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The Drosophila Gene hid Is a Direct
Molecular Target of Ras-Dependent
Survival Signaling

Parrizas et al., 1997; Yamada et al., 1997). The mecha-
nisms by which survival factors inactivate the intrinsic
cell death program are currently the subject of intensive
investigation. The growth factors listed above bind to
and activate receptor tyrosine kinases (RTKs) at the cell
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surface, which in turn stimulate the antiapoptotic activityand Brain and Cognitive Science
of the proto-oncogene ras (reviewed in Downward,Cambridge, Massachusetts 02139
1998). Ras controls the activity of a number of effector
pathways, two of which result in activation of protein
kinases known to mediate its antiapoptotic effect: theSummary
mitogen-activated protein kinase p42/44 (MAPK) of the
ERK-type (extracellular signal-related kinase) via RafExtracellular growth factors are required for the sur-
(Xia et al., 1995; Gardner and Johnson, 1996; Parrizasvival of most animal cells. They often signal through
et al., 1997) and the Akt kinase via Phosphoinositidethe activation of the Ras pathway. However, the mo-
3-kinase (PI3-K; Yao and Cooper, 1995). Recently, it haslecular mechanisms by which Ras signaling inhibits
been shown that activation of the antiapoptotic PI3-K/the intrinsic cell death machinery are not well under-
Akt-kinase pathway leads to phosphorylation of Bad, astood. Here, we present evidence that in Drosophila,
proapoptotic member of the Bcl-2 family, resulting inactivation of the Ras pathway specifically inhibits the
its binding to 14–3–3 as an inactive complex (Datta etproapoptotic activity of the gene head involution de-
al., 1997; Del Peso et al., 1997). Activation of the Erk-fective (hid). By using transgenic animals and cultured
type MAPK has been shown to be required to protect

cells, we show that MAPK phosphorylation sites in Hid PC-12 cells from apoptosis induced by NGF withdrawal
are critical for this response. These findings define a (Xia et al., 1995; Parrizas et al., 1997). However, a direct
novel mechanism by which growth factor signaling mechanistic link between the Raf/MAPK survival path-
directly inactivates a critical component of the intrinsic way and the cell death machinery has not been demon-
cell death machinery. These studies provide further strated thus far.
insights into the function of ras as an oncogene. Molecular genetic analysis in the fruit fly Drosophila

melanogaster might provide new insights into under-
Introduction standing the regulation of apoptosis by survival signal-

ing pathways. Just like in vertebrates, large numbers of
cells die during development of Drosophila (Abrams etThe development and survival of multicellular organisms
al., 1993; Steller, 1995), and since many developmentaldepend on the recruitment of a large number of different
mechanisms are conserved during evolution, it is likelycell types into tissues and organs. A common principle
that critical lessons learned by examination of survivalfor the development of tissues and organs appears to
signaling pathways in Drosophila will contribute signifi-be the initial generation of an excess of cells prior to
cantly to our understanding of vertebrate survival sig-cell fate determination, after which surplus cells are re-
naling.moved by cell death. Physiological cell death occurs

There is a Drosophila homolog of mammalian N-ras,primarily through an evolutionarily conserved form of
K-ras, and H-ras termed Ras1 (Simon et al., 1991), andcell suicide called apoptosis. After development is com-
the Drosophila homolog of MAPK is encoded by theplete, the survival of the organism depends largely on
rolled (rl) locus (Biggs et al., 1994). The role Ras1/MAPKthe maintenance and renewal of these cell types.
signaling plays in regulating cell proliferation and cellApoptosis is regulated by a variety of extracellular
differentiation has been well established genetically (re-and intracellular signals. In most tissues, cell survival is
viewed in Wassarman and Therrien, 1997). Recently, andependent on the constant supply of survival signals
important antiapoptotic function of Ras1 in Drosophilaprovided by neighboring cells and the extracellular ma-
was revealed in cell ablation studies (Miller and Cagan,trix (Raff, 1992; Barres et al., 1993; Raff et al., 1993).
1998) as well as by expressing genes that negativelyCells isolated in culture will undergo apoptosis in the
regulate the Ras1 pathway in postmitotic cells (Sawa-

absence of exogenous survival factors. In many cases,
moto et al., 1998).

this form of cell death does not require protein synthesis, In Drosophila, molecular analysis has led to the isola-
indicating that in these cells an intrinsic cell suicide tion of three novel cell death genes, reaper, head involu-
program is present that operates by default unless ac- tion defective (hid), and grim, which all appear to inte-
tive survival signaling suppresses it. grate different signals regulating apoptosis (White et al.,

A number of peptide factors including the neurotroph- 1994; Grether et al., 1995; Chen et al., 1996). Embryos
ins, insulin-like growth factor 1 (IGF-1), fibroblast growth homozygous mutant for these genes completely lack
factor (FGF), and epidermal growth factor (EGF) promote apoptosis (White et al., 1994; reviewed in McCall and
cell survival by suppressing the intrinsic cell death pro- Steller, 1997). When ectopically expressed, they induce
gram (Raff et al., 1993; Gardner and Johnson, 1996; apoptosis by activating a caspase pathway (Grether et

al., 1995; Hay et al., 1995; Chen et al., 1996; White et
al., 1996). The reaper and grim genes appear to be spe-* To whom correspondence should be addressed (e-mail: Steller@

wccf.mit.edu). cifically expressed only in cells that are doomed to die
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Figure 1. Mutations that Increase Ras1 Signaling Suppress Hid-Induced Apoptosis in the Compound Eye

gap1, spry, and arg encode genes that inhibit EGFR/Ras1 signaling. Mutations in these genes increase Ras1 signaling resulting in suppression
of Hid-induced apoptosis. Flies in this and all other figures were incubated in parallel at 258C throughout development. Compound eyes of
females are shown. The genotypes of flies shown are indicated below each panel. All photographs were taken at the same magnification.
(A) Wild-type.
(B) Eye ablation phenotype caused by one copy of the GMR-hid10 transgene. Note the strong reduction in eye size in comparison to A.
(C–E) Dominant suppression of the GMR-hid10-induced eye phenotype by lof mutations in gap121-1s, spry28-4s, and argID7.
(F) Schematic drawing of the EGFR/Ras1/MAPK signaling pathway and the relative position of the inhibitory genes gap1, argos, and sprouty.
Arg and Spry are secreted polypeptides that inhibit EGFR activation. Gap1 promotes the GTPase activity of Ras1. Abbreviations used: EGF,
epidermal growth factor; Drk, downstream of receptor kinase; Sos, Son of sevenless; Dsor, downstream suppressor of raf; MAPK, mitogen
activated protein kinase; and MEK, MAPK-Erk kinase.

(White et al., 1994; Chen et al., 1996; Robinow et al., et al., 1994; construct designated GMR-hid) that drives
expression in virtually all cells of the developing eye,1997). In contrast, hid is expressed in many cells that

live as well as in cells that undergo apoptosis (Grether beginning at the onset of differentiation in the morpho-
genetic furrow (Ellis et al., 1993), results in eyes that areet al., 1995). This observation suggests that efficient

posttranslational survival mechanisms operate in these severely reduced in size and devoid of most normal
ommatidial morphology (Figure 1B; Grether et al., 1995).cells to protect them from hid-induced apoptosis.

Here, the strong eye ablation phenotype caused by The severity of this eye ablation phenotype is dosage-
expressing hid under the control of an eye-specific pro- sensitive; that is, flies carrying two copies of the GMR-
moter was used to perform a genetic screen aimed to hid transgene have significantly smaller eyes than flies
identify components that regulate and mediate Hid ac- carrying only one copy (data not shown). The correlation
tivity. Mutations in genes that regulate the EGF receptor between the degree of hid activity and the strength of
(EGFR)/Ras1 pathway were recovered as strong sup- the induced phenotype suggests that a 50% reduction
pressors of Hid-induced apoptosis. The survival effect in the dose of a gene involved in hid-mediated apoptosis
of the EGFR/Ras1 pathway is specific for Hid-induced should result in the visible modification of the eye pheno-
apoptosis since neither Reaper- nor Grim-induced apo- type caused by GMR-hid. Therefore, using the sensi-
ptosis is affected by the EGFR/Ras1 pathway. We show tized GMR-hid background a genetic F1 screen was
further in vivo and in cultured cells that the Ras1 pathway performed to isolate mutations in genes that dominantly
inhibits Hid activity apparently by direct phosphorylation suppress the GMR-hid-induced eye ablation phenotype.
of Hid by MAPK. We conclude that the hid gene in Dro- A similar approach has been highly successful for defin-
sophila provides a mechanistic link between the survival ing a genetic pathway for R7 cell fate determination in
activity of Ras1 and the apoptotic machinery. the Drosophila eye (Simon et al., 1991; Dickson et al.,

1996; Karim et al., 1996). Dominant suppressors were
Results scored by looking for enlarged eye size compared to

the unmodified GMR-hid phenotype (see Figure 1 for
examples) and are expected to carry mutations in genesEctopic expression of hid under the control of the eye-

specific glass multimer reporter construct (pGMR, Hay that are positively required for Hid activity. In this way,
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Figure 2. Genetic Interaction of EGFR/Ras1/MAPK Pathway Mutants with GMR-hid

The mild eye ablation phenotype of GMR-hid1M (A) was used to score for enhancement caused by lof mutants of EGFR (B), ras1 (C), raf (E),
and rl/MAPK (F) or caused by the dominant negative sev-Ras1N17 transgene (D). Note the smaller eyes in (B)–(F) compared to the unmodified
GMR-hid1M eye. The sev-Ras1N17 transgene behaves as the strongest enhancer (D). The eye phenotypes of heterozygous EGFR2, ras12, raf2,
and rl2/MAPK flies alone are phenotypically wild-type (data not shown). The dominant negative sev-Ras1N17 allele alone produces a mild rough
eye phenotype as the result from the loss of R7 cells (Karim et al., 1996); the eye size, however, is not affected by sev-Ras1N17.
The strong eye ablation phenotype of GMR-hid10 (G) was used to score for suppression caused by gof mutants and transgenes of EGFR
(ElpE1, H), sev-Ras1V12 (I and K), sev-Raftorso (L), and rlSem/MAPK. The strongest suppression is seen with the two sev-Ras1V12 transgenes used
(CR2 and T2B). The genotypes of flies shown are indicated below each panel.

about 300,000 mutagenized F1 progeny were screened consequence of both lof and gain-of-function (gof) mu-
tants of components of the Ras1 pathway on GMR-hid.and a total of 120 dominant suppressors was isolated

(J. A., K. M., and H. S., unpublished data). Two different GMR-hid transgenic lines were used in
this analysis. GMR-hid line 1M (GMR-hid1M) causes a
mild eye ablation phenotype (Figure 2A) and was usedMutations in Components of the EGFR/Ras/MAPK

Pathway Were Recovered as Dominant to score for enhancement by Ras1 pathway mutants.
GMR-hid line 10 (GMR-hid10) causes a strong eye abla-Modifiers in the GMR-hid Screen

Among known genes, five loss-of-function (lof) alleles of tion phenotype (Figure 2G) and was used to score for
suppression by Ras1 pathway mutants.each gap1 and sprouty (spry) were recovered as strong

suppressors of GMR-hid in the screen (Figures 1C and The results obtained are consistent with our previous
findings. Reduction of Ras1 pathway activity leads to1D). gap1, encoding a GTPase activating protein, was

originally identified as a negative regulator of R7 photo- enhancement of GMR-hid-induced killing activity. Lof
alleles of the EGF receptor, ras1, raf, and rolled (rl),receptor development (Gaul et al., 1992) and appears

to function by stimulating the GTPase activity of Ras1 the Drosophila MAPK homolog (referred to as rl/MAPK),
enhance GMR-hid1M-induced apoptosis (Figure 2). Thecausing Ras1 to hydrolyze GTP to GDP and thereby

returning it to its inactive conformation (see Figure 1F). strongest enhancement of GMR-hid1M, however, was
caused by a dominant negative allele of ras1, ras1N17,Sprouty was originally identified as an inhibitor of tra-

cheal branching by antagonizing the Drosophila FGF placed under eye-specific sevenless promoter control
(sev-Ras1N17; Karim et al., 1996; Figure 2D).RTK pathway and encodes a novel, presumably se-

creted polypeptide (Hacohen et al., 1998). Both genes The opposite effect was observed when gof alleles
of EGFR, ras1, raf, and rl/MAPK were tested againstare believed to negatively regulate RTK/Ras1 signaling

(Figure 1F). Another gene, argos (arg), known to nega- GMR-hid10. The gof alleles of both Ras1 and Raf are
transgenes that were placed under control of the eye-tively regulate EGF receptor (EGFR) signaling (Freeman

et al., 1992; Okano et al., 1992), was also found to sup- specific promoter of the sevenless gene (sev-Ras1V12,
sevRaftorso). Their gof character was determined by thepress the GMR-hid-induced eye ablation phenotype

(Figure 1E). ability to induce supernumerary R7 cells in the absence
of RTK signaling (Dickson et al., 1992; Fortini et al.,The wild-type function of the genes gap1, spry, and

arg is required to inhibit EGFR/Ras1 signaling. Mutations 1992). The sev-Ras1V12 transgenes contain a valine for
glycine substitution at residue 12 that renders Ras1 con-in any one of these genes increase the signaling strength

of the EGFR/Ras1 pathway. Thus, recovery of mutants stitutively active and bypasses the requirement for RTK
activation (Fortini et al., 1992). Two independent sev-in these genes as potent suppressors of the GMR-hid-

induced eye phenotype indicates that the EGFR/Ras1- Ras1V12 transformants, designated CR2 and T2B (Karim
et al., 1996), showed very strong suppression of thesignaling pathway has an antiapoptotic effect by inhib-

iting hid activity. To test this notion, we studied the GMR-hid10-induced eye phenotype (Figures 2I and 2K).
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Activating Raf in sev-Raf torso is achieved by targeting Raf
to the membrane by fusing the kinase domain of Raf to
the transmembrane and extracellular domain of the RTK
torso (Dickson et al., 1992). The sev-Raftorso transgene
tested in this study shows a strong suppression of GMR-
hid10 (Figure 2L).

Whereas the gof alleles of Ras1 and Raf are trans-
genes, the gof alleles of the EGFR (ElpE1) and of rl/MAPK
(rlSem, Sem-Sevenmaker) are mutations in the endoge-
nous genes (Baker and Rubin, 1989; Brunner et al.,
1994a). For instance, the RTK independent activation
by the Sevenmaker allele of rl/MAPK is caused by a
single amino acid substitution (Asp to Asn at position
334; Brunner et al., 1994a). Thus, it appears that the
strong suppression of GMR-hid10 by rlSem/MAPK (Figure
2M) is not caused by a simple overexpression effect
but rather by specific activation of the rlSem/MAPK gene
product. We also saw strong suppression of GMR-hid10-
induced apoptosis by expression of secreted spitz, the
activated form of the EGF ligand encoded by the spitz
gene (data not shown; Schweitzer et al., 1995).

In the GMR-hid suppression assay, we detected a
slightly stronger suppression of hid-induced apoptosis
by the sev-Ras1V12 transgenes compared to the suppres-
sion obtained by rlSem/MAPK (compare Figures 2I and
2K with Figure 2M). This suggests that in addition to
MAPK signaling, other Ras1-dependent survival mecha-
nisms may operate to inactivate hid activity. Active,
GTP-bound Ras transduces signals through multiple in- Figure 3. The Raf/MAPK Effector Branch of Ras1 Is the Major Path-
tracellular targets including (among others) Raf (at the way for Suppression of GMR-hid
apex of the MAPK pathway), the p110 catalytic subunit (A) Schematic outline of the downstream effector pathways of Ras1
of PI3-Kinase (activating the Akt-1 kinase), and Ral.GDS, and of the effector loop mutations in Ras1 leading specifically to

activation of only one effector branch. For instance, Ras1V12S35 inter-the exchange factor for Ral.GTPases (Figure 3A; see
acts with Raf, but not with Ral-GDS and PI3-K; Ras1V12G37 only inter-Introduction). We investigated the relative contributions
acts with Ral-GDS; Ras1V12C40 only interacts with the p110 subunitmade by each of these effectors on suppression of hid-
of PI3-K.

induced apoptosis. We used partial lof mutants located (B) Eye ablation phenotype caused by GMR-hid10 sev-GAL4.
in the Ras effector loop that each activate only one (C) Wild-type Ras1 does not modify the GMR-hid10 eye phenotype.
of the downstream pathways mentioned above. Each (D) Activation of the Raf/MAPK pathway by Ras1V12S35 results in

strong suppression of GMR-hid10. The quantatively stronger sup-mutant resides in a constitutively activated Ras1V12

pression seen in this experiment compared to Figure 2M is due tobackground, such that the mutant Ras1V12S35 interacts
stronger expression of Ras1V12S35 caused by the GAL4/UAS system.with Raf but fails to interact with PI3-K or Ral.GDS;
(E) The Ral.GDS effector pathway fails to suppress GMR-hid10.

Ras1V12G37 interacts with Ral.GDS, but not with Raf or (F) Activation of the PI3-K/Akt pathway by Ras1V12C40 results in mod-
PI3-K; and the Ras1V12C40 mutant interacts with PI3-K, erate suppression of GMR-hid10.
but not with Raf or Ral.GDS (Figure 3A; White et al., The genotypes are: (B) GMR-hid10 sev-GAL4/1, (C) GMR-hid10 sev-

GAL4/UAS-Ras11, (D) GMR-hid10 sev-GAL4/UAS-Ras1V12S35, (E) GMR-1995; Rodriguez-Viciana et al., 1997; Karim and Rubin,
hid10 sev-GAL4/UAS-Ras1V12G37, and (F) GMR-hid10 sev-GAL4/UAS-1998). We used the GAL4-UAS system (Brand and Perri-
Ras1V12C40.mon, 1993) to express wild-type Ras1 and the Ras1

mutants under sev promoter control (sev-GAL4) specifi-
cally in eye imaginal discs. This analysis showed that

shock promoter (hs-hid) very efficiently causes organis-the Raf/MAPK branch provides the major suppression of
mal lethality (Grether et al., 1995). Only about 2% ofhid-induced apoptosis (Figure 3D). The Ral.GDS effec-
the animals containing a hs-hid transgene survive totor pathway failed to contribute to the survival activity
adulthood compared to control (non-hs-hid) flies afterof Ras1 (Figure 3E). A moderate suppression of hid-
they received a 30 min heat shock at 378C during theinduced apoptosis was provided by the PI3-K/Akt-
first instar larval stage (Figure 4, see Experimental Pro-kinase branch (Figure 3F), consistent with its previously
cedures for details). A 40 min heat shock under the samereported antiapoptotic function (Yao and Cooper, 1995;
conditions was sufficient to kill all hs-hid-containing an-Kennedy et al., 1997; Staveley et al., 1998). Thus, it
imals.appears that Ras1 mediates its survival activity largely

However, in a heterozygous mutant background forthrough the MAPK pathway, supplemented by a minor
the genes gap1, spry, and arg, the hs-hid-induced lethal-component of the PI3-K/Akt-kinase branch.
ity is strongly reduced such that approximately 20%–To further characterize the survival activity of the
40% of hs-hid transgenic animals survive even after aEGFR/Ras1/MAPK pathway on Hid-induced cell death,
60 min heat shock at 378C during first instar larval stagewe sought an alternative assay in a different develop-

mental context. Induction of hid under control of a heat (Figure 4). An even more striking rescue is observed if
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in Drosophila, reaper and grim. In Figure 5, we compare
the enhancing and suppressing effects of the dominant
negative sev-Ras1N17 allele and the gof sev-Ras1V12 allele,
respectively, on GMR-reaper- and GMR-grim-induced
eye phenotypes. These two Ras1 alleles gave the strong-
est effects on GMR-hid-induced apoptosis (Figures 2D,
2I, and 2K). However, the eye ablation phenotypes of
both GMR-reaper and GMR-grim are not significantly
affected by the Ras1 mutants (Figure 5). This finding is
further confirmed by analysis of other pathway mutants
(data not shown). Thus, in summary, the antiapoptotic
survival activity of the Ras1 pathway is predominantly
mediated by specific inactivation of the death effector
gene hid. In the following, we address the molecular
mechanisms of this effect.

Alteration of MAPK Sites of Hid Blocks the Survival
Figure 4. Dominant Suppression of hs-hid-Induced Lethality

Abilities of Ras1V12 and RlSem/MAPK in SL2 Cells
Heat shock induction of hid via a hs-hid transgene during first instar

Since in both the GMR-hid and the hs-hid suppressionlarvae causes strong organismal lethality (Grether et al., 1995). After
assays, hid is placed under heterologous promoter con-30 min of heat shock, only 2% of the hs-hid animals survive com-
trol, we assumed that the EGFR/Ras1/MAPK pathwaypared to control (non-hs-hid) animals (see Experimental Procedures

for details). Lof mutations in gap1, spry, and arg protect against suppresses hid activity at a posttranslational level. The
hs-hid-induced lethality, such that about 20%–40% of Sup/hs-hid presence of five MAPK phosphorylation consensus sites
animals survive even a 60 min heat shock at 378C. The gof mutation in the hid protein (Figure 6) suggested the possibility
rlSem/MAPK has the strongest survival activity against hs-hid-

that Hid is a direct target of MAPK phosphorylation.induced lethality. Approximately 70% of rlSem; hs-hid animals survive
Three known phosphorylation targets of MAPK in Dro-a 60 min heat shock at 378C.
sophila are Yan, which contains eight phosphorylationThe genotype of flies analyzed in this assay are 1/hshid, gap121-1s/hs-

hid, spry28-4s/hs-hid, argID7/hs-hid, and rlSem/1; hs-hid/1. The results consensus sites (Rebay and Rubin, 1995), D-Jun (three
shown represent the average of three independently performed ex- consensus sites, Peverali et al., 1996), and Pointed P2
periments. (one such sequence, Brunner et al., 1994b). Whereas

D-Jun and Pointed P2 are activated via phosphorylation
by MAPK, the Yan protein is inactivated in response tothe hs-hid suppression assay is performed with the gof

rlSem/MAPK allele (see above; Brunner et al., 1994a). After MAPK signaling (Brunner et al., 1994b; Rebay and Rubin,
1995; Peverali et al., 1996). By analogy to Yan, we con-60 min of heat shock 70%–80% of hs-hid transgenic

flies survive (Figure 4). sidered that phosphorylation of Hid protein by MAPK
leads to its inactivation and is the cause for the observedIn summary, the observed genetic interaction strongly

suggests that activation of the EGFR/Ras1/MAPK path- genetic effects.
To investigate this hypothesis, we used in vitro muta-way inactivates the death-inducing ability of the pro-

apoptotic gene hid. genesis to replace the phospho-acceptor residues of
the consensus sites with a nonphosphorylatable amino
acid, alanine. If downregulation of hid activity occursThe EGFR/Ras1/MAPK Pathway Acts Specifically

on Hid and Does Not Influence Reaper- and via phosphorylation by MAPK, then removal of the phos-
phorylation sites should result in a mutant form of HidGrim-Induced Killing

We also studied the influence of the EGFR/Ras1/MAPK that fails to respond to Ras1/MAPK signaling. We con-
structed two different MAPK deficient mutants of hid.pathway on the other two known death effector genes

Figure 5. GMR-reaper- and GMR-grim-
Induced Eye Phenotypes Are Not Affected by
EGFR/Ras1/MAPK Signaling

The mild eye ablation phenotypes caused by
one copy of GMR-reaper (A) and GMR-grim
(C) were used to score for an enhancement
by the dominant negative Ras1 allele sev-
Ras1N17 (B and D). Stronger eye ablation phe-
notypes were produced by two copies of ei-
ther GMR-reaper (E) or GMR-grim (G) and
were used to test for suppression by the gof
Ras1 allele sev-Ras1V12 (F and H). Both Ras1
transgenes, sev-Ras1N17 and sev-Ras1V12, do
not or only weakly modify either the GMR-
rpr- or GMR-grim-induced eye phenotypes.
These Ras1 transgenes show striking effects
on GMR-hid-induced apoptosis (see Figures
2D and 2I). Other EGFR/Ras1/MAPK pathway

mutants also fail to show a genetic interaction with GMR-reaper and GMR-grim (data not shown). We conclude that the antiapoptotic activity
of the EGFR/Ras1/MAPK specifically counteracts hid-induced apoptosis. The genotypes of flies shown are indicated below each panel.
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signaling due to the change of the MAPK phosphoryla-
tion sites of Hid. The components of the Ras1 pathway
are present in SL2 cells as shown by transcriptional
assays of other target genes of the pathway like pointed
and yan (O’Neill et al., 1994; Rebay and Rubin, 1995).
Survival factors provided by the medium may trigger

Figure 6. MAPK Phosphorylation Consensus Sites in Hid activation of the Ras1 pathway leading to inactivation
The hid gene encodes a novel protein of 410 amino acid residues of Hidwt. The Hid mutants, however, are not responsive
(Grether et al., 1995). The five MAPK phosphorylation consensus to MAPK signaling anymore and thus behave as more
sites are indicated. The consensus site is defined as Pro-X-Ser/Thr- efficient inducers of cell death in these cells.
Pro, where X can be any residue exept Pro (Clark-Lewis et al.,

To test the survival requirement of Ras1/MAPK on1991). In hidAla5, all five phospho-acceptor residues are changed to
Hid-induced cell death, we transiently cotransfected thea nonphosphorylatable residue, Ala. In hidAla3, only Thr-148, Thr-180,
hid constructs with cDNAs encoding Ras1V12 and RlSem/and Ser-251 are changed to Ala (indicated by asterisks), since the

consensus sites of the remaining two phospho-acceptor residues, MAPK under ie1 promoter control into Schneider SL2
Ser-121 and Thr-228, contain a Pro in the X position. cells. Consistent with the genetic findings, both Ras1V12

and RlSem/MAPK suppress cell death induced by Hidwt

in SL2 cells (Figures 7B and 7C). The survival rescue
In hidAla5 all five Ser/Thr were changed to Ala. In hidAla3 provided by Ras1V12 is quantitatively much stronger than
only Thr-148, Thr-180, and Ser-251 were changed to Ala that provided by RlSem/MAPK. Increasing concentrations
(indicated with asterisks in Figure 6). of Ras1V12 in this assay resulted in an up to 5-fold in-

First, we tested the biological activity of these mutant crease in the number of surviving SL2 cells, whereas
constructs in a rapid cell culture assay. Schneider line RlSem/MAPK reduces the killing activity of Hidwt only
2 cells (SL2), a Drosophila cell line (Schneider, 1972), about 2-fold (Figures 7B and 7C). This difference in the
were transiently transfected with hidwt, hidAla3, and hidAla5. survival abilities of Ras1 and Rl/MAPK has previously
The genes were expressed under control of the constitu- been observed in the GMR-hid suppression assay (Fig-
tively active ie1 promoter from baculovirus (Jarvis et al., ure 2) and might reflect activation of the PI3-K/Akt ef-
1996). Transfection of the mutant constructs resulted in fector branch of Ras1 as seen in Figure 3.
much stronger killing activity than transfection of the In the cotransfection experiment performed with the
wild-type construct (Figure 7A). Therefore, the two hid mutants HidAla3 and HidAla5, the survival ability of Ras1V12

mutants behave as gof alleles of hid. To explain the on the mutants is significantly weaker as compared to
gof characteristics of the hid mutants in SL2 cells we Hidwt. The number of surviving SL2 cells is increased

only 2.5-fold in the HidAla3/5 experiment compared to aassume that they are not responsive to Ras1/MAPK

Figure 7. Effects of MAPK Phosphorylation in SL2 Cells

SL2 cells were transiently cotransfected with the indicated constructs. For details see Experimental Procedures.
(A) The indicated amount of DNA of the Hid constructs was transfected into SL2 cells and tested for their killing activity. The two MAPK site
deficient Hid mutants induce apoptotic death more efficiently than does wild-type Hid.
(B) Comparison of the rescuing activity of Ras1V12 on Hidwt-, HidAla3-, and HidAla5-induced apoptosis in SL2 cells. Constant amounts of DNA of
the Hid constructs were cotransfected with increasing amounts of Ras1V12 as indicated. Hidwt-induced apoptosis is efficiently blocked by
Ras1V12, such that the survival rate goes up to about 50%. In contrast, the rescuing activity of Ras1V12 on HidAla3- and HidAla5-induced apoptosis
is partially blocked. Only about 28%–30% of the cells survive. The amount of the Hid constructs (0.6 mg/ml Hidwt; 0.4 mg/ml HidAla3 and HidAla5)
was determined by Figure 6A as the amount necessary to allow only 10% of SL2 cells to survive.
(C) Similar experiment to Figure 7B except that increasing amounts of RlSem/MAPK instead of Ras1V12 were transfected with constant amounts
of the Hid constructs (0.5 mg/ml each). The gof allele RlSem/MAPK behaves also in cultured cells as a suppressor of Hidwt-induced apoptosis.
Alteration of the MAPK sites in Hid completely abolishes the rescuing activity of RlSem/MAPK on HidAla3- and HidAla5-induced apoptosis.
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Figure 8. Transgenic Analysis of GMR-hidAla3 and GMR-hidAla5

The unmodified eye phenotypes of GMR-hidwt-10 (A), GMR-hidAla3 (F), and GMR-hidAla5 (L) are of similar strength allowing direct comparison of
the rescuing abilities of rlSem/MAPK (B, G, and M), sev-Ras1V12 (line CR2; C, H, and N), GMR-DIAP1 (D, I, and O), and hid2 (E, K, and P). Note
the block in the ability to suppress the eye ablation phenotype caused by the MAPK deficient GMR-hid transgenes by rlSem/MAPK (G and M)
and sev-Ras1V12 (H and N), whereas expression of the cell death inhibitor DIAP1 suppresses hid-induced apoptosis independently of the MAPK
phosphorylation sites (D, I, and O). The weak suppression observed for GMR-hidAla3 and GMR-hidAla5 by rlSem/MAPK (G and M) might be the
result of inhibiting endogenous wild-type hid protein, since removal of one genomic copy of hid results in a weak suppression, too (K and P;
see text for explanations). The genotypes of flies shown are indicated below each panel. The hid allele used in (E), (K), and (P) is hidWR1X1.

5-fold increase in the Hidwt experiment (Figure 7B). The mild to severe defects (compare GMR-hidwt-1M with GMR-
hidwt-10 in Figure 2), all of the GMR-hidAla3 and GMR-hidAla5weak rescue seen in this experiment might be the result

of activation of the PI3-K/Akt-kinase effector branch lines produce a severe eye ablation phenotype (Figure
8), with some lines completely lacking eye structures(see Figure 3). However, alteration of the MAPK sites of

Hid completely abrogates the survival ability of RlSem/ (data not shown). These strong phenotypes are presum-
ably caused by a failure of Ras1/MAPK signaling toMAPK on Hid-induced cell death in this assay (Figure

7C). The mutants HidAla3 and HidAla5 appear insensitive suppress the MAPK deficient GMR-hid mutants, since
Ras1 signaling plays an essential role during eye devel-to MAPK signaling. These results indicate that changing

the Ser/Thr residues in the MAPK sites of Hid is sufficient opment (reviewed in Freeman, 1997).
To further confirm this notion, we analyzed the effectto render the hid protein insensitive to Rl/MAPK signal-

ing under these assay conditions and is consistent with of the gof rlSem/MAPK allele on GMR-hidAla3 and GMR-
hidAla5. Based on the results obtained in SL2 cells (seeour assumption that the MAPK sites are critical for the

observed survival activity of Ras1/MAPK signaling on Figure 7) we did not expect to detect a suppression of
the GMR-hidAla3- and GMR-hidAla5-induced eye pheno-hid-induced apoptosis.
type by activated forms of MAPK. Several lines were
tested and gave identical results. Flies expressing GMR-Transgenic Analysis of GMR-hidAla3 and GMR-hidAla5

In order to study the hidAla3 and hidAla5 mutants in vivo hidAla3 and GMR-hidAla5 in a rlSem/MAPK mutant back-
ground show a mildly suppressed eye phenotype (Fig-we generated GMR based constructs, designated GMR-

hidAla3 and GMR-hidAla5, and established transgenic lines ures 8G and 8M). The extent of this suppression is much
weaker compared to the one obtained for GMR-hidwt-10using P element mediated transformation. The genetic

analysis performed with GMR-hidAla3 and GMR-hidAla5 is (Figure 8B). Also, the sev-Ras1V12 transgenes largely fail
to suppress the eye ablation phenotype caused by theconsistent with the findings in SL2 cells and strongly

supports a model according to which the activity of the MAPK site deficient GMR-hid transformants (Figures 8H
and 8N). This result indicates that MAPK signaling inacti-cell death regulator hid is modulated by MAPK signaling

in vivo. vates the cell death inducing activity of hid. However,
the GMR-hidAla3- and GMR-hidAla5-induced eye pheno-In total, six GMR-hidAla3 and four GMR-hidAla5 trans-

genic lines were obtained. While the strength of the eye types are still partially suppressed by activated forms
of MAPK. This partial suppression might be caused byablation phenotype caused by GMR-hidwt ranges from
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inactivation of the endogenous hid wild-type protein that of apoptosis by hid in our assays, indicates that there
must be very efficient posttranslational mechanismsis provided by the two genomic copies, which are widely

expressed in the developing eye (Grether, 1994). Reduc- present in these cells to protect them from hid-induced
apoptosis.tion of the endogenous hid gene dose by 50% (i.e., a

heterozygous hid mutant background) resulted in weak
suppression of the GMR-hidwt, GMR-hidAla3, and GMR-

Activation of the EGFR/Ras1/MAPK PathwayhidAla5 eye phenotypes (Figures 8E, 8K, and 8P). Thus,
Delivers an Antiapoptotic Signalthe endogenous hid gene adds to the full GMR-hid-
by Inhibition of hid Activityinduced eye phenotype. Since its gene product is ex-
In this paper we present genetic evidence that signalingpected to be fully responsive to Ras1/MAPK signaling,
via the EGFR/Ras1/MAPK pathway promotes survivalit is likely that the weak suppression of GMR-hidAla3 and
by directly blocking hid from inducing apoptosis (FigureGMR-hidAla5 by activated forms of MAPK is caused by
9). It is striking that the survival activity of the EGFR/inactivation of the endogenous hid gene.
Ras1/MAPK pathway is specific for Hid, since we de-In control crosses, we tested transgenes of and muta-
tected little or no effects on the other two known celltions in specific cell death genes that are not involved
death regulators in Drosophila, reaper and grim (Figurein Ras1/MAPK signaling. The well-characterized gene
9). In our assays, hid-induced apoptosis, using eitherdiap1 (Drosophila inhibitor of apoptosis protein) under
GMR-hid or hs-hid, is very efficiently blocked by muta-GMR promoter control (GMR-DIAP1, Hay et al., 1995)
tions in genes that lead to overactivation of the EGFR/suppressed the eye ablation phenotypes caused by
Ras1/MAPK pathway. This includes lof mutations inGMR-hidwt, GMR-hidAla3, and GMR-hidAla5 to a similar ex-
genes, which negatively regulate the pathway, such astent (Figures 8D, 8I, and 8O). Other control crosses in-
gap1, argos, and sprouty (Figure 1), as well as gof muta-cluded GMR-p35, a general inhibitor of apoptosis (Clem
tions in components of the EGFR/Ras1/MAPK pathwayet al., 1991; Hay et al., 1994), dominant suppressors
such as Elp, Ras1V12, Raftorso, and rlSem/MAPK (Figure 2).recovered in the GMR-hid suppressor screen, and muta-
In order to explain the observed genetic effects on hid-tions in glass, which encodes a transcription factor that
induced apoptosis by EGFR/Ras1/MAPK signaling, weactivates transcription from the GMR promoter and is
propose a posttranslational inactivation mechanism ofexpected to influence GMR transgenes similarly. As with
hid protein for three reasons. First, in our assays, hid isGMR-DIAP1, in these crosses, the eye ablation pheno-
under control of heterologous promoters (GMR, hs, andtypes caused by GMR-hidwt, GMR-hidAla3, and GMR-
ie1) such that a potential regulation at the level of thehidAla5 are suppressed to a similar extent (data not
endogenous hid promoter cannot fully account for theshown). The findings in these control crosses further
observed genetic effects. However, such a mechanismsupport the notion that the failure to suppress GMR-
might operate under different circumstances (see be-hidAla3 and GMR-hidAla5 by active MAPK is due to the lack
low). Second, since similar rescuing effects are not ob-of MAPK phospho-acceptor sites in Hid.
served with GMR-reaper and GMR-grim, a transcrip-In summary, our mutational analysis provides strong
tional regulation at the level of the GMR promoter (andevidence that the MAPK phosphorylation consensus
presumably the hs promoter) can be excluded as well.sites of Hid are critical for the observed survival activity
Third, there are five MAPK phosphorylation consensusof the Ras1/MAPK pathway on Hid-induced apoptosis.
sites present in the hid protein (Grether et al., 1995). InThus, it appears that active MAPK suppresses Hid by
contrast, neither reaper nor grim proteins possess MAPKdirect phosphorylation.
phosphorylation consensus sites (White et al., 1994;
Chen et al., 1996). Our mutational analysis strongly sug-
gests that the MAPK phosphorylation sites of Hid areDiscussion
critical for the response to EGFR/Ras1/MAPK signaling
in both transgenic animals and cultured cells.Signaling via RTKs and the Ras/Raf/MAPK pathway has

been implicated in the suppression of programmed cell The EGFR/Ras1/MAPK signaling pathway has been
implicated in controlling cell proliferation, cell differenti-death (reviewed in Downward, 1998). Recently, genetic

evidence for the antiapoptotic function of the EGFR/ ation, and cell death in both vertebrates and inverte-
brates (Wassarman and Therrien, 1997; Downward, 1998).Ras1/MAPK pathway in Drosophila has been provided

(Miller and Cagan, 1998; Sawamoto et al., 1998). In this Recently, Karim and Rubin (1998) showed that ectopic
expression of activated Ras1 (Ras1V12) during early imag-paper we reveal a molecular mechanism by which the

EGFR/Ras1/MAPK pathway delivers an antiapoptotic inal disc development in Drosophila (during a stage
when the imaginal discs are actively proliferating) in-signal via direct inhibition of a component of the intrinsic

cell death machinery in Drosophila, hid. duces ectopic cell proliferation and hyperplastic growth.
Therefore, we were concerned that the observed sur-hid is an important inducer of programmed cell death

in Drosophila (Grether et al., 1995). hid mutant embryos vival activity of EGFR/Ras1/MAPK signaling on hid-
induced apoptosis might actually be the result of a com-have decreased levels of apoptosis and extra cells in

the head. In ectopic expression studies, hid behaves as pensatory mitogenic effect of Ras1V12 rather than the
result of a direct inhibition of the apoptosis inducinga very potent inducer of cell death (Grether et al., 1995;

this study). However, the expression of the hid gene is activity of hid. However, we excluded this possiblity for
a number of reasons. First, a mitogenic response tonot restricted to cells that are doomed to die; hid is also

expressed in many cells that live (Grether et al., 1995). the sev-Ras1V12 transgenes used in this study has not
been observed, presumably because the cells in whichThis observation, together with the efficient induction
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Figure 9. Specific Inhibition of Hid-Induced
Apoptosis by Ras1/MAPK-Dependent Sur-
vival Pathways

The apoptotic inducers hid, reaper, and grim
link the apoptotic program with many differ-
ent death-inducing stimuli in Drosophila;
these include cell lineage, cell–cell interac-
tions, ecdysone, block of cell differentiation,
deprivation of trophic factors, and radiation.

Induction of apoptosis proceeds via a conserved caspase pathway. However, only the activity of hid is specifically inhibited by survival factors,
which activate the Ras1/MAPK pathway.

Ras1V12 is expressed are postmitotic (Karim and Rubin, pathogenesis of a variety of human diseases, including
cancer, autoimmune diseases, and viral infections (re-1998). Second, apoptosis induced by MAPK deficient
viewed in Thompson, 1995). Mutational activation of rasmutants of hid is less well suppressed by Ras1 signaling.
oncogenes is associated with about 30% of all humanThird, if a mitogenic effect of the activated EGFR/Ras1/
tumors (Bos, 1989). An open question in cancer researchMAPK pathway accounts for the strong suppression of
is why transformation usually requires two or more coop-GMR-hid, then a similar effect should be detectable on
erative oncogenic events to induce a neoplastic lesion.GMR-reaper- and GMR-grim-induced apoptosis. Fi-
Harmful cells that have acquired genetic alterations thatnally, in control transfection experiments in SL2 cells, a
predispose them to uncontrolled cell proliferation arepotential mitogenic effect of Ras1V12 did not compensate
usually detected by the organism and subsequently re-for hid-induced cell death (data not shown). Thus, we
moved by apoptosis. Thus, apoptosis appears to be aconclude that the suppression of hid-induced apoptosis
critical process that protects the organism from harmfulis the result of direct inhibition of the cell death–induc-
cells. However, tumor cells as well as metastatic cellsing activity of hid by the activated EGFR/Ras1/MAPK
have a decreased ability to undergo apoptosis (Hoffmanpathway.
and Liebermann, 1994). The findings in this paper defineWe propose a model according to which the cell
a potential mechanism by which activated ras onco-death–inducing activity of the Hid protein is specifically
genes decrease the susceptibility of cells to die by inac-inactivated via phosphorylation of the hid protein by
tivation of a critical component of the intrinsic cell deathactivated MAPK. The mutational analysis performed in
machinery.transgenic animals and SL2 cells strongly supports such

Although there are no mammalian homologs of Dro-a mechanism. Unfortunately, in vitro kinase assays using
sophila hid known to date, genetic and biochemicalrecombinant Hid as a substrate have been hampered
studies on hid might provide an important paradigm forby its insolubility (unpublished data).
the antiapoptotic function of ras oncogenes. In prelimi-Our data show that phosphorylation of Hid by acti-
nary experiments, we found that hid kills mammalianvated MAPK inhibits the cell killing activity of Hid, and we
cells very efficiently (N. Haining, A. B., and H. S., unpub-believe that this powerful control mechanism operates in
lished data), indicating that the mechanisms leading to

most cells at all times (we tested different Drosophila
hid-induced apoptosis might be conserved between

tissues, developmental stages, and cultured cells). How-
vertebrates and invertebrates. Even if there is no hid

ever, hid activity also appears to be regulated by the homolog at the structural level, we propose that in mam-
Ras1 pathway at the transcriptional level. Overexpres- mals other cell death–inducing gene(s) exist that act as
sion of Ras1V12 during embryogenesis results in specific functional homologs to hid and that are similarly respon-
downregulation of hid mRNA expression (Kurada and sive to ras-induced inactivation. Thus, studies per-
White, 1998 [this issue of Cell]). Expression of reaper, formed in Drosophila might provide new insights into
grim, and diap1 are not affected by this treatment. Thus, the function of ras as an oncogene.
these findings suggest a regulation of hid activity by the
Ras1 pathway at two different levels. We propose that Experimental Procedures
in an acute response, hid protein is directly inactivated

Fly Stocksby phosphorylation via activated MAPK. This mecha-
The following mutant and transgenic fly strains were used for pheno-nism explains why the large number of cells that express
typical analysis and genetic interactions: GMR-hid, hs-hid 3, hidWR1X1

hid are able to survive. In a second response, hid mRNA
(Grether et al., 1995), GMR-hid10 sev-GAL4 (this study), GMR-rpr

expression is downregulated by the Ras1 pathway (Ku- (White et al., 1996), GMR-grim (Chen et al., 1996), GMR-DIAP1 3–1
rada and White, 1998). In this way, the Ras1 pathway (Hay et al., 1995), gap121-1s and spry28-4s (this study) argID7 (Freeman

et al., 1992), EGFR2 5 flbf2 (Nüsslein-Volhard et al., 1984), rasDC40bensures that a cell that is selected to live will both inhibit
and raf11–29 (Hou et al., 1995), rl10a (Peverali et al., 1996), ElpE1 (Bakerexisting hid protein pools and subsequently downregu-
and Rubin, 1989), sev-Ras1V12 (Fortini et al., 1992), sev-Ras1N17 (Karimlate the transcription of hid and, thus, gain a safe dis-
et al., 1996), sev-Raftorso (Dickson et al., 1992), rlSem/MAPK (Brunner

tance from the “threshold of death.” Taken together, et al., 1994a), UAS-Ras11, UAS-Ras1V12S35, UAS-Ras1V12G37, UAS-
both mechanisms can explain how cells that receive Ras1V12C40 (Karim and Rubin, 1998). Flies carrying GMR-hidAla3 and

GMR-hidAla5 were generated by P element–mediated transformation.sufficient survival signals are stably selected to live.
The GMR-hid10 sev-GAL4 line was obtained by meiotic recombina-
tion. All crosses were performed at 258C.Ras1-Dependent Inactivation of hid:

Implications for Oncogenesis hs-hid Suppression Assay
Recent evidence suggests that the failure of cells to Offspring of crosses between hs-hid/TM3 and Sup/TM3 (Sup 5

gap121-1s, spry28-4s, argID7) were heat shocked at 378C during first instarundergo apoptotic cell death might be involved in the
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larval stage for 10, 20, 30, 40, 50, or 60 min. After recovery, the a means of altering cell fates and generating dominant phenotypes.
Development 118, 401–415.crosses were incubated at 258C. After the flies eclosed, the ratio

between hs-hid/Sup and Sup/TM3 animals was determined. For Brunner, D., Oellers, N., Szabad, J., Biggs, W.H., Zipursky, S.L., and
rlSem/MAPK, the procedure was similar except that the ratio between Hafen, E. (1994a). A gain-of-function mutation in Drosophila MAP
rlSem/1;hshid/1 and rlSem/1;1/TM3 was scored. In the control experi- kinase activates multiple receptor tyrosine kinase signaling path-
ment, offspring of a cross between hs-hid/TM3 and 1/1 animals ways. Cell 76, 875–888.
were treated as described above, and the ratio between hs-hid/1 Brunner, D., Ducker, K., Oellers, N., Hafen, E., Scholz, H., and
and 1/TM3 animals was determined. The results presented in Figure Klambt, C. (1994b). The ETS domain protein pointed-P2 is a target
4 represent the average of three independently performed experi- of MAP kinase in the sevenless signal transduction pathway. Nature
ments. 370, 386–389.

Chen, P., Nordstrom, W., Gish, B., and Abrams, J.M. (1996). grim,Molecular Biology
a novel cell death gene in Drosophila. Genes Dev. 10, 1773–1782.In vitro mutagenesis of the MAPK phosphorylation consensus sites
Clark-Lewis, I., Sanghera, J.S., and Pelech, S.L. (1991). Definitionin hid was performed using PCR with specifically designed primers.
of a consensus sequence for peptide substrate recognition byIncorporation of the mutation was confirmed by sequencing. The
p44mpk, the meiosis-activated myelin basic protein kinase. J. Biol.constructs were subcloned into pGMR1 (Hay et al., 1994) for P
Chem. 266, 15180–15184.element–mediated transformation and pIE1-3 (Novagen, Jarvis et

al., 1996) for SL2 cell transfection experiments. The cDNAs encoding Clem, R.J., Fechheimer, M., and Miller, L.K. (1991). Prevention of
Ras1V12 and rlSem/MAPK were cloned into pIE1-3 using convenient apoptosis by a baculovirus gene during infection of insect cells.
restriction sites for cell transfections. Science 254, 1388–1390.

Datta, S.R., Dudek, H., Tao, X., Masters, S., Fu, H., Gotoh, Y., and
SL2 Cell Transient Transfection Experiments Greenberg, M.E. (1997). Akt phosphorylation of BAD couples sur-
SL2 cells (Schneider, 1972) were grown in Schneider’s Drosophila vival signals to the cell-intrinsic death machinery. Cell 91, 231–241.
Medium (GIBCO–BRL) supplemented with 10% NCS. In each experi-

del Peso, L., Gonzalez-Garcia, M., Page, C., Herrera, R., and Nunez,
ment, 100 ng/ml of the reporter plasmid pIE1-3-LacZ (kindly pro-

G. (1997). Interleukin-3-induced phosphorylation of BAD through
vided by Zhiwei Song) was transfected. Differences in the amount

the protein kinase Akt. Science 278, 687–689.
of tester plasmids were compensated for by the addition of empty

Dickson, B., Sprenger, F., Morrison, D., and Hafen, E. (1992). Rafvector pIE1-3. In three independent experiments, transfections were
functions downstream of Ras1 in the Sevenless signal transductionperformed using the Cellfectin reagent according to the manufactur-
pathway. Nature 360, 600–603.er’s instructions (GIBCO–BRL) for 5 hr in serum-free medium in 24
Dickson, B., van der Straten, A., Dominguez, M., and Hafen, E. (1996).well dishes in quadruplicates. Twenty four hours after transfection,
Mutations Modulating Raf signaling in Drosophila eye development.cells were fixed and stained, and the number of surviving cells was
Genetics 142, 163–171.determined.
Downward, J. (1998). Ras signaling and apoptosis. Curr. Opin.
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