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RPM-1, a Caenorhabditis elegans Protein That Functions in
Presynaptic Differentiation, Negatively Regulates Axon
Outgrowth by Controlling SAX-3/robo and UNC-5/UNC5
Activity

Haichang Li,* Gauri Kulkarni,* and William G. Wadsworth
Department of Pathology and Laboratory Medicine, Robert Wood Johnson Medical School, University of Medicine and Dentistry of New Jersey, Piscataway,
New Jersey 08854-5636

Changes in axon outgrowth patterns are often associated with synaptogenesis. Members of the conserved Pam/Highwire/RPM-1 protein
family have essential functions in presynaptic differentiation. Here, we show that Caenorhabditis elegans RPM-1 negatively regulates
axon outgrowth mediated by the guidance receptors SAX-3/robo and UNC-5/UNCS5. Loss-of-function rpm-1 mutations cause a failure to
terminate axon outgrowth, resulting in an overextension of the longitudinal PLM axon. We observe that PLM overextension in rpm-1
mutants is suppressed by sax-3 and unc-5loss-of-function mutations. PLM axon overextension is also induced by SAX-3 overexpression,
and the length of extension is enhanced by loss of rpm-1I function or suppressed by loss of unc-5 function. We also observe that loss of
rpm-1 function in genetic backgrounds sensitized for guidance defects disrupts ventral AVM axon guidance in a SAX-3-dependent
manner and enhances dorsal guidance of DA and DB motor axons in an UNC-5-dependent manner. Loss of rpm-1 function alters
expression of the green fluorescent protein (GFP)-tagged proteins, SAX-3::GFP and UNC-5::GFP. RPM-1 is known to regulate axon
termination through two parallel genetic pathways; one involves the Rab GEF (guanine nucleotide exchange factor) GLO-4, which
regulates vesicular trafficking, and another that involves the F-box protein FSN-1, which mediates RPM-1 ubiquitin ligase activity. We
show that glo-4 but not fsn-1 mutations affect axon guidance in a manner similar to loss of rpm-1I function. Together, the results suggest
that RPM-1 regulates axon outgrowth affecting axon guidance and termination by controlling the trafficking of the UNC-5 and SAX-3

receptors to cell membranes.
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Introduction

During development, axons migrate along specific pathways to
reach their targets and make functional connections. As axons
migrate, they are directed by extracellular guidance cues, includ-
ing members of the UNC-6/netrin and Slt-1/slit protein families
(Tessier-Lavigne and Goodman, 1996; Dickson, 2002). These
guidance cues are detected by receptors on the surface of the
migrating axons; in Caenorhabditis elegans, UNC-40/DCC and
UNC-5/UNCS5 associate with UNC-6/netrin, and the SAX-3/
robo associates with SLT-1/slit (Hedgecock et al., 1990; Leung-
Hagesteijn etal., 1992; Chan et al., 1996; Zallen et al., 1998; Hao et
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al., 2001). One view of axon guidance is that the cues orient
outgrowth-promoting activity through the asymmetric localiza-
tion of molecules that control protrusion activity (Adler et al.,
2006; Quinn et al., 2006) (C. C. Quinn, D. S. Pfeil, and W. G.
Wadsworth, unpublished observations).

Axons reaching their targets and assembling synapses may
undergo changes that alter axon outgrowth responses to guid-
ance cues. For example, some axons terminate additional axon
outgrowth once synaptic connections are made. There are many
unanswered questions regarding the regulation of these morpho-
logical changes. Do the signals that promote presynaptic assem-
bly also induce new axon outgrowth patterns or are the morpho-
logical changes the result of the formation of stable synapses?
Candidate molecules for regulating such changes include mem-
bers of the Pam/Highwire/RPM-1 protein family, which regulate
presynaptic differentiation and function in different organisms
(Schaefer et al., 2000; Wan et al., 2000; Zhen et al., 2000; Burgess
et al., 2004; D’Souza et al., 2005). In C. elegans, loss of rpm-1
function causes a range of defects affecting neuronal morphology
and synaptic organization (Schaefer et al., 2000; Zhen et al.,
2000). For example, mechanosensory neurons in the mutants fail
to form stable synaptic branches and overextend their axons
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(Schaefer et al., 2000). It is difficult from these observations alone
to distinguish whether the inability to form stable synapses is
what triggers the axon overextension.

RPM-1 is a large protein with several conserved domains that
may mediate different functions. RPM-1 functions cell autono-
mously in the mechanosensory neurons to regulate axon termi-
nation and synaptogenesis (Schaefer et al., 2000). RPM-1 binds
FSN-1 to negatively regulate a DLK-1 MAP (mitogen-activated
protein) kinase cascade through ubiquitin-mediated protein
degradation (Liao et al., 2004; Nakata et al., 2005). RPM-1 also
binds GLO-4 and may promote vesicular trafficking through a
Rab GTPase pathway (Grill et al., 2007). Components of these
pathways appear to be expressed throughout the nervous system
(Liao et al., 2004; Nakata et al., 2005; Grill et al., 2007). In the
mature nervous system, RPM-1 is localized to the presynaptic
periactive zone (Nakata et al., 2005).

Here, we report that RPM-1 regulates SAX-3/robo- and UNC-
5/UNC5-mediated axon outgrowth. Loss of rpm-1 function pro-
motes SAX-3/robo- and UNC-5/UNC5-mediated axon out-
growth and influences both the longitudinal axon extension of
mechanosensory neurons as well as the dorsal and ventral guid-
ance of other axons in sensitized genetic backgrounds. The regu-
lation of axon termination by RPM-1 is proposed to function
through the GLO-4 and FSN-1 pathways (Grill et al., 2007). For
the axon outgrowth affecting guidance, our results suggest that
RPM-1 could function through the GLO-4 pathway, rather than
the FSN-1 pathway. Also, because axon guidance defects prevent
the axons from reaching their targets in the sensitized back-
grounds, the results suggest that RPM-1-mediated regulation of
the guidance receptors through the GLO-4 pathway is not trig-
gered by the formation of stable synapses. Based on these obser-
vations, we propose that RPM-1 responses to the signals that
promote synaptogenesis and negatively regulates SAX-3/robo-
and UNC-5/UNC5-mediated axon outgrowth by controlling ve-
sicular trafficking via GLO-4.

Materials and Methods

Strains. Bristol strain N2 was used as the standard wild-type strain.
Worms were manipulated according to standard protocols and main-
tained at 20°C (Brenner, 1974). All mutations used for this study are
strong loss-of-function or null alleles unless otherwise indicated.
Strains constructed and used for this study were as follows: IM661:
unc-6(rh46)X; evIs82alV, IM662: unc-6(e78)X; evis82alV, IM207: unc-
6(ev400)X; evIs82alV, IM729: unc-5(el52) 1V; evIs82alV, IM731: rpm-
1(ur299)V; unc-5(el52) 1V; evis82alV, IM832: unc-40(el430)I;
evIs82alV, IM838: unc-6(rh46)X; zdIs5I, IM650: unc-6(ev400)X; zdIs5I,
IM647: slt-1(eh15)X; zdIs51, IM649: unc-6(ev400)X; slt-1(eh15)X; zdIs5I,
IM712: sax-3(ky123)X; zdIs51, IM739: unc-5(e53)1V; zdIs51, IM648: unc-
40(e1430)I; zdIs5I, IM843: rpm-1(ur299)V, IM844: rpm-1(ur299)V;
evIs82alV, IM805: rpm-1(ur299)V; unc-6(rh46)X; evIs82alV, IM856:
rpm-1(ur299)V; unc-6(e78)X; evIs82alV, IM848: rpm-1(ur299)V; unc-
6(ev400)X;  evIs82alV, IMS850: rpm-1(ur299)V; unc-40(el430)I;
evIs82alV, IM870: rpm-1(ur299)Viunc-6(rh46)X; unc-40(el430)I;
evIs82alV, IM845: rpm-1(ur299)V; zdIs51, IM847: rpm-1(ur299)V; unc-
6(rh46)X; zdIs51, IM849: rpm-1(ur299)V; unc-6(ev400)X; zdIs51, IM817:
rpm-1(ur299)V; slt-1(eh15)X; zdIs5I, IM804: rpm-1(ur299)V; sax-
3(ky123)X; zdIs51, IM851: rpm-1(ur299)V; unc40(e1430)L; zdIs51, IM736:
rpm-1(ur299)V; unc-5(e53)IV; zdIs5I, IM885: rpm-1(ur299)V; slt-
1(eh15)X; sax-3(ky123)X; zdIs5I, IM883: rpm-1(ur299)V; evIs98V,
IM884: rpm-1(ur299)V; kyEx253, IM886: fsn-1(hp1); zdIs51, IM890: rpm-
1(ur299); glo-4(0k6230;zdIs51, IM891: rpm-1(ur299); glo-1(zu391);
zdIs51, IM913: gmlIs28; zdIs51, IM965: rpm-1(ur299)V; gmls28, IM966:
rpm-1(ur299) V; gmls28; zdIs51, IM970: juls58; zdIs5I, IM971: unc-
5(e53)1V; gmls28; zdIs51, IM975: unc-40(el1430)L,gmIs28; zdIs51, IM976:
rpm-1(ur299); unc-5(el52) 1V; unc-6(rh46)X; evis82alV, IM1039: slt-
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1(eh15); glo-4 (0k623); zdIs5, IM1040: slt-1(eh15); fsn-1(hpl); zdIs5I,
IM1037: glo-4(0k623); zdIs51, IM1038: glo-1(zu391)zdIs51.

Strains that were not derived in the Wadsworth Laboratory were
kindly provided by Joe Culotti [evIs82a(unc-129:gfp)], Scott Clark
[zdIs-5(mec-4::gfp)], or Theresa Stiernagle (CB4856 and other strains
used for mapping) of the Caenorhabditis Genetics Center (Minneapolis,
MN). Strains of various double mutants or triple mutants were con-
structed using standard genetic procedures and confirmed by either
complementation tests or PCR genotyping.

Molecular characterization of rpm-1(ur299). The ur299 allele was re-
covered from a genetic screen for suppressors of dorsal axon guidance
defect caused by the unc-6(rh46) mutation (our unpublished data). The
ur299 worms show Egl and small in body size (dumpy). The ur299 allele
was first mapped to chromosome V using traditional two factors map-
ping strategy. For fine mapping, we used single-nucleotide polymor-
phisms to map ur299 to the area shown (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material). Cosmids containing se-
quences for this area were obtained from the Sanger Center (Cambridge,
UK) and were injected into the mutant animals at concentrations of 2—-10
ng/ul, along with a coinjection marker pIM175(unc-119::¢fp) at 100 ng/
wl. The animals were examined for rescue of the mild dumpy body phe-
notype caused by #r299 mutation. Germline transformation with a mix-
ture of cosmids that included CO1B7, which contains the rpm-I
sequence, rescued the ur299 phenotypes. In a complement assay, the
ur299 mutation failed to complement rpm-1(js317) (Schaefer et al., 2000)
and the rpm-1(js317);unc-6(rh46) double mutant phenotyped ur299;
unc-6(rh46) in both morphological and axonal phenotype. The molecu-
lar lesions in rpm-1(ur299) were identified and confirmed by sequencing
genomic PCR products from mutant animals with unique DNA primers
for rpm-1 and aligning with the reported genomic sequence from the C.
elegans Genome Sequencing Consortium.

Axon migration assays. To visualize the DA/DB motorneurons in living
animals, we use the integrated unc-129::gfp transgene evIs82a. To analyze
the axon guidance in mutants, worms were mounted on 5% agar pad in
M9 buffer containing 10 mm levamisole and observed with a 40X objec-
tive, using fluorescence optics on a Carl Zeiss (Oberkochen, Germany)
Axio-Imager Z1 microscope. Dorsal guidance of the DA and DB axons
was scored as defective if none of the axons from the neuron cell bodies
situated along the ventral nerve cord in the region between the pharynx
and vulva reach the dorsal cord.

To visualize the mechanosensory neurons, we used the mec-4::gfp
transgene zdIs5. These neurons have well defined cell body position and
axon extensions. The AVM is localized at the lateral side of the body wall
and extends an axon ventrally to the ventral nerve cord and then extends
anteriorly. Worms were scored as having an AVM ventral guidance de-
fect if the axon failed to reach the ventral cord. The paired PLM neurons
are located posteriorly on the lateral body wall. In wild-type young adult
animals, the PLM axon extends anteriorly and terminates in the middle
of the animal near the vulva. PLM axon was scored as overextended if it
migrated to or past the position of the ALM cell body, or was scored as
displaying a short extension if it failed to reach the position of the vulva.
A two-tailed z test was used to determine whether the phenotypes were
significantly different between two strains.

Because the AVM cell body migrates before extending an axon, we
determined whether the anterior—posterior position of the AVM cell
body was affected in different mutant strains. We determined the ratio of
the distance between the posterior edge of the pharyngeal terminal bulb
and the AVM cell body to the distance between the posterior edge of the
pharyngeal terminal bulb and the center of the vulva. This ratio was
0.49 = 0.01 (SEM) (n = 25) for wild-type animals, and we found no
significant differences (two-tailed z test) in mutant strains of rpm-

1(ur299), rpm-1(ur299);gmiIs28, rpm-1(ur299);glo-4(0k623), rpm-
1(ur299);glo-1(zu391), or rpm-1(ur299),fsn-1(hp1).
Transgenic animals and green fluorescent protein  analysis.

evIs98[unc-5:GFP; dpy-20(+)] and evEx66[unc-40::GFP;rol-6)] were
provided by Joe Culotti (University of Toronto, Toronto, Ontario, Can-
ada). kyEx253[sax-3::GFP;lin-15(+ )] was obtained from Cori Bargmann
(The  Rockefeller  University, New  York, NY); gmls28
[mec-7::SAX-3::GFP; ttx-3::gfp] was provided by Gian Garriga (Univer-
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Figure 1. rpm-1(ur299) affects guidance receptor activities for dorsal axon guidance. 4,

Schematic diagram of the migration of DA/DB motorneurons. These neurons extend axons
dorsally away from ventral UNC-6 sources. B—E, The phenotypes of DA/DB axon guidance in
wild-type (B, €) and unc-6(rh46) mutant larva (D, E). DA and DB motor axons in L4-stage
animals were visualized with ev/s82a [unc-129::gfp]. In the image of the unc-6(rh46) mutant
larva, some axons have extended and joined the dorsal sublateral nerve. F, Quantification of
DA/DB dorsal guidance defect in various mutants. rpm-1(ur299) suppresses the dorsal guidance
defects caused by the unc-6(rh46) and unc-6(e78) hypomorphic alleles but not the null allele,
unc-6(ev400). Triple-mutant analysis suggests that suppression by rpm-1(ur299) is dependent
on unc-5 function. Asterisks indicate statistically significant difference (*p << 0.05). Anterior is
left and dorsal is up; vc, ventral cord; dc, dorsal cord; dsl, dorsal—sublateral cord. Error bars
represent SEs of proportions. Scale bars, 20 pm.

sity of California, Berkeley, Berkeley, CA) and juls58[rpm-1:GFP; rol-6]
was obtained from Yishi Jin (University of California, San Diego, La Jolla,
CA). Green fluorescent protein (GFP) analysis in living worms was per-
formed using 40 or 63X objective on a Carl Zeiss Axio-Imager Z1 micro-
scope equipped with an apotome imager. Image analysis was performed
using Axio-Vision LE 4.5 software. SAX-3::GFP localization in the ALM
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Figure 2.  rpm-1(ur299) affects guidance receptor activities for ventral axon migration. 4,
Schematic diagram of the AVM axon. The AVM axon is repelled from dorsal SLT-1 sources and is
attracted toward ventral UNC-6 sources. B—E, AVM axon guidance in wild-type (€) and mutant
larva (). The AVM axons in L4 stage animals were visualized with zdls5 [mec-4::gfp]. F, Quan-
tification of the AVM guidance defects in different mutant backgrounds. The rpm-1;slt-1 double
mutants are as severe as slt-1;unc-6 mutants suggesting that loss of rpm-1 function prevents
UNC-6signaling, likely by inhibiting UNC-40signaling. This effect is not observed in rpm-1,sax-3
double mutants indicating that the ability of the rpm-7 mutation to inhibit UNC-6 signaling is
dependent on the SAX-3 receptor. This is consistent with biochemical evidence indicating that
an interaction between UNC-40/DCC and SAX-3/robo silences the guidance effects of UNC-6/
netrin (Stein and Tessier-Lavigne, 2001). The silencing effect occurs in rpm-1,st-1 mutants,
indicating that the SLT-1 ligand is not required. The silencing effect observed in rpm-1;slt-1
mutantsis reversed in the triple, rpm-T1;slt-1,sax-3 showing that the silencing effect is mediated
by SAX-3 receptor. Also, the AVM defects caused by unc-6 or unc-40 mutants are suppressed by
loss of rpm-T1 function suggesting the upregulation of SAX-3 improves SLT-1ssignaling. Asterisks
indicate statistically significant difference (*p << 0.05; **p << 0.005). Anterior is left and dorsal
is up. Error bars represent SEs of proportions. Scale bars, 20 pm.

and PLM neurons were examined in L4 or young adults. Using a 63X
objective, images of the neurons were collected under identical exposure
conditions. Neurons were scored as having a punctate pattern if in any
focal plane five or more puncta could be counted.
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Figure3. rpm-1(ur299) affects guidance receptor activities for longitudinal axon migration. A, Schematic diagram of the PLM longitudinal axon. B, C, In wild-type animals, PLM axons extend to
aregion near the vulva (arrowhead). D-G, In rpm-1(ur299) (D, E) and rpm-1(ur299),gmls28 (F, G) animals, the PLM axon overextends, passing the ALM cell body or AVM cell body (arrowhead). H-J,
Quantification of the PLM overextension in various mutant backgrounds. The PLM axons were visualized with zdls5[mec-4::gfp]. Loss of rpm-1 function causes overextension of PLM axon. H, The
penetrance of the overextension phenotype of rpm-1is reduced by loss of unc-5, slt-1, or sax-3 function suggesting the same pathways that control directed dorsal and ventral axon outgrowth also
control the longitudinal PLM axon extension. /, J, Overexpression of SAX-3 in mechanosensory neurons, which includes PLM, causes the PLM axon overextension phenotype. SAX-3 overexpression
was obtained using a transgenic line, which carried the integrated Pmec7::SAX-3::GFP transgene ( gm/s28) (Watari-Goshima et al., 2007). The overextension phenotype caused by overexpression of
SAX-3 is suppressed by loss of unc-5 function, but not by the loss of unc-40 function. Overexpression of SAX-3 in rpm-1(ur299) mutant causes even longer extensions than the rpm-7 mutation alone,
suggesting rpm-1 influences the SAX-3 function that regulates PLM axon extension. Asterisks indicate statistically significant difference (*p << 0.05; **p << 0.005; ***p << 0.0005). Anterior is left
and dorsal is up. Error bars represent SEs of proportions. Scale bars, 20 um.
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Figure 4.  Overexpression of RPM-1 causes short PLM axon extension. The PLM axons were
visualized with zdls5 [mec-4::gfp]. RPM-1 overexpression was obtained using a transgenic line,
which carried the integrated rpm-1::GFP transgene ( juls58). A, In wild-type animals, PLM
axons stop their anterior extension near the vulva (arrow). B, In juls58 worms, PLM displays
short extension (arrowhead). €, Quantification of the PLM short extension in different mutant
backgrounds. The PLM s also shorter in sax-3 and unc-5 mutants, suggesting that RPM-1 might
negatively requlate SAX-3 and UNC-5 activity to affect PLM extension. Asterisks indicate statis-
tically significant difference (*p << 0.05; **p << 0.005). Anterior is left and dorsal is up; stars
indicate the position of vulva. Error bars represent SEs of proportions. Scale bars, 20 wm.

Results

rpm-1 alleles

Weisolated an allele of rpm-1 from a genetic screen for mutations
that could suppress dorsal guidance defects caused by the unc-
6(rh46) mutation. The unc-6(rh46) mutation is a partial loss-of-
function allele (Hedgecock et al., 1990; Wadsworth et al., 1996),
and mutations were isolated that could improve the ability of DA
and DB motor axons to reach the dorsal cord in the unc-6(rh46)
background. The ur299 mutation was mapped to a region near
the center of chromosome V. We observed that 4r299 causes a
mild dumpy phenotype and subtle egg laying defects that were
similar to those reported for mutations in rpm-1, a gene located
in the same region (Schaefer et al., 2000; Zhen et al., 2000). We
found that the ur299 mutation fails to complement rpm-1(js317),
suggesting that ur299 is a rpm-1 mutation. The js317 mutation
generates an early stop codon and likely causes complete loss of
function (Schaefer et al., 2000). Sequencing revealed that the
ur299 mutation causes a nonsense mutation (a CAG to TAG
change) atnucleotide 3589 (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material). RPM-1 is a putative
RING finger/E3 ubiquitin ligase of 3766 aa. Loss of rpm-1 func-
tion disrupts presynaptic architecture and causes abnormal axon
morphology (Schaefer et al., 2000; Zhen et al., 2000). The expres-
sion and analysis of rpm-1 functions indicates that RPM-1 acts
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cell autonomously (Schaefer et al., 2000; Zhen et al., 2000); we
observe RPM-1::GFP expression in the neurons that we assay in
this study (supplemental Fig. 2, available at www.jneurosci.org as
supplemental material). RPM-1 is a member of a conserved fam-
ily of proteins that includes Drosophila Highwire (Hiw), zebrafish
Esrom, and mammalian Phrl and Pam, proteins that have also
been shown to influence neuronal development (Karlstrom et al.,
1996; Guo et al., 1998; Schaefer et al., 2000; Wan et al., 2000; Zhen
et al., 2000; D’Souza et al., 2005).

RPM-1 regulates dorsal axon guidance mediated by UNC-5
We examined the ability of the rpm-1(ur299) mutation to im-
prove the dorsal migration of DA and DB motor neuron axons in
different unc-6 mutant backgrounds. The DA and DB ventral
cord motor neurons send axons dorsally that travel circumferen-
tially along the body wall away from ventral sources of the UNC-6
guidance cue (Fig. 1 A-C) (Hedgecock et al., 1990; Wadsworth et
al., 1996). We found that rpm-I mutation improve the dorsal
guidance in unc-6(rh46) and unc-6(e78) mutants, but not in unc-
6(ev400) mutants (Fig. 1 D-F). The unc-6(rh46) and unc-6(e78)
are reduction-of-function missense mutations that are predicted
to encode altered forms of UNC-6, whereas unc-6(ev400) causes
an early stop mutation and is considered a null allele (Hedgecock
etal., 1990; Wadsworth et al., 1996). These results suggest that the
improved guidance provided by the loss of rpm-1 function re-
quires the information provided by UNC-6.

The UNC-6 dorsal guidance of DA and DB motor neurons is
mediated by UNC-5 and UNC-40 receptors (Leung-Hagesteijn et
al., 1992; Chan et al., 1996). To determine whether these recep-
tors are involved in the suppression mediated by loss of rpm-1
function, we examined rpm-1;unc-40;unc-6(rh46) and rpm-1;
unc-5;unc-6(rh46) triple mutants (Fig. 1 F). The results show that
the rpm-1 mutation can suppress the unc-6(rh46) dorsal guid-
ance phenotype in the absence of UNC-40. Because the suppres-
sion by loss of rpm-1 function is not mediated through UNC-40,
we suggest that loss of rpm-1 function increases the guidance
activity of other UNC-6 receptor, UNC-5. However, a triple mu-
tant experiment using the strong loss-of-function allele unc-
5(e53) would not be as informative because dorsal guidance is
already severely impaired by the loss of unc-5 function alone.
Furthermore, our attempts to make such a strain were not suc-
cessful; we believe that the triple combination might not produce
viable animals. However, using a weaker partial loss-of-function
allele, unc-5(e152), we find that the suppression of the unc-
6(rh46) dorsal axon migration defects by rpm-1(ur299) is re-
duced in the unc-5(el52) background, which is consistent with
the requirement of UNC-5 activity.

RPM-1 regulates ventral guidance mediated by SAX-3

and UNC-40

The influence of UNC-6 and SLT-1, and their respective UNC-40
and SAX-3 receptors, has been well studied using the ventral
migration of the AVM axon (Hedgecock et al., 1990; Hao et al.,
2001; Yu et al., 2002; Gitai et al., 2003). Relative to the AVM
neuron, SLT-1 is secreted from dorsal sources, whereas UNC-6 is
secreted from ventral sources (Fig. 2). Loss of both cues results in
almost complete failure of AVM axon ventral guidance, whereas
the loss of either slt-1 or unc-6 function results in partial failure.
The AVM responses to UNC-6 and SLT-1 are mediated by
UNC-40 and SAX-3, respectively. We find that rpm-1;slt-1 dou-
ble mutants (Fig. 2F) have AVM guidance defects as severe as
double mutants of unc-40;slt-1 (Hao et al., 2001) or slt-1;unc-6.
This suggests that, in the rpm-1;slt-1 double mutants, the signal-
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ing by UNC-6 and UNC-40 is inhibited by
the loss of rpm-1 function.

We also find that rpm-1I;sax-3 double
mutants are not as severe as rpm-I;slt-1 or
slt-1;unc-6. Nor are they as severe as unc-
40;slt-1 double mutants (Hao et al., 2001).
This suggests that the ability of the rpm-
1(ur299) to inhibit UNC-40 signaling is
dependent on SAX-3. Indeed, the pen-
etrance of the AVM guidance defect in tri-
ple rpm-1;slt-1;sax-3 mutants is similar to
that of rpm-1;sax-3 mutants, rather than to
the severe condition observed in rpm-1;
slt-1 mutants (Fig. 2 F). Together, the AVM
results are consistent with a hypothesis that
SAX-3 in the rpm-1;slt-1 mutant can si-
lence UNC-40-mediated axon outgrowth
activity.

RPM-1 regulates longitudinal axon
outgrowth mediated by UNC-5

and SAX-3

In rpm-1 mutants, the PLM anterior pro-
cess often extends beyond the normal ter-
mination point (Fig. 3) (Schaefer et al.,
2000). We examined whether genetic in-
teractions between rpm-1 and unc-6, slt-1,
and the receptor genes affect PLM axon ex-
tension. We found that the overextension
in the rpm-1 mutant depends on UNC-5
and SAX-3 because the overextension phe-
notype is reduced in rpm- L;unc-5 and rpm-
I;sax-3 double mutants (Fig. 3H). How-
ever, the overextension phenotype remains
unaffected in unc-40;rpm-1 double mu-
tants, indicating that the overextension
does not require UNC-40. We note that the
position of the PLM cell body is not af-
fected by the rpm-1 mutation, although in some mutant back-
grounds, such as sax-3 and slt-1, there is a low penetrance of a
mispostioned cell body. However, we did not observe a clear
correlation between the position of the cell body and axon
overextension.

SAX-3 influences PLM axon extension. In sax-3;rpm-1 double
mutants, the penetrance of the overextension is reduced com-
pared with animals with the rpm-1 mutation alone (Fig. 3H).
Overexpression of SAX-3 causes the PLM axon overextension
phenotype (Fig. 3I). This was observed in transgenic animals
using the Pmec-7:sax-3::gfp integrated transgene (gmIs28)
(Watari-Goshima et al., 2007). Expression of this transgene was
shown to cause the rerouting of longitudinal axons by overex-
pression of SAX-3 (Watari-Goshima et al., 2007). We observe
that the overextension caused by SAX-3 overexpression is sup-
pressed by loss of unc-5 function, but not by the loss of unc-40
function (Fig. 3I). Because overextension caused by loss of rpmi-1
function is also suppressed by the loss of unc-5 function, but not
by the loss of unc-40 function, the same mechanisms might be
causing the overextensions. In addition, we find that SAX-3 over-
expression in combination with the rpm-1(ur299) mutation
cause the process to extend farther (Fig. 3]). Finally, we find that
the loss of the SAX-3 ligand, Slt-1, strongly suppresses the axon
overextension caused by loss of rpm-1I function (Fig. 3H). To-

Figure 5.
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RPM-1 affects SAX-3 and UNC-5 expression. SAX-3 and UNC-5 overexpression were obtained using transgenic
animals kyEx253 [sax-3::GFP] (Zallen et al., 1998) and ev/s98 [unc-5::GFP] (Killeen et al., 2002), respectively. 4, Example of the
posterior lateral region in ky£Ex253 [sax-3::GFP] larvae. No expression is detected in PLM neurons. B, Compared with 4, in kyEx253
[sax-3::GFP] larvae with the rpm-1(ur299) mutation a strong GFP signal is observed in PLM neurons. Multiple processes are often
present (arrowheads). ¢, Compared with 4, in kyEx253 [sax-3::GFP] larvae with the rpm-1(ur299) mutation a strong GFP signal is
observed in ventral cord motor neurons and their circumferential axons (arrowheads). D, Example of the lateral midbody region
in evIs98 [unc-5::GFP] animals. E, Compared with D, in ev/s98 [unc-5::GFP] larvae with the rpm-1(ur299) mutation the GFP signal
is detected in PLM (arrowhead). Axons often show multiple short branches; shown are abnormal branches from the dorsal nerve
cord (arrows). Anterior is left; dorsal is up; dc, dorsal cord; v, ventral cord; vmn, ventral motor neurons. Stars indicate the position
of vulva. Scale bars, 20 pm.

gether, these results suggest an association among SAX-3, SLT-1,
and RPM-1 that influences PLM axon extension.

We also observe that overexpression of RPM-1 has an oppo-
site effect; whereas loss of rpm-1 function results in PLM axon
overextension, when a rpm-1::gfp transgene is expressed in the
PLM neuron, 59% (n = 178) of the axon extensions are shorter
(Fig. 4). The extension is also shorter in 32% (n = 233) and 40%
(n = 194) of sax-3 and unc-5 mutants, respectively (Fig. 4C).
These results are consistent with the idea that RPM-1 can nega-
tively regulate SAX-3 and UNC-5 activity to affect PLM
extension.

RPM-1 affects UNC-5 and SAX-3 expression/localization

The SAX-3::GFP is expressed transiently in most neurons and in
some epidermal and muscle cells (Zallen et al., 1998). We observe
that in rpm-1 loss-of-function mutants, the SAX-3::GFP signal is
more widely detected. In rpm-1(+) L4 larvae, SAX-3::GFP is de-
tected in 25% (n = 60) of the PLM neurons, whereas in 57% (n =
60) of rpm-1(ur299) 14 larvae SAX-3::GFP signal is observed
(Fig. 5A,B). In 23% (n = 60) of rpm-1 loss-of-function mutants,
there are abnormal multiple processes from the PLM cell body.
Whereas in ventral cord motor neurons the SAX-3::GFP signal is
observed in 19% (n = 60) of rpm-1(+) larvae, 76% (n = 60)
of rpm-1 loss-of-function mutants show strong expression
(Fig. 5C).
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Figure 6.
transgenic animals carrying an integrated Pmec7::SAX-3::GFP transgene ( gmls28) (Watari-Goshima et al., 2007). 4, €, In wild-
type animals, SAX-3::GFP is localized in the AVM and PLM cell bodies and axons in a punctate pattern. Cell bodies are magpnified
in the left image in each panel. B, D, In rpm-1 mutants, the number of SAX-3::GFP puncta are reduced and they appear more
localized to the cell surface rather than to the cytoplasm. Anterior is left and dorsal is up. Arrows indicate the SAX-3::GFP puncta.
Scale bars, 20 pum.

We also observe a change in the subcellular localization of
SAX-3::GFP in the rpm-1 loss-of-function mutants (Fig. 6). In
the rpm-1(+ ) background, SAX::GFP is observed in the ALM and
PLM neurons as a punctate pattern in 88 and 84%, respectively,
of the animals (n = 103). However in rpm-1(—) mutants (n =
105), the pattern appears more uniform and the punctate pattern
was observed in only 39 and 37% of the ALM and PLM neurons.

A functional UNC-5::GFP is expressed in a punctate pattern
in neurons and cells, including those that require unc-5 cell au-
tonomously for guiding migrations (Killeen et al., 2002). We note
some subtle changes in the UNC-5::GFP expression pattern in
rpm-1 mutants. Whereas in rpm-1(+ ) animals we did not detect
UNC-5::GFP in the PLM neurons, in 7% (n = 150) of rpm-1
loss-of-function mutants expression in PLM is observed (Fig.
5D,E). Also, in the rpm-1 loss-of-function mutants the axons
often have multiple short branches (Fig. 5E).

The expression of each transgene was scored in L4 stage or
young adult animals. We found that it is more difficult to reliably
score pattern changes at earlier stages because the fluorescence
signals from the tagged proteins tend to be weaker. Although the
results indicate that loss of rpm-1 function can affect the
expression patterns, we cannot be sure whether the changes we
observe are present during the earlier stages when axon morphol-
ogy is perturbed in the mutants. In rpm-1 mutants, we did not ob-
serve changes in the expression pattern of UNC-40:GFP
from two different transgenes, evEX66[unc-40::GFP] and

RPM-1 affects the localization of SAX-3::GFP in ALM and PLM neurons. SAX-3 overexpression was observed in
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kyEx1212[punc-86::UNC-40::GFP] (Chan
et al., 1996; Adler et al., 2006). Further-
more, in rpm-1 mutant strains we used re-
porters expressing GFP to observe axon
positions and we did not observe the mor-
phological changes of neurons as in the
strains  expressing ~ SAX-3:GFP  or
UNC-5::GFP. Together, these observa-
tions suggest that the differences described
above are attributable mainly to changes in
SAX-3 or UNC-5 expression, rather than
effects caused by GFP expression.

GLO-4 and RPM-1 have similar effects
on ventral AVM and dorsal motor
neuron axon guidance

RPM-1 functions through at least two par-
allel pathways to regulate axon termina-
tion and synaptogenesis; one pathway in-
volves signaling through GLO-4 and
GLO-1 and the other involves signaling
through FSN-1 (Liao et al., 2004; Nakata et
al., 2005; Grill et al., 2007). Using the
strong loss-of-function alleles, we tested
double rpm-1;glo-4, rpm-1;glo-1, and rpm-
L;fsn-1 mutants for the PLM overextension
phenotypes (Fig. 3, Table 1). As previously
observed, the combinations could signifi-
cantly enhance the overextension pheno-
type relative to the single mutants, which is
consistent with the interpretation that
GLO-4 and FSN-1 pathways promote
RPM-1-mediated axon termination (Grill
etal., 2007). To test whether RPM-1 might
act through either GLO-4 or FSN-1 to in-
fluence ventral and dorsal axon guidance,
we asked whether the loss of either glo-4 or
fsn-1 function could affect axon guidance in a manner similar to
loss of rpm-1 function. Like rpm-1;sit-1 double mutants (Fig. 2),
the glo-4;slt-1 double mutants have AVM defects that are signif-
icantly enhanced relative to the single mutants; however, fsn-1;
slt-1 double mutants do not show an enhanced penetrance (Table
1). We also observe that, similar to loss of rpm-1 function, loss of
glo-4 function can suppress the dorsal guidance defect of the DA
and DB motor neurons in unc-6(rh46) mutants. In glo-4(0k623);
unc-6(rh46) mutants, 46% (n = 205) of DA/DB motor neuron
axons migrate dorsally compared with 21% (n = 157) in the
unc-6(rh46) mutants. Together, these results suggest that the
FSN-1 pathway may play distinct roles in the different neurons
and that the glo-4 pathway could mediate the rpm-1 function that
affects axon outgrowth in circumferentially migrating axons as
well as longitudinally migrating axons.

We observe that in glo-4(0k623) mutants, the SAX-3::GFP sig-
nal is more widely detected. In glo-4(+) L4 larvae, SAX-3::GFP is
detected in 25% (n = 60) of the PLM neurons, whereas in 48%
(n = 60) of glo-4(0k623) L4 larvae SAX-3::GFP signal is observed.
In 15% (n = 60) of glo-4(0k623) mutants, there are abnormal
multiple processes from the PLM cell body. Whereas in ventral
cord motor neurons the SAX-3::GFP signal is observed in 19%
(n = 60) of glo-4(+) larvae, 50% (n = 60) of glo-4(0k623) mu-
tants show strong expression. The phenotypes are similar to the
changes observed in rpm-1(ur299) mutants, which is consistent
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with the idea that RPM-1 may regulate
SAX-3 activity through the GLO-4
pathway.

Discussion

Axon termination and axon guidance both
involve the control of axon outgrowth.
Axon termination is the cessation of axon
outgrowth, whereas axon guidance in-
volves the orientation of axon outgrowth-
promoting activity by guidance cues
(Quinn et al., 2006). In fact, observations
using the HSN neuron show that physi-
cally the UNC-40 receptor and other pro-
teins that may mediate protrusion activity
are localized to the site of axon formation
in response to UNC-6 (Adler et al., 2006;
Chang et al.,, 2006; Quinn et al.,, 2006)
(Quinn, Pfeil, and Wadsworth, unpub-
lished observations). This model predicts
that the association of the guidance cue
and its receptor triggers orientation (i.e.,
neuronal polarity and the asymmetric traf-
ficking of the receptors to specific cell
membranes). At these membranes, the re-
ceptors promote the assembly of com-
plexes that promote outgrowth (Quinn,
Pfeil, and Wadsworth, unpublished obser-
vations). In fact, there are several examples
in which guidance receptor-mediated axon
outgrowth appears independent of the
known ligands for the receptor (Kim et al.,
1999; Honigberg and Kenyon, 2000; Yu et
al.,, 2002). In this study, for example,
UNC-5 is required to mediate PLM axon
extension; however, the UNC-6 ligand is
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Table 1. Axon guidance defects and overextension phenotypes in mutant strains

Ventral guidance AVM Overextension Overextension to AVM

Genotype axon (% defective) PLM axon (%) PLM axon (%) n

glo-4(0k623) 0 23 3 131
glo-1(zu397) 0 21 3 194
fsn-1(hp1) 0 28 5 257
rom-1(ur299) 0 90 15 270
rpm-1(ur299);glo-4(0k623) 0 100 42* 19
rom-1(ur299);glo-1(zu391) 0 100 87%* 146
rpm-1(ur299);fsn-1(hp1) 0 100 93%** 213
sit-1(eh15) 32 0 0 238
slt-1(eh15),glo-4(0k623) 63* 7 0 208
sit-1(eh15);fsn-1(hp1) 34 28 2 181

Strains were analyzed in the zdls5(mec-4::GFP) background at 20° C. n, Total number of animals scored. Asterisks indicate differences between rpm-1 or sit-1
single- or double-mutant strains determined by a two-tailed Z test (*p << 0.005; **p << 0.0005).

A axon outgrowth  presynapse B

presynapse
complexes development development
complexes signal

?
SAX-3 l UNC-5 I I 3 I

/l\ /f\ OHqu 'RPM'1

axon outgrowth O GLO-4 GLO-4
vesicle vesicle
trafficking trafficking

Figure 7. A model for RPM-1 regulation of guidance receptor functions. A, We hypothesize that RPM-1 negatively regulates
SAX-3 and UNC-5 activity at complexes on the cell surface membrane that promote outgrowth. Lack of RPM-1 or GLO-4 activity
increases receptor axon outgrowth-promoting activity. B, RPM-1is proposed to bind GLO-4 and positively requlate a Rab GEF
GLO-4 pathway to promote vesicular trafficking for synaptogenesis (Grill et al., 2007). This RPM-1 activity may be activated by
signals that promote synaptogenesis. The subsequent regulation of vesicular trafficking for presynaptic development might
inhibit the trafficking of SAX-3 and UNC-5 receptors to the locations where complexes could form to promote axon outgrowth.

not. In summary, we infer that the axon

guidance process is composed of two separate mechanisms me-
diated by the receptors, one that orients the outgrowth-
promoting activity in response to guidance cues and a second that
promotes axon outgrowth.

Mutations in VAB-8, UNC-73, and MIG-2 have also been
shown to regulate the UNC-40 and SAX-3 receptors and to affect
longitudinal axon outgrowth (Levy-Strumpf and Culotti, 2007;
Watari-Goshima et al., 2007). These genes are thought to be im-
portant for the appropriate spatial localization of the receptors;
perturbing their function affects neuronal polarity. In our model,
these genes might be considered as positively regulating the ori-
entation of the receptor outgrowth-activity. Perturbing the ori-
entation would, in turn, cause the guidance receptor-mediated
outgrowth activity to be misdirected.

In contrast to positively regulating orientation, RPM-1 nega-
tively regulates UNC-5- and SAX-3-mediated axon outgrowth-
promoting activity. We hypothesize that an increase in UNC-5
axon outgrowth activity in rpm-1 loss-of-function mutants pro-
duces the PLM axon overextension phenotype and improves the
dorsal DA and DB motor neuron axon migrations. It is worth
noting that, in the DA and DB motor neuron experiments, we
used a reduction-of-function allele, unc-5(e152). Although the
results from the rpm-1(ur299);unc-6(rh46);unc-5(el52) mutants
suggest that the unc-5(e152) allele reduces the ability of rpm-
1(ur299) to suppress the guidance defects caused by unc-6(rh46),
itisinteresting that the guidance defects in the rpm-1(ur299);unc-

5(el52) double mutants are more severe than in either the unc-
5(el52) or rpm-1(ur299) mutants (Fig. 1 F). A possibility is that
altered forms of UNC-5 could become detrimental to the guid-
ance process when not regulated by RPM-1. We do not yet know
whether this effect is specific to the unc-5(el52) allele.

The results also suggest that RPM-1 helps control SAX-3 in-
teractions with SLT-1 and UNC-40. Although both sit-1 and
sax-3 loss-of-function mutations cause a similar penetrance of
the mutant phenotype for the AVM and PLM axons, the slt-1
mutation in combination with the rpm-1 loss-of-function muta-
tion causes the greatest change to the mutant phenotype. We
hypothesize that this because SAX-3, when not associated with
SLT-1, is free to silence UNC-40-mediated signaling. The pheno-
type of triple rpm-1;sit-1;sax-3 mutants resembles the less severe
phenotype caused by rpm-1I;sax-3 rather than the severe defects
caused by rpm-1;slt-1, which is consistent with the predicted role
of SAX-3.

The idea that SAX-3 might inhibit UNC-40-mediated guid-
ance of the AVM axon was also suggested by Fujisawa et al. (2007)
while this study was under review. In addition, the interactions of
guidance receptors in vitro suggest that a guidance receptor can
directly influence the signaling by another. In cultured Xenopus
spinal cord neurons, an association between the DCC and Robo
receptors is thought to silence the ability of DCC to mediate
turning toward netrin (Stein and Tessier-Lavigne, 2001) and an
association between DCC and UNCS5 is thought to convert an
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attractive response to netrin to a repulsive response (Hong et al.,
1999). In C. elegans, unc-40 mutations have been shown to sup-
press SLT-1 gain-of-function phenotypes and enhance weak
sax-3 loss-of-function phenotypes, whereas biochemical experi-
ments indicate UNC-40 and SAX-3 directly interact (Yu et al.,
2002). These observations suggest that SAX-3 signaling is poten-
tiated by an association between UNC-40 and SAX-3 (Yu et al,,
2002).

RPM-1 could regulate axon outgrowth that affects axon guid-
ance and termination by controlling the trafficking of the UNC-5
and SAX-3 receptors to cell membranes (Fig. 7). RPM-1 is pro-
posed to positively regulate the Rab guanine nucleotide exchange
factor (GEF) GLO-4 pathway to promote vesicle trafficking for
presynaptic development (Grill et al., 2007). By positively regu-
lating vesicle trafficking to presynaptic sites, RPM-1 might re-
strict the trafficking of the receptors to the sites where they would
promote axon outgrowth. Our observations suggest that RPM-1
can regulate axon outgrowth in migrating axons that have not
formed stable presynaptic complexes. Moreover, RPM-1 activity
in the migrating axons does not appear to play a major role in
axon guidance. In fact, in our study, axon guidance defects are
not observed in the rpm-1 mutants unless there is a genetic back-
ground sensitized for axon guidance defects. An attractive idea is
that RPM-1 may be triggered to negatively regulate axon out-
growth by signals within local target environments that promote
synaptogenesis. In this manner, RPM-1 could help coordinate
UNC-5- and SAX-3-mediated axon outgrowth with presynaptic
development.
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