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The small Ras-like GTPase Rapl has been identified as a
regulator of integrin activation and cadherin-mediated
cell-cell contacts. Surprisingly, null mutants of RAP-1 in
Caenorhabditis elegans are viable and fertile. In a synthetic
lethal RNAi screen with C. elegans rap-1 mutants, the
Ras-like GTPase ral-1 emerged as one of seven genes
specifically required for viability. Depletion of exoc-8 and
sec-S, encoding two putative RAL-1 effectors and members
of the exocyst complex, also caused lethality of rap-1
mutants, but did not affect wild-type worms. The RAP-1
and the RAL-1/exocyst pathway appear to coordinate
hypodermal cell movement and elongation during em-
bryonic development. They mediate their effect in part
through targeting the a-catenin homologue HMP-1 to the
lateral membrane. Genetic interactions show that the RAP-
1 and RAL-1/exocyst pathway also act in parallel during
larval stages. Together these data provide in vivo evidence
for the exocyst complex as a downstream RAL-1 effector in
cell migration.
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Introduction

Cell migration is an important aspect of various biological
processes like development and immune responses. Several
members of the Ras-like family of GTPases are involved in the
control of cell migration. For example, Rap1 affects migration
by enhancing integrin-mediated cell-matrix attachment in
many different cell types in vitro (Caron et al, 2000;
Katagiri et al, 2000). In addition, Rapl may inhibit migration
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of cells by stimulating the formation of cell-cell contacts via
E-cadherin in adherens junctions (Hogan et al, 2004; Price
et al, 2004). Also VE-cadherin, present in endothelial cells, is
under the control of Rap1 (Fukuhara et al, 2006). The current
view is that Rap1 acts locally via different effectors to mediate
its effect on integrins and cadherins. For example, the Rap1-
binding proteins RIAM, RAPL, TIAM and VAV have all been
invoked as Rapl effectors functioning in enhancement of
cell-matrix contacts, whereas AF-6 and Cdc42 are prime
candidates for regulators of cadherin in adherens junctions
(for a review, see Bos, 2005; Kooistra et al, 2007)). However,
Rap1 can induce cell polarity in suspension cells (Shimonaka
et al, 2003) and this polarizing activity of Rapl may also
contribute to the effects seen on integrins and cadherins. A
second Ras-like GTPase involved in cell migration is Ral
(Suzuki et al, 2000; Rosse et al, 2006). In its active, GTP-
bound form, Ral binds to various effectors that play specific
roles in migration. For example, Ral can induce filopodia
formation by interacting with the actin-bundling protein
filamin (Ohta et al, 1999). Filopodia are often found at the
leading edge of migrating cells and outgrowing neurites.
Furthermore, active Ral can bind to Sec5 (Brymora et al,
2001) and Exo84 (Moskalenko et al, 2003; Zhang et al, 2005),
two proteins present in the exocyst complex that mediates
targeting of E-cadherin to the basolateral plasma membrane.
Binding of Ral to Sec5 and Exo84, which are most likely
present in distinct subcomplexes of the exocyst, is mutually
exclusive. Thus, Ral may enhance the formation of a
functional exocyst complex at a specific subcellular site by
bringing together different subcomplexes of the exocyst,
containing either Sec5 or Exo84 (Jin et al, 2005). The exocyst
complex was originally discovered in yeast as a protein
complex required for polarized secretion at the tip of newly
formed buds (TerBush et al, 1996). In vertebrate cells, the
exocyst complex mediates polarized delivery of membranes
from the Golgi apparatus and recycling endosomes to the
basolateral membrane, but not to the apical membrane
(Lipschutz and Mostov, 2002; Prigent et al, 2003; Yeaman
et al, 2004). Among proteins targeted to the basolateral
membranes by the exocyst complex are the LDL receptor
and E-cadherin (Grindstaff et al, 1998; Langevin et al, 2005;
Shipitsin and Feig, 2004). Targeting of E-cadherin to the
basolateral membrane is of special importance in epithelial
cells that are about to establish cell-cell contacts with other
epithelial cells. Once E-cadherin is stabilized at the
membrane by homotypic interactions with E-cadherin on
neighboring cells, it may help in targeting more exocyst to
the lateral membrane, thereby enhancing the formation of
cell-cell contacts and elaborating cell polarity.

In vivo, the requirement for Ras-like GTPases in cell
migration is clearly illustrated by the mutant phenotype of
Rapl mutant flies. Embryos, devoid of Rap1 protein, display
defects in ventral furrow closure, head involution and
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migration of mesodermal and presumptive primordial germ
cells (Asha et al, 1999). Thus, both morphogenetic events of
complete cell layers as well as individual cell migration are
disturbed. Also the migration of a group of specialized follicle
cells, called border cells, is under the control of Ras-like
GTPases in Drosophila. Migration of border cells represents
a cadherin-dependent mode of cell movement and requires
signaling via Ras and via Ral (Lee et al, 1996). It is presently
unclear which Ral effector is required in this process.

A major migration event in Caenorhabditis elegans is that
of hypodermal cells during embryonic development.
Hypodermal cells are the epidermal cells in C. elegans.
They arise as a series of six rows at the dorsal side of the
embryo. The two dorsal-most arrays of cells undergo a
process called dorsal intercalation, which organizes them
into a single dorsal row. After this process has begun, the
ventral-most cells on each side start to migrate ventrally to
envelope the embryo. In this process of ventral enclosure, the
two most anteriorly located cells, named leading cells, are
crucial and the first to establish cell-cell contacts with their
contralateral neighbors (Williams-Masson et al, 1998; for a
review Simske and Hardin, 2001). In between the dorsal and
ventral cells, a row of lateral epidermal cells, called seam
cells, is present. After ventral enclosure is completed, the
ovoid embryo elongates about fourfold. This process relies on
circumferentially oriented actin bundles that are linked at
the apical site of adherens junctions in hypodermal cells.
In embryos mutant for the a-catenin homologue HMP-1 or
the B-catenin homologue HMP-2, the circumferential actin
bundles in dorsal hypodermal cells detach from adherens
junctions, which probably explains the elongation phenotype
seen in these animals (Costa et al, 1998).

So far, relatively few gene products have been identified,
which play a crucial role in ventral migration of hypodermal
cells. Among them are HMP-1, HMP-2 and the cadherin HMR-
1, which are physically interacting in the cadherin-catenin
complex (CCC). In HMR-1 homozygous embryos, or embryos
devoid of maternal HMP-1 or -2 protein, the leading cells do
not migrate completely to the ventral side (Costa et al, 1998).
Other proteins involved are the APC-related protein APR-1
that may also be present in the CCC, the inositol 1,4,5-
triphosphate receptor ITR-1 and ephrin receptors and ligands
(George et al, 1998; Hoier et al, 2000; Thomas-Virnig et al,
2004). These latter proteins are required in the neuroblast
cells, over which the hypodermal cells migrate. Also the
cytoskeletal regulatory WAVE/WASP proteins are required
for normal hypodermal cell migration (Withee et al, 2004).
The interconnectivity of these different genes has not been
established. Remarkably, no role for any of the C. elegans
integrins has been established in hypodermal cell migration
(Cox and Hardin, 2004).

In the present study, we have performed a synthetic lethal
RNAI screen with a C. elegans rap-1 mutant, which revealed
that rap-1 mutants are highly sensitive to diminished signal-
ing via the RAL-1/exocyst pathway. During embryogenesis,
the Ras-like GTPases RAP-1 and RAL-1 act in concert to
orchestrate hypodermal cell migration and sorting.
Interfering in the Ral-1/exocyst pathway in a rap-1 mutant
background leads to loss of the CCC at adherens junctions.
Interestingly, the observed phenotype is more severe
than that of CCC mutants alone, indicating additional roles
of the Ral-1/exocyst pathway. Furthermore, our screen has
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identified various other genes that may be involved in the
RAL-1/exocyst pathway or otherwise are required for viabi-
lity of rap-1 mutants.

Results

RAP-1 and RAP-2 are not required during C. elegans
embryonic development

In addition to our previously described rap-1(pk2082) allele,
a second rap-1 allele (tm861) has been isolated, in which a
549 bp deletion removes exon 3 and part of exon 4, leaving
only the first 42 amino acids of RAP-1 intact (Figure 1). Both
homozygous mutant strains are viable and fertile, although
progression through larval stages is delayed (Pellis-van Berkel
et al, 2005; data not shown). Like most rap-1(pk2082);rap-
2(gk11) animals, the majority of rap-1(tm861);rap-2(gkll) ani-
mals die during late larval stages. The small fraction of double
homozygous adults, derived from either rap-1(pk2082/+);
rap-2(gkll) or rap-1(tm861/+ );rap-2(gkll) animals, is egg-
laying defective. Surprisingly, inside such animals viable off-
spring is present. We, therefore, isolated embryos from N2 or
rap-1(tm861);rap-2(gkll) animals and determined the percen-
tage of non-hatched embryos. Although the percentage of non-
hatched rap-1(tm861);rap-2(gkl11) embryos was higher (19%,
n=340) as compared with wild-type embryos (3%, n=365),
the majority of double mutants hatched normally. Of the
embryos that did not hatch, the majority (73%) had elongated
more than twofold. This showed that whereas RAP-1 or RAP-2
is required for normal viability in late larval stages, there is no
strict requirement for RAP-1 and RAP-2 during embryogenesis.

Synthetic lethal screen with rap-1 mutants

The normal development of rap-1 mutants in C. elegans
contrasts the situation in Drosophila and this suggests that
other signaling pathways functionally compensate for the

1> 5—» <« 4
2—» 6—> <3
— *
tm861  pk2082
C27B7 ! !
29000 28000
pk2082 tm861 APCR  tm861 WT-PCR

+H+ —=/+ == I+ =]+ —/— H+ -]+ /-

Figure 1 Schematic representation of the genomic organization of
the rap-1 locus and detection of mutant alleles. Filled boxes indicate
exons and the line underneath the graphic representation indicates
the position of the deletion in rap-1(tm861) animals and the star
indicates the amber codon (amino acid 130) in the pk2082 allele.
Numbers indicate the position of the rap-1 locus on the C27B7
cosmid. Below are PCR reactions shown, performed on single-worm
lysates that demonstrate the presence of the wild-type allele in
+/+ and +/— worms and the absence of the wild-type allele in
—/— worms. An arrowhead indicates a 170 bp Sau3A product that
is characteristic for the pk2082 allele. Arrows indicate the position
of the PCR primers used for detection of the deletion and wild-type
alleles.
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rap-1 pathway. To investigate this option, a genome-wide
synthetic lethal RNAi screen was performed using the
Ahringer library (Kamath et al, 2003; van Haaften et al,
2004). Apart from wild type and rap-1(pk2082) mutants,
rap-2(gkl1l) and epac-1(pk1313) mutants were included in
this screen. epac-1(pk1313) mutants carry a deletion in the
homologue of the cAMP-dependent Rap-specific guanine
nucleotide exchange factor (GEF) Epac (T20GS.5; unpub-
lished results) (de Rooij et al, 1998). Foods that caused
specific lethality with one of the mutant strains, were re-
screened using the same mutants in the case of rap-2 and
epac-1 or with both rap-1(pk2082) and rap-1(tm861) (see
Supplementary data). In this rescreen, no genes emerged
that caused clear and reproducible synthetic lethality with
rap-2 or epac-1. In contrast, seven genes caused specific
synthetic lethality of rap-1 mutants (Table I). These include
the MKP7 homologue vhp-1 (FO8B1.1)(Mizuno et al, 2004)
and a gene with unknown function CO01B7.1. Interestingly,
ral-1 and exoc-8 were found that encode homologues of
vertebrate exocyst complex members. Finally, the genes
encoding the phosphatase sur-6 (Sieburth et al, 1999), the
vesicle-sorting protein phi-24 (Howard et al, 2001) and him-3,
known to be involved in meiosis, gave synthetic lethality, but
with variable results for rap-1(tm861). To exclude the possi-
bility that an additional mutation present in both rap-1 strains
was responsible for the observed synthetic lethality, two
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and exoc-7. Although not found to be synthetic lethal
in the screen, quantification showed less progeny on sec-
I0(RNAi). Finally, also sec-5(RNAi) resulted in specific
synthetic lethality with both rap-1 alleles.

In vertebrates, Sec5 is identified as a member of the
exocyst complex and also as a direct downstream effector
of Ral. Other Ral effectors include RalBP, involved in endo-
and exocytosis, and the actin-bundling protein filamin. For
each of these effectors, a single homologue was found in the
C. elegans genome (rlbp-1 (T23G11.5), flna-1 (C23F12.1)). In
addition, a single homologue for the family of RALGEFs is
found, RGL-1 (F28B4.2). We tested the effect of RNAI feeding
of L1 larvae on plate for each of these genes. ral-1 and
sec-5(RNAi) prevented rap-1(pk2082) from producing viable
offspring, whereas ribp-1(RNAi) had no effect. flna-1(RNAi)
resulted in a high number of sick animals, but this was also
seen with wild-type animals (Supplementary Figure 1).
Together, these results suggest that full functionality of the
ral-1/sec-5/exoc-8 pathway is required in rap-1 mutants, but
not in wild-type worms. Further evidence comes from
the observation that also rgl-1(RNAi) reduces the number

Table II rap-1(tm861); dpy-20 animals carrying transgenic
rap-1 (rescue 1 and 2) are less sensitive to exoc-8(RNAi) than
rap-1(tm861); dpy-20 animals

independent rap-1(tm861) strains, with rap-1 under control Control RNAi exoc-8 Control RNAi
of the general let-858 promoter, were generated. Although the (RNAD)-1 (%)
level O.f RAP-1 was too low for detection on blot, we observed Wild type 62 20 13
a partial rescue of the phenotype when these worms were rap-1(tm861); 57 10 17
subjected to exoc-8(RNAi) food as L1-stage animals (Table II). dpy-20
We focused on RAL-1 and the exocyst member EXOC-8, as Rescue 1 61 36 59
Rescue 2 65 86 132

their vertebrate homologues RalA and Ex084 have previously
been reported to directly interact: in its active GTP-bound
form, RalA binds to Exo84. Therefore, we retested the effects
of RNAI of other exocyst complex members on the viability of
both rap-1 mutants (Supplementary Table I). No or only very
limited effects were scored for sec-6, sec-8, sec-15, sec-3

Numbers in the first and second column are absolute numbers of
viable progeny after a 16-h egg lay. Numbers are the mean value of
progeny of hermaphrodites (n =15 for rescue strain 1 and 2, n=10
for wild-type and rap-1(tm861); dpy-20). The third column shows
the percentage of the amount of progeny on exoc-8(RNAi) in
comparison with animals subjected to control RNAI.

Table I Overview of genes found in the synthetic lethal screen with rap-1(pk2082)

Localization Gene Mammalian homologue N2 rap-1 (pk2082) rap-2 (gkll) epac-1 (pk1313)
90G7 ral-1 RalA, RalB 21 (549) 0 (0) 36 (702) 19 (344)
Y53G8AR.3 45 (1068) 0 (0) 23 (408) 36 (640)
25G8 exoc-8 EXOC8 38 (984) 2 (26) 55 (1087) 21 (377)
Y105E8B.2 55 (1314) 14 (189) 69 (1204) 97 (1721)
2C2 phi-24 CHMP1B 146 (2198) 22 (433) 93 (2300) 139 (2699)
F23C8.6 88 (1038) 30 (256) 83 (1141) 50 (813)
26 (826) 9 (158) 68 (1200) .
16E8 sur-6 PR55/B 59 (892) 4 (75) 44 (1101) 47 (912)
F26E4.1 47 (550) 0 (0) 51 (696) 53 (614)
47 (1533) 1 (13) 55 (973) 46 (740)
44D3 vhp-1 MKP7?7 91 (2165) 0 (0) 38 (935) 163 (2350)
F08B1.1 166 (3150) 8 (72) 24 (327) 95 (2282)
101G7 him-3 HORMADI1 54 (819) 14 (276) 58 (1424) 51 (984)
ZK381.1 108 (1259) 35 (296) 68 (1203) 126 (1472)
107 (3479) 7 (121) — 55 (884)
104B8 ARP10 137 (2068) 27 (529) 79 (1934) 109 (2129)
C49H3.8 74 (2393) 80 (681) 100 (1378) 123 (1437)
— 35 (583) 71 (1257) 111 (1785)
146B2 Zn-finger 117 (1760) 9 (168) 62 (1545) 99 (1928)
C01B7.1 Protein 102 (1208) 7 (64) 96 (1319) 90 (1054)
43 (1373) — 17 (299) 20 (330)

Numbers represent the percentage of progeny relative to those found on control RNAi for each strain as determined in rescreening experiments.
Numbers in brackets are total numbers of worms per well at day 7. Successive lines represent independent experiments.
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of rap-1 offspring, whereas no effect was seen on wild-type
worms (Supplementary Figure 1A; data not shown). A draw-
back of RNAi studies is that the efficacy of RNAi can be
variable. However, when the same set of RNAi constructs was
tested in a more RNAi-sensitive background using the rrf-3
strain, similar results were observed (Supplementary Figure
1B, C). Strikingly, a further reduction was seen in the number
of rap-1;rrf-3 mutants on rgl-1(RNAi).

Comparative analysis of ral-1/sec-5/exoc-8(RNAi)

in rap-1 mutants

To obtain more definitive proof that ral-1, sec-5 and exoc-8
operate in the same pathway in C. elegans, we compared the
phenotypes of rap-1 mutants after RNAi feeding on plate.
When rap-1 L1 larvae are subjected to RNAi for any of these
genes, most animals make it to adulthood but are sluggish
and largely sterile. In contrast, when L4 larvae were used at
the start of RNAi, the resulting adults appeared healthy.
Initially, they produce viable offspring but then start to
shed many embryos that do not hatch. Inspection of these
embryos showed a phenotypic series that can be roughly
classified into two types (Figure 2). In class I embryos, the
hypodermis still covers the entire embryo, but little morpho-
genesis is seen following the comma stage. Class II embryos
appeared more disorganized and hypodermal cells are clus-
tered and do not envelope the embryo. Hypodermal cell

L4440

ral-1(RNAI)-1

junctions have been characterized in much detail and consist
of a single electron-dense junction, in which an apical and
basal domain can be discerned by immunofluorescence. The
apical domain of the junction harbors the CCC, whereas the
basal domain contains the membrane-associated protein
DLG-1 and its binding partner AJM-1. We used DLG-1 and
AJM-1 localization to visualize adherens junctions in the
hypodermis and developing gut, which allows the simulta-
neous evaluation of the development of both tissues relative
to each other (Segbert et al, 2004). The pattern and organiza-
tion of hypodermal cells in rap-1 mutant worms on control
RNAI is identical to that of wild-type worms and the dorsal,
seam and ventral cells form regular arrays of cells (Figure 2A;
reviewed by Simske and Hardin, 2001). In contrast, many of
the class I embryos obtained with ral-1, sec-S or exoc-8(RNAi)
are characterized by a failure of cells to align in the stereo-
typed pattern of dorsal, seam and ventral cells (Figure 2B-D;
Supplementary Figure 2). 3D-animation indicates that this
results from defects in both dorsal intercalation and ventral
migration (data not shown). In other class I embryos, migra-
tion appears to have stopped before reaching the ventral
midline. Analysis of pharyngeal and intestinal cells of these
embryos showed that these tissues are not affected (Figure
2F, G), although in rare cases abnormalities were seen
(Figure 2H). Overall, the phenotypes of ral-1, sec-5 or exoc-8
(RNAiQ) are very similar. In class II embryos, DLG-1 and

sec-5(RNAI)-1 exoc-8(RNAI)-1

Class |
Hypodermal cells

Intestinal cells

Class Il
ral-1(RNAi)-1
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Figure 2 Phenotype of rap-1 mutant embryos carrying the dig-1::GFP gene subjected to control, ral-1, sec-5 or exoc-8(RNAi). Phenotypes of
rap-1 mutant embryos carrying the dlg-1:: GFP marker (FZ271) that were derived from animals subjected to RNAi for ral-1, sec-5 or exoc-8. DLG-
1 indicates dlg-1:: GFP expression, AJM-1 indicates immunofluorescence staining using the MH27 antibody. Genes used for RNAI are indicated
above each panel. L4440 is the empty vector control RNAi. (A-H) show class I embryos, (I-L) class II embryos. (A-D) and (I-J) show focal
planes to visualize hypodermal cells, (E-H) and (K-L) are focal planes at the level of the gut. The most anterior and posterior visible seam cells
are marked with *. In all cases, AJM staining was performed (only shown for class II, subjected to ral-1 (RNAi)), which demonstrated clear
colocalization with DLG-1::GFP). Class I embryos are characterized by halted migration of hypodermal cells as examplified by a ral-1(RNAi)
embryo (arrow in B) or misalignment of hypodermal cells as shown here for a sec-5 and exoc-8(RNAi) embryo (C, D). Halted migration can be
discerned from early stages of migration by comparison of the developmental stage of the gut. Note that during normal hypodermal cell
migration (A, E), the gut has not yet extended along the entire length of the embryos, in contrast to the gut of the ral-1(RNAi) embryo, which
has established clear adherens junctions and shows a more mature pharynx (B, F). In some cases, a gap between intestinal and pharyngeal
cells is observed (arrowhead H). In class Il embryos, hypodermal cells do not envelope the entire embryo (arrow I, J) and a clearly recognizable
gut structure is found on the outside of the embryo (arrowhead K). All embryos are oriented such that their pharynx is on the left side.
Scale bar: 10 um.
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AJM-1 staining showed the presence of disorganized patches
of hypodermal cells at various sites, but both proteins still
colocalized (Figure 2I-L, sec-5 and exoc-8(RNAi); data not
shown). The intestine of these embryos was frequently
recognizable on the exterior, indicating that despite the
severe morphogenetic defect, cell specification of this tissue
had occurred normally (arrowhead Figure 2K). To study cell
specification of hypodermal cells in class II embryos, we used
the seam cell marker SCM::GFP, which is specifically ex-
pressed in 10 hypodermal seam cells on each lateral side from
the 1.5-fold stage onwards (Koh and Rothman, 2001). GFP-
positive cells were detected in the aberrantly localized hypo-
dermal cell clusters following ral-1, sec-5 or exoc-8(RNAi)
feeding of rap-1(tm861) animals, showing that specification
of at least a subset of hypodermal cell fates had occurred in
these embryos (Figure 3, showing a single focal plane).
However, the number of SCM::GFP-positive cells was re-
duced in some cases. Whether this is the consequence of
altered cell division, defects in specification or loss to cell
death is presently not clear. In conclusion, the phenotype of
rap-1 mutants on ral-1, sec-5 and exoc-8(RNAi) is consistent
with the fact that these latter three genes operate in a single
pathway involved in hypodermal cell organization.

Localization of HMP-1

Certain aspects of the RNAi phenotypes like the arrested
migration of hypodermal cells seemed consistent with a
defect in CCC function. We, therefore, investigated whether
HMP-1 was normally located at adherens junctions. HMP-1
colocalized with DLG-1 in wild type on control, ral-1, sec-S
or exoc-8 (RNAi) and rap-1 mutants on control RNAI.
In contrast, in almost all rap-1 mutant embryos on ral-I,
sec-5 or exoc-8(RNAi), a diffuse distribution of HMP-1 was
observed (Figure 4). So these gene products are required for
targeting HMP-1 to adherens junctions or for stabilizing it
there. This diffuse staining was clearly distinct from that of

L4440 ral-1(RNAi)-1

Seam nuclei

exoc-8(RNAI)-1

Seam nuclei

Figure 3 Phenotype of rap-l mutant embryos carrying the
SCM::GFP gene subjected to control, ral-1, sec-5 or exoc-8(RNAi)
(A-D respectively). Expression of the seam cell marker SCM:: GFP
in nuclei of the disorganized hypodermis of class II embryos.
Hypodermal cell borders are visualized using the AJM-1 antibody
(red). Only one focal plane is shown per condition, seam nuclei are
also present in other slices (data not shown). Scale bar: 10 um.
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EEA-1 (early endosome) and RAB-11 (recycling endosome)
staining (Andrews and Ahringer, 2007; Poteryaev et al, 2007;
Supplementary Figure 3). Genetic disruption of CCC mem-
bers has been shown to result in elongation defects. We,
therefore, performed a limited time lapse analysis of rap-1
mutants on ral-1(RNAi). Elongation in such embryos is
almost completely blocked, whereas the development of the
intestine and pharynx is not disturbed (Figure 5). Loss of
HMR-1 or maternal and embryonic HMP-1 or -2 causes
migration defects of hypodermal cells, but has not been
reported to cause dorsal intercalation defects or to result in
an abnormal alignment of dorsal, lateral or ventral cells
(Costa et al, 1998). In this respect, the defects seen in rap-1
mutants after ral-1, sec-5 or exoc-8(RNAi) appear more
severe. Possibly, deletion of rap-1 enhances the phenotype
of hmr-1 mutants. Alternatively, the RAL-1/exocyst pathway
targets more proteins than those of the CCC to the membrane,
which are also involved in cell migration. To investigate this,
we constructed hmr-1;rap-1 double mutants. Double homo-
zygous embryos, derived from rap-1(tm861);hmr-1(zu389/
+ ) hermaphrodites did not differ from those derived from
hmr-1(zu389/ + ) hermaphrodites (Supplementary Figure 4).
Due to the fragility of hmr-1 embryos, we were not able to
stain sufficient numbers of embryos for adherens junction
markers. As loss of maternal HMP-1 protein from hmp-1
homozygous embryos strongly enhances their phenotype to
resemble that of hmr-1 embryos, we also investigated the
effect of loss of RAP-1 in hmp-1(zu278) embryos. Again,
double homozygous embryos could not be discerned from
hmp-1 mutants (Supplementary Figure 4). Together, these
results indicate that the aberrant organization of hypodermal
cells in rap-1 embryos seen after ral-1, exoc-8 or sec-5(RNAi)
is not a simple compound phenotype of rap-1 and members
of the CCC.

Genetic interactions between the RAP-1 and RAL-1/
exocyst pathway

To obtain additional proof for genetic interactions between
the RAP-1 and RAL-1 pathways in C. elegans, we studied
three independent mutants. sec-5(pk2357) and sec-5(pk2358)
carry the same amber mutation at amino acid position 389
and were obtained with target selected mutagenesis (Cuppen
et al, 2007; Figure 6). Animals homozygous for sec-5(pk2357)
or sec-5(pk2358) become adult but produce only few embryos
that elongate normally but never progress to the L2 stage.
These sec-5 mutations are hypomorphic based on the fact that
when placed over a deficiency (mnDf67) most adults do not
produce elongated embryos. The sec-5(tm1443) allele is most
likely a null, as it has a 385 bp deletion removing the first two
exons and part of the third (Figure 6). Indeed, sec-5(tm1443)
mutants have a more severe phenotype: homozygotes never
produce progeny and die as late L4-stage larvae.

When introduced into a rap-1(tm861) mutant background,
the phenotype of all sec-5 alleles was clearly enhanced,
showing RAP-1 and SEC-5 act in different pathways. sec-
S(pk2357);rap-1(tm861) double homozygotes arrested as late
L3 early L4 larvae (n=23, confirmed by PCR). Importantly,
sec-5(tm1443);rap-1(tm861) die at the L2 (25%) or L3 (72%)
stage. This phenotype is less severe than that of rap-1(tm861)
animals on sec-5(RNAi). This is most likely due to maternal
input of SEC-5, as sec-5(tm1443) homozygous embryos shed
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Wild type

rap-1(tm861)

ral-1(RNAi)-1 L4440

sec-5(RNAi)-1

exoc-8(RNAI)-1

Figure 4 Localization of HMP-1 in wild-type or rap-1 mutant embryos subjected to control, ral-1, sec-S or exoc-8(RNAi). dlg-1:: GFP and HMP-1
staining in a lateral view of wild type carrying dig-1::GFP (FZ224) (A, B, E, F, I, J, M, N) and rap-1 mutant embryos (FZ271) (C, D, G, H, K, L,
0, P), derived from animals subjected to either control L4440 (A-D), ral-1(RNAi) (E-H), sec-5(RNAi) (I-L) and exoc-8(RNAi) (M-P). Pictures
show hypodermal cells in which DLG-1 indicates dlg-1::GFP expression and HMP-1 indicates immunofluorescence staining using the P1E11
antibody. The most anterior and posterior visible seam cells are marked with *. Scale bar: 10 um.

102 min 193 min

261 min 376 min

L4440

ral-1(RNAi)-1

Figure 5 Time-lapse analysis of rap-1 mutant embryos subjected to control and ral-1(RNAi). Time lapse recordings of embryos derived from
dlg-1::GFP;rap-1(tm861) mutant (FZ271) embryos on control L4440 (upper panels) or ral-1(RNAi) (lower panels). Last timepoint also shows

DLG-1::GFP expression in the gut of the same embryo.

by heterozygous animals on sec-5(RNAi) die as embryo (data
not shown).

For ral-1, we did not identify mutants with a stop codon.
As an alternative, we generated transgenic animals, in which
the dominant negative RAL-1(S31N) or the constitutively
GTP-bound RAL-1(G26V) are under the control of a heat-
shock promoter. Despite being constitutively GTP-bound,
mutations corresponding to RAL-1(G26V) (like Ral G23V in
mammals), have been described as interfering mutants
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(Moskalenko et al, 2002; Feig, 2003). Expression of either
mutant protein (Figure 7A) did not severely affect these
transgenic animals, although it took slightly longer to reach
adulthood as compared to heat shocked, wild-type worms.
In contrast, expression of RAL-1 mutant proteins in a rap-1
mutant background induced a clear larval arrest, which was
strongest for RAL-1(G26V) (Figure 7B, C). Notably, whereas
expression of HA-RAL-1(G26V) only delays development in
wild-type worms, rap-1 worms expressing the same protein
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Figure 6 Schematic representation of the genomic organization of
the sec-5 locus. Filled boxes indicate exons and the line underneath
the graphic representation indicates the position of the deletion in
sec-5(tm1443) animals and the star indicates the stop codon (amino
acid 389) in the pk2357 and pk2358 allele. Numbers indicate the
position of the rap-1 locus on the T23G7 cosmid. Arrows indicate
the position of the PCR primers used for detection of the deletion
and wild-type alleles.
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Figure 7 Effect of heat-shock-driven expression of RAL-1 proteins
in wild-type and rap-I mutant backgrounds. (A) Western blot of
total lysates from L1 larvae. Larvae were lysed without heat shock
(—)orat0h (0), 6h (6) or 18h (18) after a 2-h heat shock. Probing
was done with the 12CAS5 antibody, which recognizes the HA-tag at
the N-terminus of overexpressed proteins. (B, C) Embryos subjected
to heat shock were allowed to develop 5 days before determination
of developmental stage. Percentage of animals at the different
developmental stages of the total number of hatched animals is
shown for overexpression RAL-1(G26V) and RAL-1(S31N) in (B)
and (C), respectively.

never reach adulthood. The effects of expression of Ral-
1(G26V) in a rap-2(gklil) background were not significantly
different from those observed in wild-type worms, showing
the specificity of the effect of RAL-1(G26V) on rap-1 animals
(data not shown). Together these data show that the RAP-1
and RAL-1/exocyst pathway also interact during other stages
of the life cycle.

©2007 European Molecular Biology Organization

RAP-1 and RAL-1 in hypodermal cell migration
EW Frische et al

Discussion

Synthetic lethal screens are an efficient approach towards
identification of signaling pathways that function in a redun-
dant fashion to mediate critical functions during development
or any other stage of an organism’s life cycle (Tong et al,
2001; van Haaften et al, 2004; Withee et al, 2004). Here, we
have used an RNAi feeding-based method to screen for
signaling routes that function in conjunction with the RAP-
1 pathway in C. elegans. Seven genes were identified, whose
full function is required for two distinct rap-1 mutants to
produce viable offspring. These genes are synthetic lethal
with two independent rap-1 mutations, strongly suggesting
that mutations in rap-1 rather than a closely linked mutation
is responsible for the observed effect. Indeed, we obtained a
partial rescue of the phenotype on exoc-8(RNAi) with lines
expressing rap-1 from a heterologous promoter. Synthetic
lethality on ral-1(RNAi) that is generally more robust, was
not rescued, which we contributed to the low levels of RAP-1
expression from this transgene (data not shown). High levels
of RAP-1 expression appear not to be tolerated in C. elegans
as is also seen for Rapl in tissue culture cells (data not
shown).

Not all genes may function in the same pathway (see
below), but based on literature, it seems likely that ral-I,
sec-5 and exoc-8 do so; in vertebrate cells, active Ral directly
binds to the exocyst members Sec5 or Exo84 (Brymora et al,
2001; Moskalenko et al, 2003), which results in targeting of
proteins, including E-cadherin, to the basolateral membrane
(Moskalenko et al, 2002; Shipitsin and Feig, 2004). The fact
that Ral binds to Sec5 or Exo84 in a mutually exclusive
manner may hint to two distinct pathways. In addition, Ral
collaborates with Sec5 in the formation of filopodia (Sugihara
et al, 2002). Analysis of embryos derived from rap-1 mutant
worms, grown on ral-1, sec-5 or exoc-8(RNAi), showed that
they displayed virtually identical phenotypes. This strongly
suggests that also in C. elegans these genes function together
in hypodermal cell migration.

Rapl has been claimed to activate the Ral pathway in
Drosophila by direct interaction with the RalGEF RGL (Mirey
et al, 2003). Also C. elegans RAP-1 and RGL-1 interact in a
yeast two-hybrid assay (J Riedl and F Zwartkruis, unpub-
lished results). Although our studies did not exclude the
option that RAP-1 contributes to activation of RAL-1 in C.
elegans, our current hypothesis is that RAP-1 has a distinct
function in parallel to that of RAL-1. This is based on the fact
that RAP-1 null mutants have only a very mild phenotype
under normal conditions, indicating that RAP-1 is not a major
activator of the RAL-1/exocyst pathway. Furthermore, inter-
fering at the level of RAL-1 by expression of mutant RAL-1
proteins has a strong effect in rap-1 mutants but not in wild-
type animals. It is possible that RAP-1 converges with RAL-1
pathway at the level of the exocyst complex or below. As no
interactions of RAP-1 with the exocyst have been documen-
ted, we favor the latter option. In agreement with this, we
find that RAP-1 clearly enhances the phenotype of sec-S
mutations.

The defects observed in rap-1 embryos following ral-1,
sec-5 or exoc-8(RNAi) are most prominent in hypodermal cell
migration during ventral enclosure. It may be that in the most
severely affected class II embryos also gastrulation move-
ments are abnormal, but this has not been investigated in any
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detail. Various causes may underlie the improper alignment
and defective migration of hypodermal cells. For example,
hypodermal cells need to be specified correctly to accommo-
date to their correct position. Abnormal cell specification,
leading to defects in dorsal intercalation, ventral enclosure
and elongation, has been proposed to underlie the phenotype
of apr-1 mutants (Hoier et al, 2000). However, cell specifica-
tion is unlikely to cause the migration defects found in ral-
I1(RNAi), rap-1 embryos. First, even in class II embryos,
expression of a seam cell marker could be detected, which
demonstrates that at least some specification within the
hypodermis has occurred. Second, we did not observe any
abnormal patterning of hypodermal cells before the onset of
migration, in contrast to what was reported for apr-1 mutants
(data not shown). Finally, the Ral-1/exocyst pathway
was found to regulate migration in tissue culture
cells, which is unlikely to depend on cell fate specification
(Rosse et al, 2006).

A more likely explanation for the observed phenotype is
the inability of hypodermal cells to change their adhesive
properties that can support the extensive reorganization of
cell-cell contacts required for dorsal intercalation and ventral
migration. Cell-cell adhesion is of fundamental importance
in cell sorting, migration and cell shape changes. This is
exemplified in Drosophila, where loss of DE-cadherin in
border cells blocks migration and in follicle cells has dramatic
effects on cell sorting (Lee et al, 1996; Niewiadomska et al,
1999; Pacquelet and Rorth, 2005). Even loss of DE-cadherin
from part of the cell circumference, as seen in clones of Rap1
mutant cells following cell division in the wing, changes their
sorting behavior (Knox and Brown, 2002). Indeed, our ana-
lysis of proteins present in adherens junctions revealed the
absence of HMP-1 and thus most likely the complete CCC
(Costa et al, 1998). This indicates that cell adhesive proper-
ties have changed. Loss of HMP-1 from adherens junctions
upon interfering in the RAL-1/exocyst route is in line with
recent studies in vertebrate tissue culture cells and Drosophila
(Shipitsin and Feig, 2004; Classen et al, 2005; Langevin et al,
2005). It should be noted, however, that in C. elegans, loss of
HMP-1 from adherens junctions upon ral-1(RNAi) was only
seen in rap-1 worms and not in wild-type worms. Thus, upon
ral-1 depletion, RAP-1 is crucial for targeting the CCC to the
lateral membrane or stabilizing it. In mammalian cells, Rapl
has been shown to promote E-cadherin interaction at newly
forming adherens junctions in tissue culture cells, whereas it
seems not required for the maintenance of mature junctions
(Hogan et al, 2004; Price et al, 2004). Possibly, Rapl acts by
inhibiting endocytosis of E-cadherin proteins, which are not
yet ligated to E-cadherin on other cells. To do so, Rapl is
suggested to interact via the actin binding protein AF-6 with
p120 catenin, an established stabilizer of adherens junctions
(Hoshino et al, 2005). Although it is attractive to explain the
lack of HMP-1 in adherens junctions in terms of the combined
effect of diminished targeting via the RAL-1/exocyst complex
and enhanced internalization, due to lack of RAP-1, the
situation may be more complex. It should be kept in mind
that during reorganization of cell-cell contacts, cadherin is
recycled via endosomes (Bryant and Stow, 2004). Indeed,
disturbing the function of these endosomes in the Drosophila
wing during the period when cells organize themselves into
hexagonal arrays, results in a loss of DE-cadherin at selective
cell contact sites (Classen et al, 2005). Consequently, loss of
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HMP-1 may not result from effects of RAP-1 on endocytosis,
but on sorting events in recycling endosomes or exit from
such endosomes. The situation is further complicated by the
observation that the exocyst member Sec5 functions not only
in exocytosis, but also in endocytosis (Sommer et al, 2005;
Sonnichsen et al, 2005). Indeed, it is currently unclear if and
how the exocyst complex interacts with the recycling endo-
somes. In this respect, phi-24 may be an interesting hit from
our screen, as this protein is homologous to the endosomal
protein CHMP1 (Howard et al, 2001), which is involved in
vesicular sorting.

In contrast to HMP-1, DLG-1 and AJM-1 localized normally
to adherens junctions and this is consistent with the finding
that the localization of these latter proteins occurs indepen-
dently of the CCC (Costa et al, 1998; Koppen et al, 2001). In
addition, it shows that the RAL-1 and RAP-1 pathways affect
only the transport of a subclass of proteins present at the
basolateral membrane. Differential effects of inhibition of the
exocyst complex on transport to the basolateral membrane
have previously been shown in Drosophila, where DE-cadher-
in transport is blocked but delivery of the septate junction
protein Coracle is normal (Langevin et al, 2005). Importantly,
class I embryos differ from hmr-1 embryos in that the shape
and alignment of hypodermal cells is clearly abnormal.
Therefore, the synthetic lethal phenotype observed cannot be
simply attributed to loss of the CCC at the adherens junction.
Double mutant analysis demonstrates that the phenotype of
hmr-1 or hmp-1 embryos does not become more severe if rap-1
is simultaneously absent. Consequently, the RAL-1/exocyst
pathway is not only required for targeting the CCC, but has
also additional functions.

It will be interesting to learn if and how the other genes
uncovered in the synthetic lethal screen fit in the RAL-1/
exocyst pathway. At least one gene, vhp-1, has been indirectly
linked to Ral signaling. VHP-1 is a phosphatase for the stress-
induced kinases KGB-1 and PMK-1, which are homologous to
Jnk and p38 MAPK, respectively (Mizuno et al, 2004).
Previously, Ral has been found to activate the Jnk-pathway
in tissue culture cells (de Ruiter et al, 2000), whereas in
Drosophila it was found to act as a negative regulator of Jnk
(Sawamoto et al, 1999). Therefore, vhp-1 may act together
with RAL-1 in other processes, possibly with different RAL-1
effectors.

In conclusion, a synthetic lethal screen has been used as a
starting point to learn more about genes, that function in a
redundant fashion with RAP-1. Our data demonstrate
a functional overlap for the Ras-like GTPases RAP-1 and
RAL-1 during various phases of the life cycle. Using RNAi
to time the interference in the RAL-1/exocyst pathway, we
identify both GTPases as novel elements in C elegans hypo-
dermal cell migration.

Materials and methods

Worms

General methods for culturing and manipulating worms used were
as described previously (Lewis and Fleming, 1995). Worms were
cultured on NGM plates at 20°C. Strains, constructs and detection of
mutants are described in Supplementary data.

Transgenic animals were obtained by injection of plasmid DNA
into the gonads of dpy-20(el1362) animals, or rap-1(tm861);dpy-
20(e1362) (Mello et al, 1991). FZ311 and FZ312 were made with
pPD103.5 containing untagged cDNA sequence of rap-1 (C27B7.8).
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Transgenic arrays were integrated by irradiating animals with 40 Gy
of gamma radiation from a 137 Cs source (Way et al, 1991). Target-
selected mutagenesis for obtaining sec-5 or ral-1 mutants was
performed as described previously (Cuppen et al, 2007). Mutant
animals were outcrossed at least four times to N2 animals before
phenotypic analysis. Determination of viability of N2 and
rap-1(tm861);rap-2(gkll) was performed by cutting gravid adults
in water and collecting the embryos with a drawn-out pipette.
Embryos were counted and non-hatched embryos were scored
after 24 h.

The synthetic lethal screen was performed essentially as
described previously (van Haaften et al, 2004). However, we used
20-25 L1 larvae per well in 100 ul of M9 buffer, to which 50 pul of
induced bacterial suspension was added. Scoring was done after 7
days either by eye for genome scale screen or by counting the total
amount of progeny per well and comparing it to the amount of
progeny on control RNAi (L4440).

Antibody staining and time-lapse recording

Antibody staining of embryos was performed as described
previously (Bossinger et al, 2001). Antibodies used are: a-HMP-1
(clone P1E11, Chemicon), o-AJM-1 (provided by O Bossinger),
mabMH27, mouse, hybridoma supernatant), EEA-1 (provided by B
Grant), RAB-11 (provided by A Spang) and the Alexa anti-mouse
568 secondary antibody (Jackson ImmRes Lab). Embryos were
visualized under a Zeiss Axiokop 2. For time-lapse recordings, L4
animals were put on an RNAi feeding plate on day 1. On day 3,
adults were moved to a fresh plate and embryos were collected after
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