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Quantitative Variations in the Level of MAPK
Activity Control Patterning of the Embryonic
Termini in Drosophila
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e have examined the role in patterning of quantitative variations of MAPK activity in signaling from the Drosophila Torso
Tor) receptor tyrosine kinase (RTK). Activation of Tor at the embryonic termini leads to differential expression of the genes
ailless and huckebein. We demonstrate, using a series of mutations in the signal transducers Corkscrew/SHP-2 and D-Raf,
hat quantitative variations in the magnitude of MAPK activity trigger both qualitatively and quantitatively distinct
ranscriptional responses. We also demonstrate that two chimeric receptors, Torextracellular-Egfrcytoplasmic and Torextracellular-
evcytoplasmic, cannot fully functionally replace the wild-type Tor receptor, revealing that the precise activation of MAPK

involves not only the number of activated RTK molecules but also the magnitude of the signal generated by the RTK
cytoplasmic domain. Altogether, our results illustrate how a gradient of MAPK activity controls differential gene expression
and, thus, the establishment of various cell fates. We discuss the roles of quantitative mechanisms in defining RTK

specificity. © 1999 Academic Press
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INTRODUCTION

One of the poorly understood aspects of receptor tyrosine
kinase (RTK) signaling pathways is the basis of their speci-
ficities. An extremely wide array of developmental deci-
sions are initiated by RTK activation which in turn regu-
lates the activity of a signal transduction pathway
commonly referred to as the “RTK signaling cassette” (see
reviews by Egan and Weinberg, 1993; Perrimon, 1994;
Dickson and Hafen, 1994). This cassette includes a series of
“adapter” molecules, with and without catalytic functions,
that upon association with the activated receptor, regulate
the level of Ras-GTP in the cell. In turn, an increase in the
level of Ras-GTP activates the Raf, MEK, and MAPK
serine/threonine kinase cascade. The invariant nature of
the RTK signaling cassette underscores the importance of
determining the molecular mechanisms that underlie the
generation of signaling specificity between RTKs. Three
models have been put forward to explain this diversity (see
Li and Perrimon, 1997, for review and references). The

“qualitative model” proposes that the effects elicited by the
activation of specific RTKs are specified by the array of
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ranscription factors present in the cell. The “quantitative
odel” proposes that specificity arises from differences in

he magnitude and/or duration of MAPK activation. In
ddition to these two models, the molecular basis of RTK
pecificity may reflect the unique abilities of these path-
ays to “cross-talk” with other signaling pathways.
The Drosophila Torso (Tor) or terminal system is a

nique pathway to investigate the basis of RTK specificity
see reviews by Perrimon, 1993; Duffy and Perrimon, 1994).
he tor mRNA is maternally provided and its translation,

ollowing fertilization, results in a uniform distribution of
or receptors in the membrane of the early syncytial
mbryo (Casanova and Struhl, 1989; Sprenger et al., 1989).
t both embryonic termini, Tor receptors, likely activated
y the Trunk protein (Casanova et al., 1995), control the
ormation of terminal structures. The ligand activity is
iffusible, located in the perivitelline space at each embry-
nic pole, and appears, unlike the Tor receptor, to be
imiting in amount (Sprenger and Nusslein-Volhard, 1992;
asanova and Struhl, 1993). In this system, trapping of the
igand by Tor prevents its diffusion and ensures a spatially
ocalized activation of the receptor. A number of studies
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182 Ghiglione, Perrimon, and Perkins
have suggested that different levels of Tor or Ras activity
specify distinct terminal structures (Casanova and Struhl,
1989; Hou et al., 1995; Furiols et al., 1996; Greenwood and
Struhl, 1997). At the posterior pole, high levels of Tor
activity specify the formation of the most posterior struc-
tures (e.g., the posterior midgut) while lower levels of Tor
activity specify more anterior structures (e.g., the A8 den-
ticle belt). Molecularly, this graded effect can be visualized
by following the expression of tailless (tll) and huckebein
(hkb) where, at the posterior end of the embryo, their
expression is dependent solely on Tor activity (Weigel et al.,
1990). The domain of expression of hkb is smaller than that
of tll (Pignoni et al., 1990; Bronner and Jaeckle, 1991)
presumably because higher levels of Tor activity are re-
quired to activate hkb expression than tll expression. tll and
hkb encode transcription factors that regulate, at the pos-
terior, the expression of a number of additional downstream
target genes such as hunchback (hb) and forkhead (fkh) (see
review in Perkins and Perrimon, 1991).

The molecular mechanism by which a gradient of acti-
vated Tor leads to differential gene activation, and thus the
generation of different cell fates, is not well understood. In
this paper we have tested if, by generating different gradi-
ents of signaling cassette activity, differential expression of
tll and hkb can be obtained. To generate quantitative
variations in the level of Tor signaling, we have used a
series of mutations in the nonreceptor protein tyrosine
phosphatase Corkscrew (Csw; aka SHP-2; Perkins et al.,
1992, 1996) and the serine/threonine kinase D-Raf (Ambro-
sio et al., 1989; Melnick et al., 1993), two components of
the signaling cassette that positively transduce the signal
received by Tor. We present evidence that by modulating
the magnitude of the activity of the RTK signaling cassette,
and thus, its more downstream component MAPK, both
qualitatively and quantitatively distinct transcriptional re-
sponses can be triggered. Furthermore, to address whether
the ability of Tor to deliver a precise quantitative signal is
imprinted in the cytoplasmic domain of the RTK, we have
examined the signaling activities of two chimeric RTKs
which contain the Tor extracellular domain fused to the
cytoplasmic signaling region of either the Drosophila epi-
ermal growth factor (EGF) RTK (Egfr) or the Drosophila
evenless (Sev) RTK. Previous analyses have shown that to
ignal both the EGF and the Sev RTKs requires the activi-
ies of Drk, Sos, Csw, Dos, Ksr, Gap1, Ras1, D-Raf, MEK,
nd MAPK (see review by Perrimon and Perkins, 1997, for
eferences). Because these same signaling components are
lso required in Tor signaling (see review by Perrimon,
993; Hou et al., 1995), we expected that the chimeric
eceptors would be able to substitute for the wild-type Tor
TK. Interestingly, we found that these chimeric RTKs
ctivate the RTK signaling cassette; however, they cannot
ully functionally replace the wild-type Tor receptor. We
onclude that a precise activation of MAPK by a specific
TK is determined by both the number of RTK molecules

ctivated at the cell surface and the magnitude of the signal
enerated by the cytoplasmic domain of the activated RTK. d

Copyright © 1999 by Academic Press. All right
ur results highlight the role of a quantitative mechanism
n defining RTK specificity.

MATERIALS AND METHODS

Germline Mosaic Analyses

In this study a number of D-raf and csw mutations that are
ssociated with different levels of activity were used. cswVA199 and

cswe13d.3 are null and near-null csw alleles, respectively, while csw6

and csw192106 are associated with residual activity (Perkins et al.,
992, 1996). D-rafEA75 is a null allele, and both D-rafC110 and
-rafPB26 are weak alleles with residual activity (Melnick et al.,

1993). Germline clones of csw and/or D-raf mutations were gener-
ated using the following chromosomes: cswVA199 FRT101, cswe13d.3

FRT101, csw6 FRT101, csw192106 FRT101, D-rafEA75 FRT101, D-rafC110

FRT101, D-rafPB26 FRT101, cswVA199 D-rafEA75 FRT101, cswVA199 D-rafPB26

FRT101, csw6 D-rafEA75 FRT101, and csw6 D-rafC110 FRT101. Germline
mosaics were generated using the “Flp-DFS” technique as previ-
ously described (Chou and Perrimon, 1992). Females carrying
germline clones (GLCs) were crossed with wild-type males and egg
collections were performed at 25°C.

The maternal effect phenotypes associated with csw and D-raf
utations are paternally rescuable to some extent (Perkins et al.,

992, 1996; Melnick et al., 1993). This paternal rescue is detectable
fter gastrulation and does not affect tll, hkb, and hb gene expres-
ion at the blastoderm stage.

Construction of P[tor-Egfr] and P[tor-sev]

To remove the intracellular domain of tor, the 11.5-kb EcoRI–
EcoRI genomic tor DNA fragment, which was shown previously to
fully rescue the tor null phenotype (Casanova and Struhl, 1989;
Cleghon et al., 1996), was digested with XmnI and AseI. The
intracellular domain of Egfr (a gift from A. Michelson) was ampli-
fied by PCR using oligonucleotides containing XmnI (for the 59 end)
and AseI (for the 39 end) sites. The intracellular domain of Sev (a gift
from G. Rubin) was amplified by PCR using oligonucleotides
containing SnaBI (for the 59 end) and NdeI (for the 39 end) sites, both
of which have compatible ends with XmnI and AseI, respectively.
After verification of the PCR-generated fragments by sequencing,
the intracellular Egfr and Sev fragments were cloned onto the
genomic tor DNA containing the entire extracellular and trans-
membrane domains; the precise fusion junctions occur three amino
acids after the tor transmembrane domain.

These chimeric constructs were then cloned into CaSpeR4,
which contains the marker mini-white (Thummel et al., 1988).
P-element-mediated transformation was performed according to
Spradling (1986) following injection into the delta 2-3 transposase
strain (Robertson et al., 1988). Several stably transformed lines
were obtained and subsequently used to generate flies that carry
various copies of the P[tor-Egfr] or P[tor-sev] insertions in a torXR1

background. torXR1 is a deletion which entirely eliminates produc-
tion of tor RNA and protein (Sprenger et al., 1989, 1993). Similar
results were obtained with multiple independent transformed lines
(data not shown).

Embryonic Stainings
In situ hybridizations on whole-mount embryos using tll
igoxygenin-labeled probes were performed according to Tautz and

s of reproduction in any form reserved.
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183Torso Signaling and MAPK Activation
Pfeifle (1989). DNA probes were prepared by PCR labeling (N.
Patel, personal communication) from plasmids containing the tll
DNA (Pignoni et al., 1990, 1992).

The Hb (a gift from C. Desplan and E. Vimmer) and Hkb (a gift
rom C. Doe; McDonald and Doe, 1997) antibodies were used at
:2000 and 1:150 dilutions, respectively. The stainings were visu-
lized using the Vectastain ABC Kit (Vector Laboratories).

The monoclonal antibody against activated MAPK (dp-ERK; a
ift from L. Gabay and B. Shilo) was used at a 1:500 dilution.
ixation of embryos was performed as described in Gabay et al.

1997a,b). The HRP detection utilized a biotinylated anti-mouse
ntibody at 1:2000 dilution followed by the Vectastain ABC Kit
lus the TSA-Indirect (NEN), the latter to ensure efficient staining.
he TSA-Indirect amplification system was essential in the detec-

ion of anti-dp-ERK staining in csw mutant and tor-sev embryos.
For visualization, embryos were dehydrated through an ethanol

eries, mounted in Euparal (Carolina Biological Supply) or mounted
irectly in 80% glycerol, and photographed under Nomarski optics
ith a Zeiss Axiophot microscope. When the expression domains
f the different markers were measured, an average of 30 late
yncytial blastoderm-staged embryos were scored in each experi-
ent. The domains of expression were determined as the percent-

FIG. 1. The levels of csw and D-raf gene activities determine t
wild-type, csw, D-raf, and csw D-raf embryos, at the blastoderm sta
D). The limits of tll expression are denoted by numbered arrowhead
anterior tll domain, respectively, and 3 corresponding to the ante
expressed both anteriorly and posteriorly (A, B). With the exceptio

utants for both csw (cswVA199, cswe13d.3, csw6, csw192106) and D-raf
expression is expanded (A, C). In two csw D-raf double-mutant com
a greater degree than either single mutant alone (A, D) In the remain
D-rafEA75) tll expression is indistinguishable from D-rafEA75 alone. O

-rafEA75 are completely devoid of Csw and D-raf activities, respect
and 100% egg length to the anterior pole (left); dorsal is up.
ge of egg length (EL), 0% EL corresponding to the posterior
mbryonic pole and 100% EL to the anterior pole.

Copyright © 1999 by Academic Press. All right
Embryonic cuticles were prepared according to van der Meer
1977) and visualized using dark-field optics.

RESULTS

Quantitative Variations in the Level of Activity of
Csw and D-Raf Triggers Qualitatively Distinct
Transcriptional and Morphological Responses

To determine whether the quantitative level of activation
of the RTK signaling cassette determines the domains of
activation of downstream target genes, we have carefully
examined the domains of expression of both tll and hb
using a number of D-raf and csw mutations, as well as
double-mutant combinations. tll is one of the first zygotic
genes to be regulated directly by Tor activity. At the
posterior ends of wild-type embryos at the syncytial blas-
toderm stage, tll is expressed from 0 to 20% EL and resolves
by the cellular blastoderm stage to between 0 and 15% EL
(Pignoni et al., 1990; Figs. 1A and 5A). As a second marker

omains of tll expression. The expression patterns of tll RNA in
re presented both graphically (A) and in mutant embryos (B, C, and
th 1 and 2 corresponding to the anterior and posterior limits of the
imit of the posterior domain of tll expression. In wild type, tll is
D-rafC110, which is indistinguishable from wild type, in all single

afEA75, D-rafPB26) posterior tll expression is reduced and anterior tll
tions (csw6 D-rafC110, cswVA199 D-rafPB26) tll expression is reduced to
wo csw D-raf double-mutant combinations (csw6 D-rafEA75, cswVA199

e various mutations tested, embryos mutant for either cswVA199 or
. Note that 0% egg length corresponds to the posterior pole (right)
he d
ge, a
s, wi

rior l
n of
(D-r
bina
ing t
f th
for terminal activity, we followed the expression of hb,
which posteriorly, at blastoderm stages, begins as a cap that
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T
a
e
m
r
e gle m
H (A).

184 Ghiglione, Perrimon, and Perkins
subsequently is repressed by Hkb at the posterior pole to
resolve into a single stripe from 10 to 20% EL (Tautz et al.,
1987; Casanova, 1990; Figs. 2B and 5C). Previous studies
have shown that hb expression is under the control of the
terminal system since in tor mutant embryos, or tll hkb
doubly mutant embryos, posterior hb expression is absent
(Tautz et al., 1987; Casanova, 1990).

Previous analyses have demonstrated that the Tor signal,
in its entirety, is mediated through D-Raf; i.e., D-raf is both
necessary and sufficient for Tor signaling. First, in embryos
containing complete loss-of-function mutations of either
D-raf (Fig. 1A) or tor, posterior tll expression is completely
eliminated (see review by Duffy and Perrimon, 1994). Sec-
ond, the effect of gain-of-function tor mutations that lead to
an expansion of both tll expression and posterior terminal
structures is suppressed by complete removal of D-raf
activity (Ambrosio et al., 1989). Third, expression of an
activated form of either Drosophila or mammalian Raf in
tor mutant embryos is sufficient to rescue posterior tll
expression as well as to promote the development of termi-
nal structures (Casanova et al., 1994; A. Brand, X. Lu, and

FIG. 2. The levels of csw and D-raf gene activities determine the d
type, csw, D-raf, and csw D-raf embryos, at the blastoderm stage, a

he limits of Hb expression are denoted by numbered arrowheads,
nd 2 and 3 corresponding to the anterior and posterior limits of t
xpressed both anteriorly and posteriorly (A, B). With the exceptio
utants for both csw (cswVA199, cswe13d.3, csw6, csw192106) and D-raf

educed (A, C). In all csw D-raf double-mutant combinations (c
xpression is shifted and reduced to a greater degree than either sin
b expression domain remains near to that observed in wild type
N. Perrimon, unpublished data). Finally, consistent with
biochemical data demonstrating that MAPK activity is

Copyright © 1999 by Academic Press. All right
regulated by MEK, which itself is activated by Raf, activa-
tion of MAPK, as revealed with the dp-ERK antibody, is
completely absent in embryos mutant for either tor or D-raf
(Gabay et al., 1997a,b; this study, see below).

Unlike D-raf, Csw activity is only partially required for
transducing the Tor signal (Perkins et al., 1992). Further, a
number of experiments support a model that during Tor
signaling Csw functions downstream of Torso and up-
stream of Ras1, D-raf, and MAPK (Perkins et al., 1992, 1996;
Lu et al., 1993; Cleghon et al., 1996, 1998). First, the effect
of gain-of-function tor mutations that lead to an expansion
of expression of both hkb as well as posterior terminal
structures is suppressed by removal of csw activity (Perkins
et al., 1992, Perkins et al., 1996). Second, activated Ras is
able to rescue hkb expression in csw mutant embryos (Lu et
al., 1993). Third, activation of MAPK, as revealed with the
dp-ERK antibody, is reduced at posterior termini of csw
mutant embryos (this study, see below). Fourth, we have
found that the zygotic lethality associated with csw muta-
tions can be rescued by the activated MAPK allele Seven-
maker (Brunner et al., 1994). These csw/Y; Sem/1 males are

ins of Hb expression. The expression patterns of Hb protein in wild
esented both graphically (A) and in mutant embryos (B, C, and D).

1 corresponding to the posterior limit of the anterior Hb domain
sterior domain of Hb expression, respectively. In wild type, Hb is
D-rafC110, which is indistinguishable from wild type, in all single
afEA75, D-rafPB26) posterior Hb expression is shifted posteriorly and

-rafC110, cswVA199 D-rafPB26, csw6 D-rafEA75, cswVA199 D-rafEA75) Hb
utant alone (A, D). In all cases the posterior limit of the anterior
oma
re pr
with

he po
n of
(D-r

sw6 D
viable and fertile and can be used to generate csw/csw;
Sem/1 females (L. A. Perkins, unpublished data). Larvae

s of reproduction in any form reserved.
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185Torso Signaling and MAPK Activation
with no terminal defects can be generated from such
females, which is consistent with the model that Csw
regulates the level of MAPK activity in the Tor pathway.
Finally, Cleghon et al. (1996, 1998) have shown that Csw
associates with pY630 of Tor. This association results in
phosphorylation of a conserved tyrosine residue (Y666) in
the C-terminal tail of Csw, which then serves as a binding
site for Drk/Grb2, a known regulator of Ras activity. The
physical association between the activated Tor RTK and
Csw also allows Csw to specifically dephosphorylate the
negative pY918 site of Tor, which binds RasGAP, thus
effectively lowering the local concentration of RasGAP and
thereby potentiating a positive signal.

For the reasons detailed above, in this study we have used
mutations in both D-raf and csw as a means to regulate the
level of activated MAPK activity in embryos. Specifically,
we have characterized the effect of two hypomorphic D-raf
alleles (D-rafC110 and D-rafPB26; Melnick et al., 1993; Hou et
al., 1995) on terminal development. By examining the
domains of expression of both tll RNA and Hb protein
expression in embryos derived from GLCs, we could not
detect any obvious defects in terminal development in the

FIG. 3. The magnitude of MAPK activity directly reflects the mag
of activated MAPK, detected by dp-Erk (see Materials and Method
embryos. All embryos are oriented with anterior to the left and do
presence of the D-rafC110 mutation (Figs. 1A and 2A). How-
ver, in embryos derived from D-rafPB26 GLCs there is a

F
w

Copyright © 1999 by Academic Press. All right
pronounced reduction in terminal activity as demonstrated
by a reduction in posterior tll expression (Fig. 1A) and a shift
in the posterior domain of Hb (Fig. 2A).

Complete removal of Csw activity from the germ line
(cswVA199 and cswe13d.3) reveals results similar to D-rafPB26

(Figs. 1A and 1B), and the Hb domain is shifted posteriorly
(Figs. 2A and 2B). Characterization of two weak alleles of
Csw (csw6 and csw192106) reveals similar, yet less severe
eduction of tll expression (Fig. 1A) and shift of the Hb
omain (Fig. 2A). Collectively, the data presented above,
rom analyses of single mutations in either csw or D-raf,
uggest that a distinct transcriptional response is elicited
ith each mutant activity.
To determine whether a reduction in both D-raf and csw

ene activities could act synergistically, we analyzed the
xpression of tll and Hb in double-mutant combinations. In
ach double-mutant combination tested, posterior expres-
ion of both tll and Hb were severely reduced compared to
ither single mutant alone (Figs. 1A and 2A). For example,
n GLC-derived embryos doubly mutant for the hypomor-
hic alleles csw6 and D-rafC110, tll expression is reduced to a
reater extent than for either single mutant alone (Fig. 1A).

de of Tor signaling. At the blastoderm stage the expression pattern
revealed in wild-type (A), tor-Egfr (B), cswVA199 (C), and tor-Sev (D)
up.
nitu
urthermore, in the same genetic background, Hb protein,
hich is expressed as a stripe of posterior expression in each

s of reproduction in any form reserved.
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186 Ghiglione, Perrimon, and Perkins
single mutant, is shifted posteriorly, where it appears as a
“cap” in the csw6 D-rafC110 mutant embryos. Similarly,
while both tll and Hb are entirely deleted from GLC-derived
embryos doubly mutant for cswVA199 and D-rafPB26 (Figs. 1A,
D, 2A, and 2D), both of these markers are present, though
educed and mispositioned, in each single mutant alone
Figs. 1 and 2). These analyses of GLC-derived doubly

utant embryos suggest that the magnitude of the tran-
criptional response is a cumulative event determined by
he relative activities of the upstream signal transducers.

To demonstrate that the gradients of activity observed in
arious csw and D-raf mutant backgrounds reflect a gradi-
nt of MAPK activity, we used an antibody that detects
nly the activated form of MAPK, dp-ERK (Gabay et al.,
997a,b). As previously reported, at the blastoderm stage
p-ERK is localized in two terminal caps reflecting the
ctivation of MAPK by the Tor pathway (Gabay et al.,
997b; Fig. 3A). While in the absence of D-raf activity no
taining was observed at the posterior pole (data not
hown), in csw null mutant embryos, where the tll and Hb
xpression domains are present though mispositioned (see
bove), reduced levels of dp-ERK reactivity were observed
Fig. 3C). This latter result differs from that of Gabay et al.
1997a), who reported no dp-ERK reactivity in csw mutant
mbryos. This discrepancy likely reflects the enhanced
etection system utilized in our analysis (see Materials and
ethods).

Differential Gene Expression Correlates with the
Generation of Different Cell Responses

In the experiments described above, the transcriptional
response or gene expression of tll and Hb was monitored as
readouts for terminal activity. When development is al-
lowed to proceed, none (with the exception of D-rafC110) of
he csw and D-raf singly and doubly mutant embryos
erived from GLCs hatch into larvae; i.e., they are 100%
mbryonic lethal. When the cuticles of the dead embryos
re examined it is apparent that the different transcriptional
esponses observed above correlate nicely with the genera-
ion of different cell responses. For example, the cuticle of a
-rafC110 mutant embryo (Fig. 4A) is indistinguishable from

wild type in that all pattern elements posterior to abdomi-
nal segment 7 are present and appear normal. When termi-
nal activity is progressively removed (Figs. 4B, 4C, and 4D),
there is a corresponding progressive malformation and
eventual loss of terminal cuticular structures. The first
terminal cuticular elements malformed/lost require the
highest terminal activation (e.g., the anal tuft and posterior
spiracles visualized by the presence of Filzkorper material;
Fig. 4B). The next elements malformed/lost require inter-
mediate levels of the terminal signal (e.g., the abdominal 8
(A8) denticle belt and the posterior spiracles; Fig. 4C).
Finally, the last elements malformed/lost require the low-
est levels of terminal activity (e.g., posterior A7; Fig. 4D).

Collectively, these results reveal that a precise transcrip-
tional response translates into a specific cell identify.

Copyright © 1999 by Academic Press. All right
In summary, the results presented above support the
model whereby Tor triggers a gradient of signaling activity,
mediated by both Csw and D-raf, which modulates the level
of MAPK activity that in turn determines a precise tran-
scriptional response. It is the precise transcriptional re-
sponse, the magnitude of which is a cumulative event
determined by the relative activities of the upstream signal
transducers, that ultimately generates the identity of each
cell under the control of the Tor signaling pathway.

The Kinase Domain of an RTK Determines the
Precise Level of Activation of the MAPK Pathway

What are the parameters which are critical for the precise
activation of MAPK and the domains of expression of
downstream target genes? Previous analyses have shown
that the domains of Tor activation are defined by the
number of receptors which become activated by a ligand
which is limited in amount (Sprenger and Nusslein-
Volhard, 1992; Casanova and Struhl, 1993). However, we
wanted to test whether, in addition, the ability of Tor to
trigger the appropriate magnitude of activation of the sig-
naling cassette is imprinted in the RTK cytoplasmic do-
main. To test this hypothesis, we constructed two differ-
ent chimeric RTKs, Torextracellular-Egfrcytoplasmic and Torextracellular-
evcytoplasmic. To ensure that these receptors are activated

only in the appropriate Tor domains, each chimera encoded
the extracellular and transmembrane domains of Tor.
These receptors, P[tor-Egfr] or P[tor-sev], stably trans-
formed into torXR1 animals were expressed under the control
f the tor promoter to express them at levels comparable to
ild-type Tor. Finally, their signaling activities were as-

essed by examining tll, Hkb, and Hb expression in progeny
rom torXR1 homozygous females carrying various copies of
ither P[tor-Egfr] or P[tor-sev].
The tor-Egfr chimera. When a single copy of P[tor-Egfr]

s introduced into torXR1-homozygous females, embryos
from these females express tll between 0 and 11% EL (Fig.
5D), in contrast to the wild-type situation in which tll is
expressed from 0 to 15% EL. This domain of expression can
be increased to 0–11.5% when a second copy of P[tor-Egfr]
is introduced, but no further increase is observed by the
addition of up to four copies of P[tor-Egfr]. These results
contrast with those previously reported in which a single
copy of P[tor] is sufficient to provide wild-type expression
of tll in the 0–15% EL domain (Casanova and Struhl, 1989;
Cleghon et al., 1996).

Similar results are obtained when the posterior expres-
sion domain of Hkb is used as a measure of the signaling
ability of the chimeric RTK. In wild-type embryos, Hkb is
expressed as two polar caps, the posterior domain extending
from 0 to 8.3% EL (Fig. 5B). In embryos derived from
females carrying two or more copies of P[tor-Egfr], this
posterior domain extends no further than 0–4.5% EL (Fig.
5E).
A third measurement of the signaling ability of the
chimeric RTK is the posterior expression domain of Hb. In

s of reproduction in any form reserved.
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187Torso Signaling and MAPK Activation
embryos derived from females carrying two or more copies
of P[tor-Egfr], Hb does not retract from the posterior pole,
but rather remains as a terminal cap (Fig. 5F). Further, the
anterior border of this posterior Hb domain is shifted
posteriorly. This altered pattern of Hb expression is like
that observed in cswVA199 mutant embryos (compare Figs. 2C
and 5F), which presumably is due to the absence of, or only
weak, repression by Hkb (in cswVA199 mutant embryos the
posterior hkb domain is entirely deleted or only a few cells
at the posterior pole are occasionally Hkb positive; Perkins
et al., 1996; this report).

Collectively, examination of the domains of expression of
tll, Hkb, and Hb, used as readouts of the magnitude of
receptor signaling, demonstrate that in the presence of the
Tor-Egfr chimeric receptor the magnitude of the Tor signal

FIG. 4. The extent to which posterior pattern elements are formed
photographs of cuticular preparations of the posterior ends of pater
D-rafC110 (A), csw6 (B), csw6 D-rafC110 (C), and cswVA199 D-rafPB26 (D).
that all posterior pattern elements are present. As the magnitude of

or signaling activities are also shown in Figs. 1 and 2), so is the ex
riented with anterior to the left and dorsal up. Abbreviations: A
ilzkorper material.
is decreased. These results are consistent with the reduced
levels of dp-ERK reactivity that we observe in embryos

p
p

Copyright © 1999 by Academic Press. All right
erived from females carrying two copies of P[tor-Egfr] (Fig.
B). In these experiments the components that regulate the
ctivity of the Tor-Egfr chimera, i.e., the Tor ligand and the
or extracellular region, are the same as those that activate
ild-type Tor, suggesting that the cytoplasmic domain of

he Egfr is less efficient than the Tor cytoplasmic domain at
ransducing the signal. In addition, the fact that we do not
bserve changes toward the wild-type condition of the tll,
kb, or Hb domains when more than two copies of P[tor-
gfr] are added is consistent with the fact that the ligand for
or is present in a limiting amount (see also Sprenger and
usslein-Volhard, 1992; Casanova and Struhl, 1993).
The tor-sev chimera. In experiments similar to those

escribed above, when a single copy of the P[tor-sev]
himera is introduced into torXR1-homozygous females, ap-

ects directly the magnitude of the Tor signal. Shown are dark-field
rescued embryos derived from females bearing GLCs of genotypes
that the cuticle of D-rafC110 is indistinguishable from wild type in
or signal is progressively reduced by mutation (B . C . D; relative

to which posterior cuticular structures are present. All cuticles are
, abdominal denticles belts 7 and 8, respectively; at, anal tuft; F,
refl
nally
Note
the T
tent
roximately 15% of the resulting embryos express tll in a
osterior domain composed of a few cells and not extending

s of reproduction in any form reserved.



FI
G

.
5.

T
h

e
cy

to
pl

as
m

ic
do

m
ai

n
s

of
th

e
E

G
F

an
d

Se
v

R
T

K
s

ar
e

le
ss

ef
fi

ci
en

t
th

an
th

e
T

or
cy

to
pl

as
m

ic
do

m
ai

n
at

tr
an

sd
u

ci
n

g
th

e
T

or
si

gn
al

.
Sh

ow
n

ar
e

bl
as

to
de

rm
-s

ta
ge

em
br

yo
s

th
at

re
ve

al
th

e
ex

pr
es

si
on

pa
tt

er
n

s
of

tl
l

R
N

A
(A

,D
,a

n
d

G
),

H
k

b
pr

ot
ei

n
(B

,E
,a

n
d

H
),

or
H

b
pr

ot
ei

n
(C

,F
,

an
d

I)
.C

om
pa

re
d

to
w

il
d

ty
pe

(A
,B

,C
),

th
e

ex
pr

es
si

on
pa

tt
er

n
s

of
tl

l1
H

k
b,

an
d

H
b

ar
e

si
gn

ifi
ca

n
tl

y
re

du
ce

d
in

em
br

yo
s

de
ri

ve
d

fr
om

to
rX

R
1

m
u

ta
n

t
m

ot
h

er
s

ca
rr

yi
n

g
ei

th
er

fo
u

r
co

pi
es

of
P

[t
or

-E
gf

r]
(D

,E
,F

)o
r

tw
o

co
pi

es
of

P
[t

or
-s

ev
](

G
,H

,I
).

N
ot

e
th

at
th

es
e

te
rm

in
al

-s
pe

ci
fi

c
m

ar
k

er
s

ar
e

re
du

ce
d

to
a

gr
ea

te
r

ex
te

n
t

in
em

br
yo

s
de

ri
ve

d
fr

om
P

[t
or

-s
ev

]f
em

al
es

th
an

in
th

e
ca

se
of

P
[t

or
-E

gf
r]

,r
efl

ec
ti

n
g

th
e

ef
fi

ci
en

cy
to

w
h

ic
h

th
es

e
ch

im
er

ic
R

T
K

s
tr

an
sd

u
ce

th
e

T
or

si
gn

al
.

A
ll

em
br

yo
s

ar
e

or
ie

n
te

d
w

it
h

an
te

ri
or

to
th

e
le

ft
.

188 Ghiglione, Perrimon, and Perkins



5

d
e
r
i
t

P
1
t
i
a
t
c
s
p
d
p
h
t
c
b
T
c
d
b

e
c
s
e
e
r
d

189Torso Signaling and MAPK Activation
beyond 0–3% EL. With two copies of this chimera, approxi-
mately 30% of the embryos express tll from 0 to 4% EL (Fig.
G). At the anterior termini, tll expression is expanded

toward the anterior pole (Fig. 5G). Likewise, in embryos
derived from females carrying two copies of P[tor-sev], Hkb
expression is completely deleted both anteriorly and poste-
riorly (Fig. 5H). Further, in embryos derived from females
carrying two copies of P[tor-sev], posterior Hb expression is
completely deleted (Fig. 5I). Note that in embryos derived
from either Tor-Egfr or Tor-Sev females, the posterior
position of the anterior domain of Hb expression is similar
to that of wild type and remains at approximately 50% EL
(compare Figs. 5F and 5I with Fig. 5C).

Altogether these results suggest that the cytoplasmic
domain of the Sev RTK is much less efficient than either
the Tor or the Egfr cytoplasmic domains at transducing the
signal. This result is also apparent when embryos derived
from P[tor-sev] females are stained with dp-ERK antibody,
as the staining is much weaker than in the presence of
P[tor-Egfr] (Fig. 3D compared to Fig. 3B). In conclusion, our
ata indicate that, to correctly specify cell fates at each
mbryonic termini, not only do the correct number of
eceptors need to become activated, but in addition another
mportant parameter resides in the magnitude of the signal
riggered by each activated receptor.

DISCUSSION

Graded Activation of the RTK Signaling Cassette
by Tor

In this article we have used mutations in both D-raf and
csw as a means to regulate the level of MAPK activity in
embryos. Using this experimental design, we demonstrate
that a precise activation of MAPK is critical to establish the
appropriate domains of expression of downstream target
genes such as tll and hkb at the posterior pole. The
interpretation of our results relies, in part, on the model
that both Csw and D-Raf regulate the level of MAPK
activity to define the domains of downstream target genes.
As discussed under Results we believe that this assumption
in the Tor pathway is valid as there is no evidence in this
system for MAPK-independent pathways that regulate ei-
ther tll or hkb expression.

At the point of the receptor there are at least two different
levels of control. First, as shown by Casanova and Struhl
(1989), and later by Furriols et al. (1996), variations in the
number of activated Tor molecules correlate with both
differential gene expression of downstream target genes and
the generation of different cell responses or fates. In this
paper it is shown that the strength or magnitude of the
signal emanating from activated Tor receptors, the number
of which is controlled by a ligand which is limiting in
amount, is imprinted in the cytoplasmic domain of the
RTK itself. This latter level of control is apparent from our

observations that chimeric receptors, either Torextracellular-
Egfrcytoplasmic or Torextracellular-Sevcytoplasmic, cannot fully function-

Copyright © 1999 by Academic Press. All right
ally replace the wild-type Tor receptor. It should be empha-
sized that the interpretation of these results relies on the
assumption that the chimeric receptor molecules are able
to achieve efficient transphosphorylation following dimer-
ization. We believe that the possibility that dimerization of
the chimeric receptors does not position the catalytic
domains of the receptors in the right orientation to achieve
efficient transphosphorylation is unlikely. First, results
obtained following experimentation with numerous RTK
chimeras have detected no problems in transphosphoryla-
tion. For example, chimeras between the extracellular do-
main of the EGFR and the tyrosine kinase domains of the
Axl (McCloskey et al., 1994), LTK (Ueno et al., 1995),

DGFR (Seedorf et al., 1991), and JAK2 (Nakamura et al.,
996) tyrosine kinases have been generated and found to
ransphosphorylate extremely well. Additional examples
nclude chimeras between the insulin receptor extracellular
nd the EGFR cytoplasmic domains (Riedel et al., 1986) and
he Trk extracellular domain fused to the insulin receptor
ytoplasmic domain (Isakoff et al., 1996). Second, structural
tudies suggest that the cytoplasmic domains of RTKs are
robably able to rotate freely relative to the transmembrane
omain (S. Hubbard, personal communication; D. Stern.
ersonal communication). However, Burke and Stern (1998)
ave reported that structural constraints do exist between
he transmembrane domain of the Neu RTK and the extra-
ellular domain. This is not a problem in this study since in
oth of the chimeras utilized the transmembrane domain of
or, along with its native extracellular domain, have been
onserved; i.e., the fusion occurs within the cytoplasmic
omain three amino acids downstream of the transmem-
rane domain.
Our finding that the strength or magnitude of the signal

manating from activated Tor receptors is imprinted in the
ytoplasmic domain of the RTK is consistent with previous
tudies with a cytoplasmic Tor mutation, Y630F (Cleghon
t al., 1996). The Y630F mutation on Tor specifically
liminates the interaction between Tor and Csw following
eceptor activation and results in a decrease in the posterior
omains of expression of both tll and hkb. In both cases, the

Tor Y630F mutation and the chimeric RTKs, the results are
the same; i.e., the magnitude of the Tor signal is decreased,
as is MAPK activation, the domains of downstream target
genes are altered, and ultimately fewer terminal cell fates
are specified. Our analysis agrees with the recent study by
Greenwood and Struhl (1997) who showed that different
levels of Ras activity specify distinct terminal structures.

One possible way to generate differing magnitudes of
activity from the cytoplasmic domains of specific RTKs
might be dependent on the specific affinities of the down-
stream signal transducers to the receptor. Csw binds
through one of its SH2 domains to only one phosphoty-
rosine on Tor. Perhaps a higher or lower affinity of Csw to
this site, or addition of another site that would also engage
the second SH2 domain of Csw, would increase or decrease

the signal output. Alternatively, differing magnitudes of
activity from the cytoplasmic domains of specific RTKs

s of reproduction in any form reserved.
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might be dependent on the constellations of downstream
transducers recruited to the receptor following activation.
For example, although Drk/Grb2 has been shown to bind
Sev at a single phosphotyrosine residue (Raabe et al., 1995),
it does not associate directly with Tor (Cleghon et al.,
1996). Similarly, although Csw association with Tor is
mediated by a phosphotyrosyl residue and dependent upon
receptor activation, the association between Csw and Sev,
observed biochemically following immunoprecipitation, is
not dependent upon the presence of a phosphotyrosine
(Allard et al., 1996; Herbst et al., 1996; see Perrimon and

erkins, 1997, for discussion). Clearly, although the players
ay be conserved, the molecular mechanisms by which
TKs propagate their specific signals vary with each recep-

or under consideration and these differences can easily be
nterrupted to alter the magnitude of the RTK signal.

Rather remarkably, the presence of a graded activity of
or signaling, which can be visualized by modulating the

evels of activity of at least two of the signal transducers
D-raf and Csw), suggests that the signaling cassette has
uilt-in mechanisms to provide a precise quantitative out-
ut (see also Greenwood and Struhl, 1997). Further, this
recise quantitative output can be interpreted at the level of
he promoters of the downstream genes, tll, and hkb in the
ase of Tor. It has been hypothesized that the main function
f the Raf-MEK-MAP kinase cascade, functioning down-
tream of Ras, is to amplify the RTK-initiated signal.
owever, since a number of studies have illustrated the

xistence of parallel signaling pathways emanating from an
TK (Hou et al., 1995; Raabe et al., 1995; Herbst et al.,

1986), an alternative hypothesis is that the Raf–MEK–MAP
kinase cascade is a multistep means to integrate and pre-
cisely refine the signals received from multiple upstream
parallel pathways.

Conservation of the RTK Signaling Cassette

Each of the chimeric RTKs used in this paper, both
Torextracellular-Egfrcytoplasmic and Torextracellular-Sevcytoplasmic, are able to
partially activate the downstream response gene tll, indicating
that a shared set of signaling molecules is utilized by the Tor,
Sev, and Egfr RTKs. These observations are consistent with
the previous analyses of Reichman-Fried et al. (1994) in which
it was shown that chimeric receptors composed of a constitu-
tively active TorDominant extracellular domain fused to the
cytoplasmic domain of DFGF-R2 (aka Heartless), Egfr, Tor, or
Sev were all able to partially rescue migration defects associ-
ated with a DFGF-R1 (aka breathless) mutation. Similarly,
using two of the same chimeras as above, Freeman (1996)
found that the TorDominant-Egfr chimera behaves similarly to the

orDominant-Sev chimera in causing overrecruitment of R7 pho-
oreceptors in the developing ommatida. The final readouts in
hese two analyses consisted of describing the phenotypic
ffects of unregulated, constitutively active chimeric RTKs.
We have extended these previous studies not only by
nalyzing the phenotypic effects of chimeric RTKs (Figs. 3
nd 5), but, in addition, we have conducted quantitative

Copyright © 1999 by Academic Press. All right
nalyses by measuring the magnitudes of activation of
ownstream target genes in a regulated system in which the
eceptors are activated by the endogenously produced li-
and. Significantly, our results, unlike the previous studies,
an be used to assess the relative signaling capabilities of
he cytoplasmic domains of various RTKs as well as to
etermine the extent to which a quantitative mechanism of
TK activation plays a role in the ultimate outcome of a
iven signaling pathway. Finally, the Tor chimeric system
hat we have developed provides a powerful assay to char-
cterize the function of specific motifs located in the
ytoplasmic domain of the RTK. For example, it will be of
nterest to determine whether all of the signaling activity of
he Torextracellular-Sevcytoplasmic chimeric RTK in the activation

of tll is mediated through the single Drk/Grb2 binding site
which has been identified (Raabe et al., 1995).

A Gradient of MAPK Activation Underlies the
Quantitative Mechanism

Our finding that different levels of MAPK activity can
lead to different cell responses/fates is relevant to a number
of studies conducted in PC12 cells (for review see Li and
Perrimon, 1997). Addition of FGF or NGF to PC12 cells
results in prolonged MAPK activation and nuclear translo-
cation, which culminates in cessation of cell division and
neuron differentiation. Conversely, addition of EGF to
PC12 cells results in transient MAPK activation, does not
affect MAPK nuclear translocation, and culminates in cell
proliferation. The receptors of these growth factors, which
likely use the same signaling pathway, clearly have very
different effects on MAPK activity.

Like the Tor system, in PC12 cells it is the number of
RTK molecules which become activated that determines
both the extent to which MAPK is activated and the
cellular outcome. Insulin added to PC12 cells, where the
endogenous insulin receptor numbers are low, only tran-
siently stimulates MAPK activation and acts as a mitogen
(Dahmer and Perlman, 1988). However, when the insulin
receptor is overexpressed, MAPK undergoes prolonged acti-
vation and nuclear translocation and the cells undergo
neuronal differentiation (Dikic et al., 1994), the same as if
they were treated with NGF. Similarly, while normal
activation of the endogenous EGF receptor results in pro-
liferation, overexpression of the EGF receptor results in
sustained MAPK activation and nuclear translocation (Tra-
verse et al., 1994).

Interpretation of Graded Levels of MAPK Activity

How the differing magnitudes of activity from the cyto-
plasmic domains of RTKs are integrated at the level of the
promoters of the downstream response genes, such as tll
and hkb in the Tor pathway, is still not resolved. Presum-
ably, in each individual cell there exists a mechanism built

into the enhancer elements of the promoters of both tll and
hkb that acts to read directly the magnitude of Tor signal-
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ing. In the tll promoter, a Tor-response element that medi-
ates the repression of tll has been identified, indicating that
the Tor signal activates tll by a mechanism of derepression
(Liaw et al., 1995). A putative candidate for this repressor
activity is encoded by the transcription factor NTF-1 (ELF-1),
the product of the grainyhead gene. NTF-1 binds to the
Tor-response element and can be directly phosphorylated
by MAPK in vitro, and a decrease in NTF-1 activity has
been shown to cause tll expansion in early embryos (Liaw et
al., 1995). Further, the transcriptional corepressor Groucho
(Gro) is required for terminal patterning, because embryos
that lack maternal Gro activity show an expansion of both
tll and hkb expression domains toward the center of the
embryo (Paroush et al., 1997). Further characterization of
how NTF-1 and/or Gro activities are regulated by activated
MAPK should clarify how differing levels of phosphoryla-
tion translate into derepression of terminal target genes.

Gradients of Gene Activity and Other RTKs

As the results in this paper detail, to correctly specify the
various cell fates at the posterior embryonic termini not
only do the correct number of Tor receptors need to become
activated, but in addition, another important parameter
resides in the magnitude of the signal generated by the Tor
cytoplasmic domain. The Drosophila EGF receptor, Egfr, is
another clear example whereby the degree to which the
receptor becomes activated determines the fates of respon-
sive cells. During embryogenesis, the Egfr, activated by the
TGFa homolog Spitz (Spi), is responsible for determination
of ventral ectodermal cell fates (Raz and Shilo, 1993). Spi is
active as a processed, secreted form which is produced in
the ventral midline and thus presented to the ubiquitously
expressed Egfr as a gradient; i.e., cells closest to the midline
are exposed to higher concentrations of Spi than are cells
located farther from the midline (Schweitzer et al., 1995a).
While complete loss of Egfr function is associated with
complete loss of ventral ectodermal cell fates, graded,
intermediate levels of activation of the Egfr signaling path-
way result in the loss of discrete sets of cell fates (see
reviews by Perrimon and Perkins, 1997; Schweitzer and
Shilo, 1997). In tissue culture it can be shown that activa-
tion of the Egfr, by secreted Spi, induces MAPK activation
in a dosage-sensitive fashion; i.e., the magnitude of MAPK
activation is dependent upon the dosage of Spi used
(Schweitzer et al., 1995b). Together, and like those for the
Tor pathway, these results support a quantitative model for
Egfr signaling whereby different ventral ectoderm cell fates
are generated by the graded activation of the Egfr which in
turn controls the magnitude to which MAPK becomes
activated.

These observations on the Egfr signaling pathway in the
embryonic ectoderm are similar to those in the Drosophila
ovary where, again, graded activation of the Egfr organizes a
gradient of gene expression (see review by Li and Perrimon,

1997). Clearly, other developmental systems will have to be
carefully examined to gain a fuller understanding of the

Copyright © 1999 by Academic Press. All right
extent to which a quantitative mechanism of RTK activa-
tion plays a role in the ultimate outcomes of other signaling
pathways.

Concluding Remarks
Both qualitative and quantitative mechanisms contribute

to the specificity of the signal generated by the Tor RTK.
First, the qualitative mechanism implies that specific sig-
nal transducers and transcription factors (e.g., NTF-1) be
available in the embryo in order for responding nuclei to
have the potential of activating the terminal-specific genes
tll and hkb. Second, the quantitative mechanism implies
hat the magnitude of activation of the RTK signaling
athway determines a precise transcriptional response. In
he Tor pathway the quantitative mechanism is a finely
uned process that generates a graded signal. The magnitude
f this signal is determined by two parameters: (1) a ligand
imited in amount and (2) the cumulative effect of each
ctivated RTK molecule whose cytoplasmic domain is
mprinted with an intrinsic signaling capability. Ulti-

ately, it is the precise transcriptional response within
ach cell, under the control of the Tor signaling pathway,
hat determines specific cell fates.

ACKNOWLEDGMENTS

We thank C. Doe (Huckebein), C. Desplan and E. Vimmer
(Hunchback), and L. Gabay and B. Shilo (dp-Erk) for antibodies; A.
Michelson (Egfr) and G. Rubin (Sev) for cDNAs; D. Brunner and E.
Hafen for fly stocks; and B. Mari for help with Figs. 1 and 2. C.G. is
supported by an EMBO fellowship. We thank David Stern and S.
Hubbard for various discussions regarding RTK chimeras. N.P. is
an Investigator of the Howard Hughes Medical Institute. L.A.P. is
supported by a Fellowship from Margaret H. Walter and her
daughters in honor of Carl W. Walter, M.D., by the National
Science Foundation, and by the Pediatric Surgical Research Labo-
ratories.

REFERENCES

Allard, J. D., Chang, H. C., Herbst, R., McNeill, H., and Simon,
M. A. (1996). The SH2-containing tyrosine phosphatase Cork-
screw is required during signaling by Sevenless, Ras1 and Raf.
Development 122, 1137–1146.
mbrosio, L., Mahowald, A. P., and Perrimon, N. (1989). l(1)pole
hole is required maternally for pattern formation in the terminal
regions of the embryo. Development 106, 145–158.

ronner, G., and Jaeckle, H. (1991). Control and function of
terminal gap gene activity in the posterior pole region of the
Drosophila embryo. Mech. Dev. 35, 205–211.

runner, D., Oellers, N., Szabad, J., Biggs, W. H., Zipursky, S. L.,
and Hafen, E. (1994). A gain-of-function mutation in Drosophila
MAP kinase activates multiple receptor tyrosine kinase signaling
pathways. Cell 76, 875–888.

urke, C. L., and Stern, D. F. (1998). Activation of Neu (ErbB-2)
mediated by disulfide bond-induced dimerization reveals a recep-

tor tyrosine kinase dimer interface. Mol. Cell Biol. 18, 5371–
5379.

s of reproduction in any form reserved.



F

G

G

G

H

H

I

L

L

L

M

M

M

N

P

P

P

P

P

P

P

P

192 Ghiglione, Perrimon, and Perkins
Casanova, J. (1990). Pattern formation under the control of the
terminal system in the Drosophila embryo. Development 110,
621–628.

Casanova, J., and Struhl, G. (1989). Localized surface activity of
torso, a receptor tyrosine kinase, specifies terminal body pattern
in Drosophila. Genes Dev. 3, 2025–2038.

Casanova, J., and Struhl, G. (1993). The torso receptor localizes as
well as transduces the spatial signal specifying terminal body
pattern in Drosophila. Nature 362, 152–155.

Casanova, J., Llimargas, M., Greenwood, S., and Struhl, G. (1994).
An oncogenic form of human raf can specify terminal body
pattern in Drosophila. Mech. Dev. 48, 59–64.

Casanova, J., Furriols, M., McCormick, C. A., and Struhl, G. (1995).
Similarities between trunk and spatzle, putative extracellular
ligands specifying body pattern in Drosophila. Genes Dev. 9,
2539–2544.

Chou, T. B., and Perrimon, N. (1992). Use of a yeast site-specific
recombinase to produce female germline chimeras in Drosoph-
ila. Genetics 131, 643–653.

Cleghon, V., Gayko, U., Copeland, T. D., Perkins, L. A., Perrimon,
N., and Morrison, D. K. (1996). Drosophila terminal structure
development is regulated by the compensatory activities of
positive and negative phosphotyrosine signaling sites on the
Torso RTK. Genes Dev. 10, 566–577.

Cleghon, V., Hughes, D., Ghiglione, C., Perrimon, N., Copeland,
T., and Morrison, D. (1998) Corkscrew functions as a positive
effector of the terminal pathway by dephosphorylating a negative
signaling site on the Torso receptor tyrosine kinase. Mol. Cell. In
press.

Dahmer, M. K., and Perlman, R. L. (1988). Insulin and insulin-like
growth factors stimulate deoxyribonucleic acid synthesis in
PC12 pheochromocytoma cells. Endocrinology 122, 2109–2113.

Dickson, B., and Hafen, E. (1994). Genetics of signal transduction in
invertebrates. Curr. Opin. Genet. Dev. 4, 64–70.

Dikic, I., Schlessinger, J., and Lax, I. (1994). PC12 cells overexpress-
ing the insulin receptor undergo insulin-dependent neuronal
differentiation. Curr. Biol. 4, 702–708.

Duffy, J. B., and Perrimon, N. (1994). The Torso pathway in
Drosophila: Lessons on receptor tyrosine kinase signaling and
pattern formation. Dev. Biol. 166, 380–395.

Egan, S. E., and Weinberg, R. A. (1993). The pathway to signal
achievement. Nature 365, 781–783.

Freeman, M. (1996). Reiterative use of the EGF receptor triggers
differentiation of all cell types in the Drosophila eye. Cell 87,
651–660.

urriols, M., Sprenger, F., and Casanova, J. (1996). Variation in the
number of activated Torso receptors correlates with differential
gene expression. Development 122, 2313–2317.
abay, L., Seger, R., and Shilo, B. Z. (1997a). In situ activation
pattern of the Drosophila EGF receptor pathway during develop-
ment. Science 277, 1103–1106.
abay, L., Seger, R., and Shilo, B. Z. (1997b). Map kinase in situ
activation atlas during Drosophila embryogenesis. Development
124, 3535–3541.
reenwood, S., and Struhl, G. (1997). Different levels of Ras
activity can specify distinct transcriptional and morphological
consequences in early Drosophila embryos. Development 124,
4879–4886.
erbst, R., Carrol, P. M., Allard, J. D., Schilling, J., Raabe, T., and
Simon, M. A. (1996). Daughter of Sevenless is the substrate for

the phosphotyrosine phosphatase Corkscrew and functions dur-
ing Sevenless signaling. Cell 85, 899–909.

Copyright © 1999 by Academic Press. All right
ou, X. S., Chou, T.-B., Melnick, M. B., and Perrimon, N. (1995).
The Torso receptor tyrosine kinase can activate Raf in a Ras-
independent pathway. Cell 81, 63–71.

sakoff, S. J., Yu, Y. P., Su, Y. C., Blaikie, P., Yajnik, V., Rose, E.,
Weidner, K. M., Sachs, M., Margolis, B., and Skolnik, E. Y. (1996).
Interaction between the phosphotyrosine binding domain of Shc
and the insulin receptor is required for Shc phosphorylation by
insulin in vivo. J. Biol. Chem. 271, 3959–3962.

i, W., and Perrimon, N. (1997). Specificity of receptor tyrosine
signaling pathways: Lessons from Drosophila. In “Genetic Engi-
neering,” Vol. 19, “Principles and Methods,” pp. 167–182. Ple-
num, New York.

iaw, G. J., Rudolph, K. M., Huang, J. D., Dubnicoff, T., Courey,
A. J., and Lengyel, J. A. (1995). The torso response element binds
GAGA and NTF-1/Elf-1, and regulates tailless by relief of repres-
sion Genes Dev. 9, 3163–3176.

u, X., Perkins, L. A., and Perrimon, N. (1993). The Torso pathway
in Drosophila: A model system to study receptor tyrosine kinase
signal transduction. Development Suppl. 47–56.
cCloskey, P., Pierce, J., Koski, R. A., Varnum, B., and Liu, E. T.
(1994). Activation of the Axl receptor tyrosine kinase induces
mitogenesis and transformation in 32D cells. Cell Growth Differ.
5, 1105–1117.
cDonald, J. A., and Doe, C. Q. (1997). Establishing neuroblast-
specific gene expression in the Drosophila CNS: huckebein is
activated by Wingless and Hedgehog and repressed by Engrailed
and Gooseberry. Development 124, 1079–1087.
elnick, M. B., Perkins, L. A., Lee, M., Ambrosio, L., and Perrimon,
N. (1993). Developmental and molecular characterization of
mutations in the Drosophila raf serine–threonine kinase. Devel-
opment 118, 127–138.
akamura, N., Chin, H., Miyasaka, N., and Miura, O. (1996). An
epidermal growth factor receptor/Jak2 tyrosine kinase domain
chimera induces tyrosine phosphorylation of Stat5 and trans-
duces a growth signal in hematopoietic cells. J. Biol. Chem. 271,
19483–19488.

aroush, Z., Wainwright, S. M., and Ish-Horowicz, D. (1997). Torso
signaling regulates terminal patterning in Drosophila by antago-
nizing Groucho-mediated repression. Development 124, 3827–
3834.

erkins, L. A., and Perrimon, N. (1991). The molecular genetics of
tail development in Drosophila melanogaster. In Vivo 5, 521–
532.

erkins, L. A., Johnson, M. R., Melnick, M. B., and Perrimon, N.
(1996). The nonreceptor protein tyrosine phosphatase Corkscrew
functions in multiple receptor tyrosine kinase pathways in
Drosophila. Dev. Biol. 180, 63–81.

erkins, L. A., Larsen, I., and Perrimon, N. (1992). corkscrew
encodes a putative protein tyrosine phosphatase that functions to
transduce the terminal signal from the receptor tyrosine kinase
torso. Cell 70, 225–236.

errimon, N. (1993). The Torso receptor protein tyrosine kinase
signaling pathway: An endless story. Cell 74, 219–222.

errimon, N. (1994). Signaling pathways initiated by receptor
protein tyrosine kinases in Drosophila. Curr. Opin. Cell Biol. 6,
260–266.

errimon, N., and Perkins, L. (1997). There must be 50 ways to rule
the signal: The case of the Drosophila EGF receptor. Cell 89,
13–16.

ignoni, F., Baldarelli, R. M., Steingrimsson, E., Diaz, R. J., Pata-

poutian, A., Merriam, J. R., and Lengyel, J. A. (1990). The
Drosophila gene tailless is expressed at the embryonic termini

s of reproduction in any form reserved.



R

R

R

R

193Torso Signaling and MAPK Activation
and is a member of the steroid receptor superfamily. Cell 62,
151–163.

Pignoni, F., Steingrimsson, E., and Lengyel, J. A. (1992). bicoid and
the terminal system activate tailless expression in the early
Drosophila embryo. Development 115, 239–251.
aabe, T., Olivier, J. P., Dickson, B., Liu, X., Gish, G. D., Pawson,
T., and Hafen, E. (1995). Biochemical and genetic analysis of the
DRK Sh2–SH3 adaptor protein of Drosophila. EMBO J. 14,
2509–2518.
aabe, T., Riesgo-Escovar, J., Liu, X., Bausenwein B. S., Deak, P.,
Mayoy, P., and Hafen, E. (1996). DOS, a novel plecktrin homol-
ogy domain-containing protein required for signal transduction
between sevenless and Ras1 in Drosophila. Cell 85, 911–920.
az, E., and Shilo, B. Z. (1993). Establishment of ventral cell fates
in the Drosophila embryonic ectoderm requires the EGF receptor
homolog (DER). Genes Dev. 7, 1937–1948.

Reichman-Fried, M., Dickson, B., Hafen, E., and Shilo, B.-Z. (1994).
Elucidation of the role of breathless, a Drosophila FGF receptor
homolog, in tracheal cell migration. Genes Dev. 8, 428–439.
iedel, H., Dull, T. J., Schlessinger, J., and Ullrich, A. (1986). A
chimaeric receptor allows insulin to stimulate tyrosine kinase
activity of epidermal growth factor receptor. Nature 324, 68–70.

Robertson, H. M., Preston, C. R., Phillis, R. W., Johnson-Schlitz, D.,
Benz, W. K., and Engels, W. R. (1988). A stable genomic source of
P-element transposase on Drosophila melanogaster. Genetics
118, 461–470.

Schweitzer, R., and Shilo, B. Z. (1997). A thousand and one roles for
the Drosophila EGF receptor. Trends Genet. 13, 191–196.

Schweitzer, R., Shaharabany, M., Seger, R., and Shilo, B. Z. (1995a).
Secreted Spitz triggers the DER signaling pathway and is a
limiting component in embryonic ventral ectoderm determina-
tion. Genes Dev. 9, 1518–1529.

Schweitzer, R., Howes, R., Smith, R., Shilo, B. Z., and Freeman, M.
(1995b). Inhibition of Drosophila EGF receptor activation by the
secreted protein Argos. Nature 376, 699–702.

Seedorf, K., Felder, S., Millauer, B., Schlessinger, J., and Ullrich, A.
(1991). Analysis of platelet-derived growth factor receptor do-
main function using a novel chimeric receptor approach. J. Biol.
Chem. 266, 12424–12431.

Spradling, A. (1986). P-element transformation. In “Drosophila: A

Practical Approach” (D. B. Roberts, Ed.), pp. 175–198. Oxford IRL
Press, London.

Copyright © 1999 by Academic Press. All right
Sprenger, F., and Nusslein-Volhard, C. (1992). Torso receptor activ-
ity is regulated by a diffusible ligand produced at the extracellular
terminal regions of the Drosophila egg. Cell 71, 987–1001.

Sprenger, F., Stevens, L. M., and Nusslein-Volhard, C. (1989). The
Drosophila gene torso encodes a putative receptor tyrosine
kinase. Nature 338, 478–483.

Sprenger, F., Trosclair, M. M., and Morrison, D. K. (1993). Bio-
chemical analysis of Torso and D-raf during Drosophila embryo-
genesis: Implications for terminal signal transduction. Mol. Cell.
Biol. 13, 1163–1172.

Tautz, D., and Pfeifle, C. (1989). A non-radioactive in situ hybrid-
ization method for the localization of specific RNAs in Drosoph-
ila embryos reveals translational control of the segmentation
gene hunchback. Chromosome 98, 81–85.

Tautz, D., Lehmann, R., Schnurch, H., Schuh, R., Seifert, E.,
Kienlin, A., Jones, K., and Jaeckle, H. (1987). Finger protein of
novel structure encoded by hunchback, a second member of the
gap class of Drosophila segmentation genes. Nature 327, 383–
389.

Thummel, C. S., Boulet, A. M., and Lipshitz. (1988). Vectors for
Drosophila P-element-mediated transformation and tissue cul-
ture transfection. Gene 74, 445–456.

Traverse, S., Gomez, N., Paterson, H., Marshall, C., and Cohen, P.
(1992). Sustained activation of the mitogen-activated protein
(MAP) kinase cascade may be required for differentiation of PC12
cells. Comparison of the effects of nerve growth factor and
epidermal growth factor. Biochem. J. 288, 351–355.

Ueno, H., Hirano, N., Kozutsumi, H., Sasaki, K., Tanaka, T.,
Yazaki, Y., and Hirai, H. (1995). An epidermal growth factor
receptor–leukocyte tyrosine kinase chimeric receptor generates
ligand-dependant growth signals through the Ras signaling path-
way. J. Biol. Chem. 270, 20135–20142.

van der Meer, J. (1977). Optical clean and permanent whole mount
preparation for phase-contrast microscopy of cuticular structures
of insect larvae. Drosophila Inform. Serv. 52, 160.

Weigel, D., Jurgens, G., Klinger, M., and Jackle, H. (1990). Two gap
genes mediate maternal terminal pattern information in Dro-
sophila. Science 248, 495–498.

Received for publication July 2, 1998

Revised October 2, 1998

Accepted October 2, 1998

s of reproduction in any form reserved.


	INTRODUCTION
	MATERIALS AND METHODS
	RESULTS
	FIG. 1
	FIG.2
	FIG. 3
	FIG. 4
	FIG. 5

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

