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ABSTRACT

Cell and growth cone migrations along the dorsoventral axis of Caenorhabditis elegans are mediated by
the UNC-5 and UNGC-40 receptor subtypes for the secreted UNC-6 guidance cue. To characterize UNC-6
receptor function in vivo, we have examined genetic interactions between unc-5 and unc-40in the migrations
of the hermaphrodite distal tip cells. We report that cell migration defects as severe as those associated
with a null mutation in unc¢-6 are produced only by null mutations in both un¢-5 and unc40, indicating
that either receptor retains some partial function in the absence of the other. We show that hypomorphic
unc-5 alleles exhibit two distinct types of interallelic genetic interactions. In an un¢40 wild-type genetic
background, some pairs of hypomorphic unc-5 alleles exhibit a partial allelic complementation. In an unc-
40 null background, however, we observed that un¢-5 hypomorphs exhibit dominant negative effects. We
propose that the UNC-5 and UNC-40 netrin receptors can function to mediate chemorepulsion in DTC
migrations either independently or together, and the observed genetic interactions suggest that this
flexibility in modes of signaling results from the formation of a variety of oligomeric receptor complexes.

EVERAL genes, including unc-6, unc-5, and unc-40,
are known to interact in guiding circumferential
cell and growth cone migrations in Caenorhabditis elegans
(HEDGECOCK et al. 1990; MCINTIRE et al. 1992). unc-6 en-
codes a member of the secreted, laminin-related protein
family called netrins (IsHi et al. 1992; KENNEDY et al.
1994; SERAFINT et al. 1994). unc-6 is expressed ventrally
in C. elegans, and mutations cause defects in both dor-
sally and ventrally directed cell and growth cone migra-
tions (HEDGECOCK et al. 1990; WADSWORTH et al. 1996).
Similar functions have been observed for insect and
vertebrate netrins (COLAMARINO and TESSIER-LAVIGNE
1995; HARRIS et al. 1996; MITCHELL et al. 1996; SERAFINT
et al. 1996). Although the mechanisms of function of
the UNC-6/netrins are poorly understood, migrating
cells and growth cones are thought to transduce relative
differences in extracellular UNC-6/netrin concentra-
tion into local, intracellular changes in the actin cy-
toskeleton.
unc-5 and unc-40 encode transmembrane receptors of
the immunoglobulin (Ig) superfamily (LEUNG-HAGES-
TEIN et al. 1992; CHAN et al. 1996). Expression of the
C. elegans UNGC-b protein is, in most cases, sufficient to
cause repulsion of migrating cells or growth cones away
from ventral concentrations of UNC-6 (HAMELIN et al.
1993, WADSWORTH et al. 1996; Su et al. 2000). Vertebrate
homologues of UNC-5 include the murine rostrocerebellar
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malformation (rem) gene product (ACKERMAN et al. 1997),
now renamed UNCHH3 (PRzYBORSKI et al. 1998), and
two rat homologues, UNC5H1 and UNC5H2 (Lko-
NARDO el al. 1997). unc5h3 mutants have defects in cell
migrations in the developing cerebellum (ACKERMAN et
al. 1997; PRzYBORSKI ef al. 1998), and all three homo-
logues have been shown to bind directly to netrins (LEo-
NARDO ¢l al. 1997).

C. elegans unc-40 is required primarily for ventrally
oriented migrations, but also contributes to dorsally ori-
ented and longitudinal migrations (HEDGECOCK et al.
1987, 1990). UNC40 is related to the product of the
mammalian deleted-in-colorectal-cancer (Dcc) gene (CHAN
et al. 1996), which is involved in axon guidance in the
mouse spinal cord (FAZELI et al. 1997), and to the prod-
uct of the frazzled gene of Drosophila, also involved
in axon guidance (Koropzigj et al. 1996). DCC binds
directly to netrins (KEINO-MAsU et al. 1996) and medi-
ates responses to Netrin-1 of Xenopus retinal ganglion
cells in culture (DE LA TORRE e al. 1997). Thus, the
UNC-6/netrin ligands together with the UNG-5 and
UNG-40/DCC receptors compose a highly conserved
system for the guidance of migrating cells and neuronal
growth cones.

The functional relationships between the UNC-5 and
UNG40/DCC receptors are not entirely clear. Pre-
sumed null unc40 mutations in C. elegans disrupt the
same dorsally oriented cell and growth cone migrations
as do unc¢-5 mutations, but with a lower penetrance
(HEDGECOCK el al. 1990). These weak effects of unc-
40 mutations suggest that UNC-40/DCC is not strictly
required for UNGC-5 function. However, ectopic expres-
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sion studies in both C. elegans (CoraviTAa and CULOTTI
1998) and Xenopus (HONG et al. 1999) indicate that, in
these unusual situations, all UNC-5-mediated repulsion
requires UNC-40/DCC. We are using the hermaphro-
dite distal tip cells (DTCs) of C. elegans as a model in
vivo system for the study of the mechanism, guidance,
and regulation of cell migrations. We have sought to
clarify the roles of and interactions between unc-40 and
unc-5 in the migrations of the DTCs, which are repelled
by UNC-6 in the ventral-to-dorsal phase of their migra-
tion. We propose a model in which the UNC-5 and UNC-
40 receptor subtypes are capable, to a limited extent, of
mediating repulsion from UNC-6 independently of one
another in the DTCs. However, the two netrin receptors
function best in combination and the types of genetic
interactions that we observe between hypomorphic un¢5
alleles suggest that multimerization, possibly between
UNCG-5 receptors, is a key component of netrin receptor
signal transduction.

MATERIALS AND METHODS

Culture conditions: Culturing, handling, and genetic ma-
nipulations were as previously described (BRENNER 1974). The
following genes and alleles were used:

Linkage group (LG) I unc40(e1430), unc40(ev457), unc40
(ev643) (D. C. MERzZ, unpublished results).

LG IV: unc-5(e53), unc-5(el52), unc-5(ev432), unc-5(ev435), unc-5
(ev512), unc-5(ev585), unc-5(ev634), unc-5(ev642), unc>
(ev644) (this study), gon-1(ev635) (D. C. MERzZ, unpublished
results), dpy-20(el282), unc-22(e606).

LGX: unc-6(ev400), unc-6(rh202).

Some strains not derived in our lab were obtained from
the Caenorhabditis Genetics Center, which is funded by the
National Institutes of Health (NIH) National Center for Re-
search Resources (NCRR). The isolation and phenotypic char-
acterization of the unc-5alleles €53, e152, 553, ev432, and ev435
have been previously described (BRENNER 1974; HEDGECOCK et
al. 1990; LEUNG-HAGESTEIN et al. 1992). ev512, ev585, ev634,
ev642, and ev644 were isolated by EMS mutagenesis in several
genetic screens (D. C. MErz, A. CoraviTa and J. G. CuLoTTI,
unpublished data). The allele 53 is phenotypically identical
to a group of severe unc-5 alleles (HEDGECOCK et al. 1990).
Genetic and molecular analyses suggest that these alleles rep-
resent the complete elimination of UNC-5 function. For exam-
ple, unc-5(e53) results from a nonsense mutation predicted to
terminate the protein (W283STOP) in the region encoding
the extracellular domain (see RESULTS below). Using large-
scale noncomplementation screens (>50,000 haploid ge-
nomes), we have been unable to generate unc-5 alleles more
severe than existing strong alleles such as unc-5(e53).

unc-40(e1430) (HEDGECOCK et al. 1990) has been sequenced
and is predicted to be a molecular null (CHAN et al. 1996).
eI430 has the most 5" nonsense mutation of characterized
unc-40 alleles. Several alleles with more 8’ truncations, includ-
ing unc-40(ev457), have slightly more severe phenotypes
(HEDGECOCK et al. 1990), possibly due to the production of
truncated, transinterfering proteins (CHAN et al. 1996). The
genetic interactions described here for unc-40(el1430) are iden-
tical with unc-40(ev457). On the basis of sequencing and phe-
notypic analysis, the unc-6(ev400) allele is considered a genetic

and molecular null allele (HEDGECOCK et al. 1990; WADs-
WORTH el al. 1996).

Scoring of DTC and Unc defects: Mutations in unc-5, unc-o,
and wunc-40 disrupt specifically the ventral-to-dorsal second
phase of DTC migrations (Figure 1). The misshapen gonad
arms thus produced are readily visible and quantifiable with
a dissecting microscope. Most strains could be scored in this
manner at the L4 or young adult stages of development.
Strains that are egg-laying defective (Egl), especially those
including unc-6 or unc-40 mutations, were scored entirely at
higher magnification under differential interference contrast
(DIC) optics. Gonad arms were scored as defective if the turn
from the centrifugal first to the centripetal third migration
phase occurred on the ventral side, indicating that the ventral-
to-dorsal second phase did not occur. Some differences with
previously published frequencies of DTC defects were found
(HEDGECOCK et al 1990). Scoring of DTC migrations under
DIC facilitates distinctions between qualitatively different
classes of migration errors. For example, there is a distinct
type of DTC migration defect often observed in unc¢-40 mutants
in which the DTCs descend ventrally again immediately upon
reaching the dorsal muscle band. Under low power micros-
copy, this defect is difficult to distinguish from a failure to
migrate to the dorsal muscle band. The Unc-ness of worms
was assayed using the standards of HEDGECOCK et al. (1990).

Standard errors for the proportions of defective DTC migra-
tions in a population were calculated using the observed fre-
quency and the actual sample size, assuming a binomial distri-
bution, as previously described (HEDGECOCK et al. 1990).

Comparisons were done using a standard test (one-tailed)
for comparing two proportions (MILLER and FREUND 1965).
All P values represent the probability that the penetrance of
DTC migration defects is lower in one strain than in another.
A P value of 0.05 is considered significant. Where measures
of statistical significance are reported in the text, the Pvalue
of the anterior or posterior DTC that is closer to 0.05 is given.

Transgenic strains: Transgenic lines were generated using
standard germline transformation techniques (MELLO and
FirE 1995). pZH85 contains 2.0 kb of genomic sequence from
immediately upstream of unc¢-5 exon 2 (LEUNG-HAGESTEIJN
et al. 1992) fused to a green fluorescent protein (GFP)-tagged
unc-40 cDNA (pZH22; CHAN et al. 1996), to express functional
UNC-40 (CHAN et al. 1996) in cells that normally express unc-5.
This 2.0kb unc-5 promoter fragment (unc-5B2), like the 4.6-kb
promoter previously described (Su et al. 2000), can drive ex-
pression of reporter constructs in the DTCs and several classes
of sensory neurons in the head. However, the 2.0-kb fragment
does not drive expression in ventral cord motorneurons.
pZH85 (20 or 80 ng/pl) was injected along with pMHS86
(20 ng/ul), which contains the wild-type dpy-20 gene. Four
independent non-Dpy transgenic lines (two at 20 ng/pl
PZHS85 and two at 80 ng/ ul pZHS85; they are called evEx117a—d,
respectively) were generated in a dpy-20; him-5 background
and passed into other mutant backgrounds, which were also
usually in the dpy-20 background in order to follow the trans-
genic array. GFP expression in the DTCs was confirmed for
each line. For each mutant background (e.g., unc¢-5) into which
the extrachromosomal array containing pZH85 was passed, at
least three of the four transgenic lines were used. No signifi-
cant differences were observed between transgenic lines, and
results are presented for evEx117a and evEx117b.

SSCP and sequencing of unc-5 alleles: cDNA was prepared
from RNA isolated from unc-5 alleles. For unc-5(e53) and unc-5
(e152), SSCP analysis was carried out essentially as previously
described (CHAN et al. 1996), and mutations were confirmed
by sequencing. The complete coding sequence of unc-5(el152)
was sequenced, while unc-5(e53) was sequenced 5’ to the muta-
tion site. For unc¢-5(ev585), single-stranded PCR products gen-
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erated from cDNA were directly (and completely) sequenced
for comparison to N2. The mutation was confirmed by se-
quencing of the opposing strand. A complete report of se-
quences of unc-5 alleles will be published elsewhere (M. T.
KiLLEeN, A. Krizus, 1. ScorT, R. Wik and J. G. CuLorTr,
unpublished results).

Construction of heteroallelic strains: For scoring of DTC
migration defects, heterozygous strains of unc-5 were gener-
ated by crossing wild-type males with unc-5 dpy-20 double mu-
tant strains. Non-Dpy progeny of these crosses were scored
for DTC migration defects.

unc-5 alleles (eI52 and ev585, for example) were placed in
trans with one another as follows. dpy-20(e1282); him-5(el1490)
males were crossed to unc-5(el152) hermaphrodites and male +
dpy-20(e1282)/ unc-5(e152) +; him-5(e1490)/+ cross-progeny
were picked. These were crossed to doubly homozygous unc-5
(ev585) dpy-20(el 282) hermaphrodites. The non-Dpy hermaph-
rodite progeny from this cross, which were unc-5(e152) +/unc-5
(ev585) dpy-20(el1282), were scored for defects in the dorsal
migrations of the anterior and posterior DTCs, as previously
described (HEDGECOCK ef al. 1990). The heterozygous dpy-20
mutation (dpy-20(el1282)/+) did not affect the frequencies of
DTC defects caused by unc-5 mutations. For example, there
were no significant differences in the defects of unc-5(e152)
homozygotes compared with unc-5(e152) + /unc-5(e152) dpy-20
(e1282). Due to the temperature sensitivity of dpy-20(e1282)
and of unc-5(ev585), all crosses were done at 25°. From each
cross, the DTC migration defects of all of the non-Dpy her-
maphrodite progeny were scored.

To examine the defects caused by heterozygous un¢-5 mu-
tants in an unc40(el1430) background, the balanced strains
unc-40(e1430); unc-5 + dpy-20(e1282) unc-22(e66)/+ gon-1
(ev635) ++ were constructed. Homozygous unc-22(e66) worms
exhibit a Twitching (Twi) phenotype, while homozygous
gon-1(ev635) worms exhibit a visible gonad (Gon) defect
caused by failure of gonad arm extension. The gon-1 pheno-
type is easily distinguishable from the Mig phenotype caused
by unc-5. Non-Twi non-Gon worms were scored for defects in
the ventral-to-dorsal phase of DTC migration. Heterozygous
gon-1 or unc-22 mutants did not affect the penetrance of DTC
defects in the unc40(e1430) background.

RESULTS

Background on DTC migration defects: The extension
of each of the two arms of the bilobed hermaphrodite
gonad during larval development is led by the migration
of a DTC (HEDGECOCK et al. 1987). Mutations in unc-3,
unc-6, or unc-40 specifically disrupt the ventral-to-dorsal
second phase of the DTC migration pattern (Figure 1).
The centrifugal first and centripetal third phases are
normal in timing and extent. In these mutants, however,
failures to execute the ventral-to-dorsal phase of migra-
tion result in both the first and third longitudinal phases
of DTC migration occurring on the ventral side. unc-6
null mutants are not fully penetrant for these defects
(HEDGECOCK et al. 1990), indicating that UNC-6-inde-
pendent mechanisms must also exist to guide this DTC
migration phase. The UNC-5 and UNC-40 receptors are
expressed by the DTCs during their migrations (CHAN
et al. 1996; Su et al. 2000). Consistent with the idea that
these receptors transduce UNC-6-mediated directional
information, additional mutations in unc¢-5 and unc40

F1GUure 1.—DTC migrations and defects. (A) An illustration
of the morphology of the developing hermaphrodite gonad.
The arrows indicate the migration pathway of each DTC in
each migration phase (numbered 1-3). DTC migrations begin
at the ventral midbody (asterisks) and end near the dorsal
midbody (B and C) Migrating posterior DTCs (position and
direction of migration are indicated by arrowheads) are shown
at the beginning of the third migration phase early in L4 in
wild-type (B) and unc-6 (C) genetic backgrounds. The second,
ventral-to-dorsal, phase is disrupted in the un¢-6 mutant back-
ground, resulting in the third, centripetal, migration phase
taking place ventrally (C). The proximal portion of the gonad
arm is out of the plane of focus in C, although the first migra-
tion phase is normal in these mutants. Anterior DTCs follow
a mirror image migration pattern. In all panels, ventral is
down and anterior to the left. Asterisks indicate the position
of the ventral midbody. Bar, 10 pwm.

do not enhance the second migration phase defects of
an unc-6 null mutation (HEDGECOCK et al. 1990). Thus,
the penetrance of DTC defects observed in an wunc-6
null background represents a complete loss of function
in this pathway, and a comparison of the penetrance of
this specific defect in other unc-6, unc-5, or unc-40 mu-
tants with that of the unc-6 null provides a measure of
the efficacy of the repulsive UNC-6 signaling pathway.

UNC-5 and UNC-40 function at the same time and
place: The functional and biochemical relationships be-
tween the UNC-5 and UNC-40 receptors are unclear.
We sought to examine in detail the role of each receptor
in the second, ventral-to-dorsal, DTC migration phase.
As described above, the identical DTC migration defect
is caused by mutations in une-5, -6, or -40. Previous mosaic
and transgenic studies have demonstrated that UNC-5
acts cell autonomously within the DTCs to initiate the
ventral-to-dorsal migration phase (LEUNG-HAGESTEIJN
et al. 1992; Su et al. 2000). Reporter construct analyses
suggest that unc-40 has a broad pattern of expression,
including the DTCs and surrounding tissues throughout
the time of the DTC migrations (CHAN et al. 1996).
Although UNC-40 can act cell autonomously to guide
neuronal axons (CHAN et al. 1996), its site and time of
action in DTC migrations have not been determined.
A functional GFP-tagged unc-40 transgene was placed
downstream of a fragment of the unc¢-5 promoter to ex-
press UNC40 in the DTCs, but not in surrounding tissues,
at the time of the initiation of the ventral-to-dorsal migra-
tion phase (Figure 2; Su et al. 2000). This GFP-tagged
UNC-40 transgene was previously shown to be capable
of rescuing an wunc-40 mutant when expressed under
the control of its endogenous promoter (CHAN et al.
1996). When expressed in the DTCs downstream of the
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Frcure 2.—A GFP-tagged unc-40 cDNA placed downstream
of a fragment of the unc¢-5 promoter is expressed in the DTCs
beginning at the time of the ventral-to-dorsal second migration
phase. All panels are images of migrating posterior DTCs in
an unc-40(e1430); evEx117a background. The arrows indicate
the migration pathway of the DTCs. (A) A DIC image of a
DTC in the first phase of migration. (B) An epifluorescence
image of the same DTC, with no detectable unc-40::GFP expres-
sion. (Cand D) During the second and third migration phases
GFP-tagged UNC-40 is expressed in the DTCs but not in sur-
rounding tissues. Background staining results from gut auto-
fluorescence and is visible in nontransgenic strains. In all
panels, anterior is to the left and dorsal is up. Bar, 10 pm.

unc-5B2 promoter, this unc-40 transgene (in the evEx117
lines) was able to rescue the DTC migration defects of
an unc-40 null mutant (Figure 3), as the frequency of
defects in evEx117; unc-40(el430) lines was significantly
lower than in unc-40(e1430) alone (P < 0.01; Figure 3A).
The dumpy (Dpy) and uncoordinated (Unc) pheno-
types of unc-40 were not affected. Expression of UNC-
40 from this transgene was not able to rescue the DTC
migration defects of the unc-6(ev400) null mutant (P >
0.05; Figure 3B), indicating that the function of the
transgenic UNC-40GFP in the DTCs, like endogenous
UNC-40, requires the UNC-6 guidance cue. From these
results, we conclude that UNC-40, like UNC-5, acts cell
autonomously within the DTCs at the time of the ventral-
to-dorsal migration to mediate a response to UNC-6.
UNC-5 and UNC-40 can function independently of
one another: As previously described, the relatively weak
defects in ventral-to-dorsal migrations caused by unc-40
mutations suggest that UNC-5b does not absolutely re-
quire UNC-40 to signal repulsion (HEDGECOCK et al.
1990). In ectopic expression assays in vilro or in vivo,
however, UNC-5 does absolutely require UNC-40,/DCC
for growth cone repulsion (Coravita and CULOTTI
1998; HONG et al. 1999). The penetrance of DTC defects
caused by a null mutation in unc-6is significantly greater
than that caused by null mutations in either unc¢5 or
unc-40 (P < 0.001; Figure 4A). However, the null allele
unc-40(e1430) in combination with the null allele unc-5
(e53) resulted in a frequency of DTC migration defects
identical to that caused by a complete loss of unc-6
function (P> 0.09; Figure 4A). This demonstrates that,
in DTC migrations, UNC-5 can transduce in part the
UNG-6 signal independently of UNC-40 (Figure 4B). In

addition, UNC-40 can signal repulsion independently
of UNG-5, indicating that UNG-5 is not absolutely re-
quired for UNC-40 to assume a repulsive role (Figure
4B). This guidance system is, however, fully functional
only if both receptors are present.

We asked whether the residual function of UNC-40
in the absence of UNC-5 could be mimicked by expres-
sion of the unc40GIP transgene in the DTCs. In addi-
tion we asked whether a high level of UNC-40 expression
in the DTCs could partially rescue the DTC migration
defects of an unc¢-5 mutation. As shown in Figure 3C, the
unc-5B2::unc-40GIP transgene of evlix117was capable of
rescuing the DTC migration defects of an unc-40(el430);
unc-5(e53) double mutant strain to a level approximately
equal to that of an unc¢-5(e53) mutant alone, but could
not fully rescue the DTC migration defects, presumably
due to its inability to substitute fully for UNC-5. Consis-
tent with this interpretation, transgenic expression of
UNGCH40 together with wild-type endogenous UNC-40
was also unable to compensate for a null mutation in
unc-5 (Figure 3D). Therefore, in addition to acting to-
gether to mediate repulsion from UNC-6, UNC-5 and
UNC-40 can act independently to carry out this same
function and do so in non-interchangeable ways.

Several hypomorphic unc-6 alleles, including unc-6
(rh202), selectively disrupt ventral-to-dorsal migrations
(HEDGECOCK et al. 1990). These alleles result from dele-
tions of the V-2 module of the UNC-6 EGF-like repeats
and are predicted to disrupt UNC-6-UNC-5 interactions
(WADSWORTH et al. 1996), although this has not been
tested biochemically. unc-6(rh202) mutants are, like unc-5
(e53), less severe than an unc-6 null allele (P < 0.001;
Figure 4A). However, double mutants of unc-40(el1430);
unc-6(rh202) were not significantly different from the
unc-6 null allele ev400in the penetrance of DTC defects
(P> 0.25; Figure 4A), nor were they significantly differ-
ent from the unc-40; unc-5 double null mutant (P >
0.19). This is consistent with the idea that unc-6(rh202)
selectively eliminates UNC-5-dependent functions of
UNG-6, but leaves intact a repulsion induced by UNC-
6-UNC-40 interactions.

unc-5 interactions in an unc40(+) background: Ge-
netic interactions were examined between unc-5 alleles
predicted to partially reduce UNG-5 function. Most of the
unc-5 alleles examined were fully recessive and exhibited
more frequent DTC defects when placed in trans to a null
unc-5 allele [unc-5(e53); Figure 5]. Rare (<1%) poste-
rior DTC defects were observed only in unc-5(e53)/+
or unc->(el52)/+ strains. unc-5(ev634) has the same fre-
quency of DTC migration defects as unc-5(e53) and this
frequency is not increased when ev634is placed in trans
to unc-5(e53) (Figure 5). This strain is, however, less
uncoordinated than unc-5(e53), suggesting some resid-
ual UNG-5 function, at least in the nervous system. Thus,
we consider this and the other unc¢-5 alleles examined
[excepting unc-5(e53)] to be hypomorphic alleles.

When placed in trans to one another, some but not
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Ficure 3.—Effects of expression of a transgene encoding a GFP-tagged UNC-40 in the DTCs. Extrachromosomal arrays
containing unc-40::GFP downstream of the unc-5B promoter fragment (evExI17a and evEx117b) were passed into mutant back-
grounds to assess the ability of these arrays to rescue DTC migration defects. Hatched columns represent the frequency of defects
in the migrations of posterior DTCs, while open columns represent the frequency of defects of anterior DTCs. A significant
reduction in DTC migration defects (relative to each mutant background without evEx117a or -b) was observed for the null allele
unc-40(e1430) (A), the double null mutant strain unc-40(el430); unc-5(e53) (C), and hypomorphic mutation unc-5(e152) (E). No
effects were found in the null allele unc-6(ev400) (B), unc-5(e53) (D), or the hypomorphic unc-5(ev585) (F) backgrounds. Numbers
above bars indicate the number of worms scored, each for both the anterior and posterior DTCs. Asterisks indicate significant
differences at the P < 0.05 (single asterisk) or P < 0.001 (double asterisk) levels. Vertical bars indicate standard errors.

all pairs of two different hypomorphic alleles exhibited a
partial complementation. For example, the unc-5(ev585)
allele in trans to the unc-5(el52) allele resulted in a
significantly (P < 0.0001) lower frequency of DTC de-
fects than that observed in either homozygous ev585 or
homozygous el52mutants (Figure 5). Whereas homozy-
gous ev585 or el52 hermaphrodites both exhibited de-
fects in ~20% of anterior DTCs and 40% of posterior
DTGCs, the transheterozygotes (ev585/¢152) had defects
in only 5/226 (2%) of anterior and 54/226 (24%) of
posterior DTCs.

A similar partial complementation was observed for
other pairs of unc-5 alleles (Figure 5). This interallelic
complementation was never complete, but was in all
cases a partial amelioration of DTC migration defects.
Six of eight of these unc-5 hypomorphs could be placed
into one of two groups in which partial complementa-

tion was observed between but not within each group.
Thus, the group ev435, ev512, ev585, and ev642 partially
complemented ¢/52 and ev644. In cases for which the
site of the molecular lesion is known, the former group
comprises alleles with UNC-5 ectodomain mutations,
while the latter group comprises cytodomain domain
mutations (M. T. KiLLEEN, A. Krizus, I. ScoTT, R. WILK,
M. NyYGIEM and J. G. CurorTi, unpublished results).
For example, unc-5(ev585) results from a missense muta-
tion in the second Ig domain (C181Y), while unc¢-5(e152)
results from a nonsense mutation (Q507STOP) pre-
dicted to truncate the cytodomain. One of the excep-
tions to this grouping of alleles was unc¢-5(ev634), which
partially complemented ev432, ev512, and ev644. An-
other exception was unc-5(ev432), which complemented
only ev634.

unc-5 interactions in an unc40(—) background: Al-
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FIGURE 4.—Mutations in both unc-5 and unc-40are required
to eliminate UNC-6-dependent DTC migrations. Hatched col-
umns represent the frequency of defects in the migrations of
posterior DTCs, while open columns represent the frequency
of defects of anterior DTCs. (A) unc-5 null, unc-40 null, and
unc-6(rh202) mutants have significantly lower percentages of
DTC migration defects than an unc-6 null. However, double
mutant strains of unec-40 and une-5 nulls or of an unc-40 null
with unc-6(rh202) are indistinguishable from the wun¢-6 null.
Numbers above bars indicate the number of worms scored,
each for both the anterior and posterior DTCs. Double aster-
isks indicate a statistically significant difference at a P value
of 0.001. (B) As shown on the left, previous reports suggest
that UNC-5 function is dependent upon UNC-40. However,
in DTC migrations, examination of null mutants suggests that
netrin receptor function is more complicated and indicates
that UNC-5 and UNC-40 each retain some function in the
absence of the other, as depicted on the right.

though all unc-5 alleles examined were recessive and
some unc¢-5 hypomorphic alleles exhibited interallelic
complementation, different genetic properties were ob-
served when these unc-5 alleles were examined in an
unc-40null background. For example, an unc-40(e1430);
unc-5(e53)/+ strain was more severely defective in DTC
migrations than unc-40(el1430) alone (P < 0.0001; Fig-
ure 6A). As unc-5(¢53) is a null allele, this indicates the
haploinsufficiency of unc-5 in the absence of UNC-40.
The unc-5hypomorphic alleles e152and ev585 exhibited
stronger dominant enhancement of the DTC defects of
unc-40(e1430) than did the unc-5 null allele 53 (Figure
6A). Both unc40(el1430); unc-5(el52)/+ and wunc-40
(e1430); unc-5(ev585)/ + strains had significantly higher

frequencies of DTC migration defects than wunc40
(e1430) alone (P < 0.0001). In addition, both had sig-
nificantly more DTC defects than unc-40(el1430); e53/+
[P < 0.0001 for unc-40(el1430); unc-5(el152)/+ and P <
0.012 for unc-40(e1430); unc-5(ev585)/ +1. The most se-
vere effects were observed with wunc-40(el430); unc-5
(e152)/+, in which 43/136 (32%) of anterior and 110/
136 (81%) of DTC migrations were defective (Figure
6A). These worms were also more uncoordinated than
unc-40(e1430) alone. Thus, in an unc-40(—) background,
unc-5 null alleles can exhibit haploinsufficiency while
hypomorphic alleles also exhibit dominant negative ef-
fects.

UNG-5 can act through an UNC-40-dependent path-
way: As described above, null mutant phenotypes sug-
gest that the UNC-5 and UNC-40 receptor subtypes can
function independently of one another. However, com-
plete function requires both receptors, and recent bio-
chemical and in vitro assays on vertebrate homologues
suggest direct interactions between the two receptor
subtypes (HONG et al. 1999). We asked whether, for
any unc-5 hypomorphs, the residual function in DTC
migrations was dependent upon UNC-40. Double mu-
tant strains comprising a null allele of unc-40 and an
unc-5 hypomorph were all more severe than the unc-5
hypomorph alone (Figure 6B). Therefore, eliminating
unc-40 function enhances the defects of unc-5 mutants.
Some, but not all, alleles were enhanced to the severity
of unc-6 null mutants. In particular, a double mutant
comprising unc-40(el1430) and unc-5(e152) was not sig-
nificantly different from an wne-6 null (P > 0.39) or
from unc-40(e1430); unc-5(e53) (P> 0.26), either in the
frequency of DTC migration errors (Figure 6B) or in
the severity of uncoordination (data not shown). Simi-
lar results were obtained with other unc-40 alleles to-
gether with unc-5(e152). Two other strong and putative
null unc40 alleles, ev457 and ev643, isolated in separ-
ate genetic screens and backgrounds, also eliminated
UNCGC-6-dependent DTC migrations as double mutants
with unc-5(e152), as the frequency of DTC migration
defects was not significantly different from that of unc-6
(ev400). An unc-40(ev457); unc-5(el52) strain (N = 129)
exhibited 49% anterior (P = 0.46) and 88% posterior
(P = 0.13) DTC defects. unc-40(ev643); unc-5(el52) (N =
122) had 47% anterior (P = 0.42) and 84% posterior
(P = 0.5) DTC defects.

Most other unc-5> hypomorphic alleles did not exhibit
this interaction (Figure 6B). For example, although the
e152 and the temperature-sensitive ev585 unc-5 alleles
are quantitatively similar in their DTC and axon guid-
ance defects at 25° (Figure 5 and D. C. MERZ, unpub-
lished data), a double mutant of unc-40(1430) together
with unc-5(ev585) exhibited a less severe phenotype than
an unc-6 null (Figure 6B). Thus, in an un¢40 null back-
ground, the function retained by some hypomorphic
unc-5 alleles, such as ¢l52, is dependent on UNC-40,
while the function retained by other unc-5 alleles is not



fully dependent on UNC-40. These two groups of alleles,
therefore, distinguish UNC-40-dependent and UNC-
40-independent signaling functions of UNC-5. Expres-
sion of UNC-40 GFP in the DTCs from a multicopy array
(evkix117) partially rescued the DTC defects of unc-5
(e152), but not unc-5(ev585) or unc-5(e53) (Figure 3, D-F),
providing additional evidence that the cytoplasmically
truncated UNGC-5 receptor is dependent upon UNC-40
for its residual function.

DISCUSSION

Extracellular guidance cues such as UNC-6/netrins
and semaphorins are thought to act on migrating cells
and growth cones by increasing or decreasing the exten-
sion or stabilization of membrane structures such as
lamellipodia and filopodia. The mechanisms by which
local concentration differences in a ligand are interpre-
ted at the leading edge of a migrating cell or growth
cone are not understood. To learn how the UNC-6 direc-
tional signal is transduced by the UNC-5 and UNC-40
receptors at the cell surface, we have examined genetic
interactions between unc-5 and unc-40 in the ventral-
to-dorsal migration phase of the DTCs. Transgenic and
mosaic experiments indicate that each of the UNC-6
receptor subtypes can act cell autonomously within the
DTGCs at the time of this migration phase. This allows
us to propose from the genetic interactions a model for
how the UNC-5 and UNC-40 receptor proteins function.

The UNC-6/netrins are capable of acting as either
attractant or repellant guidance cues. Of the two known
UNG-6 receptors, UNG- is associated only with repul-
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FIGURE 5.—Some wunc¢-5 hypo-
o644 [|A00 | Aos0 A242 | A121 | A0+0 | A0+0 | A0+0 | A2+1 | A1+l | A11 morphic alleles exhibit a par-
P0+0 | P25+4| P11+3| P19+4| P10+3| P8+3 | P8+3 | P6+2 | P4+2 | P1743| tial interallelic complementation.
ey P e ik AdEalAsis | A2 Transheterozygotes comprising
ev642 = 1ALl | A943 : ND +: =+ two different alleles of unc-5 were
P00 | P65+5 | P2334 | P4245] P 2543 P62:d | P3615 | P3745 constructed and scored for the fre-
634 A0+0 | A23+41 A 1744 JAO+0 |A2+41 | A0+0 | A1143| A 2542 quency with which DTCs failed to
ev P0+0 | P57+5 | P 6445 |[P19+3 |P18+3 | P1+1 | P 38+5| P 64+2 migrate dorsally. Both the ante-
A0s0 | A22+a| a2s2 [assez [A121 [ A6s2 [A2302 rior (A) and the posterior (P)
ev585 || poso | P62 +5| P24+3 | P29+3 | P36+4 | P43:a| Pa312 DTCs were scored, with a mini-
— = - mum sample size of 100 each. The
ev512 || A0+0 | A12+431 AL+l | A6+2 | Alsl | AS+] first row and column are the al-
P0+0 | P36+5 | P1734 | P35+4 | P19+5| P33+1 leles tested. + indicates a wild-type
A0+0 |A742 | A141 | Ads2 | A 111 unc-5 allele. The shaded boxes
evd35 || p 0+0 | P 5!%15 P uiﬂ P ;—}tﬂ P 2043 highlight strains in which a partial
20 | a13eal A 215] A 1033 complementation was observed,
evd32 s i+ ® i.e.,in which the frequency of DTC
P0:0 | P45:5| P50+6] P46:d defects (for the anterior or the
A0+0 | A29+3| A 2042 posterior DTC) was significantly
e152 || p 1+1 | P 4943 | P 4343 lower (P < 0.05) in the heteroalle-
lic strain than in either homoallelic
e53 ? :&f %ggfg strain. Some data for homoallelic
= = pairs (e.g., €53/ ¢53) are the same as

& .3 g in Figure 3.

sive migrations, ¢.e., away from sources of UNC-6/netrin.
UNCH40, on the other hand, is involved in both at-
traction toward and repulsion away from UNGC-6 in C.
elegans (HEDGECOCK et al. 1990). This suggests that the
two receptor subtypes may act together to mediate repul-
sion, and evidence for this interaction has been ob-
served in in vitro studies of axon guidance functions of
vertebrate homologues (HONG et al. 1999). Indeed, DTC
migration phenotypes indicate thata complete response
to UNC-6 requires both receptors. We observe, however,
that UNC-5 can partially function in the absence of
UNGH40, consistent with previous in vivo observations
(HEDGECOCK et al. 1990). In addition, UNC-40 can par-
tially function in the absence of UNC-5 to mediate repul-
sion of the DTCs away from UNC-6. This indicates that
there are multiple mechanisms by which the UNC-6
signal can be transduced to produce DTC repulsion
(Figure 4B).

Two distinct and opposing types of genetic interac-
tions were observed between unc-5 hypomorphic alleles.
First, in the presence of wild-type UNC-40, some unc-5
alleles exhibit a partial allelic complementation. In cases
where the site of the molecular lesion is known (M. T.
KiLLEEN, A. Krizus, 1. ScoTT, R. WiLK, M. NYGIEM and
J. G. Curortl, unpublished results), complementing
pairs usually comprise one allele with an extracellular
and one allele with an intracellular mutation. Noncom-
plementing pairs comprise two extracellular or two in-
tracellular mutations. For example, unc-5(e152), which
encodes a protein with a predicted cytodomain trunca-
tion, complements unc-5(ev585), which causes a mis-
sense mutation in the second Ig domain of the UNC-5
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FIGURE 6.—unc¢-5 mutant phenotypes in an unc-40 null mu-
tant background. Hatched columns represent the frequency
of defects in the migrations of posterior DTCs, while open
columns represent the frequency of defects of anterior DTCs.
(A) Both null (¢53) and hypomorphic (eI52 and ev585) unc-5
alleles act as haploinsufficient or dominant enhancers of the
DTC defects of an unc-40 null allele [unc-40(el430)]. Each of
these alleles is fully recessive in a wild-type unc-40background.
(B) The residual function in DTC migrations of the wunc¢-5
(e152) cytoplasmic truncation allele is eliminated by a null
mutation in unc40, as unc-40(el1430); unc-5(el52) is identical
in penetrance of DTC defects to an unc-6 null. Double mutants
of other hypomorphic unc-5 alleles (ev585, ev642, and ev644)
together with unc-40 null have significantly lower penetrance
of DTC defects relative to the unc-6 null. Numbers above
bars indicate the number of worms scored, each for both
the anterior and posterior DTCs. Asterisks indicate significant
differences at the P < 0.05 (single asterisk) or P < 0.001
(double asterisk) levels. Vertical bars indicate standard errors.

ectodomain. Interallelic complementation usually signi-
fies the functional importance of close or direct protein-
protein interactions (RAz et al. 1991; SIBLEY el al. 1994).

We propose that complementation results from one
UNC-5 receptor compensating for a defect in input
through the extracellular domains and the other for
a defect in output to cytoplasmic signaling pathways
through the intracellular domains.

In contrast to these genetic interactions in a wild-type
unc-40 background, the dominant negative interactions
observed in the absence of functional UNC-40 suggest
that the products of hypomorphic un¢-5 alleles can, un-
der these conditions, interfere with the functions of
wild-type UNC-5. Together, these observations strongly
argue for an intimate and possibly direct association
between UNG-5 proteins, in addition to that between
UNG-5 and UNCH40.

The formation by the UNC-6 receptors of a variety
of functional oligomeric complexes may be required to
allow the sensitivity of cells and growth cones to a wide
range of UNC-6 concentrations. Alternatively, different
concentrations of UNC-6 may activate, through the for-
mation of different receptor complexes, distinct cellular
responses.

The idea that UNC-5 and UNC-40 cannot substitute
for one another despite having the same general role
in the second DTC migration phase suggests that they
may have distinct downstream targets. Although signal-
ing pathways linking transmembrane guidance recep-
tors like UNC-5 and UNC-40 to the cytoskeleton are not
well understood, there are in principle several ways in
which cell adhesion and cytoskeletal dynamics may be
regulated in cell migration (LAUFFENBURGER and HOR-
wiTz 1996). As motility requires the comprehensive and
coordinated function of the cytoskeleton, guidance sys-
tems may have to send several parallel signals to various
targets to effectively direct the cytoskeleton. It is also
possible that the UNC-5 and UNC-40 receptor subtypes
regulate distinct subsets of the motility apparatus. For
example, one receptor subtype may be more important
for filopodial extension and the other for filopodial
retraction. Although we have provided evidence that
both receptor subtypes act within the DTCs at the same
time, we have not examined their subcellular localiza-
tion during signaling. A combination of precise localiza-
tion and functional studies in combination with bio-
chemical assays will be necessary to address these issues.

In ectopic expression studies in different systems,
UNC-5 appears to absolutely require UNC-40/DCC to
mediate repulsion (CorLaviTA and CuroTTI 1998; HONG
et al. 1999). As we have shown, however, this is not the
case in cells that normally express UNC-5 and that are
repelled by UNC-6. One reason for such differences may
be that ectopic expression studies reflect an artificial
situation that results in enhanced reliance on some, but
not all, components of the normal signaling pathway.
For example, we have proposed that cells that normally
express UNC-5, which include the DTCs, express some
component, possibly a coreceptor or downstream signal-
ing partner, that allows UNC-5 to function indepen-
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dently of UNC-40/DCC. This component may be absent
or inactive in cells that normally exhibit only attractive
responses to UNC-6/netrin cues through the UNC-40/
DCC receptor subtype. In such cells, therefore, UNC-
40-independent repulsive functions of UNC-5 would be
absent.

Further evidence for the sensitized nature of ectopic
expression studies comes from a genetic screen for sup-
pressors of the ventral-to-dorsal axon projections caused
by ectopic expression of UNGC-5. This screen identified
mutations at eight loci (CoraviTA and CuroTrT! 1998).
Most of these loci, although required for UNC-5 func-
tion in this particular set of touch sensory neurons, are
not absolutely required for UNC-5 function in commis-
sural neurons or DTCs. We have proposed (MErz and
CurotTr 2000) that the touch sensory neurons do not
possess the ability to generate a complete response
downstream of UNC-5 and that this results in a depen-
dence upon the products of unc-40 and other genes
identified as suppressors in this screen.

UNC-5/UNC-40 signaling models: Although null mu-
tations in unc-40 do not completely eliminate wild-type
UNG-5 function in DTC migrations, they do completely
eliminate the function of some un¢-5 hypomorphic al-
leles. The protein products of these particular unc-5
alleles may be defective mainly in UNC-40-independent
signaling, but retain UNC-40-dependent signaling. The
unc-5(el52) cytoplasmic truncation allele, for example,
appears to require UNC-40 for its residual function. In
addition, excess UNC-40 in the DTCs expressed from
a transgene partially rescues the DTC migration defects
of this unc-5 allele. This suggests that the UNC-5 cyto-
plasmic domain encoded by wunc-5(el52) is involved
in signaling functions that largely require UNC-40,
whereas the deleted portion of the cytoplasmic domain
is involved in signaling functions that do not require
UNC-40. Conversely, other hypomorphic alleles that do
not require UNC-40 presumably retain some signaling
through an UNC-40-independent pathway.

A similar paradigm for interactions between receptor
subtypes has been proposed for the p75"™ and trkC
neurotrophin receptors. Truncated trkC receptors that
lack cytodomain tyrosine kinase activity retain partial
signaling functions, but this residual function is depen-
dent upon the p75"™* coreceptor (HAPNER et al. 1998).
This indicates the function of distinct p75¥™-dependent
and -independent signaling mechanisms for the trkC
cytodomain. A different signaling model has been pro-
posed for the two receptor subtypes for the semaphorin
guidance cues. The neuropilin receptor subclass ap-
pears to increase the affinity of the semaphorin ligands
for the plexin receptor subclass (TAKAHASHI ef al. 1999).
However, cytoplasmic signaling occurs only through the
plexin receptor cytodomain and does not require the
cytodomain of the neuropilin receptor (TAKAHASHI et
al. 1999; TAMAGNONE et al. 1999).

HONG et al. (1999) have reported that direct physical

interactions between the cytoplasmic domains of UNC-5
and DCC are required for repulsion of growth cones
from a netrin source in vitro. It was reported that a
specific region of the cytodomain of UNGC-5, the DB
domain, is essential for both the functional and the
biochemical UNC-5-DCC interactions. However, in C.
elegans the unc-5(e152) mutation that retains full depen-
dence upon UNC-40 contains a nonsense mutation
(Q507STOP) predicted to truncate UNGC-5 between the
transmembrane region and the domain that has homol-
ogy to ZO-1 (a.k.a. the ZU5 domain), thus eliminating
the proposed DB domain.

Itis unclear how an UNG-5 mutation that is predicted
to eliminate the functional interaction between UNC-5
and UNC+40/DCC can retain full dependency on UNC-40
for repulsive guidance mechanisms. One possibility is
that UNGC-5 in C. elegans functions differently in this
respect from vertebrate UNC-5s or that functional inter-
actions between UNC-5 and UNC-40 in DTCs are differ-
ent from that in neurons. It is also possible that in vitro
and ectopic expression experiments like those carried
out in Xenopus to define the DB domain of UNC-5
are artificially sensitized to perturbations in the UNC-5
protein that, in a normal situation, might not be as
important to function.

Switching of UNC-40/DCC: Studies of Xenopus reti-
nal ganglion cell growth cone responses to exogenously
applied Netrin-1 in vitro have revealed that levels of
cAMP within the growth cone can regulate the role of
DCC (MING et al. 1997). Prior incubation of the neurons
with an inhibitor of protein kinase A or a nonhydrolyz-
able analogue of cAMP appeared to switch DCC from
a netrin receptor that mediates attraction to one that
mediates repulsion. Other experiments suggest that the
expression of the UNG-5 receptor may also act as a
switching mechanism for UNC-40. For example, touch
sensory axons in C. elegans that normally project ven-
trally are redirected dorsally by ectopic expression of
UNG-5 in these neurons (HAMELIN et al. 1993). UNC+40
is required for both the abnormal dorsalward and the
normal ventralward axonal projections of the touch neu-
rons (HEDGEcOCK et al. 1990; Coravita and CULOTTI
1998). It is not known whether the cAMP and UNC-
5-mediated switching mechanisms are related.

In the DTCs, UNC-40 can mediate repulsion from
UNG-6 to some extent in the absence of UNC-5. It is
interesting to note that UNC-40 is present in the DTCs
during the longitudinal first migration phase (CHAN et
al. 1996), yet the DTCs do not exhibit a repulsive re-
sponse to UNC-6 at this time. UNC-40 is presumably
inactive or ineffective in mediating a repulsive response
to UNC-6 until the appropriate time of initiation of the
second phase of migration. At the time of the initiation
of the ventral-to-dorsal migration phase, UNC-40 gener-
ates a repulsive response to UNC-6 due to the expression
at this time of UNC-5 (Su et al. 2000) and also due to
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an unidentified UNC-5-independent switching mecha-
nism.

The UNC-6 signaling model proposed here suggests
genetic screening strategies capable of isolating particu-
lar signaling pathways in the DTCs downstream of UNC-5
and UNC-40. The isolation of mutations in genes encod-
ing downstream components will permit further exami-
nation of UNC-6 signal transduction mechanisms
through the UNC-5 and UNC-40 receptors.
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