a precedent for oxidative events altering actin dynamics. Therefore, we wondered
if the MICALS, since they produce H,0,, simply had non-specific effects on actin.
However, Mical’s effects on actin dynamics are substantially more robust than lethal doses
of H,0,, which do not disassemble F-actin and only modestly alter actin polymerization
under the conditions we employed with Mical (Hung et al. 2010). Likewise, PHBH, which
also releases H,0,, has no effect on actin dynamics (Hung et al. 2010). Indeed, our
observations that the Mical Redox region requires specific localization /n vivo also support
the hypothesis that Mical does not indirectly alter actin dynamics (e.g., through general
effects on the Redox state of the cell or global production of H,O5) but selectively targets F-
actin for disassembly.

Conclusions and Perspectives

Our recent results now provide new insights into the molecular logic by which the largest
family of repulsive guidance cues negatively alters actin dynamics in a spatiotemporal
manner. In our model, Semas directly bind cell-surface Plexin receptors and activate them to
directly interact via their cytoplasmic regions with the C-terminus of Mical (Figure 7i;
(Hung et al. 2010)). Upon association with Sema-bound Plexin, Mical is activated to directly
and locally disassemble both individual and bundled F-actin in a Redox-dependent manner
(Figure 7i; (Hung et al. 2010)). Our observations also provide a more complete
understanding of the roles of repellents /n vivo. In particular, we find that Sema/Plexin/
Mical-mediated F-actin disassembly, like cytochalasin treatment, is accompanied by F-
actin—rich branch formation /in vivo (Figures 6e, g; (Hung et al. 2010; Yoon and Terman
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submitted)). This branching appears to result from the Mical-induced “transformation” of
parallel-arranged bundles of F-actin, that are a hallmark of bristles and growth cone
filopodia, into branched meshwork arrays of F-actin reminiscent of that seen in lamellipodia
(Hung et al. 2010). Since we find no evidence that purified Mical directly performs actin
branching /n vitro (Hung et al. 2010) and continuing to raise the levels of Mical /in vivo
eventually serves to decrease this branching (Yoon and Terman submitted), we have
concluded that Sema/Plexin/Mical-dependent increases in actin branching are secondary to
Mical-mediated F-actin disassembly (Figure 7i). This would suggest that following Sema/
Plexin/Mical-mediated F-actin disassembly, other actin regulatory proteins including actin
nucleating factors reorganize the actin cytoskeleton and generate new actin branches
(Chhabra and Higgs 2007). Interestingly, it has long been noted that Sema-mediated F-actin
collapse generates more complex branched growth cones and processes (Campbell et al.
2001; Fenstermaker et al. 2004; Kapfhammer and Raper 1987a; Liu and Halloran 2005;
Sakai and Halloran 2006). Likewise, other repellents including slits and ephrins induce both
collapse and branching (e.g., (Castellani et al. 1998; Davenport et al. 1999; Wang et al.
1999)). These may be two distinct activities but in light of our observations with Sema/
Plexin/MICAL, we have proposed a model that repellents such as Semas disassemble or
‘prune back’ the actin network /in vivo, and this pruning process at times initiates secondary
events that serve to enhance cellular complexity/plasticity. This Sema/Plexin/Mical-
triggered change in morphology, in combination with Sema/Plexin-dependent effects on
microtubules and substrate adhesion, would help cells and their processes locate more
permissive substrates for outgrowth and underlie the directional changes induced by
repellents. Interestingly, when growth cones reach choice points /n7 vivo where they make a
directional decision, they become complex and extend multiple filopodia that select a new
pathway (Broadie et al. 1993; Godement et al. 1994; Harris et al. 1987; Murray et al. 1998;
Tosney and Landmesser 1985). In this manner, these negative and positive effectors of cell
motility work “hand-in-hand” to provide instructions to cells and their processes.

Our findings also raise important new questions related to Sema/Plexin/MICAL-mediated F-
actin remodeling. Many of these questions center on Mical’s effects on actin. How does
Mical induce F-actin disassembly? Does this occur through severing, depolymerization, and/
or some other means? Does Mical mediate its effects by releasing small molecules or
directly altering its substrate/s? How is this activity regulated? Do mammalian MICALS
exert similar effects on actin dynamics? It is also critical to further characterize the role of
the other domains of MICAL, which appear to localize and regulate MICAL activity.
Likewise, it is important to determine the physiological and biochemical roles that other
MICAL-interacting proteins such as CasL, CRMP, NDR/Tricornered kinases, vimentin, and
Rabs play in Sema/Plexin/MICAL-dependent F-actin disassembly. In light of these protein
associations, the MICALs may provide some intermediary between the actin, microtubule,
and intermediate filament cytoskeletons. It might also be possible to identify specific small
molecule inhibitors of MICAL function. At present, general inhibitors of FMs including the
green tea polyphenols epigallocatechin gallate (EGCG) and epicatechin (EC) block Sema-
mediated axon repulsion and growth cone collapse (Hochman et al. 2006; Pasterkamp et al.
2006; Terman et al. 2002), but although EGCG is known to diminish the activity of purified
MICAL (Nadella et al. 2005), EGCG has many known (and unknown) targets and it is
unclear if EGCG alters MICAL action in cells. Finally, it will also be interesting to
determine if there are cell biological roles for MICAL either independent of Sema/Plexin
signaling or with other repellents. Likewise, as noted above, MICAL appears to work in
combination with other actin regulatory proteins to remodel the actin cytoskeleton, and
Mical may also work with other F-actin disassembly proteins such as cofilin. For example,
in addition to common roles in Sema/Plexin-mediated F-actin disassembly where Mical and
cofilin may work in concert for the disassembly of actin filaments, F-actin bundles, and the
recycling of subunits, it is interesting to note that cofilin-mediated F-actin depolymerization

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2013 April 01.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey Joyiny vd-HIN

Hung and Terman

Page 13

is susceptible to oxidation-dependent regulation (Bernstein and Bamburg 2010). Regardless,
it will be important to determine the extent of the MICALS effects on the multitude of actin-
dependent processes that occur throughout the body.

Box 1: Contact Inhibition versus Repulsive Guidance: the same or
different?

Over the years, negative influences on cell shape and movement have been termed

“negative neurotropism”, “contact inhibition of locomotion”, “negative chemotaxis”,
“contact inhibition of extension”, “growth cone collapse”, “chemorepulsion”, and
“repulsive guidance”. For the purposes of this review, we have grouped together all of
these negative celllular behaviors with the intention of differentiating adverse effects that
disrupt cystoskeletal and adhesive elements from the simple inability to grow on or
adhere to a particular substrate (which would not require the activation of a negative
signaling cascade). Also, terms such as “repulsion” and “negative neurotropism” imply a
negative response that imparts directionality to cells or their processes (i.e., pushing them
away), while “inhibition” is often used to describe a negative response where only
motility is prevented (i.e., without imparting any directionality) (see discussion in
(Tessier-Lavigne and Goodman 1996)). However, these terms have not always been used
in this manner, and the molecular commonalities and differences between these related
responses remain to be fully understood. For example, contact inhibition of locomotion
(CIL) and repulsive guidance may describe identical phenomena. CIL has been
extensively characterized in non-neuronal cells and describes when a cell’s leading edge
adheres to another cell upon contact, experiences a paralysis of motility, and then
retracts. Repulsive guidance describes a similar set of behaviors. For instance, Sema-
mediated growth cone collapse is reminiscent of CIL (Heaysman 1978; Kapfhammer and
Raper 1987a; Luo and Raper 1994). While historically there has been resistance to
grouping these phenomena together, it is likely that they are related and use similar types
of molecules and mechanisms. Specifically, it has long been hypothesized that CIL
occurs when a signal is passed between colliding cells and that this signal triggers each
cell’s avoidance response (Abercrombie 1970). Today, although very little is known of
the molecular mechanisms of CIL, cues such as ephrins and Whnts that have been
identified as mediating CIL (Astin et al. 2010; Carmona-Fontaine et al. 2008; Mayor and
Carmona-Fontaine 2010) are also known to repel axons and induce growth cone collapse.
Likewise, factors such as Semas, which repel axons, also produce CIL-like effects on
non-neuronal cells.

Box 2 MICAL and MICAL-Like Proteins

There is a protein family that is similar to MICALS but their members lack the Redox
domain (Terman et al. 2002). These proteins have been called MICAL-Likes (MICAL-L)
with one Drosophila Mical-L gene and two mammalian M/CAL-Ls (Figure 5b; (Terman
et al. 2002)). It is unknown if they interact with Plexin or function in Sema/Plexin
repulsive signaling, but it is unlikely that MICAL-L proteins function in a similar manner
to MICAL since they lack the critical Redox domain that is required for MICAL to
associate and induce F-actin disassembly. However, MICAL-L proteins have been
extensively linked with regulating the actin cytoskeleton. For instance, the MICAL-Ls
are targeted to the membrane and colocalize with F-actin in stress fibers, actin cables,
lamellipodia, and at cell-cell contact sites (Kanda et al. 2008; Sharma et al. 2009; Terai et
al. 2006). Likewise, MICAL-Ls regulate neurite outgrowth and guidance (Sakane et al.
2010) and they are involved in repulsive events including inhibiting axon extension and
regulating epithelial cell scattering (Kanda et al. 2008; Nishimura and Sasaki 2008;
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Sakane et al. 2010; Terai et al. 2006). In addition, both MICAL-L1 and MICAL-L2 (also
known as JRAB) control the formation of cell-junctions including both tight and
adherens junctions (Nakatsuji et al. 2008; Yamamura et al. 2008). Similar to the MICALSs
(Hung et al. 2010; Schmidt et al. 2008), the MICAL-Ls also exist in an autoinhibited
state (Sakane et al. 2010). Furthermore, MICAL-Ls have been found to interact with
several proteins including Rab8, Rab13, CRMP2, C-terminal Eps15 homology domain
(EHD) proteins, and the F-actin bundling protein actinin-4 to regulate the recycling of
membrane associated proteins including cell adhesion molecules, cadherins, and integrins
(Nakatsuji et al. 2008; Rahajeng et al. 2010; Sakane et al. 2010; Sharma et al. 2009; Terai
et al. 2006; Yamamura et al. 2008).

Box 3 MICALs and Alternative Splicing

MICALSs appear to undergo extensive splicing and/or posttranslational modifications.
Based on cDNA sequence, the single Mical gene is annotated as producing 18 different
transcripts (FlyBase). Some of these cDNAs differ in the untranslated regions or within
two variable regions of MICAL (Figure 5a;(Terman et al. 2002)), but other cDNAs
suggest that different truncated versions of Mical (without some domains) may also exist.
Northern analysis using probes to both the N and C terminus reveal similar large
Drosophila Micaltranscripts (Terman et al. 2002), but Western analysis with a Mical-
specific antibody indicates many forms/sizes of Mical (Terman et al. 2002). Multiple
different vertebrate MICAL isoforms also appear to exist (Ashida et al. 2006; Fischer et
al. 2005; Friedberg 2009; Lin et al. 2009; Pasterkamp et al. 2006; Suzuki et al. 2002;
Terman et al. 2002; Weide et al. 2003). Interestingly, some of these isoforms correspond
to only the N-terminal portion of MICALSs, while some of them specify only the C-
terminal portion. These multiple splice forms have even led to the naming of a MICAL
C-terminal-like protein (also called EBITEIN1) (Miura 2008; Miura and Imaki 20083;
Miura and Imaki 2008b), which is a portion of MICAL-2 (Terman et al. 2002). These
splice forms could differentially regulate MICAL-mediated actin dynamics and Sema/
Plexin signaling. For instance, our results point to the necessity and sufficiency of the
Redox domain for MICAL-mediated F-actin disassembly and that the other regions of
MICAL (including the Plexin-interacting region) properly localize and regulate this
Redox activity (Hung et al. 2010). Yet, there might also be roles for the C-terminal
portion of MICAL apart from these functions. It is interesting, however, that when we
utilize transgenic strains of Drosophila that contain inducible promoters inserted within
the MICAL genomic locus (i.e., overexpress “endogenous” MICAL), we generate F-actin
rearrangements that mimic the expression of the full-length Mical cDNA, and not some
truncated cDNA (Hung et al. 2010).
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Figure 1. Negative Regulation of Cell Shape, Motility, and Navigation

Various experimental examples of negative cellular behaviors and the terms used to describe
them (See also Box 1). (a) Regenerating axons (black) grow extensively on some substrates
(ventral and dorsal roots) and not others (spinal cord, red). (Lugaro 1906). (b) Cultured cells
retract upon contact and change direction. (Weiss 1958). (c) Neuronal fiber extension
(black) is inhibited/repelled upon co-culturing in proximity to a tissue explant (red).
(Ebendal 1982). (d) Axons (black) circuitously grow away (red) or towards (green) different
tissues explants. (Peterson and Crain 1982). (€) Axons (black) avoid substrates (red), a
phenomenon that is abolished upon high temperature treatment (heat); revealing that axons

Cytoskeleton (Hoboken). Author manuscript; available in PMC 2013 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hung and Terman

Page 27
grow on certain substrates not because of “attraction”, but because of avoidance of other

substrates. (Walter et al. 1987b). (f) A neuronal growth cone (black) collapses/retracts upon
contact with an unlike neuronal fiber (red). (Kapfhammer and Raper 1987a).
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a Semaphorin Protein Family
Class 1 2 3 4 5 6 7 Vv
Sema-1a Sema-2a  Sema3A  SemadA Sema5A SemaBA  Sema7A SemaVA
Sema-1b  Sema-2b  Sema3B  Sema4B Sema5B Sema6B SemaVB
SemalC SemadC Semabc Sema6C
SemalD SemadD Sema6D
SemadE  SemadE Sema6E

Sema3F SemadF
SemadG  SemadG
Sema3H

b Examples of Other Repellents

Slits MAG Wnts  BMPs

LRR OMgp © i

Netrins

Figure 2. Semas and Repulsive/l nhibitory Extracellular Cues

(a) Semas. (b) Other well-known repulsive/inhibitory cues. Domain names are from
SMART (http://smart.embl-heidelberg.de) except Glob, globular; hp, hydrophobic. The ()
in (a) refers to the observation that Ig domains are present in some Class V (viral) Semas.
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a Response to Cytochalasin

2A | B

Figure 3. F-actin Disassembly Under lies Sema-mediated Repulsion

(a) F-actin disassembly collapses growth cones (Yamada et al. 1970). A growth cone (G)
exhibits extensive filopodia (M) until cytochalasin treatment (B; 6 minute treatment)
disrupts actin polymerization, disassembles F-actin, and induces collapse. (b) Sema
treatment results in loss of F-actin. Rhodamine phalloidin staining reveals F-actin present in
control (left) and Sema-treated growth cones (right; 5 min treatment). (Fan et al. 1993).
(Insets) Rotary shadow EM shows the growth cone F-actin before (left) and after Sema
application (right; 30 min). Reprinted with permission of John Wiley & Sons, Inc. (Brown
and Bridgman 2009).
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Figure 4. Semas Employ Plexinsto Direct Repulsion

(a) Plexins. Domain names are from SMART (http://smart.embl-heidelberg.de) except GAP,
GTPase activating protein; C1, conserved 1; C2, conserved 2; RBD, Rho GTPase binding
domain; MICAL-IR, MICAL interacting region. (b) Sema/Plex-mediated effects on cell
adhesion. The current model is that 1) the Plexin GAP is activated by binding of both Sema
and a Rac GTPase to the Plexin extracellular and intracellular regions, respectively, 2) the
Plexin GAP activity locally enriches for the GDP-bound form of Ras family GTPases,
which 3) inactivates (through “inside-out” signaling) integrin-extracellular matrix-mediated
adhesion. (c) Sema effects on microtubules. The current model is that Semas “turn-on” tau-
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mediated microtubule alterations and “turn-off” CRMP-mediated tubulin assembly. (d)
Current models suggest that Sema-mediated F-actin alterations occur by limiting actin
polymerization (left) and/or by inducing actin depolymerization by regulating the levels of
active cofilin (right). A few other actin-associated proteins including myosin Il and ERM are
involved in Sema-mediated repulsion (Gallo 2008; Mintz et al. 2008; Schlatter et al. 2008),
but their effects appear secondary to directly inducing F-actin disassembly (Brown et al.
2009; Gallo 2006; Takamatsu et al. 2010).
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Figure 5. MICAL s are Multi-domain Cytosolic Redox Enzymes

(a) MICAL family proteins are characterized by their flavoprotein monooxygenase (Redox
[FM]), calponin homology, LIM, and ERM alpha-like domains. Variable regions differ in
length and continuity among family members (dotted //; Box 3). To conform with
Drosophila nomenclature guidelines, lowercase lettering is now used when describing
invertebrate MICALSs (Mical), and all capitals are used when describing the vertebrate
MICALSs (and the MICAL family of proteins). (b) MICAL-Like proteins are similar to
MICALSs in domain organization except they lack the Redox domain. (c) FAD binding and
MICAL enzymatic activity. (L eft) The MICAL cofactor FAD is composed of ADP
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(including a pyrophosphate group), ribitol, and an isoalloxazine ring. To bind to the ADP
region of FAD, Mical relies on its GXGxxG region where the critical residues are colored
(Modified from (Wierenga et al. 1986)). To bind to the pyrophosphate and ribitol moieties
of FAD, Mical relies on its DG and GD regions, respectively. (Right) Results indicate that
the Redox domain of MICAL binds FAD, consumes NADPH, and generates H,O,. MICAL
substrate/s are unknown. Alternatively, MICAL may have no direct substrate and may
simply generate H,0,.
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Figure 6. MICAL isNecessary and Sufficient to Regulate F-actin Organization In Vivo

(a—€) Mical is required for axon guidance (a), neuronal synapse formation (b), dendrite
pruning (c), muscle formation (d), and bristle shape (e). (f-h) Altering Mical levels /n vivo
generate abnormal F-actin organization in bristles (f), growth cones (g), and muscles (h). In
bristles, F-actin organization (stippling) in Mical “knockouts” is similar to overexpression of
actin bundling proteins, while Mical overexpression mimics loss of bundling proteins. +/+,
wild-type; =/-, “knockout”; +++, overexpression. Modified from (Beuchle et al. 2007; Hung
et al. 2010; Kirilly et al. 2009; Tilney et al. 1998; Tilney et al. 1995; Yoon and Terman
submitted).
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Figure7. MICAL Disassembles F-actin and Directly Links Sema/Plexin Repulsion and F-actin
Collapse

(a—b) Mical colocalizes with and is required by PlexA for F-actin reorganization. (c—)
Mical directly disassembles F-actin in a manner that is distinct from cofilin. (c) Actin
polymerization slows-down in the presence of Mical (and its coenzyme NADPH). (d) In the
presence of cofilin, polymerization initially speeds-up, a result of the diverse properties of
cofilin (e.g., (Andrianantoandro and Pollard 2006; Bernstein and Bamburg 2010)) including
that it generates more free ends for polymerization. (e-f) Mical and cofilin affect actin in a
similar manner in an actin depolymerization assay. Modified from (Du and Frieden 1998;
Hung et al. 2010; Moriyama and Yahara 2002). (g—h) Mical directly decreases F-actin
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length (g) and the length and width of Fascin-bundled actin filaments (h). (i) Sema/Plexin/
Mical/Actin signaling pathway and its effects on F-actin.
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