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Abstract
Axon migrations are guided by extracellular cues that induce asymmetric outgrowth activity in the
growth cone [1,2]. Several intracellular signaling proteins have been implicated in the guidance
response [3–10]. However, how these proteins interact to generate asymmetric outgrowth activity is
unknown. Here, we present evidence that in C. elegans, the CED-10/Rac1 GTPase binds to and
causes asymmetric localization of MIG-10/lamellipodin, a protein that regulates actin polymerization
and has outgrowth-promoting activity in neurons[5,11]. Genetic analysis indicates that mig-10 and
ced-10 function together to orient axon outgrowth. The RAPH domain of MIG-10 binds to activated
CED-10/Rac1 and ced-10 function is required for the asymmetric localization of MIG-10 that occurs
in response to the UNC-6/netrin guidance cue. We also show that asymmetric localization of MIG-10
in growth cones is associated with asymmetric concentrations of f-actin and microtubules. These
results suggest that CED-10/Rac1 is asymmetrically activated in response to the UNC-6/netrin signal,
thereby causing asymmetric recruitment of MIG-10/lamellipodin. We propose that the interaction
between activated CED-10/Rac1 and MIG-10/lamellipodin triggers local cytoskeletal assembly and
polarizes outgrowth activity in response to UNC-6/netrin.

Results and Discussion
Activated CED-10/Rac1 binds to MIG-10/lamellipodin

CED-10/Rac1 is a small GTPase that has been implicated in axon guidance [4,12,13]. Guidance
cues stimulate guanine nucleotide exchange factors (GEFs) to cause activation of Rac [3,14].
However, the events that act downstream of Rac activation to mediate the guidance response
are not well understood. In particular, it is not clear how activation of Rac leads to asymmetric
outgrowth.

To address this question, we considered MIG-10/lamellipodin as a potential effector of
CED-10/Rac-1 during the guidance response. Both MIG-10/lamellipodin and CED-10/Rac1
have been implicated in UNC-6/netrin signaling [5,7,8,11]. Genetic analysis in C. elegans has
demonstrated that CED-10 functions downstream of the UNC-40/DCC receptor and that it
mediates the guidance response to the UNC-6/netrin guidance cue [8]. MIG-10 has also been
implicated in UNC-6 signaling and includes a Ras Association (RA) domain whose binding
partner has not been identified [5]. Therefore, we asked if MIG-10/lamellipodin can bind to

*To whom correspondence should be addressed at: Department of Pathology, Robert Wood Johnson Medical School, 675 Hoes Lane,
Piscataway, NJ 08854-5653, E-mail: quinncc@umdnj.edu, Phone: (732) 235-4849, Fax: (732) 235-4825 , E-mail:
william.wadsworth@umdnj.edu, Phone: (732) 235-5768, Fax: (732) 235-4825.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Curr Biol. Author manuscript; available in PMC 2009 June 26.

Published in final edited form as:
Curr Biol. 2008 June 3; 18(11): 808–813. doi:10.1016/j.cub.2008.04.050.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Rac or other members of the Rho family. We conducted in vitro binding assays using
constitutively active Rho proteins (RhoL63, RacL61, and Cdc42L61). Since the C. elegans
Rho proteins exhibit 90–97% similarity to their human homologs, we used the human homologs
for binding assays. Rho family::GST fusion proteins were coupled to glutathione sepharose
and incubated with lysates made from cells expressing the Ras Association-Plekstrin
Homology (RAPH) domain of MIG-10 fused to GFP (MIG-10 RAPH::GFP). The MIG-10
RAPH::GFP domain bound to RacL61, but not to RhoL63 or Cdc42L61 (Figure 1A). Similar
binding was observed with full length MIG-10::GFP (Figure S1A). To determine if binding
between MIG-10 and Rac is GTP-dependent, we tested for binding with RacN17, a
constitutively inactive mutant of Rac. MIG-10 RAPH::GFP did not bind to RacN17 (Figure
1B), indicating that binding is GTP-dependent. Since previous results have indicated that
RIAM can bind to Rap1 [15], we also tested for binding between MIG-10 and Rap1. However
we did not find evidence for binding between MIG-10 and Rap1 (Figure S1B). We also tested
the mammalian homologs of MIG-10 and found that the Rac-GTP binding function is
conserved in lamellipodin but not RIAM (Figure S1C-D).

CED-10/Rac1 mediates asymmetric distribution of MIG-10/lamellipodin
The UNC-6/netrin guidance cue induces asymmetry in the HSN neuron. The sources of UNC-6
are located ventrally of the HSN (see Figure 1C), causing the leading edge to be ventrally
oriented. MIG-10/lamellipodin accumulates at the ventral edge of the HSN in the L2–L3 stages
[6]. Since MIG-10 binds to activated Rac and Rac is thought to be activated at the leading edge
of migrating cells [16], we asked if CED-10/Rac1 is required for the asymmetric localization
of MIG-10.

In L3 stage wildtype animals we observed substantial variation in the shape of the HSN cell
body. However, MIG-10::YFP was enriched at the ventral edge of nearly all of the HSN cell
bodies observed. Quantitative image analysis revealed that the average ventral enrichment was
more than two fold in wildtype animals (Figures 1D and 1F). By contrast, no enrichment of
the membrane marker myristolated-GFP was observed (Figure 1F), indicating that the ventral
enrichment of MIG-10::YFP is not the result of general membrane asymmetry.

To disrupt ced-10 function we used the ced-10(n3246) allele because it is a strong loss-of-
function allele with a mutation in a glycine residue that is thought to be required for
conformational change induced by GTP-binding [17,18]. Loss of ced-10 function strongly
reduced the average MIG-10::YFP ventral enrichment (Figures 1E and 1F). Loss of ced-10
function had no effect on the distribution of myristolated-GFP (Figure 1F). These results
indicate that CED-10 function is required for the asymmetric distribution of MIG-10/
lamellipodin. Combined with the biochemical data indicating GTP-dependent binding between
CED-10/Rac1 and MIG-10/lamellipodin, these data suggest that activated CED-10/Rac1
recruits MIG-10/lamellipodin to the ventral edge.

CED-10/Rac1 functions with MIG-10/lamellipodin to orient HSN axon growth
MIG-10 accumulates asymmetrically to the ventral edge of the HSN cell body during the L2
and L3 stages [6]. At the beginning of the L4 stage the HSN extends an axon ventrally. Since
CED-10 can mediate the asymmetric localization of MIG-10, we asked if these proteins
function together to orient HSN axon growth. For these experiments we used the ced-10
(n3246) strong loss-of-function allele and the mig-10(ct41) null allele. In the wildtype
background, nearly all of the HSN axons were ventrally oriented as they grew out of the cell
body (Figures 2A and 2B), with guidance defects observed in only 7% of the HSN axons
(Figure 2G). Loss of mig-10 function resulted in axon guidance defects in 46% of HSN neurons
(Figure 2G). In nearly all cases the axons reached the ventral nerve cord after making short
migrations in the anterior or posterior directions (Figure 2C and 2D). These defects cannot be
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explained as a secondary consequence to the cell migration defects that are also observed in
mig-10 mutants (see Table S1). Loss of ced-10 function resulted in similar defects in 28% of
HSN neurons (Figures 2E-2G). The ced-10;mig-10 double mutant was not enhanced relative
to the either single mutant, indicating that MIG-10 and CED-10 function together to orient
HSN axon growth.

MIG-10 functions downstream of CED-10/Rac1
The ability of CED-10 to regulate MIG-10 localization suggests that MIG-10 may function
downstream of CED-10. To test this hypothesis we conducted an epistassis test with an
activated ced-10 mutant transgene. For these experiments we utilized the PDE neuron because
it is possible to express an activated form of CED-10 in this neuron [19]. The PDE neuron
normally has two unbranched processes emanating from the cell body. Expression of the
constitutively active ced-10(G12V) transgene causes branched processes and ectopic processes
emanating from the PDE cell body [19]. We found that this ced-10 gain-of-function phenotype
is strongly suppressed by loss of mig-10 function (Table S2). For example, 91% of the PDE
neurons expressing ced-10(G12V) had ectopic processes emanating from the cell body. The
mig-10(ct41) null allele reduced this phenotype to 13%, indicating that MIG-10 functions
downstream of CED-10.

MIG-10 acts with PAK-1 and in parallel to MAX-2 to orient HSN axon growth
Like MIG-10/lamellipodin, members of the PAK family can function downstream of Rac and
have been implicated in axon guidance [9,20]. In C. elegans, there are two neuronally expressed
members of the PAK family, known as MAX-2 and PAK-1[20]. To better understand the role
of these Rac binding proteins in axon guidance, we have analyzed double mutants between
mig-10 and the genes encoding each of the two members of the PAK family.

To determine the relationship between MIG-10 and MAX-2 we constructed a max-2(cy2);
mig10(ct41) double mutant. Loss of max-2 function did not produce HSN guidance defects
greater than those observed in the wildtype background (Figures 3A and 3E). However, loss
of max-2 function significantly enhanced the penetrance and severity of defects associated with
loss of mig-10 function (Figures 3B-C and 3E). For example, in mig-10 mutants, many HSN
axons exhibit mild defects, but nearly all axons eventually reached the ventral nerve cord
(VNC). However, in mig-10;max-2 double mutants the majority of HSN axons failed to reach
the VNC. The defects seen in mig-10;max-2 double mutants were similar to those observed in
an unc-6 null allele (Figures 3D and 3E ). These data indicate that MIG-10 acts in parallel to
MAX-2 to guide the HSN axon.

To determine the relationship between MIG-10 and PAK-1 we constructed a mig-10(ct41);
pak-1(ok448) double mutant. Loss of pak-1 function resulted in mild guidance defects that
were partially penetrant (Figure 3E). In double mig-10;pak-1 mutants, this phenotype was not
enhanced relative to either single mutant. This data suggests that PAK-1 and MIG-10 function
in a common pathway to guide the HSN axon.

CED-10 is required for polarization of MIG-10-dependent axon growth
Our previous results have suggested that UNC-6 and SLT-1 guidance cues can regulate the
polarity of process outgrowth. The AVM neuron is normally monopolar, extending a single
process from its cell body. Overexpression of MIG-10 in the absence of UNC-6 and SLT-1
results in a multipolar phenotype, with multiple processes growing out of each cell body. The
multipolar outgrowth can be suppressed by either UNC-6 or SLT-1, suggesting that either
guidance cue can polarize MIG-10/lamellipodin-dependent outgrowth [5].
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Since CED-10 can mediate asymmetric localization of MIG-10, we asked if CED-10 is required
for the polarization of the MIG-10 outgrowth-promoting activity in response to guidance cues.
AVM neurons overexpressing MIG-10 in the wildtype background rarely exhibited the
multipolar phenotype (Figures 4A and 4D). Loss of ced-10 function resulted in a multipolar
phenotype in 22% of AVM neurons overexpressing MIG-10, with each neuron extending a
short ectopic process (Figures 4B and 4D). Loss of both ced-10 and slt-1 enhanced both the
penetrance and severity of this phenotype (Figures 4C and 4D). A similar experiment with loss
of ced-10 and unc-6 function was not possible due to a lethal phenotype associated with ced-10
(n3246); unc-6(ev400). Expression of GFP under the same promoter never resulted in
multipolar outgrowth in the wildtype, ced-10, or ced-10;slt-1 backgrounds (Figure 4D). These
data suggest that CED-10 can polarize the MIG-10 outgrowth-promoting activity in response
to SLT-1. Although we were unable to directly assess a similar role in UNC-6 signaling,
previous work indicates that CED-10 is involved in UNC-6 signaling [8] and that UNC-6 can
polarize MIG-10 outgrowth-promoting activity[5]. Together, these observations suggest that
CED-10 might also polarize the MIG-10 outgrowth-promoting activity in response to UNC-6.

Asymmetric MIG-10 is associated with asymmetric cytoskeleton in the growth cone
Growth cone turning is preceded by asymmetric enrichment of f-actin and microtubules [21–
24]. MIG-10/lamellipodin can regulate actin polymerization, suggesting that MIG-10 may
mediate asymmetric cytoskeletal assembly in the growth cone. To investigate the relationship
between MIG-10 and asymmetric cytoskeletal enrichment, we examined the localization of
actin and microtubules in cultured cortical neurons transfected with MIG-10::GFP. A subset
(6/50) of these growth cones exhibited asymmetric concentration of MIG-10::GFP (see
methods). All growth cones with asymmetric concentrations of MIG-10::GFP (6/6) had
corresponding asymmetric concentrations of f-actin (Figures 5A and 5B). Furthermore, we
observed bundled microtubules converging on the point of MIG-10 concentration (Figure 5C
and 5D). Consistent with these observations, quantitative image analysis revealed that
asymmetric MIG-10 concentrations were correlated with asymmetric concentrations of f-actin
and microtubules (Figure 5E). These data indicate that asymmetric concentration of MIG-10
is associated with localized enrichment of f-actin and microtubules in the growth cone.

Model for interaction of Rac and MIG-10/lamellipodin in axon guidance
Our data suggest a model whereby asymmetric activation of CED-10/Rac1 leads to asymmetric
recruitment of MIG-10/lamellipodin (Figure S2). MIG-10/lamellipodin can promote actin
polymerization and promote lamellipodial protrusion[11]. Therefore, asymmetric localization
of MIG-10/lamellipodin can provide the asymmetric actin-based protrusive activity that is
required for growth cone steering. Asymmetric activation of CED-10/Rac1 is likely a
consequence of the asymmetric localization of UNC-40/DCC that occurs in response to
UNC-6/netrin. Consistent with this idea, UNC-40/DCC binds to Dock180, a GEF that activates
Rac [3]. Our data suggests that MIG-10/lamellipodin is an effector for Rac, spatially coupling
Rac activation to cytoskeletal assembly.

Roles of MIG-10/lamellipodin and PAK family members in axon guidance
Our data indicates that MIG-10/lamellipodin and MAX-2, a member of the PAK family, act
in parallel genetic pathways to mediate axon guidance. Consistent with this model, both
MIG-10/lamellipodin and PAK family members control the formation of lamellipodia [5,15,
25,26]. Previous studies indicate that MAX-2 acts independently of the Rac proteins to control
axon guidance [20]. Together, these observations suggest a model where MIG-10 acts
downstream of CED-10/Rac1 and that MAX-2 acts in a parallel pathway that is independent
of CED-10/Rac-1.
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Our data also indicates that PAK-1, another member of the PAK family, acts in the same genetic
pathway as MIG-10. Members of the PAK family can act with PIX as an upstream activator
of Rac [25,26]. Therefore, PAK-1 could be involved in the activation of CED-10, thus
triggering the interaction between CED-10 and MIG-10. Alternatively, PAK-1 and MIG-10
might simultaneously bind to MIG-10 as co-effectors. The precise role of the PAK family
proteins in axon guidance will be an area for future investigations.

Role for asymmetric protein localization in axon guidance
Asymmetric protein localization is thought to drive cellular polarization. Although asymmetric
protein localization has been well characterized in epithelial cell polarity and asymmetric cell
division [27,28], its role during growth cone guidance is only just emerging. Recent work has
shown that MIG-10 is asymmetrically localized in response to UNC-6/netrin [6]. Here, we
show that CED-10/Rac1 controls the asymmetric localization of MIG-10. Asymmetric
localization of MIG-10 may lead to asymmetric f-actin assembly, thus contributing to the
polarization of the growth cone.

The role of asymmetric protein localization in growth cone guidance is conceptually related
to asymmetric protein localization during the establishment of other types of cellular polarity.
For instance, during asymmetric cell division, polarity is established through the asymmetric
localization of the Par3/Par6 complex, which is regulated by binding to activated Rac and
Cdc42 [29,30]. This is similar to the role of Rac in regulating the asymmetric localization of
MIG-10/lamellipodin during the guidance response. Future research will help elucidate the
similarities and differences between asymmetric protein localization in each context.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
CED-10/Rac1 binds to MIG-10/lamellipodin and is required for the asymmetric localization
of MIG-10/lamellipodin. (A), GST fusion proteins encoding activated mutants of the Rho
family GTPases (RhoL63, RacL61, and Cdc42L61) were incubated with the RAPH domain
of MIG-10 fused to GFP (MIG-10 RAPH::GFP). MIG-10 RAPH::GFP bound to RacL61 but
not Rho L63 or Cdc42L61. (B), MIG-10 RAPH::GFP was incubated with an activated Rac
mutant (RacL61) or an inactive Rac mutant (RacN17). MIG-10 RAPH::GFP bound to RacL61
but not RacN17. (C), The UNC-6/netrin guidance cue is expressed from cells located ventral
to the HSN and is thought to form a chemotactic gradient that polarizes the HSN [6]. (D), In
the wild type background, MIG-10::YFP is localized to the ventral edge of the HSN. Previous
work has indicated that this ventral localization is netrin-dependant [6]. (E), In the ced-10
(n3246) mutant background, MIG-10::YFP fails to localize to the ventral edge of the HSN
neuron. (F), Average ventral enrichment of MIG-10::YFP in wildtype (n=12) and ced-10
(n3246) (n=15) backgrounds. Asterisk indicates p<0.0001 (student’s t-test). Myristolated::GFP
(MYR::GFP) was not enriched in the wildtype or ced-10(n3246) backgrounds. Error bars
represent standard error of the mean. Images are of collapsed stacks of optical sections. Ventral
is down and anterior is to the left. Scale bars are 5μm. The molecular weight markers represent
150, 100, 75 and 50 Kilodaltons.

Quinn et al. Page 8

Curr Biol. Author manuscript; available in PMC 2009 June 26.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
CED-10 functions with MIG-10 to orient HSN axon growth. (A) Schematic of normal HSN
axon trajectory. The HSN axon makes a ventral migration and then makes an anterior turn to
migrate along the ventral nerve cord. (B) Example of HSN axon in the wildtype background.
(C and D) Examples of HSN axon in mig-10(ct41) background. In nearly all cases the axon
eventually reached the ventral nerve cord. In defective axons, the axon reached the nerve cord
after making a lateral migration in the anterior (example shown in c) or posterior (example
shown in D) direction. (E and F) Similar defects were observed in the ced-10(n3246) mutant
background. (G) Percentage of HSN axons that exhibited guidance defects. The
ced-10;mig-10 double mutant was not enhanced relative to either single mutant. For all
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genotypes n=150. Error bars represent standard error of the proportion. Images represent
collapsed stacks of optical sections. Ventral is down and anterior is to the left. Scale bars are
5 μm.
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Figure 3.
MAX-2/PAK-1 functions in parallel to MIG-10/lamellipodin to guide the HSN axon. (A)
Example of HSN axon in the max-2(cy2) null mutant background. Nearly all axons had a
normal ventral migration. (B) Example of HSN axon in the mig-10(ct41) null mutant
background. Many of the axons made an abnormal lateral migration prior to making a ventral
migraion. (C) Example of max-2(cy2); mig-10(ct41) double null mutant. Many axons failed
to make a ventral migration. (D) Example of HSN axon in the unc-6(ev400) null mutant
background. (E) Percentage of HSN axons that exhibited mild defects (where the HSN
eventually reached the VNC) and percentage of HSN axons that exhibited severe defects
(where the HSN never reached the VNC). For all genotypes n=150. Standard error of the
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proportion is shown. Images represent collapsed stacks of optical sections. Ventral is down
and anterior is to the left. Scale bars are 5 μm.
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Figure 4.
CED-10 is required for the polarization of the MIG-10 outgrowth-promoting activity. (A)
Example of AVM neuron overexpressing MIG-10A in the wildtype background. (B) Example
of AVM neuron overexpressing MIG-10A in the ced-10(n3246) mutant background. (C)
Example of neuron overexpressing MIG-10A in the ced-10(n3246); slt-1(eh15) double mutant
background. (D) Percentage of AVM neurons overexpressing GFP or MIG-10A with more
than one process growing out of the cell body. The urEx305 transgene[5], encoding
mec-4::mig-10a, was used to overexpress MIG-10A in all experiments. For all genotypes
n=150. Error bars represent standard error of the proportion. Images represent collapsed stacks
of optical sections. Ventral is down and anterior is to the left. Scale bars are 5 μm.
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Figure 5.
Asymmetric MIG-10 is associated with asymmetric concentrations of f-actin and microtubules
in cultured growth cones. (A-D) Representative example of a growth cone exhibiting
asymmetric concentration of MIG-10::GFP double stained for f-actin and microtubules. (E)
Analysis of actin and microtubule distribution in growth cones that exhibit asymmetric
concentration of MIG-10::GFP (n=6) and growth cones that do not exhibit asymmetric
concentration of MIG-10::GFP (n=44). Each growth cone was bisected with a line in parallel
to the neurite shaft and the ratio of actin or microtubule fluorescence was calculated. The
numerator corresponded to the side of the growth cone with the highest MIG-10 fluorescence.
The denominator corresponded to the side of the growth cone with the lowest MIG-10
fluorescence. Asterisk indicates significant difference relative to growth cones without
asymmetric MIG-10 (p<0.001, student’s t-test). Error bars represent standard error of the mean.
Scale bar is 5 μm.
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