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Multiple cytoskeletal pathways
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Rho GTPases are key regulators of cellular protrusion and are involved in many developmental events including axon
guidance during nervous system development. Rho GTPase pathways display functional redundancy in developmental
events, including axon guidance. Therefore, their roles can often be masked when using simple loss-of-function genetic
approaches. As a complement to loss-of-function genetics, we constructed a constitutively activated CDC-42(G12V)
expressed in C. elegans neurons. CDC-42(G12V) drove the formation of ectopic lamellipodial and filopodial protrusions
in the PDE neurons, which resembled protrusions normally found on migrating growth cones of axons. We then used a
candidate gene approach to identify molecules that mediate CDC-42(G12V)-induced ectopic protrusions by determining
if loss of function of the genes could suppress CDC-42(G12V). Using this approach, we identified 3 cytoskeletal pathways
previously implicated in axon guidance, the Arp2/3 complex, UNC-115/abLIM, and UNC-43/Ena. We also identified the
Nck-interacting kinase MIG-15/NIK and p21-activated kinases (PAKs), also implicated in axon guidance. Finally, PI3K
signaling was required, specifically the Rictor/mTORC2 branch but not the mTORC1 branch that has been implicated in
other aspects of PI3K signaling including stress and aging. Our results indicate that multiple pathways can mediate CDC-
42-induced neuronal protrusions that might be relevant to growth cone protrusions during axon pathfinding. Each of
these pathways involves Rac GTPases, which might serve to integrate the pathways and coordinate the multiple CDC-42
pathways. These pathways might be relevant to developmental events such as axon pathfinding as well as disease states

such as metastatic melanoma.

Introduction

Rho GTPases are central regulators of cellular protrusions
involved in cell migration and growth cone outgrowth during
axon pathfinding. Many studies implicate Rho GTPases in actin
cytoskeleton rearrangement and subsequent neuronal migration
and axon extension.”* Rho family proteins are Ras-related small
GTPases that regulate cytoskeletal organization and dynamics,
cell adhesion, motility, trafficking, proliferation, and survival.’
These proteins function as tightly regulated molecular switches,
cycling between an active GTP-bound state and an inactive
GDP-bound state.® Misregulation of Rho proteins can result in
defects in cell morphology and cell migration.”

During development of the nervous system, neurons must
first migrate to their final positions and then extend their axons
in order to establish synaptic connections. The leading edges of
migrating cells and the growth cones of axons undergo dynamic
changes in their actin cytoskeletons, which mediate migration.5!!
Guidance receptors present on the leading edge of the growth cone
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receive extracellular cues from the environment. Ligand binding
to these guidance receptors will signal either an attractive or a
repulsive cue, depending on the ligand/receptor interaction and
the context.”? These guidance cues are transduced by intracellular
signaling pathways, resulting in alterations in the cytoskeleton
in the growth cone of the migrating axon. There is evidence to
suggest that both attractive and repulsive guidance cues affect
protrusiveness of the filopodial and lamellipodial structures of
the growth cone.”® Proper issuance and interpretation of these
cues are necessary for normal axon guidance. Disruptions in the
proper extension of axons in the nervous system are associated
with several neurological disorders including dyslexia and autism
spectrum disorders.'*

Previous work from our lab showed that the Rac GTPases
are involved in axon guidance and neuronal filopodial and
lamellipodial protrusions.’**’ We identified a pathway required
for lamellipodial and filopodial protrusions induced by activated
CDC-42, which included the Rac GTP exchange factor TTAM-1
and the Rac GTPases MIG-2 and CED-10.!° Furthermore, we
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Figure 1. Expression of CDC-42(G12V) results in the formation of ecto-
pic lamellipodia in PDE neurons. (A) A micrograph of a PDE neuron
of a WT adult animal (B) A PDE neuron of an adult animal expressing
CDC-42(G12V). An ectopic lamellipodial protrusion is indicated by the
large arrowhead. The dotted line indicates the ventral nerve cord. The
scale bar represents 5 wm. (C) Quantitation of PDE defects. Ig/s2 is the
osm-6::gfp control transgene and Iq/s36 and Igls37 are the Posm-6:CDC-
42(G12V) activated CDC-42 transgenes. At least 100 neurons were scored
for each genotype. p < 0.0001 as determined by Fisher Exact Analysis.
The error bars represent 2x the standard error of the proportion (2x SEP).

showed that MIG-2 and CED-10 likely act through the Arp2/3
complex,?! the Arp2/3 activators WSP-1/WAS and WAVE-1/
WAVEY, and also UNC-115.* Rho GTPase action in axon
guidance is subject to much functional redundancy, such that
loss of one GTPase causes only mild or no effects on guidance.
Indeed, ced-10/Rac, mig-2/RhoG, and cdc-42 only weakly affect
axon guidance alone, but have much stronger effects when double
mutants are analyzed.”?* Thus, a simple loss-of-function genetic
approach might miss key players in Rho GTPase signaling in
developmental events.

In this work, we take a complementary approach to
identifying CDC-42 pathway members in neuronal protrusion
by analyzing molecules required for ectopic neuronal protrusion
induced by activated CDC-42(G12V). This epistatic approach
in a sensitized background might allow us to identify new players
in CDC-42-mediated protrusion. We took a candidate gene
approach to identify CDC-42(G12V) suppressors. Evidence
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from other systems and other contexts suggested that actin
modulatory proteins such as the Arp2/3 complex and the Arp2/3
activators WSP-1/WASP and WVE-1/WAVE may be involved in
filopodial and lamellipodial protrusions downstream of CDC-
4219212324 Components of the WAVE activation complex, such
as GEX-2/Sra-1 and GEX-3/Kette are also likely candidates
to participate in this process.” Furthermore, previous genetic
studies have identified pathways that regulate the cytoskeleton,
including UNC-115/abLIM and UNC-34/Enabled, which might
act in parallel to the Arp2/3 complex in axon guidance.?**"®
Additionally, other molecules that are involved in CDC-42-
mediated actin assembly such as Transducer of Cdc42-dependent
actin assembly (Toca-1) may also be involved in this process.*
Taking a candidate approach, we also examined several other
known CDC-42 effectors including p21-activated kinase (PAK),
NCK, NCK-interacting kinase (NIK/MIG-15), phospholipase
C-y (PLC-y/PLC-3), IQGAP/PES-7, and protein kinase C
(PKC/PKC-3).73! We also hypothesized that PI3K, a known
CDC-42 effector and activator that is implicated in cell migration
and axon guidance, may be involved in this process.*>*

Here, we show that multiple pathways are required for
ectopic protrusions induced by CDC-42(G12V). As expected,
deletion alleles of components of the Arp2/3 complex and the
Arp2/3 activators wsp-1 and wve-1 suppressed ectopic protrusions
mediated by CDC-42(G12V). Furthermore, mutations in
regulators of the WAVE complex, such as gex-2 and gex-3, were
also able to suppress this phenotype. We also show that roca-1 but
not toca-2 was able to suppress CDC-42(G12V). Furthermore,
alleles of p21-activated kinase (PAK), the adaptor protein NCK,
and MIG-15/NIK also suppressed this phenotype.

We also show evidence that the PI3K signaling pathway acts
downstream of CDC-42 in protrusion. Interestingly, components
of the mTORC2 but not the mTORCI complex appear to mediate
CDC-42-induced protrusion. Taken together, our data suggest
that CDC-42 sits atop of a complex signaling cascade involving
a variety of molecules that regulate the actin cytoskeleton
to induce ectopic lamellipodia protrusions, including PI3K/
mTORC2 signaling. A common feature of these pathways is that
each involves Rac GTPases, which might serve to integrate and
coordinate the functions of these pathways in similar or discrete
cellular and developmental events. Many of these molecules have
been implicated in axon guidance, therefore the mechanisms of
ectopic protrusion found here might be relevant to growth cone
protrusion during axon guidance.

Results

Expression of activated CDC-42(G12V) in the PDE neuron
results in ectopic protrusions

Ras superfamily GTPases, including the Rho-family GTPases,
cycle between the active GTP-bound form and the inactive GDP-
bound form, and the latter is driven by the intrinsic GTPase
activity of the molecules. The glycine 12 to valine (G12V)
substitution has been previously shown to result in inhibition of
the intrinsic GTPase activity of the GTPase, favoring the active,
GTP-bound state.” The G12V mutation also makes the protein

Small GTPases 209

©2013 Landes Bioscience. Do not distribute.



A toca-2 RNA:I; Iqls37
toca-2(ng11); 1qls37
toca-1 RNAi; Iqls37

toca-1(tm3334); Iqls37
unc-34(1q17); Iqls37
unc-34(e951); Iqls37
unc-115(mn481); Iqls37
unc-115(ky275); 1qIs37
gex-3(RNA.I); Iqls37
gex-3(zu196M+); Iqls37
gex-2 RNAi; Iqls37
gex-2(ok1602M+); Iqls37
arx-7 RNA:i; Iqls37
arx-7(ok1118M+); Iqls37
arx-4(ok1093M+); Iqls37
wve-1 RNAI; Iqls37
wve-1(ne350M+) Iqls37
wsp-1(tm2299M+); Iqls37
wsp-1(gm324); 1qls37
Igls37[cdc-42(G12V)]

0 10 20 30 40 50 60
% of PDE neurons with ectopic lamellipodia

n>100
All differences are significant at p<0.0004 compared to /q/s37 unless
indicated as not significant (NS)

B CDC-42

TIAM-1

|

Rac GTPases

WSP-1/TOCA-1

WVE-1/GEX-2/GEX-3

Arp2/3

|

Neuronal protrusion

Figure 2. Multiple cytoskeletal pathways suppress activated CDC-42
in PDE neurons. (A) Quantitation of PDE defects. Ig/s37 is Posm-6::CDC-
42(G12V) activated CDC-42 transgene. The Y-axis denotes the genotype
and the X-axis represents the percentage of ectopic lamellipodia forma-
tion. “M+" denotes that the animals had wild-type maternal contribu-
tion. The number of axons scored > 100 for each genotype. p < 0.0004 as
determined by Fisher Exact Analysis. The error bars represent 2x SEP. (B)
A diagram depicting CDC-42 signaling to the Arp2/3 complex based on
genetic results in this study and in other work.

insensitive to GTPase activating proteins (GAPs, which facilitate
the GDP-bound form),*® rendering the protein constitutively
GTP bound and active. Previously, we showed that expression
of the Rac GTPases CED-10 and MIG-2 harboring the G12V
mutation in neurons in vivo resulted in the formation of ectopic
lamellipodial and filopodial protrusions,”® and that CDC-
42(G12V) expression caused similar lamellipodial and filopodial
protrusions.”

C. elegans has 2 bilateral PDE neurons that are located in the
post-deirid ganglia of the animal.?’” In the wild-type N2 strain,
PDE neurons extend their axons ventrally in a straight line from
the cell body to the ventral nerve cord (Fig. 1A, left panel). When
the axon reaches the ventral cord, it then branches and extends
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toward both the anterior and the posterior. The 0s7-6 promoter
is expressed in all ciliated sensory neurons including the PDE
neurons.” Transgenic animals expressing cdc-42(G12V) driven
by the osm-6 promoter (Posm-6::cde-42(G12V)) displayed PDE
neurons with ectopic lamellipodia and filopodia protrusions
(Fig. 1A, right panel). Two independently generated transgenic
lines, lgls36 and [qls37, had similar effects (45 and 48% of PDE
neurons with ectopic lamellipodia protrusions, respectively)
(Fig. 1B). Presumably, activated CDC-42(G12V) constitutively
engages downstream effectors, leading to ectopic lamellipodia
protrusions. While the initial guidance of the PDE neuron is
disrupted in these lines (Fig. 1B), the axon eventually is guided
correctly to the ventral nerve cord, suggesting that CDC-
42(G12V) does not significantly interfere with PDE axon
guidance. Rather, it leads to ectopic protrusions from the axon
and cell body of the PDE neuron.

Arp2/3-related signaling pathways are required for CDC-
42(G12V)-induced protrusions

We used a candidate gene approach to identify pathways
required for CDC-42(G12V)-induced neuronal protrusion.
Previous results indicated that a pathway involving the Rac
guanine nucleotide exchange factor (GEF) TIAM-1 and the
Rac GTPases MIG-2 and CED-10 were required for the ectopic
lamellipodia and filopodia protrusions induced by activated
CDC-42(G12V).* Mutations in tiam-1, mig-2, and ced-10
suppressed ectopic CDC-42(G12V) protrusions. We also found
previously that MIG-2 and CED-10 likely act through the
Arp2/3 activators WSP-1/WASP and WVE-1/WAVE."

We tested if mutations in wsp-1, wve-1, arx-4, and arx-7 could
suppress CDC-42(G12V). Two alleles of wsp-I (wsp-1(gm324)
and wsp-1(tm2299M+)) suppressed the ectopic lamellipodial
protrusions of CDC-42(G12V), and wsp-1(gm324) suppressed
completely (Fig. 2A). wve-1(ne350M+) showed incomplete but
significant suppression, however, systemic RNAI against wve-I
did not suppress significantly (Fig. 2A). Canonically, WAVE
acts with the Rac GTPases and WASP acts with CDC-42,
so it was surprising that wwe-1(ne350M+) suppressed CDC-
42(G12V). WAVE associates with other molecules in a complex
(which is activated by Rac GTPases) called the WAVE activation
complex.**** Mutations and RNAi for 2 genes that encode
components of this complex, gex-2/Sra-1 and gex-3/Kette,"" also
significantly suppressed CDC-42(G12V) ectopic protrusions
(Fig. 2A).

WAVE and WASP both activate the Arp2/3 complex.
Mutations in or systemic RNAI against genes encoding Arp2/3
complex components (arx-4 and arx-7) suppressed the ectopic
lamellipodia (Fig. 2A). WASP and the Arp2/3 complex are
known downstream effectors of CDC-42,**%? and wsp-I and
arx suppression of CDC-42(G12V) is consistent with this
idea (Fig. 2B). WAVE is thought to act downstream of Rac
signaling.!”® This is consistent with our previous results
showing that CED-10/Rac and MIG-2/RhoG act downstream
of CDC-42 and TIAM-1/Rac GEF in PDE ectopic protrusions'®
(Fig. 2B). Thus, CDC-42 might influence Arp2/3 via WSP-1
and WVE-1, the latter through TIAM-1 and Rac signaling
(Fig. 2B).
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Figure 3. MIG-15(NIK) and p21 activated kinase (PAK) suppress activated
CDC-42 in PDE neurons. Quantitation of PDE defects. Igls2 is the osm-
6:gfp control transgene and Igls37 is Posm-6:CDC-42(G12V) activated
CDC-42 transgene. The Y-axis denotes the genotype and the X-axis rep-
resents the percentage of ectopic lamellipodia formation. “M+" denotes
that the animals had wild-type maternal contribution. The number of
axons scored > 100. *p < 0.005 as determined by Fisher Exact Analysis.
The error bars represent 2x SEP.

The Transducer of Cdc-42-dependent actin assembly (Toca-
1) molecule interacts with WASP and CDC-42 in actin assembly
and membrane dynamics.*® C. elegans encodes 2 Toca-1-like
molecules, TOCA-1 and TOCA-2/CIP-4. We found that toca-
1(tm3334) and toca-1(RNAi) suppressed cde-42(G12V) ectopic
protrusions whereas toca-2(ngll) and toca-2(RNAi) did not,
suggesting that TOCA-1 but not TOCA-2 acts with CDC-42 in
PDE neuronal protrusion.

The cytoskeletal regulators UNC-34/Ena and UNC-115/
abLIM are required for CDC-42(G12V)-induced protrusions

Genetic studies have identified cytoskeletal pathways defined
by UNC-115/abLIM and UNC-34/Enabled, which might
act in parallel to Arp2/3 in axon guidance.®?"*% We found
that wunc-34(e951) and unc-34(lql7) significantly suppressed
CDC-42(G12V) (Fig. 2A). Furthermore, wunc-115 mutations
also suppressed CDC-42(G12V) (Fig. 2A). In each case, the
null alleles unc-34(e951) and unc-115(ky275) showed stronger
suppression than the hypomorphic alleles unc-34(lgl7) and
unc-115(mn481).

In sum, these results indicate that CDC-42 regulates a
cytoskeletal signaling network consisting of at least three pathways
to mediate neuronal protrusion including the Arp/2/3 complex,
UNC-115/abLIM, and UNC-34/Enabled. Genetic studies of
axon guidance indicate cross talk between these pathways, as
CED-10/Rac might act with both Arp2/3 and UNC-115,?! and
WSP-1 might act with MIG-2/RhoG as well as CDC-42.”
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MIG-15/NIK, NCK-1/Nck, and p21 activated kinase (PAK)
are required for CDC-42(G12V)-induced protrusion

MIG-15, similar to Nck-Interacting Kinase (NIK), has been
previously implicated in axon pathfinding, neuroblast migration,
and Rac GTPase signaling.'®#* Furthermore, NIK has been
shown to be regulated by a well-characterized CDC-42 effector,
p21 activated kinase (PAK).” PAK is a known effector of CDC-
42 and the Rac GTPases, which regulate actin reorganization.”
Therefore, we sought to determine whether MIG-15 and PAK
were involved in the ectopic lamellipodial protrusions produced
by CDC-42(G12V). Five independent mutations in mig-15
suppressed the ectopic lamellipodial protrusions (Fig. 3). Three
genes in C. elegans encode PAK-like kinases: pak-I, pak-2, and
max-2. Mutations in each of these significantly suppressed the
ectopic lamellipodia protrusions driven by CDC-42(G12V). A
deletion that removes coding exons of the nck-1/Nck gene, 0k694,
suppressed, but a deletion in an intron of nck-1, k383, did not
significantly suppress.

Not all genes associated with axon pathfinding and CDC-
42 activity are required for CDC-42(G12V)-induced neuronal
protrusion

Figures 2 and 3 show that multiple pathways are required for
the ectopic neuronal protrusions induced by CDC-42(G12V). It
is important to note that not all mutations tested had a suppressive
effect, including some in genes previously shown to be involved in
CDC-42 signaling in other contexts. For example, mutations in
IQGAP (pes-7(gk123)), PKC-3 (pkc-3(0k544)), and PLC-y (plc-
3(tm1340)) did not suppress CDC-42(G12V) (Fig. 3), nor did
toca-2 (Fig. 2). It is also important to note that while mutations
in many of the genes required for CDC-42(G12V) protrusion
alone cause axon guidance defects, none of these displayed any
ectopic protrusions similar to CDC-42(G12V) (data not shown).
However, pkc-3(0k544), which did not suppress CDC-42(G12V),
displayed ectopic lamellipodia in 6% of PDE neurons (data not
shown). Furthermore, mutation of the #n¢-73/Trio Rac GEF gene
(rh40 and €936) did not significantly suppress CDC-42(G12V)
(data not shown), despite having severe PDE axon defects alone.”
Thus, not all mutations in genes affecting axon pathfinding
and CDC-42 function suppressed CDC-42(G12V)-induced
neuronal protrusion, indicating that the suppression observed is
specific to the role of CDC-42 in neuronal protrusion.

CDC-42(G12V) utilizes the PI3K pathway to drive ectopic
protrusion

The phosphoinositide 3-kinase (PI3K) pathway is a complex
pathway involved in many aspects of development and physiology
including insulin signaling, cell proliferation, and aging.
The PI3K pathway is well conserved in C. elegans. Previously,
it has been shown that CDC-42 activates PI3K in certain
contexts.” Recent work also showed that RAC-1 and CDC-42
can bind to and activate the p110f catalytic subunit of PI3K.%
Furthermore, PI3K has been shown to regulate axon guidance,
although its relationship to CDC-42 in this specific context has
not been determined.*>** We sought to determine whether the
PI3K pathway was involved downstream of CDC-42(G12V).
PI3K is composed of 2 subunits, the pl10 catalytic subunit
and the p85 adaptor subunit. Mutations in the p110 subunit
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Figure 4. CDC-42 utilizes specific components of the PI3K pathway to
drive ectopic lamellipodia formation in PDE neurons. (A) PI3K signaling
mutants suppress CDC-42(G12V). The Y-axis denotes the genotype and
the X-axis represents the percentage of ectopic lamellipodia formation.
“M+" denotes that the animals had wild-type maternal contribution. The
number of axons scored > 100. *p < 0.0004 as determined by Fisher Exact
Analysis. The error bars represent 2x SEP. (B) A diagram of the genetic
interaction with CDC-42 and the PI3K signaling pathway. Molecules in
gray are those not involved in CDC-42-induced neuronal protrusion.

(age-1/m333] and age-1[mg44]) suppressed CDC-42(G12V),
as did 2 mutations in the p85 subunit, aap-1(m889) and aap-
1(0k282) (Fig. 4A). atm-1 encodes a PI3K-like molecule similar
to human ATM, and atm-1(gki86) also suppressed CDC-
42(G12V) (Fig. 4A).

We next asked which known components of PI3K signaling
were required for CDC-42(G12V)-induced neuronal protrusion.
We tested pdk-1, which encodes for a 3-phosphoinositide-
dependent kinase (PDPK-1/PDK). PDPK/PDK-1 is an upstream
activator of Akt and is required for Akt activation. PDPK/PDK-1
also activates other downstream kinases, such as s6 kinase (s6K)
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and PKC. We found that multiple alleles of pdk-1 (pdk-1/5a680]
and pdk-1[sa709]) suppressed the ectopic protrusions induced
by CDC-42(G12V) (Fig. 4A). The AKT/PKB serine threonine
kinase acts in PI3K signaling, and AKT-1 and AKT-2 in C. elegans
genetically interact with AGE-1/PI3K in insulin signaling and
other processes. Multiple mutations of ak#-1 and akt-2 suppressed
the ectopic protrusions induced by CDC-42(G12V) (Fig. 4A),
further implicating the PI3K pathway in this biological process.
PTEN is a negative regulator of PI3K signaling, and mutations
in the C. elegans PTEN gene daf~18 did not suppress. In sum,
these results indicate that core components of the PI3K signaling
pathway, including PI3K, PDPK/PDK-1 and AKT are required
for CDC-42(G12V)-induced neuronal protrusion.

Components of mTORC2, but not mTORCI, are required
for neuronal protrusion

PI3K signaling impinges on the TOR (Target of Rapamycin)
complexes mMTTORC1 and mTORC2. rict-1 encodes a component
of the mTORC2 complex, and rict-1(mg360) and rict-1(f27)
suppressed ectopic lamellipodia formation (Fig. 4A). However,
perturbation of a component of the mTORC1 complex (daf
15/mu86] and daf-15/RNAiJ) did not suppress, nor did daf
16(mu26) and daf-16(mu27), which encodes a FoxO protein
(Fig. 4A). The role of the FoxO transcription factor in PI3K
signaling is complex. FoxO is inhibited by Akt and can also
activate Akt. Furthermore, FoxO can also negatively regulate
mTorl. In addition to its role in the mTORCI pathway and
Akt regulation, FoxO has been shown to elevate the expression
of Rictor, leading to increased mTORC2 activity.”” However,
FoxO, did not suppress the phenotype of CDC-42 in our
hands, suggesting that FoxO is not required for this phenotype
in this context. Taken together, these data suggest that CDC-
42(G12V) utilizes the mTORC2 complex downstream of PI3K
and not the mTORCI complex to form ectopic protrusions in
PDE neurons (Fig. 4B). These data also suggest that this assay is
sensitive enough to resolve and analyze the specific contribution
of complex pathways to this process. Interestingly, mutation of s6
kinase (S6K, rsks-1/ok1255]) also suppressed. While rsks-1/S6K is
downstream of the mTORCI complex, it has also been shown
to be directly downstream of pdk-1.® Furthermore, S6K has also
been shown to directly phosphorylate Rictor (ricz-1), a component
of the mTORC2 complex. This phosphorylation mediates 14-3-3
protein binding to Rictor, altering interactions of this complex.”
These data are consistent with a role of mTORC2, but not
mTORCI, in CDC-42(G12V)-induced neuronal protrusion.

An activated version of AKT-1 results in the formation of
ectopic lamellipodia

If the mutations we found that suppress activated CDC-
42(G12V) affect molecules that act in the CDC-42 pathway,
we expect that activated versions of these molecules might also
drive ectopic protrusions similar to activated CDC-42(G12V).
Indeed, loss of function of the Rac GTPase genes mig-2 and
ced-10 suppress CDC-42(G12V), and activated versions of
both result in the formation of ectopic lamellipodia in the PDE
neurons.'®?® The akt-1(mgl44) mutation results in an activated
AKT-1 molecule,”® and we found that akt-1(mgl44) mutants
displayed ectopic protrusion in the PDE neuron (Fig. 5) similar
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are consistent with the model that CDC-42 utilizes the
AGE-1 pathway through the mTORC2 complex to mediate
protrusion in the PDE neuron in a cell autonomous manner.

Expression of CDC-42(G12V) results in pathfinding
defects in the VD/DD motor neurons

To assay the effects of CDC-42(G12V) on other neurons,

C
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*
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we drove expression of CDC-42(G12V) using the unc-25
promoter. The unc-25 promoter is active in the VD/DD
type motor neurons, which are born in the ventral nerve cord
and extend ventral to dorsal commissural axons. We found
that expression of CDC-42(G12V) resulted in significant
axon pathfinding defects in the VD/DD motor neurons
(Fig. 8). CDC-42(Gl12V) did not induce the formation
of significant ectopic protrusions in the VD/DD neurons
as it did in the PDEs. This could be because these neuron
classes have distinct guidance and protrusion mechanisms
reflecting distinct roles of CDC-42 in the neurons. Possibly,
CDC-42(G12V) interferes with guidance mechanisms in
the VD/DD neurons but does not drive ectopic protrusion
as it does in the PDE neurons.

Components of the AGE-1/PI3K pathway suppress the
pathfinding defects driven by activated CDC-42 in VD/

DD motor neurons

Figure 5. An activated allele of akt-1 results in the formation of ectopic lamel-
lipodia, similar to activated CDC-42 (A) A micrograph of a PDE neuron of a WT
adult animal. (B) A PDE neuron of an akt-1(gm144) adult animal. An ectopic
lamellipodial protrusion is indicated by the arrow. The scale bars represents
5 pm. (C) Quantitation of PDE defects. Igls2 is the osm-6::gfp control transgene.
The Y-axis denotes the genotype and the X-axis represents the percentage of
ectopic lamellipodia formation. The number of axons scored > 100. *p < 0.0001

as determined by Fisher Exact Analysis. The error bars represent 2x SEP.

Next, we wanted to determine whether components
of the AGE-1/PI3K pathway were required for CDC-
42(G12V)-induced VD/DD axon guidance defects. age-
1(m333), (age-Img44), akt-1(0k585), and akt-2(0k383)
suppressed (Fig. 9). Additionally, rict-1(RNAZ) but not daf
I5(RNA;:) suppressed (Fig. 9), indicating that CDC-42/
AGE-1 signaling through the mTORC2 complex may be

to but less severe than CDC-42(G12V) (Fig. 5). Furthermore,
rict-1(mg360) and rict-1(f27) (mTORC2) but not daf-15(mu86)
nor daf-15(RNA7) (mTORC1) suppressed akt-1(mgl44)-mediated
protrusions (Fig. 6). These data lend further support to the idea
that CDC-42(G12V) requires AGE-1/PI3K, AKT, PDPK/PDK-
1, and the mTORC2 complex, but not the mTORCI complex, to
drive ectopic neuronal protrusion.

age-1 and components of the mMTORC2 complex are required
cell autonomously

To test whether age-1 and rict-1 (a component of the mTORC2
complex) work cell autonomously, we made cell-specific RNAi
transgenes for each gene driven by the osm-6 promoter for
expression in the PDE neuron. We also made a similar RNAi
transgene for daf~15, a component of the mTORCI complex. By
driving RNAI expression with the o0s7-6 promoter we ensured
expression of RNAI in only the ciliated neurons, including the
PDE neuron. To limit RNAi spreading from the PDE and other
neurons, we constructed these lines in asid-1(pk3321) background.

www.landesbioscience.com

important in multiple neuronal types.

Discussion

Here, we present evidence, which strongly suggests that CDC-
42 acts through a complex network of downstream effectors to
control neuronal protrusion. First, we show that a variety of
cytoskeletal regulators are required downstream of CDC-42
including componentsofthe Arp2/3 complex, the WAVE complex,
WASP, Toca-1, UNC-34/Enabled, and UNC-115/abLIM.
Second, we show that CDC-42 utilizes other signaling molecules
such as MIG-15/NIK, NCK, and PAK to drive PDE protrusions.
Finally, we show that CDC-42 utilizes several components of
the PI3K pathway to drive neuronal protrusion. We found that
CDC-42 signals through the mTOR2 complex (mTORC2) but
not the mTORCI complex in neuronal protrusion. There have
been several studies focused on molecules that function in axon
guidance. However, the entire picture of how these molecules
function together in signaling pathways is still unclear. CDC-42,
a Rho GTPase, has been previously shown to function in axon
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Figure 6. An activated allele of akt-1 is suppressed by components of the
mTORC2 complex, but not the mTORC1 complex. Quantitation of PDE
defects. Iqls2 is the Posm-6::gfp control transgene. rict-1 is in the mTORC2
complex and daf-15 is in the mTORC1 complex. The Y-axis denotes the
genotype and the X-axis represents the percentage of ectopic lamellipo-
dia formation. The number of axons scored > 100. *p < 0.0004 as deter-
mined by Fisher Exact Analysis. The error bars represent 2x SEP.
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Figure 7. AGE-1 and RICT-1 act cell autonomously in the PDE neuron.
Transgenic lines containing cell-specific RNAi against, age-1, rict-1 and
daf-15 were constructed and crossed with Igls37. All of the strains are
in a sid-1(pk3321) background, which limits RNAi spreading. The Y-axis
denotes the genotype and the X-axis represents the percentage of ecto-
pic lamellipodia formation. The number of axons scored > 100. *p < 0.005
as determined by Fisher Exact Analysis. The error bars represent 2x SEP.

guidance.>**>* Axon guidance pathways exhibit much functional
redundancy, and thus the roles of molecules in axon guidance
can be masked when using loss of function studies.'®" Indeed,
cde-42 mutations themselves have only very weak effects on axon
guidance.”> Here, we used an activated version of CDC-42 as
a sensitized background to dissect downstream mechanisms of
neuronal protrusion that might be masked by genetic redundancy.
The ectopic protrusion induced by CDC-42(G12V) resembles

the protrusions normally found in growth cones of axons during
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their outgrowth.”>® Indeed, the pathways that we have identified
acting downstream of CDC-42 in neuronal protrusion also affect
axon guidance, including Arp2/3, UNC-115/abLIM, UNC-34/
Ena,”* MIG-15/NIK," and PI3K signaling.?? Thus, pathways
identified by suppression of CDC-42-induced ectopic protrusion
might normally act to regulate protrusion in the growth cone
during outgrowth. Many of the protrusions in /g/s37 are near
or in contact with the PDE cell body. However, roughly half
are distinctly separate from the cell body and are located on the
axon. This suggests that the protrusions are in fact axon-based.
Therefore, the signaling pathways delineated in this study may
participate in both protrusion and axon guidance. Future studies
on the roles of these pathways in growth cone protrusion will
delineate their normal roles in axon guidance.

Rho family members (most notably Rho, Rac and Cdec-
42) have been extensively studied for their roles in cytoskeletal
dynamics.’ Seminal studies in cell culture highlighted a role for
Rho in stress fiber formation, Rac in lamellipodia formation,
and Cdc-42 in filopodial formation.”**® Further work in this
field has uncovered that considerable crosstalk between these
GTPases and their effectors occurs.”” In our system of neuronal
protrusion, we found that Rac and Cdc-42 GTPases both
regulate the formation of lamellipodia and filopodia. Thus, the
roles of Rho GTPases in protrusion might be dependent upon
biological context. Cdc-42 acts thorough a number of effectors,
and can influence a number of signaling events, most notably
cytoskeletal arrangement.*®"  Although Cdc-42 has many
validated effectors, a complete picture of how Cdc-42 works in
vivo to regulate axon guidance is not clear. Here, we used CDC-
42-induced protrusion as an in-road into dissection of CDC-42
pathways that regulate neuronal protrusion and thus possibly
growth cone protrusion and axon guidance.

Cytoskeletal regulators downstream of CDC-42 in axon
guidance

Previous work indicated that the Rac GTPases MIG-2 and
CED-10 along with the Rac GTP exchange factor TTAM-1 were
required for ectopic lamellipodia formation mediated by CDC-
42(G12V).'* Additionally, work from our lab has shown that
MIG-2 and CED-10 likely act through the Arp2/3 activators
WSP-1/WASP and WVE-1/WAVE.® This study confirmed
that CDC-42 does in fact signal through components of the
Arp2/3 complex (ARX-4/ArpC2 and ARX-7/ArpC5) as well as
WSP-1/WASP to induce ectopic lamellipodia formation in PDE
neurons. Although a deletion allele of WVE-1/WAVE produced
incomplete but significant suppression, RNAi knockdown of
WVE-1/WAVE was unable to replicate these results. These
results may be due to incomplete knockdown of the protein with
RNAi. WAVE is activated by other molecules in the cell as part
of the WAVE activation complex, which includes GEX-2/Sra-1,
and GEX-3/kette* This study showed two genes that encode
components of this complex, gex-2/Sra-1 and gex-3/Kette, also
significantly suppressed CDC-42(G12V) ectopic protrusions,
further supporting a role for WAVE and the WAVE activation
complex downstream of CDC-42. WASP and the Arp2/3
complex are known downstream effectors of CDC-42,**%? and
wsp-1 and arx suppression of CDC-42(G12V) is consistent
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Toca-1 of Cdc42-
dependent actin assembly) and Toca-2/
CIP4 have been shown to interact with
WASP and CDC-42 in actin assembly.?
In this study, we found that TOCA-1
but not TOCA-2 works downstream of
CDC-42 in PDE neuronal protrusion.
TOCA-1 and TOCA-2 have been shown

to be direct downstream effectors of

(Transducer
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CDC-42 via binding of their imperfect
HR1/CRIB-like domain. Furthermore,
TOCA-1 association with the WASP-
WIP complex was shown to be essential
for Arp2/3 activation downstream of
CDC-42.%% In this study, we found
that TOCA-1 but not TOCA-2 was
downstream of CDC-42 in PDE axon
guidance.

In the study, we were able to show
that CDC-42 sits at the top of a complex
cytoskeletal signaling network to mediate
neuronal protrusion (Figs. 2B and 10).
The cytoskeletal pathways consist of at
least 3 distinct proteins including the

Arp2/3  complex, UNC-115/abLIM,
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Figure 8. Expression of CDC-42(G12V) results in the axon guidance defects in the VD/DD motor
neurons. (A) A micrograph of transgenic animals expressing Punc-25:gfp. (B) A transgenic animal
expressing Punc-25::CDC-42(G12V) with axon guidance defects. The scale bars represent 5 um. (B)
Quantitation of VD/DD defects. juls76 is the Punc-25::gfp control transgene. The Y-axis denotes the
genotype and the X-axis represents the percentage of axon pathfinding defects. The number of
axons scored > 100. *p < 0.0001 determined by Fisher Exact Analysis. The error bars represent 2x

SEP.

with this data, providing validation of our results. Furthermore,
WAVE is thought to act downstream of RAC signaling.* This
is consistent with data from this study showing that wve-1 and
gex mutations suppress CDC-42(G12V) and consistent with
previous results showing that mig-2 and ced-10 also suppress
CDC-42(G12V).16

There have been genetic studies identifying pathways that
UNC-115/abLIM and UNC-34/Enabled, which
potentially act in parallel to Arp2/3 in axon guidance. UNC-
115/abLIM and UNC-34/Enabled along with Arp2/3 have
been shown to regulate growth cone dynamics and axon
pathfinding.? Furthermore, work in our lab has shown that
UNC-115/abLIM works downstream of the Rac GTPases
in axon guidance.” This study was able to show that both
unc-34 and wunc-115 mutations suppressed activated CDC-
42(G12V), suggesting that these genes works downstream of
CDC-42, potentially through the Rac GTPases MIG-2 and
CED-10.

include
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70 80 and UNC-34/Enabled. Furthermore,
our work combined the other studies
indicates that there is considerable cross
talk between pathways. For example,
CED-10/Rac likely acts with Arp2/3 and
UNC-115, and WSP-1 might also interact
with MIG-2/RhoG."®"2! Furthermore,
CDC-42 is also capable of signaling
through CED-10/Rac and MIG-2/RhoG

in this context.'®

MIG-15, PAK-1 and NCK are
downstream of CDC-42 in axon
guidance

In cell culture experiments, one of the best-characterized Cdc-
42 effectors is p2l-activated kinase (PAK). Cdc-42 shares this
effector with Rac, further underlying the complexity of these
signaling pathways.”” GTP-bound Cdc-42 and Rac regulate PAK
activity through binding to its Cdc-42/Rac interactive binding
(CRIB) domain. Cdc-42 binding relieves the auto-inhibition of
the N-terminal domain of PAK.?” There is data in other model
organisms, which suggests that PAK likely functions downstream
of Cdc-42 in axon guidance. In Drosophila, overexpression of
PAK results in axon guidance defects, which can be suppressed
by genetically removing one copy of CDC-42.%

Evidence in cell culture and other systems indicates that the
scaffolding protein Nck-1 is also involved in Cdc-42 signaling.
Furthermore, there is evidence from Drosophila indicating that
Nck-1 may be involved downstream of CDC-42 with Pak-1 in
axon guidance.® Furthermore, Pak and Nck function are required
cell autonomously for proper axon targeting in Drosophila
olfactory neurons.®® To date, there have been no documented
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Figure 9. Components of the AGE-1 pathway and the mTORC2 complex
suppress the axon guidance defects driven by activated CDC-42 in the
VD/DD motor neurons. Quantitation of axon guidance defects in the VD/
DD motor neurons. Null alleles several downstream CDC-42 effectors
including: age-1, akt-1, and akt-2 suppress the axon pathfinding defects
driven by activated CDC-42 in VD/DD motor neurons. Components of
the mTORC2 pathway (rict-1) but not the mTORC2 pathway (daf-15) sup-
press the axon pathfinding defects driven by CDC-42(G12V). The Y-axis
denotes genotype and the X-axis represents percentage of axon path-
finding defects. The number of axons scored > 100. *p < 0.0003 deter-
mined by Fisher Exact Analysis. The error bars represent 2x SEP.

CDC-42
Arp2/3 MIG-15/NIK PI3K
UNC-115/abLIM PAK mTORC2
UNC-34/Ena

Neuronal protrusion

Figure 10. Multiple pathways mediate CDC-42-induced neuronal pro-
trusion. A diagram of the multiple pathways mediating CDC-42(G12V)-
induced neuronal protrusion described in this work.

interactions between CDC-42 and the NIK-interacting kinase
MIG-15. However, there is evidence that MIG-15 works
downstream of Rac to regulate axon pathfinding.'® Here we show
evidence that CDC-42 does utilize PAK, NCK, and MIG-15 to
mediate axon pathfinding.

PI3K signaling in axon guidance

There is a large body of work describing the relationship
between CDC-42 and phosphatidylinositol 3-kinase. There is
evidence that PI3K is both upstream and downstream of CDC-
42, depending on the context.?® PI3K is well known for its role
in the insulin-signaling pathway and in the aging process” and
is involved in axon pathfinding.** However, the role of the PI3K
pathway and its relationship to CDC-42 in axon pathfinding
is not well understood. There is 1 study showing that age-/
is required downstream of netrin signaling for proper axon
guidance.’? There are also several studies that implicate PI3K in
axon specification, because pharmacologic inhibition of PI3K
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prevents axon formation.®®® AKT, a protein downstream of PI3K
well-known for its role in survival,”” has also been implicated in
axon pathfinding.”*”" AKT is critical for neuronal polarity and
has been shown to undergo selective degradation. This selective
degradation leaves an active pool of AKT in a single neuronal
process that is designated to become the axon.”

Mammalian target of rapamycin (mTor) is an evolutionarily
conserved Ser/Thr protein kinase that plays an essential role in
protein translation and cell growth. Dysregulation of mTor is
involved in many disease states including cancer, diabetes, and

more recently Alzheimer disease.””

mTor is also important for
long-term synaptic plasticity and axon pathfinding.”

mTor signals through 2 distinct complexes downstream of
PI3K, namely mTORCI and mTORC2. mTORCI is sensitive to
rapamycin and activates S6K1 and 4EBP1. mTORCI is regulated
by DAF-15/Raptor, and is inhibited by FOXO1. mTORC2 is
reported to be resistant to rapamycin and activates PKC-a,, AKT,
and Rho GTPases. mTORC?2 is regulated by RICT-1/Rictor.”
In our study, we showed that RICT-1 is involved in neuronal
protrusion downstream of CDC-42. Many previous studies
on Rictor have addressed its role as an essential component of
the mMTORC2 complex. However, there are recent studies that
suggest that Rictor can mediate migration and cell survival
independent of mMTORC2.7%7” Another recent study found that
loss of Rictor results in induction of RhoGDI2. This induction
of RhoGDI2 inhibits Racl and Cdc-42 function, resulting in
impaired cell migration.”® Therefore, future work describing the
role of Rictor in axon guidance is warranted. This study is the
first to show that CDC-42 utilizes the AGE-1/PI3K pathway
to guide axon pathfinding through the mTORC2 complex and
not the mMTORCI1 complex. Specific inhibitors of mMTORCI and
mTORC2 are currently in development.” It would be of interest
to determine whether pharmacologic inhibition would parallel
the genetic data that we have presented here.

Multiple pathways are required for CDC-42-induced
neuronal protrusion

While our genetic studies presented here lead to linear models
of distinct pathways interacting downstream of CDC-42, there is
likely extensive cross-talk between these pathways (Fig. 10). For
example, Rac GTPases might be involved in each of the pathways
and thus serve as an integrating node in coordinating CDC-42
activity in protrusion. Work from our lab has shown that the
Rac GTPases MIG-2 and CED-10 work through WSP-1/\WASP
and WVE-1/WAVE to modulate the Arp2/3 complex."”?" The
Arp 2/3 complex in turn results in cytoskeletal changes, which
mediates protrusion. TOCA-1 may also be involved in this
process, because it has previously been shown to be essential for
Arp2/3 activation downstream of CDC-42.%° UNC-115/abLIM
and UNC-34/Enabled, which are also activated by Rac GTPases,
may act in parallel in to Arp2/3 to mediate protrusion.?’ PAK
is an effector of both CDC-42 and Rac GTPases, and it
signals through cofilin to regulate actin dynamics in the cell.”
Furthermore, NCK may act as a scaffold to facilitate CDC-
42/PAK signaling.®® MIG-15/NIK may be acting directly
downstream of CDC-42 or it may be activated indirectly by
CDC-42 through Rac, because there is evidence that MIG-15
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works downstream of Rac in axon guidance.'® CDC-42/PI3K/
mTORC2 signaling is currently not well understood, and our
study suggests that it mediates protrusion. There is evidence that
PI3K is both upstream and downstream of CDC-42 depending
on the context.”® Furthermore, PI3K can also activate Rac to
mediate actin cytoskeletal rearrangement and protrusion.®!
There is also evidence that the mTORC2 component Rictor
can mediate cytoskeleton dynamics independent of other
mTORC2 components.”® Rictor interacts with RhoGDI2,
relieving inhibition of CDC-42 and RAC, which then results
in actin cytoskeleton changes and altered cell migration.”® These
pathways might all act generally in protrusive activity, but likely
they have distinct roles in specific events. For example, subsets
of the pathways might act in response to distinct signals that
regulate cell movement and axon guidance. Further studies of
the roles of these pathways in specific axon guidance events and
growth cone dynamics will begin to delineate these relationships.

Several recent studies have identified mutations in Rho family
members in various cancer types***, including one that identified
CDC42(G12V) as a driver mutation in malignant melanoma.*
Because the signaling pathways in C. elegans are well-conserved,
pathways studied in C. elegans often have conserved roles in
humans. For examples, studies of the Ras oncogene in C.
elegans have uncovered many aspects of its signal transduction
and developmental pathways (reviewed in ref. 85), which led
to a greater understanding the mechanisms of Ras-mediated
tumorigenesis. Thus, studies reported here might have broader
relevance beyond axon pathfinding, as these same pathways
might mediate tumorigenic events such as cell movements and
shape changes during metastasis.

Materials and Methods

C. elegans genetics and transgenics

C. elegans were cultured using standard techniques.®** All of
the experiments were done at 20°C. Transgenic worms were made
by gonadal micro-injection using standard techniques.®® RNAi
was done using clones from the Ahringer library, as previously
described.® The following mutations and constructs were used
in this work:

LGI- lgls37 [Posm-6::CDC-42(G12V)], arx-7(0kl1118), hT2
[61i-4(¢937)] (I:111), pes-7(gkl123), atm-1(gkl86), daf-16(mu86),
daf-16(mu26), daf-16(mu27), hinl[unc-54(h1040)]

LGII-  max-2(0k1904), max-2(cy2), pke-3(ok544), plc-
3(tm1340), minl, age-1(m333), age-1(mg44), mnCI dpy-10(el28)
unc-52(e444), aap-1(m889), aap-1(0k282), rict-1(mg360), rict-
1(17), juls76 (Punc-25::gfp)

LGIII- wve-1(ne350), hT2 [bli-4(e937)(I:11]), arx-4(0k1093),
sCI [dpy-1(s2170)], toca-2(ngll), rsks-1(ok1255)

LGIV- wsp-1(gm324), wsp-1(tm2299), gex-2(0k1602), gex-
3(zul96), dpy-9(el2), nTl qls51 (IV; V), daf-15(oki412),nT1,
daf-18(e1375), daf-18(0k480), lqls3 (Posm-6::gfp)

LGV-  pak-2(0k332), akt-1(sa573), akt-1(mg306), akt-
1(0k585), akt-1(mgld4), sid-1(pk3321)

mig-15(mu327), mig-15(mu332), pak-1(0k448), nck-1(0k383),
nck-1(0k694), pdk-1(5a608), pdk-1(sa709) akt-2(0k393), akt-
2(tm812) sgh-1(ft15), lqls2 (Posm-6.::¢gfp)

LG unassigned /gls36 [Posm-6::CDC-42(G12V)], lqls197
[Punc-25::CDC-42(G12V)]

The mutants were maintained as homozygous stocks, when
possible. In some cases, this was not possible because the
mutants were lethal or maternal-effect lethal, and thus, could
not be maintained as homozygous stocks. If this was the case,
the mutation was maintained in a heterozygous state over a
balancer chromosome. arx-4, and 2rx-7 mutations were balanced
by the rearrangements sCI and h72, respectively. 472 harbors
a transgene that drives gfp expression in the pharynx, whereas
sCI had no gfp marker. arx-7 homozygotes were identified by
lack of pharyngeal green fluorescent protein (GFP), whereas
arx-4 homozygotes were identified by the protruding vulva (Pvl)
phenotype in sterile young adults. wve-1(ne350) was balanced
with the inversion chromosome Alnl, which carries a recessive
paralyzed uncoordinated (Unc) mutation. The presence of wve-
1(ne350) was assessed by the presence of maternal-effect gut on the
exterior (Gex), egg laying abnormal (Egl) and Pvl animals. mig-
15(rh80) was balanced by szT1. mig-15 homozygotes were selected
by the Unc, dumpy (Dpy) and Pvl phenotypes characteristic of
mig-15 alleles. pkc-3(0k544) and ple-3(tm1340) were balanced by
minl, which also harbors a transgene that drives gfp expression
in the pharynx. pkc-3(0k544) and ple-3(tm1340) homozygotes
were identified by lack of pharyngeal GFP. age-1(m333) and
age-1(mg44) were balanced by mnCl. age-1 homozygotes were
identified as Egl animals. daf-15(0k1412) was balanced by n71.

Scoring of PDE and VD/DD axon defects

Neuronal protrusion defects were scored in the fourth larval
stage (L4) or in young pre-gravid adult animals harboring green
fluorescent protein (gfp), which was expressed in specific cell
types. In the event that the animals did not survive to this stage,
they were counted at an earlier stage with appropriate controls.
The PDE neurons and axons were visualized in cells that had
an osm-6::gfp transgene (lgls3 IV or lgls2 X), which is expressed
in all ciliated neurons including the PDE.?** The neurons were
considered to have ectopic protrusions if they had a lamellipodia-
like structures protruding from anywhere on the cell body, axon,
or dendrite.

The VD/DD motor neuron morphology was scored in
animals that had the unc-25::¢fp transgene (juls76 II).>° The unc-
25 promoter is expressed in all GABAergic neurons, including the
VDs and DDs. In wild-type animals, the VD/DD commissures
extend directly from the ventral nerve cord (VNC) toward the
dorsal surface of the animals. At the dorsal surface, they form the
dorsal nerve cord. VD/DD pathfinding defects were noted when
the commissural axons were misguided or terminated prematurely.

In all experiments, at least 100 axons were scored, and
statistical significance between genotypes was determined using
the Fisher Exact Analysis. The error bars in the graphs represent
2 times the standard error of the proportion (2x SEP).

Molecular biology

LGX-  wunc-115(mn481), unc-115(ky275), toca-1(tm3334), Recombinant DNA, polymerase chain reaction (PCR)
mig-15(rh80), mig-15(rh326), szT1 (X:I), mig-15(rh148), and other molecular biology techniques were performed using
www.landesbioscience.com Small GTPases 217
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standard procedures.”” All primer sequences used in the PCR
reactions are available upon request. The previously described

cde-42(G12V) transgenes were used.?

microscopy in a drop of M9 buffer on an agarose pad.®” Both
the buffer and the agarose pad contained 5 mM sodium azide,
which was used as an anesthetic. Then, a coverslip was placed
over the sample, and the slides were analyzed by epifluorescence.
A Leica DMRE microscope with a Qimaging Rolera MGi
EMCCD camera was used, along with Metamorph and Image]

Microscopy and imaging

software.
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