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Abstract

A network of connections is established as neural circuits form between neurons. To make these
connections, neurons initiate asymmetric axon outgrowth in response to extracellular guidance cues.
Within the specialized growth cones of migrating axons, F-actin and microtubules asymmetrically
accumulate where an axon projects forward. Although many guidance cues, receptors, and
intracellular signaling components required for axon guidance have been identified, the means
through which the asymmetry is established and maintained is unclear. We discuss recent studies in
invertebrate and vertebrate organisms that define a signaling module comprising UNC-6(netrin),
UNC-40(DCC), PI3K, Rac, and MI1G-10(lamellipodin) and we consider how this module could
establish polarized outgrowth in response to guidance cues.

Introduction

The formation of neural circuits requires that proper connectivity is established between
neurons during development. Failure to achieve correct connectivity results in a dysfunctional
nervous system, which may be associated with disorders such as Autism and Down Syndrome
[1,2]. In addition to its importance in understanding developmental disorders, an understanding
of how neural connectivity is established will also be important for efforts to improve treatment
for nerve connections damaged by injury or neurodegenerative diseases [2,3].

An early step in the establishment of connectivity involves the growth and guidance of axons.
Axon growth is led by the growth cone, a specialized structure that sits at the tip of growing
axons. The growth cone is guided by extracellular guidance cues, including the slits, netrins,
ephrins, and semaphorins, wnts, sonichedgehog, and BMPs. These guidance cues are secreted
from a source and activate receptors on the growth cone, causing it to migrate towards or away
from the source [4-7]. In response to guidance cues, asymmetric accumulation of F-actin and
microtubules occurs in the growth cone. The growth cone then migrates in the direction of F-
actin and microtubule accumulation [8-13]. Asymmetry in several other processes has also
been observed during the guidance response, including exocytosis, calcium signaling, and
protein translation, suggesting that they also play a role in growth cone guidance [14-18].

A key question is how directional information provided by an extracellular gradient is
transduced to generate asymmetry within the growth cone. Recent work has identified several
proteins that are asymmetrically activated or localized within growth cones including: Src,
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ERMs, Cofilin and MIG-10 [19-22]. This review focuses on MIG-10 (Lamellipodin) and a
signaling module that also comprises UNC-6(netrin), UNC-40(DCC), PI3K, and Rac. Recent
studies suggest, 1) the interaction between the UNC-6 guidance cue and the UNC-40 receptor
establishes asymmetry within neurons, 2) interactions between Rac and PI3K can amplify
shallow extracellular gradients into a sharp intracellular signal to direct migration, and 3)
MIG-10 links Rac and P13K to proteins that promote actin-based protrusive activity. Therefore
this signaling module is positioned to transmit the directional information provided by the
graded distribution of the extracellular guidance cue to the internal cellular machinery that
promotes directed outgrowth.

The cytoplasmic signaling molecule MIG-10(lamellipodin) is asymmetrically localized in
response to guidance cues

One striking example of polarization is the cytoplasmic signaling molecule MIG-10, an
ortholog of vertebrate lamellipodin, which has been implicated in the response to the guidance
cues SLT-1(Slit) and UNC-6(netrin) [23-27]. MIG-10(lamellipodin) contains several protein
interaction domains and is thought to form an organizing center for a signaling complex that
promotes axon outgrowth [24,27,28]. Overexpression of MIG-10 in the AVM neuron of C.
elegans in the absence of guidance cues causes the growth of multiple misguided processes,
suggesting that MIG-10 has an outgrowth-promoting activity. Addition of the UNC-6(netrin)
or SIt-1(Slit) guidance cue results in the formation of a single process with enhanced guidance,
indicating that the M1G-10 outgrowth-promoting activity can be polarized and oriented by
these guidance cues [27]. Consistent with these observations, in neurons that respond to the
UNC-6 cue, there is an UNC-6-dependent asymmetric localization of the MI1G-10 protein to
the site of axon outgrowth (Figures 1A-B) [23]. The sharp polarization of MIG-10 is remarkable
in that it appears to amplify the directional information imparted from what is thought to be
shallow gradients of the guidance cues.

MIG-10 can also be polarized within the growth cone of cultured neurons, where its localization
correlates with asymmetric accumulations of F-actin and microtubules (Figures 1C-E) [20].
MIG-10(lamellipodin) can interact with proteins that promote actin polymerization. Therefore,
the asymmetric localization of MI1G-10(lamellipodin) might promote polarized actin
polymerization, which may in turn promote asymmetric accumulation of microtubules.
Experiments using live imaging of actin, microtubules, and lamellipodin in cultured vertebrate
growth cones may address this model.

Guidance receptors are asymmetrically localized in response to guidance cues

Studies of the HSN neuron in C. elegans indicate that the UNC-40(DCC) receptor, becomes

asymmetrically localized at the ventral edge of the cell where the axon will form, in response
to UNC-6(netrin). The axon migrates ventrally towards the source of UNC-6. Loss-of-function
mutations that affect UNC-6 or the UNC-6 receptor UNC-40 cause the failure of leading edge
formation and the late development of an axon that is subsequently misguided [23]. MIG-10

is not required for the asymmetric localization of UNC-40, suggesting that the polarization of
UNC-40 is an early response to the UNC-6 cue.

Recent work on cultured rat neurons indicates that GABA receptors are also polarized during
an attractive response to GABA [29]. In response to a gradient of GABA and prior to growth
cone turning, GABA receptors redistribute asymmetrically towards the GABA source. The
redistribution of GABA receptors occurs as a result of a microtubule-dependent lateral
movement of the receptors within the membrane. Together, these data suggest that the attractive
response of growth cones towards GABA is mediated by the redistribution of GABA receptors
to the side of the growth cone closest to the source of GABA.
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The mechanisms that mediate asymmetric localization of receptors are not yet well understood.
One mechanism may involve transport along microtubules, as has been observed in the case
of GABA receptors in cultured rat neurons [29]. Studies with cultured Xenopus neurons have
revealed another mechanism that involves asymmetric recruitment of guidance receptors into
lipid rafts, specialized cholesterol and glycosphingolipid-rich membrane microdomains [30,
31]. For example, in growth cones that are undergoing attraction towards BDNF, the trkB
receptors for BDNF are associated with lipid rafts that become localized to the side of the
growth cone that is closest to the source of BDNF. A third possible mechanism involves the
regulation of receptor trafficking by the Rho GTPases. In C. elegans, Rac can regulate guidance
receptors by affecting their subcellular localization [32,33]. Likewise, a recent study on
cultured vertebrate neurons has indicated that Rho can regulate the recruitment of the netrin
receptor DCC to the plasma membrane [34].

Guidance receptors mediate multiple signaling events

Axon guidance may be a multistep process, with the axon guidance receptors involved in
separate yet functionally linked signaling events to orient and promote axon outgrowth activity
[27,35]. In the first step, the association of the guidance cue ligand enables signaling that causes
the asymmetric localization of receptors to the cell membrane where axon outgrowth will occur.
This localization denotes the ability of the neurons to sense the guidance cue gradient. In the
second step, the guidance receptors promote axon outgrowth in the direction that was set up
by the asymmetric localization. As migrating axons encounter different environments, new
signals may negatively regulate these steps to control morphological changes that occur during
turning, branch formation, and synaptogenesis [34]

The asymmetric localization of guidance receptors likely triggers asymmetric activation of
downstream signaling events that promote outgrowth (Figures 2-3). Key signaling pathways
downstream of guidance receptors include the Rac GTPase and phosphoinositide 3-kinase
signaling pathways [24, 36, 37]. These signaling pathways are of particular importance in
understanding polarization of axon outgrowth in the growth cone because studies of
chemotactic cell migration in neutrophils have indicated that interactions between these
pathways are important for the establishment of polarity [38]. Although the Rac and
phosphoinositide signaling pathways have been implicated downstream of multiple guidance
receptors, here we focus on events downstream of the netrin receptor UNC-40(DCC).

The Rac GTPase is activated downstream of UNC-40(DCC)—Genetic studies in C.
elegans have shown that Rac functions downstream of UNC-40(DCC) to mediate the response
to UNC-6(netrin) [39]. Consistent with these findings, biochemical studies on vertebrate
cultured neurons have indicated that Rac is activated in response to UNC-40(DCC) receptor
signaling [40-43]. The activation of Rac is mediated by an association of UNC-40(DCC) with
two guanine nucleotide exchange factors (GEFs), UNC-73(Trio) and CED-5(DOCK180)
[44,45], which are responsible for switching the inactive GDP-bound Rac GTPase to the active
GTP-bound form. These observations suggest that asymmetric localization of the UNC-40
(DCC) receptor leads to asymmetric activation of Rac.

It is also known that guidance cues can generate Ca?* gradients in the growth cone and that
localized elevation of Ca2* can trigger activation of Rac and Cdc42 [14,46]. The effect of
Ca?* on Rac and Cdc42 activation requires protein kinase C (PKC), a calcium-sensitive kinase.
The downstream targets of PKC in this process remain to be identified, but are likely to include
regulators of Rac and Cdc42, such as GEFs, GAPs, and GDIs. These observations suggest that
calcium-sensitive kinases can regulate Rac activation, linking asymmetric calcium signals to
asymmetric activation of Rac.
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3'-phosphoinositide phosphorylation downstream of UNC-40(DCC) signaling—
Studies of cultured Xenopus neurons have indicated that phosphoinositide 3-kinase (PI3K) is
required for the response to UNC-6(netrin) [37]. Consistent with this observation, genetic
studies in C. elegans indicate that AGE-1, an ortholog of PI3K, functions downstream of
UNC-40(DCC) to mediate the response to UNC-6(netrin) [24].

P13K phosphorylates phosphoinositides at the 3’ position to produce PtdIns(3,4,5)P3 and PtdIns
(3,4)P,. Although the role of 3’ Pls in axon guidance has not been fully tested, studies of
chemotaxis in neutrophils, Dictyostelium, and fibroblasts provide insight into their likely
function [47-51]. 3' Pls are polarized in response to gradients of chemoattractants, such that
they are localized to the side of the cell closest to the source of chemoattractant. Polarization
can be induced by the direct delivery of exogenous 3’ Pls, indicating that polarity is generated
at the level, or downstream, of 3' Pls [52].

3’ Pls and the Rho GTPases have been implicated as part of an internal cellular ‘compass’ for
eukaryotic chemotaxis [38,53]. Genetic, pharmacological, and biochemical experiments have
placed PI3K both upstream and downstream of Rac in neutrophil chemotaxis [38,50,54,55].
These observations could be explained by postulating a positive-feedback loop between Rac
and 3' Pls. There is evidence for such a loop; polarity in neutrophils is stimulated by direct
delivery of exogenous 3’ Pls and inhibitors of PI3K or Rho GTPases can block this effect
[52]. As PI3K and Rac have both been implicated in axon guidance, it is likely that this positive-
feedback loop is also important in generating polarity in neuronal growth cones (Figure 2).

Asymmetric localization of effectors for Rac and 3" Pls

Asymmetric localization of 3' Pls and activated Rac can lead to asymmetric recruitment of
effectors for these molecules (Figure 3). Effectors are proteins that bind to and mediate the
downstream effects of activated Rac and 3' Pls. Below, we discuss the effectors for Rac and
3’ Pls that have been implicated in the response to UNC-6(netrin).

MIG-10(lamellipodin) is an asymmetrically localized effector for Rac and PtdIns
(3,4)Po—Recent work has demonstrated that MIG-10 functions as an effector for Rac during
axon guidance. Biochemical experiments have shown that the Ras Association-Plekstrin
Homology (RAPH) domain of MIG-10, and its vertebrate ortholog lamellipodin, interact
specifically with activated Rac. Genetic experiments have indicated that MIG-10 functions
downstream of Rac to mediate the response to UNC-6(netrin) [20]. Consistent with these
observations, the asymmetric localization of MIG-10 is dependent upon Rac. Together, these
data suggest that asymmetric activation of Rac recruits asymmetric MIG-10(lamellipodin).

The asymmetric localization of MIG-10(lamellipodin) might also be controlled by interaction
with the 3’ PI Ptdins(3,4)P, [23]. Biochemical experiments have indicated that lamellipodin
binds to PtdIns(3,4)P, [28], and genetic experiments have shown that AGE-1(P13K) and
DAF-18(PTEN) (a dual-specificity phosphatase for proteins and lipids) are required for the
asymmetric localization of MIG-10[23]. The AGE-1(P13K) kinase and the DAF-18(PTEN)
phosphatase are responsible for the phosphorylation and dephosphorylation of 3’ Pls,
respectively. Together, these data suggest that asymmetrically localized Ptdins(3,4)P, recruits
MIG-10(lamellipodin) enabling it to become localized asymmetrically.

MIG-10, and its vertebrate ortholog lamellipodin, can regulate actin polymerization to promote
formation of filopodia and lamellipodia, suggesting that asymmetric localization of MIG-10
(lamellipodin) results in the asymmetric formation of lamellipodia and filopodia. RNAI
knockdown experiments in cultured cells have shown that loss of lamellipodin impairs
formation of lamellipodia [28,56]. Conversely, overexpression of MIG-10 or lamellipodin in
cultured cells causes an increase in the formation of lamellipodia [27,28]. In neurons, loss of
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MIG-10 function impairs the formation of filopodia in response to UNC-6(netrin) [24]. The
effect of MIG-10 and lamellipodin on actin dynamics is mediated, in part, through an
interaction with UNC-34(enabled) [24,27,28], an actin-regulatory protein that can influence
filopodial and lamellipodial dynamics [25]. However, loss of MIG-10 or lamellipodin function
causes defects that are more severe than those observed after loss of UNC-34 or enabled [20,
28], indicating that MI1G-10 and lamellipodin must also signal through other regulators of actin
polymerization.

Other effectors for Rac and 3'3' Pls in axon guidance—The WAVE complex is an
effector for Rac that has been implicated in axon guidance (Table 1). When activated by Rac,
the WAVE complex interacts with monomeric actin and the ARP2/3 complex to promote actin
nucleation [57-59]. Loss of WAVE complex function causes axonal defects in Drosophila,
including ectopic midline crossing in the CNS and ectopic branching of motor neurons [60,
61]. Loss of WAVE complex function also causes defects in axon guidance in the PDE neuron
of C. elegans [59]. The localization and activation of the WAVE complex during axon guidance
have not been studied. However, by analogy to MIG-10, Rac might asymmetrically recruit
and/or activate the WAVE complex in response to guidance cues.

The p21-activated kinase (PAK) proteins are also effectors for Rac that have been implicated
in guidance (Table 1) [62-64]. The PAK proteins function downstream of Rac activation by
phosphorylating LIM kinase and myosin light chain kinase (MLCK) kinase, both regulators
of actin dynamics [65]. Genetic and biochemical studies in Drosophila and C. elegans have
indicated that the PAK kinases are involved in axon guidance and that they function in parallel
to MIG-10(lamellipodin) [20,62,64]. Although the localization of the PAK proteins has not
been examined during the guidance response, we hypothesize that these proteins are
asymmetrically localized and/or activated in response to guidance cues.

DOCK180 might act as an effector for 3’ Pls during axon guidance. DOCK180 is a GEF
activator of Rac that binds to and functions downstream of PtdIns(3,4,5)P3 during cell
migration [66,67], suggesting that DOCK180 mediates a connection between the Rac and
phosphoinositide signaling pathways. Genetic studies have indicated that CED-5, the C.
elegans ortholog of DOCKZ180, functions in axon guidance [68]. Consistent with this
observation, a recent study has found that DOCKZ180 functions in the response to UNC-6
(netrin) [45]. In addition to binding to PtdIns(3,4,5)P3, DOCK180 also associates with UNC-40
(DCC). This association might be mediated indirectly through the interaction between
DOCK180 and PtdIns(3,4,5)P3. Consistent with this idea, both UNC-40(DCC) and Ptdins
(3,4,5)P3 are found within lipid rafts [69-71]. Alternatively, it is possible that DOCK180 binds
to both UNC-40(DCC) and PtdIns(3,4,5)P3. The relationships between PtdIns(3,4,5)P3,
DOCK180 and UNC-40(DCC) are an important area for future investigations.

Polarization model for axon guidance: implications for understanding attractive and
repulsive guidance

The recent findings discussed here suggest that guidance cues cause the asymmetric
localization of signaling complexes and the polarization of axon outgrowth. Similar to events
required for chemotaxis of other cell types, axon guidance may require functionally linked
signaling events that work synergistically to direct movement when neurons sense gradients
of extracellular guidance cues. Although growth cones can respond to shallow gradients of
extracellular guidance cues [72], in order for a directional response to occur it is thought that
shallow gradients of extracellular guidance cues must be amplified into a steep intracellular
signaling gradient [73]. This gradient amplification may be manifested by the asymmetric
localization of signaling complexes, such as those involving UNC-40 and MIG-10 in the
neuron.
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The establishment of polarization may be analogous to that which occurs in other cell types
during events such as asymmetric cell division, epithelial polarity development, and cell
migrations. For example, in axon guidance, the asymmetric activation of Rac causes polarized
recruitment of MIG-10 [20]. During asymmetric cell division, establishment of epithelial
polarity and cell migration, asymmetric activation of the GTPase Cdc42 causes polarized
recruitment of the adaptor protein Par6, a cytoplasmic polarity protein [74-76]. Thus, in each
context, the Rho family GTPase promotes polarity by asymmetrically recruiting an effector
molecule.

By considering that the asymmetric localization of signaling complexes can lead to polarized
axon outgrowth, the concepts of attractive and repulsive axon guidance can be considered in
a different manner. Currently, it is commonly proposed that attractive guidance cues promote
actin-based protrusive activity, whereas repulsive guidance cues inhibit actin-based protrusive
activity [8]. Therefore, it was surprising when activation of Rac, which promotes actin-based
protrusive activity, was implicated in both attractive and repulsive guidance responses [39,
40,62,77]. However, within the context of a polarization model, attraction might be considered
as being the result of extracellular cues polarizing Rac activation to one side of the growth
cone, whereas repulsion might be considered as the result of Rac activation being polarized to
the opposite side of the growth cone. Thus, whether a cue induces an “attractive’ or ‘repulsive’
response may be dictated by the relative asymmetric localization of signaling complexes, rather
than the activation of opposing cytoskeletal effectors.

While we have described here the outgrowth promoting activity of MIG-10(lamellipodin) in
response to UNC-6(netrin) attraction, MIG-10 is also involved in the repulsive response to
SLT-1 [27]. Although it has not been possible to visualize the localization of MIG-10 in
response to SLT-1(Slit), it is likely to be polarized to the side of the growth cone furthest from
the source of SLT-1. This hypothesis is supported by the observation that MIG-10
overexpression enhances axon outgrowth away from SLT-1 sources [27]. Future experiments
examining the localization of MI1G-10 or lamellipodin during repulsive responses may provide
more direct evidence for this hypothesis.

The idea that attraction and repulsion depend on the relative localization of signaling complexes
is also supported by two recent studies of cultured Xenopus neurons. The first study found that
actin translation is required for guidance and that during attractive guidance, actin is
asymmetrically translated on the side of the growth cone closest to the source of guidance cue.
Conversely, during repulsive guidance, actin is asymmetrically translated on the opposite side
of the growth cone [18]. The second study found that phosphorylated cofilin is localized to one
side of the growth cone during an attractive response and to the opposite side during a repulsive
response [22].

Concluding remarks

Here, we have reviewed recent evidence suggesting that signaling complexes become
asymmetrically localized in response to guidance cues. The asymmetric localization of
receptors causes asymmetric activation of Rac and localization of 3’ PIs (Figure 3). This in
turn causes the asymmetric recruitment and/or activation of effectors for Rac and 3’ Pls. These
effectors can promote actin-based protrusive activity, thereby causing the polarized outgrowth
of the growth cone.

Future investigations are likely to determine how asymmetry is established in the growth cone.
In particular, it will be important to determine how the guidance receptors become
asymmetrically localized. This process might involve positive-feedback loops between Rac,
phosphoinositides, and the guidance receptors. Additional likely contributors include
microtubules, lipid rafts, calcium signaling and membrane trafficking pathways. In addition,
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it will be important to further characterize the roles of Rac and 3’ Pl effectors in modulating

ac

tin dynamics. Together these future studies are likely to provide a more complete

understanding of growth cone guidance that will impact our understanding of normal axon
development and of diseases that affect the nervous system.
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Figure 1.

Polarization of MI1G-10(lamellipodin) in response to guidance cues in C. elegans and cultured
chick growth cones. MIG-10(lamellipodin) is a cytoplasmic adaptor protein that is thought to
serve as an organizing center for a signaling complex that regulates actin dynamics [20,24,
27,28]. (a) UNC-6(netrin) is secreted from sources ventral to the HSN neuron. (b)
MIG-10::GFP localization in the HSN neuron during the third larval (L3) stage, just prior to
axon extension. During the L3 stage MIG-10::GFP becomes asymmetrically localized to the
ventral side of the HSN neuron. This ventral localization of MIG-10:GFP requires UNC-6
(netrin), which is secreted from sources ventral to the HSN neuron [23]. (c-f) Asymmetric
localization of MIG-10::GFP in the growth cone of a cultured cortical neuron double stained
for F-actin and microtubules. Figure is modified from Ref [20]. Scale bars represent 5 pm.
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Figure 2.

UNC-40(DCC) signaling in neuronal growth cones might activate a positive-feedback loop
that includes Rac and 3’-phosphorylated phosphoinositides (3’ PIs) [38,52]. Guanine nucleotide
exchange factors (GEFs), including DOCK180 and Trio, link UNC-40(DCC) activation to Rac
activation [44,45]. Activated Rac binds to and stimulates phosphoinositide 3-kinase (P13K)
activity, thus generating 3’ Pls [38]. 3' Pls then recruit DOCK180, a Rac GEF, which restarts
the cycle by activating Rac [67]. The organizing adaptor protein MIG-10(lamellipodin) is
recruited by binding to both activated Rac and the phosphoinositide Ptdins(3,4)P,, a 3' PI.
Thus, MIG-10(lamellipodin) might spatially link this positive-feedback loop to actin
polymerization.
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Model for asymmetric localization of MIG-10(lamellipodin) in a growth cone during axon
guidance. (a) In the absence of an UNC-6(netrin) gradient, the UNC-40(DCC) receptor is
distributed uniformly. (b) In the presence of a gradient of UNC-6(netrin), UNC-40(DCC)
becomes polarized to the side of the growth cone closest to the source of UNC-6(netrin) [23].
This asymmetric localization of UNC-40(DCC) may cause asymmetric activation of Rac and
asymmetric localization of PtdIns(3,4)P2. MI1G-10(lamellipodin) binds to activated Rac and
PtdIns(3,4)P,, thus causing asymmetric localization of MIG-10(lamellipodin) [20,23,28].
Asymmetric localization of MIG-10(lamellipodin) causes asymmetric actin-based protrusive
activity, thereby causing growth cone turning.
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Table 1
Rac effectors in axon guidance.
Guidance Pathways Effector Downstream Targets
Netrin, Slit MIG-10 Enabled, ?
Netrin, Slit PAK LIM Kinase, MLC Kinase
? WAVE Complex | ARP 2/3 Complex
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