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SUMMARY

Rac GTPases control cell shape by regulating downstream that loss of unc-115 function suppressed the formation
effectors that influence the actin cytoskeleton. UNC-115, of ectopic plasma membrane extensions induced by
a putative actin-binding protein similar to human  constitutively-active rac-2 in neurons. Furthermore, we
abLIM/limatin, has previously been implicated in axon show that UNC-115 can bind to actin filaments. Thus,
pathfinding. We have discovered the role of UNC-115 as a UNC-115 is an actin-binding protein that acts downstream
downstream cytoskeletal effector of Rac signaling in axon of Rac signaling in axon pathfinding.

pathfinding. We show that unc-115 double mutants with

ced-10 Racmig-2 Racor unc-73 GEFbut not with rac-2/3

Rac displayed synthetic axon pathfinding defects, and Key words: Rac, UNC-115, Actin-binding protein, Axon pathfinding

INTRODUCTION active and dominant-negative Racs perturb axon pathfinding
and cell migration inC. elegans Drosophila and mouse
Rac GTPases, members of the Rho-family of small GTPasésundquist et al., 2001; Luo et al., 1996; Luo et al., 1994;
that also includes Rho and Cdc42, are central regulators dfpkin et al., 1997).
cellular morphogenesis, including axon pathfinding (reviewed Like other Ras superfamily GTPases, Racs cycle between a
by Dickson, 2001; Hall, 1998; Luo, 2000; Zigmond, 1996).GTP-bound active state and a GDP-bound inactive state
ThreeC. elegansRacs, CED-10, MIG-2 and RAC-2/3, have (Bourne et al., 1991). Molecules that regulate Rho GTPase
overlapping roles in axon pathfinding and cell migrationactivity include GTP exchange factors (GEFs), which stimulate
(Lundquist et al., 2001; Wu et al., 2002) aredl-10andmig-  exchange of GDP for GTP, promoting the active state
2 are required redundantly for vulval epithelial morphogenesigKaibuchi et al., 1999). A number of dbl-homology (DH) GEFs
(Kishore and Sundaram, 2002) and P-cell migration (Wu et alhave been implicated in controlling Rac activity, including
2002). Rac redundancy is conservedDrosophila where  UNC-73 Trio (Bellanger et al., 1998; Steven et al., 1998),
three Racs (Racl, Rac2 and Mtl) have overlapping functionshich acts with each of the three RacsUn elegansand
in axon pathfinding, myoblast fusion and epithelialDrosophila axon pathfinding in vivo (Awasaki et al., 2000;
morphogenesis (Hakeda-Suzuki et al., 2002; Ng et al., 2002Bateman et al., 2000; Liebl et al., 2000; Lundquist et al., 2001;
Although Rac function is redundant in some proces€es, Newsome et al., 2000).
elegansRacs have individual requirements in other processes. In the developing nervous system, growth cones, which are
CED-10 is required for phagocytosis of cells undergoinglynamic sensorimotor structures at the distal tip of extending
programmed cell death and for the migration of the distal timxons, sense and respond to extracellular guidance cues by
cells of the hermaphrodite gonad (Reddien and Horvitz, 2000jnodulating their actin cytoskeletons, resulting in changes in
and MIG-2 is required for the migration of the Q neuroblastlirection of outgrowth (Tessier-Lavigne and Goodman, 1996).
descendants and the distal tip cells (Zipkin et al., 1997)Growth cones are composed of lamellipodia and filopodia,
Redundancy of Rac function is likely to be conserved irwhich are dynamic, actin-based plasma membrane extensions
vertebrates, which also have multiple Rac genes (Didsbury #tat underlie outgrowth and guidance (Letourneau, 1996). Rac
al., 1989; Haataja et al.,, 1997). However, mo&selis GTPases control cell shape at least in part by regulating the
required individually for gastrulation and cell migration duringstructure and dynamics of the actin cytoskeleton (Hall, 1998)
development (Sugihara et al.,, 1998) and moRse2 is and Rac activity can induce lamellipodia in cultured cells
required for neutrophil migration (Roberts et al., 1999). Thus(Ridley et al., 1992). Recent studies have identified a number
metazoan genomes contain multiple Rac genes that haweé downstream Rac effector molecules that adapt Rac activity
distinct as well as overlapping roles in a variety ofto the actin cytoskeleton (Bishop and Hall, 2000), some of
morphogenetic events in vivo. Despite redundancy of Rawhich involve activation of the actin-nucleating Arp2/3
function in axon development, gain-of-function constitutivelycomplex. For example, Rac interacts with the adapter protein
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IRSp53 which in turn links the Arp2/3 potentiator WAVE2 extend further than half the distance between the vulva and the
(Takenawa and Miki, 2001), and Racl along with the adapteqhasm!q neurons in the tail (approx!mately to the region of th.e

protein Nck acitvate the Arp2/3 potentiator Scar/WAVE (Ederpostdeirid ganglion). CAN cell migration was scored as mutant if

et al., 2002). Furthermore, the actin-interacting proteir{h® CAN cell body was greater than two CAN cell body-widths from

cortactin, also an Arp2/3 activator (Weaver et al., 2001), ha@%;‘é“’aﬁorphology was examined in animals harboring the
been lm_pllpated as dqwnstlfeam Rac e'ffector I(Wee_d et alﬁtegratedosm-G::gfptransgeneslqls3 IV and Igls2 X that were
1998)' D|St.mCt mechgnlsms involve Rac interaction with p2]'e pressed in all ciliated sensory neurons, including PDE. A PDE
activated klnc'_;lse, \_/vhl_ch in turn can. mfluence the cytoskeletal,o was scored as having a pathfinding defect if, because of
effector merlin (Kissil et al., 2002; Xiao et al., 2002), andpremature termination or axon wandering, the axon failed to reach
potential Rac regulation of the actin-binding protein gelsolinhe VNC. A PDE axon was scored as exhibiting ectopic axons if one
(Azuma et al., 1998). Thus, Rac activity can influence the actior more ectopic axons were seen emanating from the normal axon or
cytoskeleton by a variety of pathways, possibly reflecting théom the PDE cell body. A PDE cell was scored as having abnormal
multiple and overlapping functions of Racs in development(.?e"U'ar morphology if sheet-like membrane extensions and/or finger-
Undoubtedly, many downstream cytoskeletal effectors of Radike membrane extensions were observed anywhere on the cell,
remain to be identified. Rac activity in different morphogenetid¢luding on the axons, dendrites and cell bodies. Each genotype was
events might be controlled by different combinations Ofscored on at least three separate occasions, and >100 animals were

cored. Twice the standard error of the proportion (percentage) is
upstream Rac regulators (GEFs) and downstream CytOSkeleE'i"fplayed in the tables. Genetic interactions were considered

effectors. Mechanisms by which multiple Rac regulators, Rac§ nthetic (the genes have redundant, overlapping functions) when the
and downstream effectors control different morphogenetigroportion of defects in the double mutant was greater than the
events in vivo remain unclear. additive effects of each mutant alone.

In this work we provide evidence that UNC-115 is a _
downstream Rac effector i€. elegansaxon pathfinding. Molecular biology
UNC-115 is similar to the human actin-binding proteinStandard molecular biological techniques were used (Ausubel et al.,
abLIM/limatin (Roof et al., 1997) and is involved in axon 1987; Sambrook, 1989). Oligonucleotide primer sequences used for

pathfinding (Lundquist et al., 1998). We show that UNC-lléDCR are available upon request. The sequences of all coding regions

acts with the Racs and UNG-73/Trio GEF in axon pathfinding?!.Son°e derved using PCR in this work were determined o ensure

UNC-115 acts in parallel to CED-10 and MIG-2, possibly ingqced by fusing thesm-6promoter (bases 2680-2373 of cosmid

the RAC—_2/3 pathway_, and UNC-115 is required for the eﬁe_ct 58H1) pro}éuced %y PCR ffom. elege(msgenomic DNA upstream

of constitutively active RAC-2 on axon morphogenesis.of gfp. osm-6::gfptransgenic lines were constructed by microinjection

Furthermore, we show that UNC-115 is an actin-bindingt a concentration of 30 ng/

protein, suggesting that UNC-115 is a new downstream . . o )

cytoskeletal effector of Rac signaling that acts specifically ifFonstruction and analysis of constitutively-active

the RAC-2 branch of the triply-redundant Rac pathway in axof@¢(G12V) transgenes S _

pathfinding. Eachrac-coding region, including initiator ATG, introns and stop

codon, was amplified by PCR from genomic DNZed-10 (bases

36,193-34,079 of cosmid C09G12hig-2 (bases 20,146-21,722 of

cosmid C35C5); anthc-2 (bases 105-1957 of cosmid KO3D3). Each

coding region was placed downstream of tisen-6 promoter and

. the unc-115promoter. The G12V mutation (G16V mig-2) was

General genetic methods introduced into theced-10, mig-2 and rac-2-coding regions using

Nematodes were cultured by standard techniques (Brenner, 19%ke Quikchange Site-Directed Mutagenesis System (Stratagene, La

Sulston and Hodgkin, 1988). All experiments were performed afolla, CA).Ractransgenes were injected in germline transformation

20°C. The following mutations were used. experiments at 5 ngl, and theosm-6::gfpplasmid was co-injected
LGI: unc-73(e936, rh4Qkylsgceh-23::gfp, lin-15(+) at 30 ngjl. Multiple transformed lines were obtained for each
LGIV: ced-10(n1993)dpy-13(e184)lqls3osm-6::gfp, lin-15(+) construct (>3). Each line displayed similar behavior, and
LGX: unc-115(mn481, ky275)nig-2(mu28, rh17, gm38 mul33) representative lines from each transgene are shown in Table 3.

lin-15(n765) Iqls2osm-6::gfp, lin-15(+), lgls1(ceh-10:gfp, lin- To score the effects afnc-115mutation on PDE axons harboring

15(+)], kyls4ceh-23::gfp, lin-15(+) rac transgenes, arrays were crossed intoutie 115(ky275mutant
Germline transformation of nematodes was performed by standatshckground. At least two independent arrays consisting of each

techniques (Mello and Fire, 1995) usiitg15(n765)mutants andin- transgene were scored in timec-115background with similar results.

15(+) DNA (Clark et al., 1994) as a marker for co-transformation.One representative line from each is shown in Table 3. Furthermore,

Extrachromosomal arrays were integrated into the genome usinge transgenes were re-isolated by outcrossing fuoey115and

trimethylpsoralen/UV mutagenesis (Anderson, 1995) and standaiéscored. PDE defects were restored to a degree similar to what was

techniques (Mello and Fire, 1995). RNAi was performed by dsRNAobserved before building thec-115; rac-2(G12Vilouble (data not

injection (1pg/ul) into the body cavity or gonad as described (Fire etshown).

al., 1998).

MATERIALS AND METHODS

Construction and analysis of  gfp-tagged rac-2

Analysis of CAN and PDE axon pathfinding and CAN cell
migration

The gfp-coding region was placed upstream of and in frame with the
rac-2-coding region in theinc-115 promoter::rac-2(+andunc-115

CAN axon morphology and cell position was scored using théromoter::rac-2(G12V)transgenes. Frameshifts betwegip- and

integrated ceh-23::gfp transgeneskyls4 X and kyls5 | or the
integratedceh-10::gfptransgendqls10 X as described (Lundquist

rac-2-coding regions were produced by fusigip upstream of and
out of frame with therac-2-coding regions.unc-115::gfp::rac-2

et al., 2001). A posterior CAN axon was scored as mutant iftransgenes were microinjected at concentrations of|8 twgenerate

because of premature termination or misguidance, the axon failed

&xtrachromosomal arrays.
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Molecular modeling and actin co-sedimentation Table 1.ced-10, mig-2rac-2/3and unc-73act in PDE'
The program MODELLER was used to model the structure of the axon pathfinding
UNC-115 VHD from the chicken villin VHD (HP67; 1qqv.pdb).
Charge distribution was determined using SYBYL program.

For actin sedimentation assays, a fragment of the C-terminal regi
of the unc-115 cDNA, including the VHD-coding region (from

Percent ventral
axon guidance  Percent ectopic
Lenotype errors axon$

position 1350 in FO9B9.2b open reading frame sequence to the stég 0 33
codon), was fused in frame to the 6-histidine moeity and DHFR in th& _d-%O(n129893) 10+2 éfg
pQE-41 vector (Qiagen, Valencia, CA). Point mutations in the VHDm:g:zgmu%znums) 112 443
were constructed using the Quikchange Site-Directed Mutageneqjgc_ZB(RNAi) 0 245
System (Stratagene, La Jolla, CA). The resulting 6H|SIZDHFRIZUNCCed_lo(nlggmﬂ; mig-2(mu28§ 65+9 21+8
115 proteins were purified by standardNihelation chromatography  ced-10(n19981+); mig-2(gm38mu133) 55+9 23+7
(Qiagen, Valencia, CA). Actin co-sedimentation assays were based oad-10(n1993); rac-2/3(RNAi) 1245 22+6
standard procedures (Miller et al., 1991)uM 6HIS::DHFR::UNC- mig-2(mu28); rac-2/3(RNAi) 18+5 19+5
115 protein with and without 2AM rabbit skeletal muscle G-actin  Mig-2(gm38mu133); rac-2/3(RNA) 2147 156
was mixed in 5 mM Tris pH 7.5, 0.2 mM ATP, 0.2 mM DTT, 0.2 mM Uunc-73(e936) 3516 216
CaCb and actin was polymerized by adding 20 mM Mg@ mm  unc-73(rh40) 2424 28+4
ATP, 100 mM KCI and incubating at room temperature for 1 hourﬂﬂc'n(eg%)j ced-10(n1993) 8613 5115
- . . . c-73(e936); mig-2(mu28) 71+4 68+4
Actin filaments were sedimented by centrifugation (130@€@fr 40 unc-73(e936); rac-2/3(RNAI) 5545 67+4
minutes). The pellet was analyzed by SDS-PAGE and western blottingic-73(rh40): ced-10(n1993) 7245 3745
with anti-RGS-6HIS antibody (Qiagen, Valencia, CA). unc-73(rh40); mig-2(mu28) 63+5 46+5
unc-73(rh40); rac-2/3(RNAI) 50+5 3845

unc-73(rh40); IgEx48 (rac-2(G12V)) 9+3 85+4

RESULTS

*PDE axon morphology was scored using the integrated transgene

Three Racs and UNC-73 GEF act in PDE axon lis3gosm-6::gfg. _
development The percent of PDE axons that failed to reach the ventral nerve cord (+2

. standard error of the proportion).
We have shown previously that the th2eelegans ragenes *The percent of PDE axons that exhibited ectopic axons emanating from

ced-1Q mig-2andrac-2/3have overlapping functions in CAN the cell body or branching from the main axonx(sandard error of the
axon and D-class motor axon development (Lundquist et a|9rgmt.'°g.>- hat th il N 083 b
2001). To determine ifac redundancy is conserved in other jq; d'? 'Catestthatthefe a”'masv,”;gi,;’mgztﬁg"“f 3t ut W—‘féi

erived from mothers neterozygous ,an erefore retain wi ype
neurons, we analyzed the effectsraés on the development maternakced-10activity.
of the axons of the PDE neurons. The PDE neuron is alsoa
useful model for studying axon pathfinding: PDE axon
morphology is relatively simple; the PDE axons can beontrol multiple aspects of PDE axon development, including
unambiguously distinguished from the axons of other neuronsxon pathfinding (guidance, outgrowth and fasciculation), as
and PDE function is not required for viability. The two PDEswell as suppression of ectopic axon formation. Similar results
are a bilaterally-symmetric pair of ciliated neurons that residevere obtained using thmig-2(gm38mul33gallele (Table 1).
at the lateral midline in the post-deirid ganglion in the posterioEach rac double mutant displayed the entire spectrum of
of the animal (Fig. 1A) (White et al.,, 1986). A single, defects, suggesting that all three genes act in each process
unbranched axon from the cell body extends straight ventrallgs opposed to individuedc gene involvement in a single aspect
to the ventral nerve cord (VNC) (Fig. 1B), where the axorof PDE axon development.
bifurcates and extends anteriorly and posteriorly in a fascicle ced-10M+); mig-2double mutants also displayed defects in
with the other PDE axon in the VNC (Fig. 1F). A ciliated PDE dendrite development (data not shown). The PDE
dendrite that is exposed to the external environment via a podendrite was missing or misshapen (misguided, lacking a
in the hypodermis and cuticle extends dorsally from the PDHiscernible cilium or exhibited ectopic branches) in 17% of
cell body (Fig. 1B). ced-10M+); mig-2 PDE neurons.rac-2/3(RNAI) double

We analyzed PDE axon morphology&t single and double  mutants did not display dendrite defects.

loss-of-function mutantgac-2/3 activity was perturbed using UNC-73 is a Trio-like molecule with two DH-GEF domains,
RNAI (Fire et al., 1998). Thec-2/3locus is composed of two one of which, GEF1, is a Rac-GEF (Steven et al., 198&)-
nearly identicalrac genes, andac-2/3(RNAIi)is predicted to 73 acts with the three Racs in CAN and D-class axon
reduce the function of both genes (see Lundquist et al., 2001evelopment (Lundquist et al., 2001), and here we find that
ced-1Q mig-2 andrac-2/3(RNAi)single mutants displayed few unc-73also affects PDE axon development. The incomplete
defects in PDE development (Table 1). Each pairwise doubless-of-function mutantsunc-73(rh40) and unc-73(e936)
mutant combination ofed-10(n1993)mig-2(mu28)andrac-  displayed PDE axon defects similar rac double mutants,
2/3(RNAI) displayed synthetic PDE axon defects (Table 1)jncluding axon guidance defects, axon defasciculation and
including axon guidance defects (the axons failed to reach thremature termination in the VNC, and ectopic axon formation
VNC and often wandered along the lateral body wall) (Fig(Table 1). unc-73(rh40) and unc-73(e936) PDE axon
1C,D) and premature axon termination and defasciculation ipathfinding defects and ectopic axon formation were enhanced
the ventral nerve cord (Fig. 1E,F). In addition to these defectignificantly byced-1Q mig-2 and rac-2/3(RNAI)(Table 1),
in axon pathfindingiac double mutants displayed ectopic axonsuggesting thatnc-73and the threeac genes act together in
formation (ectopic axons formed as branches from the maiRDE axon development. However, the fact flaatmutations
axon or emanated from the cell body) (Fig. 1G). Thatsgenes  enhanceunc-73(rh40) a mutation that specifically attenuates
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Fig. 1.rac double mutants display
defects in PDE axon pathfinding.
Fluorescence micrographs of PDE
neurons visualized using the integrated

+ h PDE ,_ ?/

osm-6::gfptransgendgls3 are shown. Ammkid ’ *
Anterior is towards the left. In A-D,G, A &
dorsal is upwards. (E-F) Ventral aspects ’ Phasmid

showing PDE axons in the ventral nerve
cord (VNC). (A,B) PDE neurons in
wild-type animals. (A) The left PDE cell
body is indicated with an arrow. The
VNC is indicated with arrowheads. The
amphid and phasmid ganglia of the head h‘ »
and tall, respectively, are shown. The V |
indicates the position of the vulva. The
out-of-focus spot to the left of the PDE
is the out-of-focus PDE cell body from
the right side of the animal. (B) A single,
unbranched PDE axon extended
ventrally in the post-deirid commisure to

extended anteriorly and posteriorly in
the VNC (arrowheads). A single,
unbranched dendrite with an exposed,
ciliated tip extended dorsally from the
PDE cell body. The broken line indicates
the out-of-focus PDE axons in the VNC.
(C,D) The PDE axons afed-10M+);
mig-2animals. (C) The PDE axon failed .
to reach the VNC (arrowheads) and _ ™ axon fds(t]e '_‘ é
wandered along the lateral body wall. . ¢ cell bod

(D) The PDE axon bifurcated

prematurely before reaching the VNC
(arrowheads) and the axons extended
anteriorly and posteriorly along the
lateral body wall. (E) Wild-type PDE
axons formed a tight bundle in the VNC
as they extended anteriorly and
posteriorly. (F) The PDE axons otad-
10(M+); mig-2animal were
defasciculated and terminated
prematurely in the ventral cord. (G) The
PDE axon displayed an ectopic branch
(arrow). Scale bar: 20m in A; 10pum in
B-G.

defasciculated axons

the GEF1 Rac-GEF activity of UNC-73, raises the possibilityet al., 2002). These results combined with the biochemical data
that the Racs might act in a pathway parallel to UNC-73. Tthat UNC-73 acts as a GEF on CED-10 and MIG-2 (Wu et al.,
determine if RAC-2 acts in the UNC-73 pathway, we tested th2002) strongly suggest the¢d-1Q mig-2 rac-2/3andunc-73
ability of constitutively-activerac-2 (rac-2 harboring the act in the same pathway in axon pathfinding. As described by
G12V mutation; see below) to suppress PDE axon defectaundquist et al. (Lundquist et al., 2001), enhancemenhof
caused byunc-73(rh40) Indeed, transgenic expression of 73(rh40)axon pathfinding defects iac mutation could be
constitutively-active rac-2 in the PDE neuron partially due to Rac regulation by other molecules in addition to UNC-
suppressed the PDE ventral axon guidance defects caused#®/or Rac regulation by a domain of UNC-73 apart from the
unc-73(rh40)Table 1). Furthermoreinc-73(rh40PDE axons GEF1 Rac-GEF domain.

often wandered laterally before reaching the VNC, and this Although these data indicate thatc-2 acts in theunc-73
wandering was also partially suppressed by activeaee?  pathway, they do not exclude the possibility that UNC-73 has
(data not shown). These data suggest ttat-2 acts additional, Rac-independent roles in PDE axon development.
downstream ofunc-73 in the same pathway. Similar unc-73(e936j}s predicted to affect multiple UNC-73 activities,
suppression ofinc-73defects in the D-class motor axons hasincluding that of GEF2 Rho-GEF (Steven et al., 1998).
been observed with constitutively actied-10andmig-2 (Wu Disruption of arac-independent activity of UNC-73 bync-
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Table 2.unc-115acts with the threerac genes andunc-73in PDE* and CANT axon pathfinding

Percent ventral Percent posterior Percent CAN
axon guidance Percent ectopic CAN axon cell migration
Genotype errors axons outgrowth defécts defect§
+ 0 3+3 0 5+4
unc-115(mn481) 0 55 0 5+4
unc-115(ky275) 0 2045 0 10+4
unc-115(mn481); ced-10(n1993) 9+4 2245 2247 85
unc-115(ky275); ced-10(n1993) 10+4 18+5 25+6 12+4
unc-115(mn481) mig-2(mu28) 1344 24+6 21+7 15+7
unc-115(ky275) mig-2(mu28) 1545 20+5 21+6 1045
unc-115(mn481); rac-2/3(RNAI) 0 415 0 105
unc-115(ky275); rac-2/3(RNAI) 0 22+8 0 9+5
unc-73(e936) 35+9 21+7 29+8 77+8
unc-73(rh40) 2345 25+5 3948 49+9
unc-73(e936); unc-115(ky275) 6216 2945 62+7 7046
unc-73(e936); unc-115(mn481) 58+5 344 67+6 7216
unc-73(rh40); unc-115(ky275) 58+7 2745 59+8 55+8
unc-73(rh40); unc-115(mn481) 50+6 335 865 54+6
unc-73(e936); unc-115(ky275); rac-2/3(RNAI) 66+4 3715 N.D. N.D.
unc-73(rh40); unc-115(ky275); rac-2/3(RNAI) 53+7 315 N.D. N.D.

*PDE axons were scored as described in Table 1.

TCAN axon morphology and cell body position was assessed using the integrated trapisgigieeh-10::gfj (Lundquist et al., 2001).

*The percentage of posterior CAN axons that failed to extend past the post-deirid ganglion is sh@tan@d error of the proportion) (see Lundquist et
al., 2001).

8The percentage of CAN cell bodies that failed to reach the region of the vukvatélard error of the proportion) (see Lundquist et al., 2001).

73(e936) might contribute torac enhancement ofunc-  posterior CAN axon to extend into the tail due to axon

73(e936) wandering or premature termination (Table 2). Furthermore,
Dendrite development was also perturbedubg-73(rh40  unc-115; ced-1@ndunc-115 mig-Znimals displayed synthetic

ande939 and these defects were enhanceddns10andmig-  PDE defects, including ventral axon guidance errors (Table 2)

2 (data not shown). and axon defasciculation in the VNC (data not shown). These
) ) data indicate thaiinc-115has overlapping function witbed-

UNC-115 acts with the Racs and UNC-73 in PDE and 10 andmig-2in CAN and PDE axon pathfinding.

CAN axon pathfinding By contrast, the CAN and PDE axons wfic-115; rac-

unc-115mutations cause defects in axon pathfindinguamedl15  2/3(RNAi)animals resembled thosmc-115alone (Table 2),
encodes a putative actin-binding protein (Lundquist et al., 19983uggesting thatinc-115andrac-2/3 affect the same pathway
Racs are thought to mediate cellular morphogenesis in part [ty CAN and PDE axon pathfinding, possibly a pathway in
regulating the structure and dynamics of the actin cytoskeletgrarallel tomig-2andced-10 However, we cannot rule out the
(Hall, 1998). To determine ifnc-115acts withrac genes in axon possibility thatunc-115 also acts in theced-10 pathway,
pathfinding, we analyzed the CAN and PDE axons of doublbecauseced-10(n1993)s not a null allele (Soto et al., 2002)
loss-of-function mutants afnc-115with ced-1Q mig-2andrac-  (E. A. L., unpublished results).
2/3(RNAI) Neither unc-115(ky275) a putativeunc-115 null In addition, we found thatnc-115acts withunc-73in axon
allele, nor unc-115(mn481) an incomplete loss-of-function pathfinding.unc-115(ky275)and unc-115(mn481mutations
allele, caused defects in CAN axon pathfinding (Table 2) [for aignificantly enhanced the CAN and PDE axon pathfinding
description of CAN axon pathfinding and defects see Lundquistefects caused bync-73(e936)and unc-73(rh40)mutations
et al. (Lundquist et al., 2001)]. Howevamc-115 animals (Table 2), including CAN posterior guidance errors and PDE
displayed weak PDE axon guidance defects: 12%uraf- ventral guidance errors. PDE defects wic-115; unc-73
115(ky275PDE axonsri=174) and 6% afinc-115(mn481’DE ~ double mutants were not further enhanceddny2/3(RNAI)
axons (=189) wandered laterally (>45°C from straight ventrally) (Table 2), confirming thainc-115andrac-2/3act in the same
on their trajectory to the VNC. Alinc-115PDE axons eventually pathway. Taken together, these results indicate uhet115
reached the VNC. Furthermorec-115mutants alone displayed acts with theac genes andinc-73to mediate CAN and PDE
ectopic PDE axons (20% of PDEsunc-115(ky275)(Table 2).  axon pathfinding.
Thus,unc-115mutations alone had weak effects on PDE axon While unc-115andunc-73mutants andac double mutants
development, most notably ectopic axon formation. displayed ectopic axon formation, double mutantaraf-115
We found thatinc-115synergized witlted-10andmig-2but ~ with ced-1Q mig-2 and unc-73 did not display enhanced
notrac-2/3in CAN and PDE axon pathfindingnc-115; ced- ectopic axon formation (Table 2). Possiblync-115 acts
10 andunc-115 mig-2double mutants were viable and fertile, specifically withrac-2/3in axon pathfinding and with all three
but displayed synthetic defects, including a withered tail (Wit)rac pathways in the suppression of ectopic axon formation.
similar to but weaker thamac double mutants andnc-73 The three racs and unc-73 affect other actin-based
animals. The Wit phenotype is associated with perturbed CAKorphogenetic processes, including migration of the CAN cell
neuron development (Forrester et al., 1998) and indedell0; body (Lundquist et al., 2001unc-115alone or in double
unc-115and mig-2 unc-115animals displayed failure of the mutant combinations with theics andunc-73had no effect
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Fig. 2. Constitutively-active Racs induce ectopic
morphogenetic structures in the PDE neuron. Fluorescense
micrographs of PDE neurons from adult animals harboring &
osm-6::gfptransgene. Anterior is towards the left and dorsal
upwards. The PDE cell bodies are indicated by arrowheads.
(A) A wild-type PDE neuron displayed a single, unbranched
axon extending to the ventral nerve cord (image is the same
in Fig. 1B). (B-F) PDE neurons of animals harboringa
2(G12V)transgene. (B) Aac-2(G12V)PDE neuron
displayed ectopic axon branching and ectopic axons extend
from the cell body. The ciliated dendrite (cilium marked by afll JFSSSFPRTETS
arrow) also displayed ectopic branches. (C) A PDE neuron
displayed a large, sheet-like plasma membrane extension
(arrow). (D) A PDE neuron exhibited numerous thin, finger-
like plasma membrane extensions (arrow). (E,F) A PDE
neuron displayed two ectopic lamellipodia-like extensions
(a and b) that were dynamic over time. (F) After 2 hours, ong
sheet-like extension (a) had ramified into two thinner neurite}
like structures and another (b) had narrowed and elongated
New filopodia-like projections from the cell body not seen in
E are indicated (c). Scale barqu&.

—— dendrite d —
A L v

on CAN cell migration (Table 2). Indeaghic-115doubles with  mutation under the control of ttesm-6promoter. Theosm-6
ced-1Q mig-2 and unc-73 showed no enhanced CAN cell promoter is expressed exclusively in ciliated neurons,
migration defect despite enhanced CAN axon pathfindinincluding PDE, and shows no other discernible expression
defects.ced-1Q mig-2 andrac-2/3also control the migrations (Collet et al., 1998). Similar constructs were made using the
of the distal tip cells of the hermaphrodite gonad, eedt10 ced-10(G12\¥)andmig-2(G16Vjcoding regions [collectively
andrac-2/3 are involved in phagocytosis of cells undergoingreferred to as theac(G12V)transgenes], as well as the wild-
programmed cell death (Lundquist et al., 2001; Reddien angpe coding region of eactac. Animals harboring theac-
Horvitz, 2000). unc-115 had no effect on distal tip cell 2(G12V)transgene displayed dominant defects in PDE axon
migration or phagocytosis alone or in any double mutantievelopment that resembled the defectsaofdouble loss-of-
combination with theacs andunc-73(P. Reddien, personal function mutants, including axon guidance errors (Table 3),
communication). Thusjnc-115is required for CAN and PDE axon defasciculation and ectopic axon formation (Fig. 2A,B;
axon pathfinding but is apparently not involved in CAN andTable 3). ced-10(G12V)) mig-2(G12V) and mig-2(rh17)

distal tip cell migration and cell corpse phagocytosis. showed similar defects (Table 3). The pathfinding and
o ] . fasciculation errors caused by tee(G12V)transgenes were

Constitutively active Racs dominantly perturb PDE generally weaker than the equivalent defects causeddy

morphogenesis loss-of-function, whereas ectopic axon formation was

In order to understand the molecular relationships UNC-118enerally more severe mac(G12V)animals than in theac

and the three Racs, we studied the effects of constitutivelpss-of-function mutants (compare Table 2 with Table 3, and
active Racs on axon pathfinding. The glycine to valindrig. 1E with Fig. 2A,B). The PDE dendrite also displayed
mutation at position 12, which is canonical for constitutiveectopic branching in each of the thrae(G12V)animals (Fig.
activation of Ras superfamily GTPases, attenuates GTPa28). The wild-type versions of eachc transgene caused PDE
activity, thus favoring the GTP-bound, active state (Bourne edxon defects similar to but weaker than treec(G12V)

al.,, 1991).mig-2(rh17, an allele with the equivaler16V transgenes, most often weak ectopic axon formation (Table 3).
activating mutation, disrupts HSN and CAN axon pathfindingrac(G12V) expression driven by a different promoter, the
andced-10(G12Vdominantly perturbs CAN axon pathfinding neuron-specificinc-115promoter, caused similar defects (data
and cell migration (Lundquist et al., 2001; Zipkin et al., 1997)not shown).

To test if constitutively activerac-2 can also dominantly These data indicate that Rac(G12V) molecules dominantly
perturb axon pathfinding, we constructed a transgenperturb PDE axon development. Several lines of evidence
containing therac-2-coding region harboring the&s12V  suggest thatac(G12V)transgenes produced gain-of-function,
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Table 3. PDE* axon pathfinding defects and ectopic UNC-115 is required for the morphogenetic effects
plasma membrane extensions caused by constitutively ~ of constitutively-active RAC-2

active rac(G12V)mutant transgenes The loss-of-function studies described above plame115in
Percent ventral Percent Percent abnormal the rac-2/3 pathway. To test if UNC-115 acts downstream of
axon guidance  ectopic cellular RAC-2, we determined if loss afinc-115 function could
Genotype errofs  axon$  morphology suppress the effects of constitutively actrae-2(G12V) We
+ 0 2+3 0 found that the null mutatiomnc-115(ky275)uppressed the
ced-10(G12V) (IgEx74) 3£3 100 237 dominant effects ofac-2(G12V)(Table 3). The strong ectopic
Cmeig:%?(g)lg\q/%zgx%) s o o axon formation induced byac-2(G12V)was suppressed by
mig-2(rh17) 1245 51+11 244 unc-115(ky275)o a level similar tainc-115(ky275alone, and
mig-2(+) (IgEx93) 0 1144 0 unc-115(ky275)suppressed the ectopic plasma membrane
rac-2(G12V) (IgEx48) 1£1 676 12+4 extensions induced byac-2(G12V) Whereas the axon
Licczl(?s El'gg’%;’) 8 Zgﬁ 1012 pathfinding defects caused bgc-2(G12V)were weak (1%),
une-115(ky275): ced-10(G12V) 1243 100 3145 we saw no axon pathfinding defectsunc—115(ky275); rac-
unc-115(ky275); mig-2(G16V) 442 5246 12+4 2(G12V)double mutants. By contrastnc-115(ky275yid not
unc-115(ky275) mig-2(rh17) 1544 43+7 4+3 suppress the effects of constitutively-actieel-10(G12V,)mig-
unc-115(ky275); rac-2(G12V) 0 26%5 1+1 2(G16V) or mig-2(rh17) (Table 3). Insteadunc-115(ky275)
*PDE axon morphology was scored using the integrated transgene slightly enhanced the. e.ﬁeCtS afed-10(G12V) and mig_.
Igls3 osm-6::gfd. 2(G16V) These results indicate that UNC-115 activity mediates
TThe percent of PDE axons that failed to reach the ventral nerve cord (+2 the effects of constitutively active RAC-2(G12V). Although it
standard error of the proportion). is possible that RAC-2(G12V) perturbs a process in which Racs

*The percent of PDE axons that exhibited ectopic axons emanating from are not norma"y involved, the loss-of-function data that place

g‘,ﬁ,g;'t'igﬁ)d_ y or branching from the main axon-{zfandard error of the rac-2/3andunc-115in the same pathway combined withc-

SThe percentage of PDE neurons exhibiting ectopic morphological defectsl 15suppression o’ac-Z(GlZ\_/)strongly suggest that UNC-115
including plasma membrane sheet-like protrusions and thin extensions (+2 acts downstream of RAC-2 in PDE axon development.
standard error of the proportion).

GFP::RAC-2 accumulates at the plasma membrane

Rho GTPases, including Racs, are anchored to the plasma
constitutively active Rac molecules: similar mutations in othemembrane by covalent attachment of prenyl group mediated
Ras superfamily GTPases produce constitutive activation; they a C-terminal CAAX box (Zhang and Casey, 1996), and
effects ofrac(G12V)were dominant to wild type; the effects GFP::MIG-2 and GFP::CED-10 accumulate at the plasma
of ced-10(G12Vdid not require wild-typeced-10(data not membrane (Lundquist et al., 2001; Zipkin et al., 1997). The
shown); and the effects ohc(G12V)transgenic expression potential RAC-2 polypeptide contains a consensus C-terminal

were more severe thaac(+) transgenic expression. CAAX box (CTVL). To determine if RAC-2 accumulates at
o ) _ _ the plasma membrane,rac-2 transgene was generated that

Constitutively active Racs induce ectopic plasma consisted of the wild-typeac-2-coding region fused in-frame

membrane extensions downstream of the green fluorescent proteiip) ((Chalfie et

In addition to pathfinding defects and ectopic axon formational., 1994) coding region (Fig. 3A). This transgene is predicted
constitutively activeracs caused PDE cell shape alterationsto encode a full-length RAC-2 molecule tagged with GFP at
not seen inrac loss-of-function double mutants. Animals the N terminus. The expression of tifp::rac-2transgene was
harboring any of the threeac(G12V)transgenes displayed placed under the control of thenc-115promoter, which is
sheet-like extensions of plasma membrane and multiple, thiexpressed in most if not all neurons and neuroblasts (Lundquist
processes emanating from the cell bodies, axons and dendritgs al., 1998). Animals harboring thenc-115::gfp::rac-2
(Fig. 2C,D). Ectopic axons often emanated from the sheet-likkansgene showed expression of GFP::RAC-2 that accumulated
extensions. The thin processes were generally thinner ard the cell margins of neuroblasts and neurons as well as in the
shorter than the normal or ectopic axons and were oftemerve ring (Fig. 3B-D). The nerve ring is composed of the
observed at the edges of the sheet-like membrane extensioagons of many neurons (White et al., 1986), and nerve ring
Despite abnormal cellular morphology, the PDE axons usuallgccumulation suggests that GFP::RAC-2 localized to the
completed their extensions to the VNC. plasma membranes of axons. GFP::CED-10 and GFP::MIG-2
rac(G12Viinduced ectopic extensions displayed dynamicshow similar plasma membrane and nerve ring accumulation
morphology even in adult animals (Fig. 2E,F). For example(Lundquist et al., 2001; Zipkin et al., 1997). Wild-type
the sheet-like structures were observed to form single amc-2 (Fig. 3) andrac-2(G12Vjcoding regions displayed
multiple neurite-like extensions, and the thin processes weiadistinguishable localization, angdfp::rac-2(G12V) caused
apparently extended and retracted over time. These resutteminant effects on PDE development as described above
demonstrate that constitutively activacs induced dynamic (data not shown). Expression of GFP from a transgene that
cellular structures, plasma membrane extensions and thaontained a frameshift between tlggp- and rac-2-coding
processes, not seenrac, unc-73or unc-115loss-of-function  regions failed to accumulate at the cell margins and in the nerve
mutants. However, these structures resemble lamellipodigng (Fig. 3E-G) and instead was uniformly distributed in
and filopodia normally found on growth cones duringthe cytoplasm, indicating that RAC-2 sequences mediate
axon outgrowth (Knobel et al., 2001). Possibly, Rac(G12Vaccumulation of GFP::RAC-2 at the plasma membrane,
molecules ectopically induce these morphogenetic structuregpresumably via C-terminal CAAX motif.
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(frame shift)

A i

Fig. 3. GFP::RAC-2 is anchored to the plasma
membrane. (A) A diagram of thenc-

115::gfp::rac-2transgene and the putative prenyl group
GFP::RAC-2 molecule produced from this
transgene are shown. The neuron-speuific N-tivin C-term

115promoter was used to drive expressiowfpf
fused in-frame to the entire wild-typac-2-
coding region, including introns. This transgene B
is predicted to produce a RAC-2 molecule with
an N-terminal GFP tag. The CAAX motif at the
C terminus of RAC-2 might direct covalent
addition of a prenyl group and subsequent
anchorage of the molecule to the plasma
membrane. The position of the frame shift
mutation inunc-115::gfp::(FS)::rac-2s neuroblasts
indicated. (B,D) Wild-type animals harboring the neuroblasts

unc-115::gfp::rac-2transgene. GFP::RAC-2
accumulated at the cell margins of neuroblasts o
the 1.5-fold embryo in (B) and of neurons in the
L1 larva in C. The animal in C displayed strong
GFP::RAC-2 accumulation in the nerve ring.

(D) A magnified image of the area around the
nerve ring of the animal in (C). Neuron cell
bodies with GFP::RAC-2 at their periphery are
evident. (E,G) Wild-type animals of the same age
as those in B,C harboring thec-
115::gfp::(FS)rac-2transgene that contains a
frameshift mutation betweegfp andrac-2 neurgns
sequences. This transgene is predicted to encod D

a full-length GFP without RAC-2 sequences.
GFP accumulation was no longer observed at cg
margins of neuroblasts and neurons and was
observed throughout the cytoplasm, and nerve
ring accumulation was abolished. (G) A
magnified view of the area around the nerve ring
of the animal in F. Scale bars: in B it for
B,C,E,F; in D 2um for D,G.

neurons

neurons

UNC-115 is an actin-binding protein results demonstrate that the UNC-115 VHD is an actin filament

The predicted UNC-115 polypeptide consists of three Nbinding domain.

terminal LIM domains and a C-terminal region similar to the

actin-binding headpiece domain of villin (VHD) (Fig. 4A,B)

(Lundquist et al., 1998). Not all VHDs can bind to actin, andDISCUSSION

those VHDs with demonstrated actin-binding ability have

conserved basic residues that form a ‘positive patch’ that mighhile some downstream effectors of Rac signaling in
mediate molecular contacts with actin (Vardar et al., 2002). Wnorphogenesis are known, many remain to be identified.
modeled the structure of the UNC-115 VHD based upon thEurthermore, questions remain about how multiple Racs
NMR structure of the chicken villin VHD (called HP67) (Fig. and effector molecules are deployed during development
4B,C). The UNC-115 VHD had hallmark features of all VHDs,to mediate specific morphogenetic events such as axon
including a hydrophobic ‘cap’ and a charged ‘crown’ (Fig. 4C)pathfinding. We have identified and characterized UNC-115 as
(see Vardar et al., 2002). Furthermore, the UNC-115 VHD had new downstream cytoskeletal effector of Rac signaling in
a prominent ‘positive patch’ similar to other actin-bindingaxon pathfinding.

VHDs. We next tested the ability of the UNC-115 VHD to Three C. elegans racgenes define three overlapping
co-sediment with F-actin in vitro. A bacterially expressedpathways that regulate the development of CAN and D-class
fragment of UNC-115 containing the VHD sedimented in theaxons, andinc-73 Trio GEHRs likely to control all threeac
presence of but not in the absence of actin filaments (Fig. 4D)athways in this process (Wu et al., 2002; Lundquist et al.,
We generated a mutant form of the UNC-115 VHD in which2001). Furthermore, UNC-73 Trio is known to act as a GEF
basic residues that contribute to the ‘positive patch’ weréor multiple Racs, including the canonical Racs and the MIG-
changed to acidic residues (Fig. 4B,C). This mutant VHIR-like Racs (Wu et al., 2002; Newsome et al., 2000; Steven et
failed to co-sediment with actin filaments (Fig. 4D). Theseal., 1998). We have shown that the thraes act redundantly
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Fig. 4. The villin headpiece A B

domain of UNC-115 binds to acti

filaments. (A) The 639-residue @ @ @ @ Gg HP67 VFTATTTLVPTKLETFPLDVLVNTAAEDLPRGVDPSRK
UNC-115 polypeptide. The N UNC-115 VLRSSLPDMSKPAKQYDLLFLQTTN--SELPEDVDRQHL
terminus consists of three LIM e T —— SO —
domains and the C-terminus is UNC-115 ERHLPRDQFEEIFMSLIEF:’@ INLKRKHKLF
similar to the headpiece domain e
villin (VHD). The region of UNC-

115 used in actin-binding assays C cap D actin filaments

indicated by a bar below the ' + = + -

diagram. (B) An alignment of the crown

UNC-115 VHD and chicken villin
VHD (Gg HP67). Basic residues iti
the UNC-115 VHD are in blue, ~ POVEVE
and those that were changed to P
glutamic acid residues to produc

the VHD mutant protein are shov

with asterisks. The leucine and
tryptophan residues that form a
hydrophobic ‘cap’ (see below) ar

boxed. (C) A structural model of

the UNC-115 VHD based upon t

NMR structure of Gg HP67

(Varder et al., 2002) (see Materials and Methods). Blue, basic groups; red, acidic groups; white, neutral groups. Shovap diertned by

the leucine and tryptophan boxed in B, the charged ‘crown’ (broken line), and the ‘positive patch’ formed by basic residnest éi/a

2002). The locations of basic residues that were changed to glutamic acid residues in UNC-115 VHD mutant protein arkyiraditaieks.

(D) A western blot showing that the UNC-115 VHD bound to actin. Equimolar amoupkg)(6f wild-type and VHD mutant
6HIS::DHFR::UNC-115 (~46kD) were mixed with actin filaments, which were then sedimented (see Materials and Methods). Wild-type
6HIS::DHFR::UNC-115 co-sedimented in the presence but not in the absence of actin filaments. Mutant 6HIS::DHFR::UNC-1ibl¢see B)
to co-sediment with actin filaments.

46 kD i —

Db XX

wild-type VHD mutant

in PDE axon development. Multiple aspects of PDE InC. elegansunc-115s expressed in most if not all neurons
development are affected bgc loss-of-function, including throughout development, yet many neurons display normal or
axon guidance, axon fasciculation and axon outgrowth as wallear-normal axon pathfinding and developmentic+115null

as suppression of ectopic axon formation, indicatingl@t mutants (Lundquist et al., 1998). Our results explain this
genes control multiple aspects of axon development. We algzaradoxical observation by demonstrating that-115acts in
provide evidence that the threscs act withunc-73in axon  the rac-2/3 branch of the tripartiterac cascade and has
pathfinding: eachrac loss-of-function mutation enhanced overlapping function with theed-10and mig-2 pathways in
weak unc-73 mutations andrac-2(G12V) suppressedunc-  axon pathfinding. Howeveced-10(n1993)s not a null allele
73(rh40) Together with results showing that UNC-73 GEF1

acts as a GEF on CED-10 and MIG-2 (Wu et al., 2002), thes

data indicate that thecsandunc-73act in the same pathway unc-73Trio GEF

in PDE axon pathfinding.

unc-115 acts with the rac genes and unc-73 Trio in
CAN and PDE axon pathfinding mig-2rac  ced10rac  rac-2/3rac racindependent? (rho-1?)

UNC-115 is a molecule similar to the human actin-binding ”

protein abLIM/limatin (Lundquist et al., 1998; Roof et al., l
1997) and consists of three N-terminal LIM domains, whicl unc-115abp
are thought to mediate protein-protein interactions (Dawid €

al., 1998), and a C-terminal villin headpiece domain, an actir l

binding domain found in a variety of proteins (Vardar et al., CAN and PDE Axon Pathfi nding

2002). UNC-115 is required for pathfinding of many but not

all axons inC. elegangLundquist et al., 1998), and dominant- Fig. 5.UNC-115 acts downstream of Rac signaling in CAN and PDE
negative abLIM/limatin can perturb RGC axon pathfinding in@x0n pathfinding. The genetic relationships between the icge
the developing mouse visual system (Erkman et al., Zoocgﬁ“ec'sz:’;ggdpirt‘ﬁ;&;:a{ﬁrﬁ"’é’gh':gg‘évslg‘g%atze;:gg?ezfaeggz ::t in
iLrJ\{\é(r:ag:-tls SWWP:ggétiﬁc\}iaafheaV?i/g) ;Sa_ﬁjl?/t/?tlh %c:ﬁg:enr]oil)géﬁg]s ;{/r: ree parallel pathways with overlapping functionc-73acts in all

h ree pathways, anthc-115acts downstream wéc-2 and possibly
the LIM domains. We show that UNC-115 acts downstream fgq-10 unc-73might haverac-independent roles in axon pathfinding

Rac signaling during axon pathfinding, suggesting that UNCpossibly mediated by thio-1 gene that encodes the single
115 might adapt Rac activity to the growth cone actirelegansRho GTPase. GEF, GTP exchange factor; abp, actin-binding
cytoskeleton. protein.
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and unc-115might enhanceced-10(n1993) Therefore,unc-  activation of ongac might trigger a negative regulatory system
115might act in both theac-2/3andced-10pathways. If this  that attenuates athc signaling. Ifracs are required for both
is the case, then there must be other genes that act in para#igbn initiation and axon suppression, the mechanism of ectopic
to unc-115in the ced-10 pathway, as theunc-115 null axon formation caused bgic loss-of-function andac(G12V)
phenotype is viable and fertile and does not resembleeiiie  constitutive activation might be distinatac loss-of-function
10 null. Althoughunc-115might act in theac-2/3pathway in  ectopic axons might be due to a failure to prune spurious axon
axon pathfindingunc-115might act with all threeacsin the initiation, whereas Rac(G12V) activity might induce ectopic
suppression of ectopic axons,uae-115mutants alone display axons via uncontrolled axon initiation.
ectopic axon formation that is not enhanced by mutations in
the threerac genes. UNC-115 activity is required for the effects of
The genetic relationships between taegenesunc-73and  constitutively-active RAC-2(G12V)
unc-115in axon pathfinding are shown in Fig. 5. Although ourRac(G12V) molecules might persistently signal to their
results indicate that UNC-73 controls the three Racs in axomownstream effectors leading to the ectopic formation of
development, they do not exclude the possibility that UNC-78ellular structures that are normally precisely controlled during
has additional, Rac-independent effects on axon pathfindingxon pathfinding. We found that UNC-115 is required for all
In addition to the GEF1 Rac GEF domain, UNC-73 has af the morphogenetic effects of RAC-2(G12V), indicating that
second GEF domain (GEF2) that acts on the Rac-related smBINC-115 acts downstream of RAC-2 to mediate these events
GTPase Rho (Spencer et al., 2001; Steven et al., 199&nd that UNC-115 is normally involved in the formation of
Possibly,rho-1, the singleC. elegangiene that encodes Rho, Rac-induced membrane extensions.
acts downstream ainc-73in parallel to theracs to control unc-115did not suppressnig-2(G12V)or ced-10(G12V)
PDE axon development. consistent with the idea that UNC-115 acts with RAC-2
We found thatunc-115 was not required for other specifically. However,unc-115 might act in theced-10
morphogenetic events involving theacs and unc-73  pathway in parallel to another gene with overlapping function.
including migration of the CAN cell bodies, migration of the Possibly,unc-115does not suppressed-10(G12V)ecause
distal tip cell of the hermaphrodite gonad and phagocytosised-10(G12V)an exert its influence through a downstream
of cell corpses undergoing programmed cell deatit-115 effector gene that is redundant withc-115 Inherent in both
might be arac effector that acts specifically in axon models is the existence of other molecules, possibly other
pathfinding. Possibly, other genes with roles similanrto-  actin-binding proteins, that act downstream of MIG-2 and
115 act with theracs and unc-73in other morphogenetic CED-10 in parallel to UNC-11%inc-115is the only member

events. of theunc-115/abLIMamily present in th€. elegangenome
o . . ] (The C. elegangGenome Sequencing Consortium, 1998), so

Constitutive Rac signaling can induce plasma unc-115redundancy will be at the functional level and not

membrane extensions in neurons a result of homologous genes (as observed wih

PDE neurons of animals harboringed-10(G12V) mig-  redundancy).
2(G16V) and rac-2(G12V) constitutively-active transgenes .
displayed ectopic structures not seerran loss-of-function UNC-115 is a new downstream cytoskeletal effector
mutants, including extensive networks of ectopic axonsof Rac signaling
rac(G12V)animals also displayed ectopic plasma membran®ur results show that UNC-115 is required for the formation
extensions consisting of large, sheet-like structures, as well a§ plasma membrane extensions that resemble lamellipodia
thin, finger-like projections emanating from cell bodies, axonsnd filopodia, actin-based structures that normally regulate cell
and dendrites. These structures were dynamic over time, evehape. We show that the modeled UNC-115 VHD structure
in adult animals. Although we have no direct evidence of theontains a ‘positive patch’ found in other actin-binding VHDs
nature of these structures, their form and dynamics resemb(e€arder et al., 2002) and that the UNC-115 VHD binds to actin
actin cytoskeleton-based lamellipodia and filopodia found idilaments in vitro, indicating that UNC-115 is an actin-binding
growth cones of developing animals (Knobel et al., 1999). Raprotein. UNC-115 might control axon pathfinding by directly
activity is known to induce ectopic lamellipodia in culturedinteracting with the actin cytoskeleton of growth cones.
cells (Ridley et al., 1992), consistent with our observation of The loss-of-function and epistasis suppression experiments
lamellipodia-like structures induced by Rac activity in vivo.described here implicate UNC-115 as a downstream effector
However, we also observed filopodia-like extensions inducedf Rac signaling in axon pathfinding. In response to a signal
by Rac activity in PDE neurons, suggesting that Rac activitypossibly an extracellular guidance signal), UNC-73 Trio
might induce the formation of both lamellipodia-like and might act on all three Racs, which then influence the actin
filopodia-like structures in vivo. Possibly, Rac activity iscytoskeleton to achieve morphogenetic change underlying
required to produce these structures in growth cones and gsowth cone outgrowth and steering. UNC-115 might respond
normally precisely controlled by upstream regulators such a® RAC-2 and possibly CED-10 by binding to and modulating
UNC-73 Trio. the actin cytoskeleton of the growth cone. Other actin binding
Loss ofrac function caused both axon pathfinding defectsproteins might act redundantly with UNC-115 to mediate
and ectopic axon formation. Constitutivac activity also cytoskeletal change in response to CED-10 and MIG-2 signals.
caused both axon pathfinding defects and ectopic axdfurthermore, UNC-115 appears to act downstream of Rac
formation, suggesting that Rac activity is required for bottsignaling specifically in axon pathfinding, indicating that Racs
axon initiation and growth, as well as for inhibition of might use different downstream effectors to mediate different
superfluous axons and branches. Alternatively, constitutivenorphogenetic events.
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