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Ral GTPase activity is a crucial cell-autonomous factor supporting tumor initiation and progression. To
decipher pathways impacted by Ral, we have generated null and hypomorph alleles of the Drosophila melano-
gaster Ral gene. Ral null animals were not viable. Reduced Ral expression in cells of the sensory organ lineage
had no effect on cell division but led to postmitotic cell-specific apoptosis. Genetic epistasis and immunoflu-
orescence in differentiating sensory organs suggested that Ral activity suppresses c-Jun N-terminal kinase
(JNK) activation and induces p38 mitogen-activated protein (MAP) kinase activation. HPK1/GCK-like kinase
(HGK), a MAP kinase kinase kinase kinase that can drive JNK activation, was found as an exocyst-associated
protein in vivo. The exocyst is a Ral effector, and the epistasis between mutants of Ral and of msn, the fly
ortholog of HGK, suggest the functional relevance of an exocyst/HGK interaction. Genetic analysis also showed
that the exocyst is required for the execution of Ral function in apoptosis. We conclude that in Drosophila Ral
counters apoptotic programs to support cell fate determination by acting as a negative regulator of JNK
activity and a positive activator of p38 MAP kinase. We propose that the exocyst complex is Ral executioner
in the JNK pathway and that a cascade from Ral to the exocyst to HGK would be a molecular basis of Ral

action on JNK.

The Ral pathway is an essential component of physiological
Ras signaling as well as Ras-driven oncogenesis. It can be
instrumental in oncogenic transformation, and an activated
form of a Ral exchange factor, RIf, recapitulates the capacity of
Ras to transform immortalized human cell cultures, either
alone or together with other Ras effectors (26, 60). Recipro-
cally, the lack of RalGDS, another Ral exchange factor, re-
duces tumorigenesis in a multistage skin carcinogenesis model
and transformation by Ras in tissue culture (24). The molec-
ular basis of the Ral contribution to oncogenesis remains to be
elucidated.

None of the Ral effectors and their attributed cellular func-
tions are obvious actors in oncogenesis. One of the two well-
documented Ral effectors, RLIP76/RalBP1, is involved in en-
docytosis (38, 56). The other, the exocyst complex, is involved
in secretion, polarized exocytosis, and migration and can be
found at the tip of filopods and at tight junctions (8, 43, 53, 57,
64, 69). The exocyst complex is composed of eight proteins,
which have been initially identified via mutants of secretion in
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the budding yeast. Exocyst complexes are bound to vesicles and
are supposed to participate in vesicle trafficking and tethering
to the plasma membrane. Globally, Ral appears to be a regu-
lator of vesicle trafficking with consequences on cell prolifer-
ation, cell fate, and cell signaling (2, 13, 17, 23, 30, 41).

In order to gain insight into Ral function, we have under-
taken a genetic and cell biology approach using Drosophila
melanogaster, which has a single Ral gene. We have generated
null and hypomorph alleles of Ral and shown that Ral is an
essential gene. Ral loss-of-function has dramatic effects on the
differentiation of sensory organ precursor cells and leads to
caspase-8-independent cell death by releasing ectopic tumor
necrosis factor (TNF) receptor-associated factor 1-c-Jun N-
terminal kinase (TRAF1-JNK) signaling. We further show that
sensory organ cell survival in Ral mutants is rescued by an
activation of p38 mitogen-activated protein (MAP) kinase, re-
vealing an antiapoptotic function of this latter. We find that the
influence of Ral on sensory organ cell fate is directly mediated
by the exocyst complex together with a novel interaction part-
ner, the MAP4K4 (also known as hepatocyte progenitor ki-
nase-like/germinal center kinase-like kinase [HGK] in mam-
mals and Misshapen [MSN] in flies). This suggests that a Ral/
exocyst/JNK regulatory axis may represent a key component of
developmental regulatory programs.

MATERIALS AND METHODS

Genetics and fly handling. Fly crosses were performed at 25°C unless noted
otherwise. For some of the genetic studies involving ectopic expression, we have
employed the GAL4-UAS transcription system in which GAL4 produced in a
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particular pattern acts in trans to activate the expression of UAS transgenes in
the corresponding pattern (7). Expression in the proneural cluster was obtained
with the scabrous-GAL4 (sca-GAL4) driver, which initiates expression at the
second larval instar and progresses to the late pupal stages (55). Deletions in the
Ral gene were generated by excision of the P elements in lines PG69 and PG89.
Flies were prepared for scanning electron microscopy as described previously
(40). The mounted samples were ion coated and observed with a scanning
electron microscope (Hitachi Instruments, Inc.). Preparation of flies for Nomar-
ski optics was performed in Hoyer’s solution following standard fixation proce-
dures in glycerol-acetic acid (1:4) (75).

Estimation of phenotypes and their modulation. For each genotype, at least 50
flies were examined and distributed in five classes according to their microchaeta
numbers with attributed coefficient: flies with no missing microchaetae (wild-
type), coefficient 0; 1 to 10 microchaetae absent, coefficient 1; 11 to 30 micro-
chaetae absent, coefficient 2; >30 absent but >20 present microchaetae, coeffi-
cient 4; fewer than 20 microchaetae present, coefficient 5. The percentage of flies
in each class was multiplied by the coefficient of the class, and the sum of these
numbers gives a semiquantitative view of the phenotype of each genotype.
Minimum and maximum scores are zero and 500 for wild-type flies and flies with
no microchaetae, respectively. Ral**¢ males scored 280, and Ral>**N males
scored 136, on average. Suppression of the Ral>>¢ phenotype was strong or weak
if scores were less than 140 ([280 + 0]/2) or between 140 and 280, respectively.
Enhancement of the Ral** phenotype was strong or weak if the score was more
than 390 ([280 + 500]/2) or between 280 and 389, respectively. The same
calculation was used with Ral>?*™, using 136 as a medium score on the scale.

Drosophila stocks. The w; UAS-H2B-YFP; neu”7?/SM5:TM6b, Tb line (3) was
used for live imaging. DIAP mutants (th) were gifts of K. White (45) and A.
Muller (77); DRONC strains were provided by K. Basler (52), p38b strains were
provided by T. Adachi-Yamada (1), strains carrying bsk mutations or expressing
dominant-negative forms of D-Jun and D-Fos were provided by C. Yanicostas
(62), UAS-p35 strains were provided by B. Limbourg-Bouchon, Dredd mutants
(44) were provided by B. Lemaitre, the d-mekk! mutant was provided by H.
Inoue (34), and sca-GAL4 flies were provided by F. Schweisguth. The Sec5
mutant was a kind gift of T. Schwarz (54), and msn domain mutants were kindly
provided by Y. Rao (65, 66). For experiments with puckered, pucE® (puc-lacZ)
was used (49). Other mutants were provided from Bloomington and Szeged stock
centers and from the GenEXel collection. The w’/® strain was used as a wild-
type stock for genetic interaction.

Immunocytochemistry. Dissected nota from staged pupa (25 to 30 and 31 to
35 h after pupal formation [APF]) of Ral**? and control (w’/® or sca-Gal4) males
were processed as described previously (21) and analyzed using mouse anti-Cut
(1:500; Developmental Studies Hybridoma Bank, University of Iowa), rat anti-
Su(H) (1:1,000; gift from F Schweisguth), mouse anti-Senseless (1:500), guinea
pig anti-Numb (1:100; gift from Y. Jan), rabbit anti-Baz (1:2,000; gift from A.
Wodarz), and rabbit anti-horseradish peroxidase (HRP) (1:500; ICN Biomedicals).
Cy3- and Cy5-coupled (Jackson Laboratories) and Alexa 488-coupled (Molecular
Probes) secondary antibodies were used at 1:1,000. Images were acquired on Leica
TCS or SP2 confocal microscopes and assembled using Adobe Photoshop.

DNA fragmentation was assayed by terminal deoxynucleotidyltransferase
(TdT)-mediated dUTP nick end labeling (TUNEL kit; Roche) and visualized
using Cy3-conjugated streptavidin (1:1,000; Jackson Laboratories). The nota at
20 to 25, 26 to 30, 31 to 35, and 36 to 38 h APF of non-7b male pupa were
selected from the following crosses: (i) w’!® X w/Y; UAS-H2B-YFP; neu’’?/SM5:
TMG6b, Tb and (ii) Ral*>® X w/Y; UAS-H2B-YFP; neu’7?/SM5:TM6b, Th. Rabbit
anti-activated caspase-3 (Cell Signaling Technology) was used at 1:20; rabbit
anti-B-galactosidase (B-Gal; Cappel) was used at 1:1,000.

Images were acquired on Leica DMRA and SP2 confocal microscopes and
assembled using Photoshop software.

Time-lapse microscopy. In vivo imaging was carried out as described previ-
ously (20). Images were acquired every 4 min on a Leica TCS confocal micro-
scope or an Olympus BX41 fluorescence microscope (20X objective) equipped
with a CoolSnap camera driven by Metaview software. Time-lapse movies were
assembled using NIH Image software.

Biochemistry. For preparation of protein extracts, embryos (8 to 24 h) were
collected, washed with water, dechorionated in 14% sodium hypochlorite (3
min), rinsed with water, and frozen at —80°C. Frozen embryos were resuspended
in lysis buffer (0.5 ml for “100 pl” of embryos; 25 X 10~3 M HEPES, pH 7.5, 0.15
M NaCl, 1073 M dithiothreitol, 107> M EDTA, protease inhibitors [Complete
Protease Inhibitors; Roche]) and ground to obtain a homogenous suspension;
samples were centrifuged (at 4°C for 10 min at 16,000 X g), and the supernatant,
after a second centrifugation, was used for Western blotting. A total of 50 pg of
protein/lane was separated in 12% acrylamide sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels and transferred on nitrocellulose membranes; Ral
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proteins were detected using anti-human RalB antibodies (Transduction Labo-
ratories, BD) and an ECL detection system (Amersham).

For immunoprecipitation from HeLa and NRK cells, cells were lysed in 20
mM Tris-HCI, pH 7.4, 100 mM NaCl, 1 mM MgCl,, 0.1 mM dithiothreitol, 1%
Triton X-100, and 10% glycerol, and immunoprecipitation and further analysis
were performed according to standard procedures.

Cell culture and transfection. HeLa and NRK cells were maintained in Dul-
becco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(Life Technologies). For MAP kinase experiments, before transfection, cells
were seeded into 35-mm culture dishes and grown to 60% confluence. Small
interfering RNAs (siRNAs; 200 pM) were transfected using Oligofectamine
(Life Technologies). For suspension cultures, cells were detached from plates by
treatment with trypsin and maintained in 1% Seakem agarose (Cambrex)-coated
plates for 24 h. When cells were transfected both with siRNA and expression
plasmids, after 4 h in the presence of siRNA in Oligofectamine, the supernatant was
removed, and cells were immediately transfected following a standard Ca precipitate
method. Synthetic siRNAs targeting RalA and Sec5 were designed by standard
methods using the following sense sequences: 5'-GACAGGUUUCUGUAGAAG
AdTdT-3' (RalA), 5'-CAGAGCUGAGCAGUGGAAUTAITAT-3' (RalA), and 5'-
GGUCGGAAAGACAAGGCAGAUTAT-3" (SECS). Scrambled RalA sequence
(5"-ACGACGGUGAACUGAAUGGATAT-3") or siRNA targeting luciferase was
used as controls. The following antibodies were used: mouse monoclonal anti-RalA
(BD Transduction Laboratories); mouse monoclonal anti-phospho-SAPK/JNK
(Thr183/Tyr185) (Cell Signaling Technology); rabbit polyclonal anti-phospho-c-Jun
(Ser73) (Cell Signaling Technology); rabbit polyclonal anti-JNK (Santa Cruz Bio-
technology), rabbit polyclonal anti-ERK1/2 (Santa Cruz Biotechnology); monoclo-
nal anti-EXO70 (72), polyclonal anti-SEC5 (58), and monoclonal anti-myc (Roche);
and polyclonal anti-phospho-p38 (Thr180/Tyr182) (Cell Signaling).

Two-hybrid screens. Baits were amplified by PCR using Pfu polymerase
(Stratagene) and cloned in the two-hybrid bait plasmid pB27. All constructs
were checked by sequencing. The construction of the library as well as
screening procedures and bioinformatics analysis have been described previ-
ously (14, 19, 59).

RESULTS

Ral is an essential gene. Mutagenesis of the X chromosome
with P element insertions using the P{GawB } transposon
yielded two insertions within the Rala locus, hereafter referred
to as Ral (6). One was in the first exon (strain PG69), and the
other was in the first intron of Ral (strain PG89) (Fig. 1A). In
both strains males died during embryogenesis from stage 13
through the first-instar larval stage.

Viability of PG89 and PG69 males was restored by precise
excision of the P transposon as well as by expression of a Ral""”
cDNA under the ubiquitous daughterless (da-GAL4) promoter.
These results indicated that lethality was due to insertions in
the Ral locus and that Ral is an essential gene.

Hypomorph Ral mutants display defects in sensory organ
lineage development. Two classes of mutants, lethal or viable
but displaying a loss-of-bristle phenotype in males (Fig. 1B),
were obtained from PG69 and PGS89 flies by P-excision mu-
tagenesis. Expression of Ral™" driven by da-GAL4 or sca-
GAL4 rescued both lethal and loss-of-bristle phenotypes, ver-
ifying that the defects were due to mutation of the Ral locus.
In some mutants, the loss-of-bristle phenotype was associated
with female sterility. Further work was carried out using three
viable Ral excision mutations generated from PG89, Ral*>“,
Ral®, and Ral®*. Males carrying any of these mutations dis-
played a highly penetrant loss-of-bristle phenotype (Fig. 1B):
the external parts of their sensory organs were made of empty
sockets and no shaft. This phenotype (referred to below as the
Ral phenotype) was very similar to that observed with a dom-
inant negative allele of Ral (RalS*Y) expressed in sensory
organs (51, 67).

Genomic characterization of the Ral locus in the Ral*™,
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FIG. 1. Characteristics of Ral mutants. (A) Schematic representa-
tion of the Ral locus and of the sites of insertion of transposons
P{GawB} in strains PG69 and PG89, which were further excised to
generate null and hypomorph mutants. (B) Scanning electron micros-
copy of complete nota (upper row) and fragments of nota (lower row)
images documenting the loss-of-bristle phenotype of wild-type (left)
and Ral**? (right) males. Higher magnification (lower row) shows that
sockets are present and only shafts are missing, both for microchaetae
and macrochaetae. (C) Western blot analysis of Ral protein expression
in wild-type and in Ral**?, Ral**, and Ral’** mutants. A total of 50 pg
of protein from whole embryos was tested using antibodies against
human RalB, which detects Drosophila Ral protein. Erk was used as a
loading control.

Ral®*¢, and Ral’** mutants by reverse PCR showed that most of
the PG89 transposon sequences had been excised while both P
terminal repeats had been retained. These flies expressed less
RAL protein than wild-type flies (Fig. 1C), indicating that
Ral??, Ral®*, and Ral’* are hypomorph alleles. Females ho-
mozygous for these Ral alleles presented a wild-type pheno-
type, suggesting that two copies of these alleles provided
enough Ral activity to fulfill Ral function.

Lack of Ral leads to postmitotic cell-specific death by apop-
tosis. Bristles are mechanosensory organs formed by four cells:
a sheath, a shaft, a socket cell, and a neuron. These cells arise
from four rounds of divisions of primary precursor cells (pIs)
(20, 37). Ral hypomorph mutants have fewer bristles than wild-
type flies.

We have investigated the cellular basis of the Ral phenotype
in our hypomorph mutants. At 24 to 36 h APF, nota were
stained for markers allowing the identification of all four cells
of the mechanosensory organs (5, 21, 36). Four cells were
present in microchaeta and macrochaeta organs of wild-type
flies. In Ral**? flies, neuron, socket, and sheath cells were
present, but shaft cells were often missing, both in macro- and
microchaetae (Fig. 2). In some cases, a sheath cell was also
missing in microchaetae. During the course of this work, we
tested bristle sensory organs in flies overexpressing Ral®**N
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and observed the same absence of shaft cells (data not shown).
A Ral bristle phenotype obtained with a dominant negative
allele of Ral has been previously attributed to abortive actin
polymerization with all four cells present in microchaeta or-
gans (67). It is possible that the discrepancy between the two
results is due to the fact that Sawamoto observed microchaeta
organs before 32 h APF, a period when we observed excep-
tional loss of shaft cells. The actin phenotype at that stage
might be an early consequence of entrance in apoptosis.

To determine if the loss of shaft cells was a consequence of
cell death or a defect in cell division during bristle develop-
ment, bristle lineages were filmed (20). At 18 h APF, all four
cells of macrochaeta organs were present, and the first precur-
sor cells (pI) that lead to microchaetae started to divide. Five
to eight hours later, shaft cells in the macrochaeta organs
began to loose contact with other cells of the cluster and
became fragmented. Figure 3A shows the fate of cells of a
macrochaeta organ in a Ral’>* male: the nucleus of a cell,
whose position and size corresponded to a shaft cell, became
fragmented and eventually disappeared (see Film S1 in the
supplemental material). The same phenomenon was observed
in microchaeta organs around 33 to 35 h APF (Fig. 3B; see also
Film S2 in the supplemental material). Because macrochaetae
arise earlier than microchaetae, it is likely that the delay in
shaft cell fragmentation between the two lineages was related
to differences in the timing of determination of both organs
(32, 71). These data show that death occurs after the appro-
priate cell divisions and determination had taken place.

The specification of the sensory organ cells relies on the
asymmetric localization of Bazooka (Baz), which controls the
asymmetric segregation of the cell fate determinant Numb
during the asymmetric cell divisions of the sensory organs (4,
63). Having established that the bristle lineage is identical in
wild-type and Ral*>? mutant organs, we analyzed whether the
loss of shaft cells in Ral*’? mutant organs might be caused by
defects in the asymmetric distribution of either Numb or Baz in
shaft precursor cells pI and/or plla. We observed that the
Numb and Baz localizations were identical in wild-type and
Ral>? dividing pl cells, which produce the plla and plIb cells
(Fig. 3C). Furthermore, in the dividing pIla cells, which pro-
duce the socket and shaft cells, the localizations of both Numb
and Baz were identical in wild-type and Ral** pupae (Fig. 3C).
We therefore conclude that the loss of shaft cells in Ral*>¢
organs is not due to defects in the asymmetric localization of
either Numb or Baz during the division of the precursor cells
that produce the shaft cell.

Since the exocyst seems crucial for Ral action (see below),
we have also analyzed the distributions of Numb and Baz in
sec5 mutant pl cells. In agreement with the results in Ral*>¢
mutant, no defects in the asymmetric distributions of Baz and
Numb were observed in sec5 mutant dividing pI cells (data not
shown). This result is consistent with recently reported data
where a secl5 loss-of-function did not affect the asymmetric
localization of Baz, Pins, and Numb in pI cells (35). We could
not analyze the distribution of Baz and Numb in sec5 mutant
plla cells, as the loss of SECS results in cytokinesis defects
during the pI cell division (J. Langevin, unpublished data).

Cell death in macrochaetae and microchaetae is due to
apoptosis. Ral’>¢ mutant nota were stained for a TUNEL test
around 20 to 25 h APF, and one cell per organ was labeled
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FIG. 2. Absence of shaft cells in sensory organs of Ral mutants. Wild-type and Ral*>? nota were dissected at 30 h APF and 35 h APF,
respectively. Both macrochaeta (A) and microchaeta (B) organs in wild-type flies were composed of four cells (visualized by Cut immunoreactivity
[5]; green): one socket cell [large nuclear size and Su(H) immunoreactivity (21); red], a neuron (small nuclear size and HRP immunoreactivity [36];
blue), a shaft cell [large nuclear size and Su(H) negative], and a sheath cell (small nuclear size and HRP negative). In Ral mutants, the shaft cell
was absent, and sensory organs were composed of three cells: the neuron, the socket, and the sheath cells. Each panel was obtained after merging

about 10 horizontal confocal sections.

positive in many macrochaeta organs (Fig. 3D). The large
size and position of the positive cell suggested that it was an
offspring of the plla cell that gives rise to the shaft and
socket cells. This was consistent with the observed absence
of shaft cells in macrochaeta organs (Fig. 2A). TUNEL
labeling between 31 to 38 h APF of microchaeta organs also
revealed that one cell was often scored positive (Fig. 3D).
These results were confirmed with activated caspase-3 stain-
ing in both macrochaeta and microchaeta organs in Ral
mutants (Fig. 3E).

In Ral-dependent apoptosis, Ral acts as an upstream neg-
ative regulator of the JNK pathway. In flies, a major pathway
leading to apoptosis involves the Hid, Reaper, and Grim pro-
teins that inhibit the antiapoptotic activity of DIAP1 (10, 25,
42, 61,73, 76). DIAP1, the fly ortholog of mammalian inhibitor
of apoptosis protein), inhibits a caspase-8-dependent pathway,
and a cascade where TRAF1 binds Misshapen (msn), a

MAP4K4 orthologous to vertebrate HGK/Nck-associated ki-
nase (42, 46). MSN participates in the activation of the JNK
(encoded by basket in flies), which is a positive regulator of
apoptosis in a caspase-8-independent manner (33, 52).
Caspase-9 (DRONC) in association with APAF1 (DARK) was
suggested to participate in a JNK-dependent apoptosis (52),
although DRONC and JNK might also work in parallel (76).
We examined which if any of these pathways were engaged in
mediating the cell death observed in Ral mutants.

Expression of the caspase-8 inhibitor p35 in males carrying
Ral®? or removal of one copy of DREDD, the closest fly
ortholog of caspase-8 (11, 29), had no effect on the Ral bristle
phenotype (28), suggesting that it is caspase-8 independent
(Table 1). On the contrary, expression of a dominant negative
allele of fly caspase-9 (DRONCPY) suppressed the loss-of-
macrochaeta and -microchaeta phenotypes of Ral’>?. The re-
quirement of an effective caspase-9/apoptosome complex for
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the apoptosis of shaft cells in Ral mutants suggests that Ral
acts as a negative regulator of this complex (Table 1).

To assess how JNK signaling and Ral function are integrated
in the hierarchy of signaling pathways regulating apoptosis, we
analyzed genetic modulation of Ral-induced apoptosis by sec-
ond-site mutations or coexpression of transgenes (Fig. 4A).
Reducing the dose of JNK pathway activators and effectors
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FIG. 3. Shaft cell die by apoptosis in Ral mutants. (A and B) All four
cells appear in sensory organs, and then one dies. Cell division in sensory
organs of nota of live RaP*%; neu*”? UAS-H2B::YFP pupae was recorded
by time-lapse microscopy (confocal for the macrochaeta lineage in panel A or
standard epifluorescent for the microchaeta lineage in panel B). Time (hours:
minutes) APF is indicated on each panel. Shaft cells (small arrows) were
identified by size of their nuclei and their relative positions with respect to
the other cells in the cluster. Shaft nuclear fragments (arrowheads) are
observed at 26:36 h APF in the macrochaeta lineage (A) and at 33:53 h in
the microchaeta lineage (B). Prior to fragmentation, shaft cells lost contact
with the other cells in the cluster (26:28 h APF in macrochaeta in panel A;
better views for both lineages are available in the films in the supplemental
material). Cell movement was frequently associated with changes in the
shape of the nucleus and DNA condensation that was observed as bright
spots inside the nucleus. In panel A, each image corresponds to the
merging of 10 horizontal confocal optical sections. The anterior is on the
left. (C) Asymmetric distributions of Numb (Nb; green) and Baz (red) in
wild-type and Ral*** dividing pI (upper row) and plIla (lower row) cells. In
both wild-type (WT; 7 = 10) and Ral** (n = 17) mutant pl cells (identified
by Senseless [Ss]; blue) at prometaphase, Numb was localized at the anterior
cortex whereas Baz was localized at the posterior pl cell cortex. In both
wild-type (n = 17) and Ral** mutant (n = 21) plla cells, Numb was localized
at the anterior cortex whereas Baz was enriched at the posterior plla cortex.
The dividing plla cells were identified by cytoplasmic Cut staining and the
presence of the plIb daughter cells. In the lower row, the insets show the
maximal projections of several confocal planes to illustrate the position of the
dividing plla cells and the anterior pIlIIb cells. Nota were dissected at 17 h
APF to see pl division and at 21 to 22 h APF to see plla and pIlIb divisions.
Scale bar, 5 pm. (D and E) The shaft cells die by apoptosis. Cell death was
characterized by TUNEL staining performed on macrochaeta (upper row)
and microchaeta (lower row) sensory organs at 25 h APF and 35 h APF,
respectively. All four cells were detected by green fluorescence due to expres-
sion of H2B::'YFP, and TUNEL-positive cells were detected by red fluores-
cence (Cy3-conjugated streptavidin). TUNEL-positive cells were identified as
shaft cells by nuclear size and position. (E) Cell apoptosis was also visualized
by the presence of an activated caspase-3 in one cell per organ in macrochae-
tae (upper row) and microchaetae (middle row), as opposed to wild-type
organs (lower row). All four cells were detected by Cut immunoreactivity.
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TABLE 1. Epistatic relationships between Ral mutants and mutants of the JNK pathway and of Ral effectors”

Removal of one copy/

Gene/protein overexpression of dominant

Overexpression of WT?

Ral loss-of-bristle phenotype

negative allele Microchaetae Macrochaetae
DREDD/caspase-8 dreddB"® #* dredd™* ** No effect No effect
p35 p35 */** No effect No effect
TRAF1 Df(2L)M24F * Suppressed (strong) Suppressed
TRAF1EPS78 = Enhanced (strong) Enhanced
MSN msn'®? # msn'7? * Suppressed (weak) Suppressed
msn™7' #, msn®F40 * Enhanced (strong) Enhanced
msnP10N No effect No effect
msnAPXXP Enhanced (strong) Enhanced
IJNK bsk! #/#% bsk? */#* bskPN #* Suppressed (weak) Suppressed
Jun D-JunPN s/ Suppressed (strong) Suppressed
Fos D-FosPN # Suppressed (strong) Suppressed
Puckered puct®? * Enhanced (strong) Enhanced
DRONC DRONCPN * Suppressed (weak) Suppressed
MEKK1 mekk1Ur36% Enhanced (weak) Enhanced
p38 MAP kinases Df(3R)crb89F-4*(p38a) Enhanced (strong) Enhanced
p38HPN ** Enhanced (strong) Enhanced
p38bWT Suppressed (rescue) Suppressed
RLIP1 RLIPGE28345 s Suppressed (weak) Suppressed
RLIPIWT s i Enhanced (weak) Enhanced
Exocyst complex secSF10 * Enhanced (strong) Enhanced
sec] 5GE24290 « Enhanced (strong) Enhanced
ex070CE38 Enhanced (weak) Enhanced

“ Females carrying the Ral*? mutation (*) or flies expressing dominant negative RalS>*N (**) were crossed with flies carrying the listed loss-of-function mutations
or transgenes. Males were analyzed for the loss-of-bristle phenotype compared to the phenotype in RaP*?[Y (*). In crosses using Ral5**N (**), both males and females
were analyzed and compared with flies expressing only Ral>>>N, Transgenes were expressed under control of the sca-Gal4 driver. None of the transgenes or heterozygote

mutants used in this study produced a bristle phenotype on its own.

& Wild-type (WT) alleles have been overexpressed in all these experiments, except the two indicated msn alleles: msn

APXXP

msn , which is an hyperactivated kinase mutant.

(msn, TRAF1, bsk, D-Jun, and D-Fos) suppressed Ral-induced
apoptosis, and, conversely, increasing activators (TRAF1 and
msn) or reducing negative regulators (puckered) enhanced Ral-
induced apoptosis (Table 1). The molecular impact of Ral on JNK
pathway regulation likely occurs upstream of TRAF1/msn. That
JNK pathway mutants appeared epistatic on Ral mutants sug-
gested that Ral is an upstream negative regulator of JINK, a result
consistent with a previous genetic study (67). A possible explana-
tion for this suppression is that in Ral mutants, a JNK-based
apoptosis system gets rid of cells whose fate is perturbed by a lack
of Ral signaling. This possibility is unlikely since not only is apop-
tosis suppressed by JNK loss-of-function mutants but also normal
bristle differentiation is achieved.

Epistatic relationships between Ral and the JNK pathway
were studied also in the context of an activated Ral allele
(Ral®?%Y), Flies expressing constitutively active Ral“%°Y under
control of sca-Gal4 exhibited a specific bristle phenotype,
which can be described as a mislocalization of shafts of dorso-
central macrochaetae and some morphology modification (51),
and instead of growing from inside their sockets, shafts grew
beside their sockets. Ral%*°V flies display a 100% penetrance
of this phenotype, with two to four out of the four dorso-
central macrochaetae concerned. Activation of the JNK path-
way by puckered mutation (puc™®’) suppressed the Ral®?*V
mislocalization phenotype, both in terms of penetrance and
expressivity. Symmetrically, a TRAF mutant (TRAF®P>7%),
which down-regulates the JNK pathway, enhanced the Ral“%V
phenotype, and almost all flies exhibited a mislocalization of all
four dorso-central macrochaetae (data not shown).

This epistatic relationship applies also to Ral lethal mutants,

DI60N " which is a kinase-dead mutant, and

which die before the second larval stage. The PG69 insertion
drives expression of GAL4 along the pattern of expression of
Ral (data not shown). Overexpression of dominant negative
D-Jun (D-Jun®Y) directed by GAL4 expressed from PG69
insertion rescued PG69 males up to the pharate adult stage.
Similarly, PG69 males were rescued by the removal of one copy of
basket (bsk?). PG89 males were rescued by D-Jun®™ expressed
under a da-Gal4 driver. These results suggest that during embry-
ogenesis, Ral controls cell death via the JNK pathway.

JNK signaling in Drosophila is reflected by the expression
levels of puckered, a gene encoding a dual-specificity phos-
phatase (49, 50). Ral regulation of JNK signaling was con-
firmed at the cellular level in sensory organs of Ral mutants
using a puc enhancer trap line (puc™®®), in which the puc-lacZ
reporter gene is induced in cells undergoing JNK pathway
activation (22, 50). B-Gal-positive neurons were observed in all
organs independently of Ral’*? mutation, whereas B-Gal-pos-
itive shaft cells were observed only in Ral mutants, at a time
when all mitotic divisions were completed (Fig. 4B).

p38 MAP kinase displays antiapoptotic properties. In mam-
mals, JNK and p38 MAP kinase are often coactivated in re-
sponse to various stresses including TNF (47, 48). In flies, p38
MAP kinase is also activated in response to various stresses
(15, 78), but TNF-dependent apoptosis requires only the JINK
pathway (33, 42, 52). The promiscuity of the JNK and p38
MAP kinase activation prompted us to test the contribution of
p38 MAP kinase to Ral apoptotic signaling.

Drosophila harbors two p38-encoding genes, p38a and p38b
(1, 27). Removal of one copy of p38a (Df(3R)crb89F-4) as well
as expression of a dominant negative p38b™®™ enhanced dra-
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FIG. 4. Ral brakes JNK, a conserved function in flies and human. (A) Ral behaves as a negative regulator of the JNK pathway in flies. Nomarsky
microscopy of adult nota documents examples of genetic interactions between Ral mutants and mutants of the JNK pathway. The loss-of-bristle
phenotype of Ral** mutant flies (left image) was either suppressed (middle image) when the JNK pathways were down-regulated (as in the present
example with a dominant negative allele of Jun expressed under the control the sca-Gal4 driver) or enhanced (as in the example of the right image, where
the amount of MSN was increased under the control of the sca-Gal4 driver). Results of all tested interactions are presented in Table 1. (B) JNK is unduly
activated in shaft cells of Ral mutants. lacZ expression under control of the Puckered promoter in the puc® mutant (49) is a reporter for JNK activity.
lacZ-positive neurons are present in both wild-type and Ral mutant flies, but lacZ staining in shaft cells is observed only in Ral mutants. Cut staining
reveals all four cells; HRP detects the neuron. (C and D) RalA inhibits basic JNK activation in human cells and impairs TNF-« activation of p38 MAP
kinase. HeLa cells were transfected with control or RalA siRNAs. In panel C, at 72 h posttransfection, whole-cell lysates of attached cells (“attached”)
or cells detached from plates with trypsin and maintained in suspension for 24 h (“suspension”) were prepared. Equivalent total protein was analyzed
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis for the indicated proteins (phospho-JNK corresponds to JNK1 and 2 phosphorylated on
Thr183 and Tyr185; phospho-c-Jun corresponds to c-Jun phosphorylated on Ser73). JNK1/2 and ERK1/2 are shown as a loading control. In panel D, at
72 h posttransfection cells were treated with 10 ng/ml of TNF-«a for the indicated times, and cell extracts were an analyzed for p38 MAP kinase
phosphorylation as well as for RalA depletion. ERK1/2 is shown as a loading control.

P-c-Jun s . ' -
e S -

matically the Ral bristle phenotype. Conversely, overexpres-
sion of a wild-type p38b rescued the Ral bristle phenotype
(Table 1). These data raised the possibility that, in Ral-depen-
dent apoptosis in the bristle lineage, Ral behaves as a positive

regulator of p38 MAP kinases, which behave as antiapoptotic
molecules. Consistently, a loss-of-function mutant of MEKKI1,
an upstream activator of p38 MAP kinase (34), enhances the
Ral bristle phenotype (Table 1).
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FIG. 5. The exocyst complex interacts with HGK/MAP4K4, an ac-
tivator of the JNK pathway. (A) Schematic representation of human
and Drosophila MAP4K4 HGK and MSN. Domains are indicated as
well as the percent identity/similarity between the different regions of
the human and fly proteins. The global identity and similarity for the
whole proteins are 43 and 53%), respectively. For the sake of simplicity,
we show only isoform 1 of HGK (NP_004825). The difference between
the three reported isoforms affects the regions flanking the kinase
domain and the CNH domain. (B) Sec5 interacts with HGK. HeLa
cells were transfected with the indicated plasmids and the indicated
siRNAs. Whole-cell extracts were immunoprecipitated with the indi-
cated antibodies. Myc-HGK was present in immunoprecipitates ob-
tained with anti-Sec5 antibodies (58) in cells transfected with a plasmid
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The role of Ral as a negative and positive regulator of JNK
and p38 MAP kinase, respectively, is conserved in human cells.
siRNA-mediated depletion of RalA resulted in dramatic in-
duction of JNK and c-Jun phosphorylation (Fig. 4C). Similar
results were obtained in cells maintained in suspension and in
attached cells (Fig. 4C), despite the fact that RalA is required
for anchorage-independent proliferation in the former but not
in the latter (13). RalB was not tested because its depletion
causes premature cell death (13). Also, consistent with the
genetic observations in flies, p38 MAP kinase activation in
response to TNF-a was blunted by RalA depletion (Fig. 4D).

The exocyst likely mediates Ral-dependent sensory cell sur-
vival. We tested mutants of two Ral effectors, RLIP1 (the fly
ortholog of RalBP1/RLIP76) and the exocyst, for their contri-
bution to Ral-dependent cell survival (9, 18). Overexpression
of the RLIP1 protein from a UAS-RLIP1 transgene in Ral>>*
flies enhanced the Ral phenotype. The most likely explanation
is that overexpression of RLIP1 blocks access of Ral to its
effectors required for its antiapoptotic function. Conversely, an
insertional mutation in the RLIP1 gene suppressed the loss-
of-bristle phenotype of Ral**? males (Table 1).

Loss-of-function mutants of three subunits of the exocyst
(SecS, Secl5, and Exo70) were tested in combination with
Ral>>?. All mutations enhanced the Ral loss-of-bristle pheno-
type. Thus, the lack of a functional exocyst enhances Ral-
dependent cell death.

Molecular basis for an exocyst-JNK functional connection.
That the exocyst, primarily understood as a secretory vesicle
trafficking machine, might carry activities regulating MAP ki-
nase was surprising and prompted us to search the molecular
avatar(s) of this activity. In a two-hybrid screen performed with
rat SEC5 as the bait and a human placenta random-primed
two-hybrid cDNA library, we have identified HGK as a partner
of SECS. Reciprocally, a screen performed with HGK as a bait
identified Sec5 as a partner (data not shown). HGK, also
known as MAP4K4, is the ortholog of Drosophila MSN. It
belongs to the STE20 kinase family, and displays a kinase
domain (amino acids 25 to 289) and a citron homology (CNH)
domain (amino acids 1002 to 1320) separated by a region
containing a PXXP motif that binds to the SH3 domain of
DOCK (66, 68). The smallest identified region of interaction
between HGK and Sec5 comprises amino acids 745 to the C
terminus and contains the CNH domain (Fig. 5A). Recipro-
cally, a two-hybrid screen with a C-terminal fragment of HGK

expressing myc-HGK. This result was specific: when Sec5 protein was
depleted by specific siRNA, less Sec5 and less myc-HGK were detected
in the anti-Sec5 immunoprecipitate, showing that myc-HGK was not
precipitated directly by the anti-Sec5 antibodies. (C) siRNAs against
Sec5 are specific. The cells extracts used in panel B for immunopre-
cipitation were probed for the presence of the indicated proteins. The
siRNA against Sec5 (siSec5) reduced strongly the amount of SecS5,
while myc-HGK looks only marginally affected. (D) HGK is immuno-
precipitated with the Exo70 subunit of the exocyst complex. NRK cells
transfected with a plasmid expressing myc-HGK were lysed, and cell
extracts were immunoprecipitated with the indicated antibodies. Im-
munoprecipitates were tested for the presence of other subunits of the
exocyst and of HGK. HGK was detected in the immunoprecipitate
with anti-Exo70. IgG, immunoglobulin G; siLuc, siRNA against lucif-
erase.
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starting at amino acid 735 identified SECS as a partner. The
smallest identified region of interaction was comprised of
amino acids 224 to 693 of SEC5 (data not shown).

We tested domains of MAP4K4 for their contribution to the
genetic interaction between Ral and the JNK pathway, using
overexpression of msn mutants in Drosophila. While overex-
pression of wild-type msn enhanced the Ral bristle phenotype
(Table 1), a kinase-dead mutant (msn®!%*™) (65, 68) had no
effect (Table 1). Mutant msn®™*¥ codes for a protein deleted
of amino acids 332 to 667, still contains the kinase domain and
the CNH domain, and is considered a constitutively active
mutant (31, 68). Overexpression of this mutant under control
of sca-Gal4 displayed no bristle phenotype on its own but
enhanced the Ral loss-of-bristle phenotype of Ral**? and
Ral5*N mutants. This enhancement was even stronger than
the one observed with overexpression of wild-type misn (Table
1). The requirement of the kinase activity of the MAP4K4 Msn
for the genetic interaction of msn with Ral*>* strengthens the
connection of Ral to JNK activation.

The interaction between SEC5 and HGK was confirmed in
vivo. Since endogenous HGK could not be detected in HeLa
cells, experiments were performed using cells transfected with
a plasmid expressing myc-HGK. SECS5 was immunoprecipi-
tated, and HGK was present in the immunoprecipitate (Fig. 5B
and C). This coimmunoprecipitation was specific: it was not
detected either with immunoglobulin G or when the experi-
ment was performed in cells cotransfected with an siRNA
against SEC5 (Fig. 5B and C). Endogenous HGK was found
immunoprecipitated with anti-EXO70 antibodies (72) in NRK
cells, suggesting that HGK interacts with the exocyst complex,
not only with SECS (Fig. 5D).

DISCUSSION

We have generated mutants of the unique Ral/ locus of Dro-
sophila, which have enabled us to show that Ral is an essential
gene. Hypomorph mutations of Ral displayed a loss-of-bristle
phenotype with sockets without shafts, as do flies expressing
dominant negative alleles of Ral (51, 67). Whereas Ral is
expressed in many if not all tissues (58), the only situation
where a decreased level of Ral appears compatible with adult
viability leads to a developmental phenotype in the bristle
sensory organs. In Ral mutants, the pI precursor cells undergo
the right number of divisions with a correct timing, but after-
ward shaft cells die by apoptosis, showing that death hits after
cell division and determination has taken place, during the
subsequent differentiation stage (Fig. 2 and 3).

We have explored the various pathways that lead to apop-
tosis for their interactions with Ral. The caspase-8-mediated
pathway did not contribute to the Ral phenotype, as opposed
to a caspase-9-mediated pathway. We tested the JNK pathway,
a cascade of four kinases starting with MSN (MAP4K4 or
HGK in human), which requires formation of a complex with
TRAF]1 for its full activity, and ending at the Jun N-terminal
kinase (46, 47). Puckered is a phosphatase that dephosphory-
lates and deactivates JNK.

Loss-of bristle and apoptosis phenotypes due to decrease of
Ral signaling were suppressed by down-regulation of the JNK
pathway and enhanced by its up-regulation. Symmetrically, a
phenotype due to a hyperactivation of the Ral pathway by the
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overexpression of Ral®?®Y was suppressed and enhanced by
enhancing or decreasing JNK signaling, respectively.

The fact that the enhancement and suppression described
here can be induced by genetic alterations of TRAF and MSN
as well as of JNK proteins (Table 1) suggests that Ral is a
general negative regulator of this cascade. Dominant negative
alleles of transcriptional effectors of the JNK, Jun itself but
also Fos, suppressed the Ral phenotype, suggesting that Ral
regulates transcriptional events involved positively or nega-
tively in apoptosis.

Down-regulating the JNK pathway is not only suppresses
apoptosis in Ral-defective cells but also rescues normal bristle
development. Together with data in S2 cells, where Ral be-
haves also as a negative regulator of JNK in the absence of any
cell death (67), our results suggest a functional relationship
between Ral and the JNK pathway wherein Ral activation
keeps JNK down. Data using activated and dominant negative
alleles of Ral in mammalian cell culture support a positive
effect of Ral on JNK activation (16, 17). We do not understand
the source of this discrepancy, which might be due to cell-
and/or context-specific interactions of Ral with the JNK path-
way. However, our data obtained by RNA interference in
HeLa cells are consistent with our fly model.

Epistatic relationships between Ral and p38 MAP kinase
mutants revealed another actor in Ral-dependent apoptosis:
the p38 MAP kinase behaves as an antiapoptotic kinase, which
could be positively regulated by Ral.

A control of the basic JNK activity might serve two purposes.
First, it minimizes JNK activity and avoids undesirable cell
death in normal conditions. Second, a low level of basal JNK
activity allows better differential in activation of JNK when this
activation happens in response to stresses that lead eventually
to apoptosis.

The molecular basis of Ral action on the JNK pathway were
addressed genetically and biochemically. The model that
comes out is that the exocyst complex is the matchmaker be-
tween Ral and the JNK pathway, and the simplest interpreta-
tion of genetic data is that the exocyst works like a negative
regulator of HGK activity. Finally, the exocyst complex was
found to bind in vivo to HGK, providing a biochemical basis
for the functional effect of Ral on JNK.

Decreasing the JNK pathway seems to favor the oncogenic
capacity of Ras in mouse primary fibroblasts (39). Our results
can explain one of the contributions of the Ral pathway to
oncogenesis (24, 70, 74): cancer cells have to sustain prolifer-
ative signals and relieve proapoptotic signals, and Ral via the
exocyst complex might be in charge, at least, of this latter task
in oncogenesis. Finally, it has been recently shown that the
exocyst complex carries enzymatic activities working in the
NF-kB pathway (12). These data together with the present
report widen the role of the exocyst to functions other than
directing vesicle traffic and contributing to exocytosis.
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