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Introduction
Communication between cells during development provides
much of the necessary information for constructing specialized
tissues (reviewed by Gerhart, 1999). Despite the diversity of
cell types that are specified, only a small number of conserved
signalling pathways are used throughout development to
instruct cell fate. The activation of these signalling cascades
results in different outcomes in different tissues; the same
signal is interpreted differently depending on the state of the
cell receiving it (reviewed by Freeman, 1997; Shilo, 2003; Tan
and Kim, 1999). Although most analyses have focussed on the
direct role of signalling pathways on determining cell fate, the
full developmental functions of signalling pathways are rarely
well understood: individual signalling pathways can even have
multiple functions within the same tissue.

The Drosophilaembryonic ventral epidermis has served as
a tractable tissue for the genetic analysis of patterning, and
remains one of the rare instances where the developmental
programs used to pattern fields of cells have been studied from
early through to late stages (Alexandre et al., 1999; DiNardo
et al., 1994; Hatini and DiNardo, 2001; O’Keefe et al., 1997;
Payre et al., 1999; Szüts et al., 1997). Here, two cell types are

specified: epidermal cells that secrete short, thick hair-like
structures called denticles (used by the larvae for traction), and
smooth-cuticle cells, which secrete a protective cuticle that
lacks denticles. Denticles occur in belts composed of several
rows of denticle-secreting cells in the anterior half of each
parasegment, which alternate with smooth cuticle regions that
make up the posterior of each parasegment. This segmental
pattern is repeated along the anterior-posterior axis (see Fig.
1A). Although deceptively simple, this pattern is quite intricate
and precise; each of the six rows of denticle-secreting cells in
the abdominal parasegments produce denticles of distinct
polarity and morphology, while many denticle belts have
segment-specific characteristics (Szüts et al., 1997; Wiellette
and McGinnis, 1999).

Although denticle morphologies result from the
juxtaposition of several different signalling domains
(Alexandre et al., 1999; Hatini and DiNardo, 2001; Sanson,
2001; Wiellette and McGinnis, 1999), the basic cell fate pattern
of alternating denticle belt and smooth cuticle stripes is
established by antagonism between the epidermal growth
factor receptor (EGFR) and Wingless signalling pathways
(O’Keefe et al., 1997; Payre et al., 1999; Szüts et al., 1997). In

Patterning of the Drosophila ventral epidermis is a
tractable model for understanding the role of signalling
pathways in development. Interplay between Wingless and
EGFR signalling determines the segmentally repeated
pattern of alternating denticle belts and smooth cuticle:
spitz group genes, which encode factors that stimulate
EGFR signalling, induce the denticle fate, while Wingless
signalling antagonizes the effect of EGFR signalling,
allowing cells to adopt the smooth-cuticle fate. Medial
fusion of denticle belts is also a hallmark of spitz group
genes, yet its underlying cause is unknown. We have studied
this phenotype and discovered a new function for EGFR
signalling in epidermal patterning. Smooth-cuticle cells,
which are receiving Wingless signalling, are nevertheless
dependent on EGFR signalling for survival. Reducing
EGFR signalling results in apoptosis of smooth-cuticle cells
between stages 12 and 14, bringing adjacent denticle
regions together to result in denticle belt fusions by stage

15. Multiple factors stimulate EGFR signalling to promote
smooth-cuticle cell survival: in addition to the spitzgroup
genes, Rhomboid-3/roughoid, but not Rhomboid-2 or -4,
and the neuregulin-like ligand Vein also function in
survival signalling. Pointed mutants display the lowest
frequency of fusions, suggesting that EGFR signalling may
inhibit apoptosis primarily at the post-translational level.
All ventral epidermal cells therefore require some level
of EGFR signalling; high levels specify the denticle fate,
while lower levels maintain smooth-cuticle cell survival.
This strategy might guard against developmental errors,
and may be conserved in mammalian epidermal
patterning.
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fact, mutations in most of the factors involved in these
signalling pathways were isolated based on defects in
epidermal patterning (Jurgens et al., 1984). These signalling
pathways antagonise each other at multiple points (Alexandre
et al., 1999; Szüts et al., 1997), but ultimately converge on the
selector gene shavenbaby/ovo(Payre et al., 1999), encoding a
transcription factor that specifies the denticle fate. EGFR
signalling directly activates shavenbabytranscription, resulting
in the denticle fate, while Wingless signalling represses it, thus
specifying smooth cuticle cells. This basic strategy has wider
implications since it may be conserved in mammalian hair
patterning (Payre et al., 1999).

The ‘spitzgroup’ genes including rhomboid-1, Starand spitz
that initiate EGFR signalling were originally identified and
grouped according to their defects in cuticle patterning (Mayer
and Nusslein-Volhard, 1988; Nusslein-Volhard et al., 1984).
Mechanistic analyses have established that Spitz is the primary
ligand of EGFR signalling during embryogenesis, but is
produced in all cells in an inert transmembrane form (Rutledge
et al., 1992). Signalling is activated when and where it is
needed by the membrane proteins Star and Rhomboid-1
(reviewed by Shilo, 2003). Star is an export factor required for
Spitz exit from the ER (Lee et al., 2001; Tsruya et al., 2002),
while Rhomboid-1 is the protease responsible for Spitz
activation (Urban and Freeman, 2003; Urban et al., 2001).
Rhomboid-1 is expressed in three rows of cells in the future
denticle regions (Alexandre et al., 1999; Sanson et al., 1999),
which constitute the site of Spitz processing during ventral
epidermal patterning and induce the denticle cell fate in these
and neighbouring cells.

The cuticle phenotype of several spitzgroup genes indicates
that the role of EGFR signalling in epidermal patterning is
more complex. In addition to the predictable defects in
denticle specification, mutation of many spitzgroup genes also
results in denticle belt fusions (Mayer and Nusslein-Volhard,
1988; Nusslein-Volhard et al., 1984). This is perhaps the most
striking and distinguishing cuticle phenotype of the spitz
group genes, and results in the variable fusion of adjacent
denticle belts in their central regions at the expense of a region
that is normally smooth cuticle (Mayer and Nusslein-Volhard,
1988) (see Fig. 1A). Since EGFR signalling is believed to be
involved only in specifying denticle fate and to have no role
in smooth-cuticle cells (O’Keefe et al., 1997; Payre et al.,
1999; Szüts et al., 1997), it is unclear why this EGFR
signalling defect causes a phenotype in smooth-cuticle
regions.

We have investigated the additional roles of EGFR signalling
during epidermal development by studying the denticle fusion
phenotype. Although high levels of EGFR signalling specify
the denticle fate, lower levels of signalling are required in
smooth-cuticle cells for survival. Reduction of EGFR
signalling in spitz group mutant embryos causes smooth-
cuticle cells to die, resulting in fusions of adjacent denticle
belts. Rhomboid-3/Roughoid, but not Rhomboid-2 or -4, and
the soluble ligand Vein cooperate with canonical spitz group
genes in stimulating this survival signalling. These analyses
now specifically demonstrate an unrecognized survival
function for EGFR signalling during epidermal patterning, and
illustrate one way in which different rhomboid proteases are
deployed to fulfil the requirements of EGFR signalling during
development.

Materials and methods
Stocks used and genetic schemes
The alleles analysed were rho1P∆38, rho1P∆5 (Freeman et al., 1992),
ru1rho17M43(Mayer and Nusslein-Volhard, 1988), spiA14 (Mayer and
Nusslein-Volhard, 1988), S218 (Heberlein and Rubin, 1991), sim2

(Thomas et al., 1988), pnt∆88 (Scholz et al., 1993), rho3PLLb

(Wasserman et al., 2000) andvn10567 (Spradling et al., 1999). We
analysed both rho1P∆5 and rho1P∆38 nulls initially for denticle belt
fusions to be sure that the lower penetrance was not due to stock
differences; rho1P∆38 was then used throughout, except in Fig. 4C,D.
The arm-gal4(Sanson et al., 1996), wg-gal4(Pfeiffer et al., 2000) and
prd-gal4 (Yoffe et al., 1995) embryonic drivers were used to express
UAS-DN-EGFR 1-7(strong line) (Freeman, 1996), UAS-DN-EGFR
29-77-1(weak line used in Fig. 5C) (Buff et al., 1998), UAS-torD-
DER(Reichman-Fried et al., 1994), UAS-rasV12(Fortini et al., 1992),
UAS-rasN17(Fortini et al., 1992) and UAS-DN-raf (Brand and
Perrimon, 1994). The H99 deletion (White et al., 1994) was
recombined onto the ru1rho17M43 chromosome to assess the role of
apoptosis in denticle belt fusions. Further information regarding these
stocks can be found at FlyBase (http://flybase.bio.indiana.edu/).

Cuticle analysis
Embryos were collected from cages containing 25 or more females
for 24 hours at 25°C onto apple juice plates containing fresh yeast. If
a stock containing a lethal mutation was used (such as the spitzgroup
mutations), the double balancer lethal progeny were eliminated by
using males that resulted from an outcross to wild type. Embryos were
dechorionated using 50% bleach and mounted in Hoyer’s
mountant:lactic acid (1:1) (Wieschaus and Nusslein-Volhard, 1998).

RNA interference
Achieving a robust phenocopy using RNA interference (Kennerdell
and Carthew, 1998; Misquitta and Paterson, 1999) was dependent on
maximising penetrance while reducing nonspecific embryo lethality.
High concentrations of dsRNA were essential to maximise
penetrance. RNA was synthesised in 50 µl in vitro transcription
reactions (using Promega’s Ribomax method) with 5 µg of linearized
pBluescript containing rhomboid genes as templates. Transcription
was allowed to continue for 4 hours at 37°C, which resulted in the
production of ~100 µg of RNA for each strand. 1U DNaseI per µg
template was added and incubated at 37°C for 1 hour, and the RNA
was purified using RNeasy (Qiagen). The yield and integrity of the
RNA was examined by formaldehyde denaturing agarose gel
electrophoresis. Equivalent quantities of each strand were mixed,
boiled for 5 minutes and allowed to cool to room temperature
overnight. The dsRNA was precipitated with sodium acetate/ethanol,
and resuspended in 0.1× PBS at 1-2 µg/µl prior to use.

The variable that had the most significant effect on increasing
embryo survival was injecting the embryos through the chorion. This
enhanced survival since the embryos are much heartier in this state,
and the chorion also keeps them from leaking after injection. Survival
also relied on using uncrowded, well fed, young flies as older flies
laid fewer eggs with significantly decreased hatching rates (with a
concomitant increase in the number of unfertilised eggs). Embryos
were washed off plates and aligned along the length of the slide while
wet. The chorions of embryos that were dried for 5 minutes in silica
gel containers became immobilized onto the slide surface (no glue
required). Embryos were covered with Voltalefs 10S oil, which
quickly rendered the chorion transparent, allowing embryo staging.
Embryos were injected laterally, not posteriorly, as this was found to
increase survival by 5-10%.

The injected embryos were incubated on slides at room temperature
in a level humidified chamber. Hatching rate was assessed by counting
the number of unhatched embryos after 2 days, with both positive
(lethal gene) and negative (buffer) controls included in each set of
injections. Overall, a typical hatching rate of 80% was achieved with
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injecting buffer, which was very consistent (approx. ±5%). Unhatched
embryos were mounted for cuticle analysis.

Embryo stainings
RNA expression patterns of wg-gal4and prd-gal4(driving rhomboid-
2 and -4 as probe targets, respectively) were visualized using
digoxigenin-labelled antisense RNA probes prepared from 1-2 µg
linearized DNA templates using Boehringer Mannheim reagents.
Probes were fragmented in 40 mM NaHCO3, 60 mM Na2CO3 pH 10.2
for 135 minutes, and hybridisation and detection were performed
according to standard protocols.

Embryos were stained with anti-Engrailed (4D9) and anti-GFP
using standard protocols, and mounted in Vectashield. TUNEL
labelling was performed after antibody detection by permeabilizing
embryos in 0.5% Triton X-100, 0.1 M sodium citrate for 30 minutes
at 70°C, rinsing in PBS + 0.5% Triton X-100, and incubating with
TUNEL reaction components (Roche) at 37°C for 2.5 hours. Confocal
images were collected using a MRC Radiance 2001 confocal
microscope.

Results
Characteristics of the denticle-belt fusion phenotype
To define further the role of EGFR signalling in epidermal
patterning, we first examined the denticle belt fusion
phenotype of individual spitz, Star and rhomboid-1mutants.
The penetrance of the fusion phenotype is the proportion of
embryos having at least one fusion. In both Starand spitznull
mutants, 83-94% of embryos contained at least one fusion,
although most displayed only between one to three fusions per
embryo (Fig. 1A). In contrast, removing Rhomboid-1 activity
with well-defined null mutations resulted in only 30% of
mutant embryos displaying this phenotype. Removing
(Pointed), a transcription factor that transduces EGFR
signalling, with the null allele pnt∆88 resulted in only 23%
fusions. Loss of function of the EGFR itself results in a severe
embryonic lethality phenotype that does not produce a cuticle
that can be analysed for cuticle patterning (Price et al., 1989;
Schejter and Shilo, 1989). However, expression of a dominant-
negative form of the EGFR (DN-EGFR) (Freeman, 1996)
throughout the epidermis using arm-gal4 resulted in denticle
belt fusions, further confirming that this phenotype was indeed
the result of reduced EGFR signalling. Although fusions were
observed between all possible parasegments in spitz group
mutant embryos, the phenotype occurred much more
frequently between T3-A1, A4-5, and A5-6 denticle belts (Fig.
1B).

The lower frequency of denticle belt fusions in rhomboid-1
null mutants, and the variability and overall low number of
fusions per embryo in all spitz group mutants suggested that
other EGFR signalling components might also be involved in
epidermal patterning. We therefore investigated the role of
other possible rhomboids and EGFR ligands in this process.

Rhomboid-1 and -3 cooperate in suppressing
denticle-belt fusions
Since Spitz, Star and Rhomboid are all obligate components of
the EGFR signal activation pathway (Lee et al., 2001; Mayer
and Nusslein-Volhard, 1988; Tsruya et al., 2002; Urban and
Freeman, 2003), the lower penetrance of denticle belt fusions
in rhomboid-1 mutant embryos suggested that another
rhomboid protease might be acting with Rhomboid-1 in

epidermal patterning. Previous biochemical analysis suggested
that at least three other rhomboid proteases could substitute for

Fig. 1. Analysis of the denticle belt fusion phenotype (for example,
see arrow in A) of spitzgroup mutants. (A) Penetrance (percentage
of embryos having at least one fusion) of the denticle belt fusion
phenotype of null mutations in different spitzgroup genes. The
denticle belts of each parasegment are labelled to the right of the
wild-type cuticle for reference. Expression of a dominant-negative
form of the EGFR throughout the epidermis resulted in denticle belt
fusions, confirming that this phenotype was indeed the result of
reduced EGFR signalling. Note that single minded, while being a
member of the spitzgroup, is not an EGFR component: consistent
with this, mutants do not show denticle fusions. (B) Distribution of
denticle belt fusions observed in each parasegment (analysis of a
rhomboid-1mutant is shown but other spitzgroup genes showed
similar spectra). Denticle belt fusions were observed in all
parasegments, but occurred most frequently between the T3 and A1,
A4 and 5, and A5 and 6 denticle belts.
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Rhomboid-1 (Urban and Freeman, 2002; Urban et al., 2002).
We therefore examined the physiological role of these proteases

in embryogenesis using RNA interference (Fire et al., 1998;
Kennerdell and Carthew, 1998; Misquitta and Paterson, 1999).

Microinjection of rhomboid-1 dsRNA resulted in
dose-dependent embryonic lethality with all embryos
recapitulating the characteristic rhomboid-1
epidermal phenotype, including missing row one
denticles, reversal of row four denticle polarity, and
denticle belt fusions (Fig. 2A). Although this effect
was very reproducible, it required high
concentrations of dsRNA, possibly because
rhomboid proteases are such efficient enzymes
(Urban et al., 2001; Urban et al., 2002). However,
injection of dsRNA corresponding to rhomboid-2, -3
and -4 had no detectable effect on survival rates or
phenotypes of the injected embryos (Fig. 2B). This
is consistent with genetic analysis of rhomboid-2and
-3 since their null mutants have been recently isolated
and do not display embryonic phenotypes (Schulz et
al., 2002; Wasserman et al., 2000).

To address whether combinations of rhomboid
proteases were involved in suppressing the fusion
phenotype of rhomboid-1mutants, we assessed the
effect of removing multiple rhomboids
simultaneously. This was achieved by injecting
embryos mutant for rhomboid-1, rhomboid-3 and
rhomboid-3 rhomboid-1with the necessary mixtures
of the other dsRNAs to produce all rhomboidmutant
combinations. Injection of rhomboid-3embryos with
dsRNA corresponding to rhomboid-2 and -4 or both
did not result in embryonic lethality (Fig. 2C).
Similarly, injection of rhomboid-2 and -4 dsRNA into
rhomboid-1 or rhomboid-3 rhomboid-1 double
embryos did not enhance their cuticle phenotypes (not
shown). However, injection of rhomboid-1 dsRNA
into rhomboid-3 mutant embryos resulted in a
dramatically increased frequency of denticle belt
fusions (compare white and grey bars in Fig. 2D). This
analysis suggested a role for rhomboid-3/roughoid in
epidermal patterning, and in suppressing the
penetrance of the nullrhomboid-1fusion phenotype.

Although rhomboid-1and -3 are within 80 kb of
each other on chromosome 3L and as such are too
close to be practically recombined to produce a
double mutant, we had previously determined that
one rhomboid-1 mutation (7M43) was originally
generated on a chromosome that contained a
rhomboid-3 mutation (Wasserman et al., 2000).
Analysis of these rhomboid-3 rhomboid-1double
mutant embryos revealed that the frequency of
fusions was more than double compared to
rhomboid-1alone (Fig. 1A), confirming the RNAi
analysis. Although this rhomboid-3 rhomboid-1
double mutation did not fully recapitulate the severity
of the Star and spitzmutants, this rhomboid-3allele
(roughoid1) causes a reduction rather then a loss of
Rhomboid-3 activity (Wasserman et al., 2000). It
should be noted that the fusion phenotype of this
widely used rhomboid-1 stock (7M43) has been
attributed to Rhomboid-1 alone as the significance of
the roughoid mutation was unknown (Mayer and
Nusslein-Volhard, 1988).
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Fig. 2. Analysis of rhomboid function during embryogenesis using RNA
interference. (A) High concentrations of rhomboid-1 dsRNA were important in
maximizing penetrance, with 2 mg/ml dsRNA yielding most penetrant
phenocopies. A-C show the percentage of injected embryos that hatched.
Essentially all rhomboid-1-injected embryos that did not hatch had missing
row 1 denticles, polarity reversal of row 4 denticles, and occasional belt
fusions characteristic of the spitzgroup denticle phenotype. (B) Although
dsRNA corresponding to both rhomboid-1and sproutycaused lethality with
strong phenotypic effects, none of the remaining rhomboids yielded any
discernible phenotypes when inactivated in wild-type embryos. UN, uninjected
embryos; buf, those injected with buffer only. (C) Injection of dsRNAs
corresponding to rhomboid-2and -4 into rhomboid-3null embryos did not
produce lethality, or discernible modification of the denticle phenotype
resulting from co-injecting rhomboid-1 dsRNA. Note that co-injecting
rhomboid-1 dsRNA with other dsRNAs resulted in decreased lethality because
it reduced the concentration of rhomboid-1 dsRNA. Injection of rhomboid-1,
or rhomboid-3 rhomboid-1double mutant embryos resulted in 25% lethality
because of the lethal phenotype of mutated rhomboid-1(present in 25% of
embryos derived from a cross between heterozygous parents), but no
enhancement of the spitzgroup denticle phenotype was evident when
rhomboid-2 and -4 dsRNA was injected (not shown). (D) Phenotypic analysis
of wild-type embryos injected with rhomboid-1 dsRNA (white bars),
rhomboid-3null embryos injected with rhomboid-1 dsRNA (grey bars), and
rhomboid-3null embryos injected with only buffer (black bars). Only embryos
injected with buffer displayed wild-type cuticles, while embryos injected with
rhomboid-1 dsRNA displayed spitzgroup cuticle phenotypes. Strikingly,
injection of rhomboid-3null embryos with rhomboid-1 dsRNA produced a
marked increase in denticle belt fusions compared to wild-type embryos
injected with rhomboid-1 dsRNA.
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The only aspect of embryonic development for which we
detected cooperation between Rhomboid-3 and Rhomboid-1
was in the formation of denticle belt fusions. In all other
contexts examined, including ventral narrowing, which is
diagnostic of a defect in ventrolateral specification (Fig. 3A,B),
and other aspects of denticle determination (Fig. 3C), the
rhomboid-1 mutation alone was fully penetrant.

Multiple ligands activate EGFR signalling to
suppress denticle belt fusions
It is striking that even in the most severely affected spitzgroup
mutant embryos less than half of their denticle belts are fused
(Fig. 4A,B); this phenotype is much more severe when EGFR
activity is reduced by expressing dominant-negative EGFR at
high levels, which results in essentially all denticle belts being
fused (see prd-gal4driven embryo in Fig. 5B, but note that this
driver only expresses in alternate parasegments). This implied
that either some signalling occurs through the EGFR
independent of ligand stimulation, or that even in Star;
rhomboid-3 rhomboid-1triple mutants (which display severity
of fusions similar to individual spitzgroup single mutants, not
shown) another ligand is causing EGFR stimulation.

To distinguish between these possibilities, we analysed the
effect of removing Vein, a soluble neuregulin-like protein that
is the only EGFR ligand thought to be independent of
Rhomboid-1 and Star (Schnepp et al., 1996). Since spitz; vein
double mutants are too severely affected for analysis of
denticle patterning (Schnepp et al., 1996), we generated a
rhomboid-1 veindouble mutant (because rhomboid-1mutants
produced weaker denticle belt fusion phenotypes). Under these
conditions about one third of rhomboid-1 veinmutant embryos

could be analysed for denticle phenotypes, the rest being too
severely affected (Fig. 4C).

Intriguingly, although the proportion of embryos displaying
at least one fusion was not significantly increased compared to
rhomboid-1alone, these embryos displayed an increase in the
frequency of multiple fusions per embryo (Fig. 4D). This
suggested that the lack of complete fusions in spitz group
mutant embryos is due to EGFR stimulation by Vein. Indeed,
Vein is known to be expressed in the ventral epidermis at the
time epidermal fates are being specified (Schnepp et al., 1996),
although it has not previously been described to have a role in
epidermal patterning.

Since the denticle belt fusion phenotype caused by EGFR
loss could be accounted for by removing multiple ligands or
their activators, this analysis indicates that ligand-independent
EGFR activation may not occur physiologically, at least not
during epidermal patterning.

A new requirement for EGFR signalling in smooth-
cuticle cells
EGFR signalling is known to stimulate cells to adopt the
denticle fate, while Wingless signalling antagonises EGFR
signalling, allowing cells to adopt the smooth cuticle fate
(O’Keefe et al., 1997; Payre et al., 1999; Sanson et al., 1999;
Szüts et al., 1997). Contrary to these established roles, the
denticle belt fusion phenotype in spitz group mutants was
manifest in smooth cuticle domains, where Wingless signalling
is high and there is no known function for EGFR signalling.
To test whether EGFR signalling is indeed specifically required
in these cells, we blocked EGFR signalling by expressing a
dominant negative form of the receptor (Freeman, 1996) in all

Fig. 3. Ventral narrowing of rhomboid
mutants. (A) The ventral cuticle of thoracic
parasegments from a wild-type embryo is
shown for reference. The Keilin’s organs
(KO) and ventral black dots (vbd) are
indicated with arrowheads, and the denticle
belts are labelled to the left of the image.
(B) The distance between KOs and vbds was
measured in arbitrary units. This analysis
served as a measure of ventral narrowing and
thus of ventrolateral specification (Mayer and
Nusslein-Volhard, 1988). Mutation of
rhomboid-3alone caused no ventral
narrowing, nor did it enhance the narrowing
phenotype of rhomboid-1. Note that
rhomboid-1nulls often lack KOs and as such
embryos could not be scored for this
measurement (n is the number of embryos
analysed; SE is standard error). (C) No
additional defects in abdominal denticle
specification were evident in rhomboid-3, or
rhomboid-3 rhomboid-1double mutant
embryos compared to wild-type and
rhomboid-1mutants, respectively.
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five rows of smooth cuticle cells of alternating parasegments
using the prd-gal4 driver (Moline et al., 1999; Yoffe et al.,
1995), or in one or two of the five posterior rows of smooth
cuticle cells in each parasegment using the wg-gal4 driver
(Pfeiffer et al., 2000). The expression patterns of these drivers
have been characterized previously, and are shown for
reference in Fig. 5A.

Strikingly, removal of EGFR signalling in only smooth
cuticle cells using prd-gal4 resulted in strong denticle belt
fusions in essentially all paireddomain denticle belts (Fig. 5B).
Although wg-gal4expresses in only one or two rows of smooth
cuticle cells (Pfeiffer et al., 2000), expressing dominant-
negative EGFR (DN-EGFR) in these cells also resulted in
partial denticle belt fusions. We examined the physiological

significance and specificity of the fusions caused by reducing
EGFR signalling in smooth-cuticle cells by testing genetic
interactions between spitz group mutant embryos and
perturbing EGFR signalling using these transgenes. The
fusions in rhomboid-3 rhomboid-1double mutant embryos
were completely rescued in paireddomains by the expression
of activated forms of EGFR (TorD-EGFR) or Ras (RasV12)
(Fig. 5C). Conversely, reducing EGFR signalling by expressing
a weak line of DN-EGFR or dominant negative forms of Ras
(RasN17) or Raf (DN-Raf) all enhanced the fusions of
rhomboid-3 rhomboid-1double mutant embryos (Fig. 5C).
Note that these transgenes are weak and did not result in
phenotypes when expressed by themselves in wild-type
embryos using prd-gal4. These observations strongly indicate
that smooth-cuticle cells, which are receiving the Wingless
signal to antagonise the denticle-inducing effects of EGFR
signalling, are nevertheless specifically dependent on EGFR
signalling for their normal development.

Interestingly, cells near the midline appear particularly
sensitive to reduced EGFR signalling since denticle belt
fusions of spitzgroup mutant embryos have an hourglass shape
and vary in thickness at the point of fusion (Fig. 5D). But from
this observation it was not clear whether all ventral cells have
some requirement for EGFR signalling. We addressed this
further by expressing the strong DN-EGFR transgene along the
entire width of the smooth-cuticle parasegment using prd-gal4
(see Fig. 5A and Fig. 6B for expression pattern). This resulted
in fusion of no more than the central two thirds of each denticle
belt (Fig. 5D), suggesting that only the ventral epidermal cells,
but not ventrolateral cells, are sensitive to reduced EGFR
signalling.

Denticle belt fusions result from cell death in the
absence of EGFR signalling
Careful physical analysis of the denticle belt fusion phenotype
revealed a likely cause: in most cases the areas adjacent to the
fused midline had folds, and in more extreme cases it was
possible to identify holes in the middle of the fused area (Fig.
6A). This suggested that the midline fusion formed because of
loss of smooth-cuticle cells in the midline, bringing the
adjacent denticle cells together, and resulting in folding of the
extra smooth-cuticle on either side of the midline. Missing
smooth-cuticle cells could result either from a defect in their
proliferation or survival, and EGFR signalling has been linked
to regulation of both cell cycle progression and apoptosis in
other developmental contexts (Bergmann et al., 1998;
Domínguez et al., 1998; Kurada and White, 1998).

To distinguish between these alternatives, we marked
future smooth-cuticle cells expressing DN-EGFR in paired
domains by co-expressing GFP, and analysed the fate of these
cells at different stages of embryogenesis. Importantly,
expression of DN-EGFR results in strongly penetrant fusions
in paired domains, and this is the only cuticle phenotype of
these embryos (Fig. 6G). No defects could be observed in
paired domains of stage 10/11 embryos expressing DN-
EGFR compared to those expressing only GFP (Fig. 6B).
Since epidermal cells do not proliferate significantly after the
initial series of three mitoses following syncitial
development, with the final division occurring around stage
10 when ventrolateral fates are being specified (Bodmer et
al., 1989; Campos-Ortega and Hartenstein, 1997), this
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Fig. 4. Expressivity of the denticle belt fusion phenotype in different
spitzgroup mutants. Expressivity reflects the severity of the denticle
belt fusion phenotype, and is measured as the number of fusions per
embryo. Note that one denticle belt fusion results from the midline
joining of two denticle belts; as such, a total of ten fusions are
possible in a single embryo since there are a total of 11 (three
thoracic and eight abdominal) denticle belts. (A) An example of a
spitznull embryo displaying four denticle belt fusions. (B) The
expressivity of various spitzgroup genes was analysed, which
revealed that most mutant embryos contained between one and three
fusions, but never more than five of the 10 possible fusions.
(C) rhomboid-1 veindouble mutant embryos are more severely
affected than spitzgroup embryos, and only one in three could be
analysed for ventral epidermal patterning. (D) A rhomboid-1 vein
double mutant dramatically increased the expressivity (but not
penetrance) of the fusion phenotype compared to that of rhomboid-1
alone.
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observation indicated that reduced proliferation is not the
cause of the fusion phenotype.

Conversely, expressing DN-EGFR in future smooth-cuticle
cells resulted in dramatically increased apoptosis in paired
domains as visualized by TUNEL labelling (Fig. 6C,D).
Elevated levels of apoptosis were first evident at stages 10/11,
became strong at stage 12 (Fig. 6C), and persisted in regions
expressing DN-EGFR in and around the midline during stages
13-14 (Fig. 6D). Strikingly, following these late stages of
apoptosis, denticle belt fusions first became evident as
curvatures of Engrailed-expressing cell stripes in ventrolateral
regions of paired domains and the absence of Engrailed-
marked cells in the midline, around stage 15 before any
epidermal differentiation occurs (Fig. 6E,F). Note that since
Engrailed marks parasegment boundaries rather than epidermal
cell fate, curvature of Engrailed cell stripes directly confirms

that the fusion phenotype results from pulling of denticle
cells into smooth regions rather than fate change of smooth
cells into denticle cells. Collectively, these observations
indicate that denticle belt fusions result from apoptosis of
future smooth-cuticle cells as a consequence of reduced
EGFR signalling during stages 13 and 14, resulting in fusion
of adjacent denticle belt regions at stage 15.

In support of this model, elevated levels of apoptosis were
also prominent in the midline regions of stage 13/14 spitz
null embryos, and less so earlier in stages 10-12 (Fig. 7A,B).
Removing the three main apoptosis-activating genes using
the H99 deletion (Foley and Cooley, 1998; White et al.,
1994) also partly rescued denticle belt fusions in rhomboid-
3 rhomboid-1double mutant embryos (Fig. 7C). The absence
of any other recognizable smooth cuticle phenotypes in these
mutant embryos partially blocked for apoptosis suggests that
EGFR signalling does not have any additional roles in
smooth cuticle patterning (Fig. 7D). These analyses indicate

that EGFR signalling provides an important survival function
in the developing ventral epidermis: ventral smooth-cuticle
cells, which are receiving Wingless signalling to antagonise the
effect of EGFR signalling on the denticle fate, are nevertheless
dependent on EGFR signalling for survival.

Discussion
A new role for EGFR signalling in epidermal
patterning
The denticle belt fusion phenotype is one of the distinguishing
features of the spitzgroup genes (Mayer and Nusslein-Volhard,
1988), yet its developmental basis has remained mysterious,
since no function has been known for EGFR signalling in the
smooth cuticle, which is the affected tissue. Our analysis of
this phenotype has revealed its cause and uncovered a

Fig. 5. A requirement for EGFR signalling in smooth-cuticle cells.
(A) wg-gal4and prd-gal4drivers were used to analyse the fusion
phenotype; their expression patterns were visualized using RNA in
situ hybridisation. (B) DN-EGFR was expressed in smooth-cuticle
cells in the regions of the embryos indicated by the red lines using
arm-gal4, prd-gal4and wg-gal4drivers. Note that the prd-gal4and
wg-gal4drivers are expressed at higher levels per cell than the
arm-gal4driver. Expression of DN-EGFR in alternating smooth-
cuticle domains resulted in strong denticle belt fusions in
essentially all paireddomains, and never in non-paired
parasegments. The wg-gal4driver expressed only in two cell rows
in each stripe, but incomplete fusions were evident (far right). (C)
The specificity of activating and inhibiting EGFR signalling on the
fusion phenotype was tested by modifying the fusion phenotype of
rhomboid-3 rhomboid-1double mutant (ru1rho17M43) embryos.
Note that the analysis was performed only in paireddomains
(alternating smooth-cuticle stripes), and that these weak EGFR, ras
and raf transgenes caused no phenotypes when expressed by
themselves in wild-type embryos usingprd-gal4. Transgenes were
expressed at 25°C (graph on left), except rasN17and DN-raf,
which were expressed at 29°C (graph on right). Note that at 29°C
fewer denticle belt fusions occurred in rhomboid-3 rhomboid-1
double mutant embryos. (D) Although the width of the medial
fusion varied in spitzgroup embryos, expressing DN-EGFR
laterally in smooth-cuticle cells along the entire circumference of
the parasegment (see A above) resulted in fusions that were never
wider than the middle two thirds of denticle belts.



1842

previously unrecognised function for EGFR signalling in
Drosophila epidermal development (Fig. 8). Spitz is the
primary EGFR ligand in epidermal patterning, and is activated
by proteolysis in three rows of rhomboid-1-expressing cells in
the future denticle region (Fig. 8) (reviewed by Hatini and
DiNardo, 2001; Sanson, 2001). As previously established, high
EGFR signalling is required for cells to adopt the denticle fate
(O’Keefe et al., 1997; Payre et al., 1999; Szüts et al., 1997),
and other signalling pathways are used to elaborate the

different denticle morphologies (Alexandre et al., 1999). The
Wingless signal emanates from one posterior row of each
parasegment and spreads anteriorly (Dubois et al., 2001;
Sanson et al., 1999), suppressing the denticle fate and thus
allowing cells to secrete a smooth cuticle. Our analysis now
indicates that these future smooth-cuticle cells also require
signalling through the EGFR for viability, and its absence
results in apoptosis of future smooth-cuticle cells and thus
denticle belt fusions. This survival signalling is mediated by
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Fig. 6. Phenotypic analysis of denticle belt fusions
during embryogenesis. (A) The denticle belt fusion
phenotype resulted in folds around the surrounding
fused areas (left panel, arrowhead), and in rare
events a hole in the cuticle could be seen at the
centre of the fusion (right panel, arrowhead).
(B) No defects could be observed in paired
domains of stage 11/12 embryos expressing DN-
EGFR compared to wild-type embryos: paired
domains were marked by co-expression of GFP
(green) and Engrailed was used as a segmental
marker (in red). In these and subsequent images
anterior is to the right. (C,D) Apoptosis (detected
by TUNEL labelling in green) was elevated
predominantly in paireddomains (in red) of
ventral epidermal cells of stage 12 embryos (C),
and persisted in stage 13 and 14 embryos (D)
expressing DN-EGFR (right panels) compared
with wild-type embryos (left panels). (E,F) By
stage 15, fusions became evident as curvature of
Engrailed stripes laterally (arrowheads) and
missing stripes medially only in paireddomains of
embryos expressing DN-EGFR (F shows a merged
image of E with paireddomain marked by co-
expression of GFP in green, and Engrailed in red).
(G) The cuticle phenotype of embryos expressing
DN-EGFR in paireddomains compared to those
expressing GFP alone: the only cuticle phenotype
of the DN-EGFR-expressing embryos was strong
denticle belt fusions in alternating parasegments
(paireddomains).

Fig. 7. Epidermal cell apoptosis in spitzgroup mutants causes
denticle belt fusions. (A-D) Apoptosis of ventral epidermal cells was
greatly elevated in spitznull embryos compared to wild-type or
balanced embryos carrying one null copy of spitz. The ventral
surface is shown for each embryo, with anterior being up in all
images. Homozygous spitznull embryos were marked by the absence
of Engrailed/β-galactosidase staining (in red), and apoptotic cells
were detected by TUNEL labelling (in green). Although epidermal
apoptosis was elevated as early as stage 10/11 (A), apoptosis in stage
13/14 spitznull embryos was much stronger, particularly in medial
regions (B). Note that these spitznull embryos display the strongest
fusion phenotype of any spitzgroup mutants (Fig. 4A,B).
(C) Removing the three main apoptosis activators (grim, reaper, hid)
using the H99deletion (White et al., 1994) suppressed the fusion
phenotype of rhomboid-3 rhomboid-1double mutant embryos, but
did not eliminate it completely. It should be noted that some
apoptosis has been observed in the absence of these genes (Foley and
Cooley, 1998). (D) No additional phenotypes were detected in
smooth-cuticle cells of rhomboid-3 rhomboid-1double mutant
embryos partially blocked for apoptosis by virtue of the H99
deletion. Unexpectedly, the entire A4 denticle belt was frequently
missing in these embryos.
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low-level stimulation of the EGFR by cooperation between the
ligands Vein and Spitz, which is activated by Rhomboid-1,
Rhomboid-3 and Star.

Developmental basis of the denticle belt fusion
phenotype
The ventral epidermis is patterned in multiple stages during
development, with cell fate specification occurring late,
through antagonism between EGFR and Wingless signalling
around stages 12-14 (reviewed by DiNardo et al., 1994; Hatini
and DiNardo, 2001; Sanson, 2001). Our direct phenotypic
analysis indicates that EGFR signalling is required for smooth-
cuticle cell survival during these fate specification stages and
not earlier or later: epidermal cell apoptosis is greatly elevated
in mutant embryos at stages 12-14, and the fusion phenotype
first becomes apparent around stage 15 as curvature of
Engrailed stripes.

This direct phenotypic analysis is also supported by several
independent genetic observations. EGFR signalling is not
required for survival in future smooth-cuticle cells early, when
the ventrolateral fates are being specified (stage 10/11) since
removing Rhomboid-1 expression at only this stage using the
single-mindedmutation never results in denticle belt fusions
(Mayer and Nusslein-Volhard, 1988). Defects at this early
stage also cause ventral narrowing in spitzgroup genes (Mayer
and Nusslein-Volhard, 1988), and since rhomboid-3does not
enhance this phenotype, this suggests that it cooperates with
rhomboid-1only later in development. Vein acts independently
of spitzgroup genes to suppress denticle belt fusions, and this
cannot occur at stage 10/11 since at this early stage Vein
expression is dependent on EGFR signalling through a positive
feedback loop (Golembo et al., 1999; Wessells et al., 1999).
Finally, the fusion phenotype itself suggests that it forms late
since denticle cells are being pulled into smooth cuticle regions
and, as such, their denticle fate must have already been

determined and cannot be altered by receiving signals from
these smooth domains.

Thus, two thresholds with different outcomes exist for
EGFR signalling in patterning the ventral epidermis (Fig. 8).
The level of EGFR signalling that a cell receives is
presumably dependent on its distance from the Spitz-
processing cells; activated MAPK staining indicates that these
rows of cells receive high levels of EGFR signalling (Payre et
al., 1999). High levels of EGFR signalling are required to
induce the denticle fate, while lower levels that reach smooth-
cuticle cells are sufficient to suppress apoptosis. All ventral
epidermal cells therefore require EGFR signalling, but the
exact level, together with antagonism of shavenbaby
transcription by Wingless signalling, determines the
biological outcome. Importantly, these functions may be
separate, as Wingless signalling is known to antagonise
shavenbabytranscription to repress the denticle fate, but may
not repress EGFR signalling itself in smooth-cuticle cells:
activated MAPK staining suggests that some smooth-cuticle
cells in the midline may also receive higher levels of EGFR
signalling (see Payre et al., 1999).

These results indicate that cells only require EGFR
signalling for their survival when they are starting to
differentiate. A similar pattern was also observed in the
developing eye imaginal disc where removing the EGFR
resulted in cell death only once the morphogenetic furrow had
passed (Domínguez et al., 1998). These observations raise the
intriguing possibility that establishing a requirement for
survival signals may be inherent in the differentiation program
itself, perhaps for protecting against developmental errors.
However, the observation that the requirement for survival
signalling is restricted to the central region of the ventral
epidermis implies that either this requirement is not ubiquitous,
or that another signal is also involved.

EGFR survival signalling may be independent of
Pointed
Pointed is an Ets domain-containing transcription factor that is
responsible for transducing most known instances of EGFR
signalling. Although it was previously clear that pointed
mutant embryos rarely display denticle belt fusions (Mayer and
Nusslein-Volhard, 1988), our analysis of a more recent null
allele that removes both P1 and P2 transcripts demonstrates
that even complete loss of pointed leads only to a very low
frequency of denticle belt fusions. This is also consistent with
the milder effects of pointedclones in the developing eye, and
in particular the late onset of their apoptosis (Yang and Baker,
2003). These observations raise the possibility that EGFR-
mediated survival signalling in general occurs primarily at a
non-transcriptional level. Consistent with this model, EGFR
signalling has been shown to reduce Hid protein stability, thus
directly inhibiting apoptosis (Bergmann et al., 1998; Kurada
and White, 1998).

The role of the rhomboid gene family in
embryogenesis
Rhomboid exists as a seven-member family in Drosophila,
and at least four of these are intramembrane serine proteases
that can cleave all Drosophila membrane-tethered EGFR
ligands and specifically activate EGFR signalling in vivo
(Urban et al., 2002). Although the precise role of the rhomboid

Fig. 8. A refined model for the roles of EGFR signalling in
embryonic epidermal patterning (see Discussion). A lateral cross
section of a part of the ventral epidermis is depicted with smooth-
cuticle cells in white and denticle-secreting cells and denticles in
black. The rhomboid-1-expressing cells that act as the source of
cleaved Spitz are depicted with green nuclei, while cells that are the
source of the Wingless signal have blue nuclei. Arbitrary levels of
EGFR signalling versus two thresholds for the observed phenotypes
are shown above the cells. Mutation of spitzgroup genes (red curve)
results in apoptosis of smooth-cuticle cells when the levels of EGFR
signalling fall below a threshold, and this is manifest as a denticle
belt fusion. Reducing signalling further (for example, by removing
the EGFR, black curve) results in denticle belt fusions and failure of
denticle fate specification (Szüts et al., 1997).
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protease family in EGFR signalling and in other biological
contexts has been unclear, mutations have now been isolated
for both Rhomboid-2 and -3 (Schulz et al., 2002; Wasserman
et al., 2000). Genetic analysis with null alleles has revealed
that both act as tissue-specific activators of EGFR signalling
much like Rhomboid-1. Rhomboid-2 is the only rhomboid
known to be expressed early in gametogenesis (Guichard et
al., 2000; Schulz et al., 2002), and is involved in sending
EGFR signals from the germline to the soma to guide its
encapsidation by somatic cells (Schulz et al., 2002). In this
context, Rhomboid-2 appears to act alone. Rhomboid-3
displays strong expression in the developing eye imaginal
disc, and is allelic to roughoid(Wasserman et al., 2000), one
of the first Drosophilamutants described. Rhomboid-3 is the
dominant rhomboid protease during eye development, but
does not act alone: Rhomboid-3 cooperates with Rhomboid-1
in the developing eye.

Despite the power of these genetic approaches, it should be
noted that rhomboid-1, -2 and -3 exist as a gene cluster on
chromosome 3L and, as such, combined mutations are difficult
to generate by recombination. Analysis of epidermal patterning
using RNAi to overcome this limitation is the first implication
of a rhomboid homologue function in embryogenesis.
Interestingly, the rhomboid involved is Rhomboid-3, the
rhomboid that was previously thought to be eye-specific
(Wasserman et al., 2000). However, unlike in the developing
eye where Rhomboid-3 has the dominant role, and removing
Rhomboid-1 by itself has no effect (Freeman et al., 1992;
Wasserman et al., 2000), the exact opposite is true in
embryogenesis: Rhomboid-1 is the main protease in epidermal
patterning while removing Rhomboid-3 alone did not result in
detectable defects. This analysis suggests that different
rhomboid proteases function predominantly to activate EGFR
signalling in distinct tissues, but often act cooperatively or with
a degree of redundancy.

A reciprocal survival signalling mechanism and its
conservation
The requirement for high levels of signalling for fate
specification and lower levels for viability in developing tissues
may not be limited to the EGFR pathway. Intriguingly, analysis
of cell death in wingless mutant embryos suggests that a
reciprocal signalling function may also be required to maintain
cell viability in denticle regions of the ventral epidermis: in
conditions of reduced Wingless signalling, specifically during
the stage of epidermal fate specification (but not earlier), cells
corresponding to two denticle rows were observed to undergo
apoptosis (Pazdera et al., 1998). Therefore, as with EGFR
signalling, high levels of Wingless signalling induces the
smooth-cuticle cell fate, while lower levels may be required for
survival of a subset of denticle cells. Thus, the Wingless and
EGFR signalling pathways may act antagonistically in
specifying cell fate, while having complementary and
reciprocal functions in maintaining cell viability in the
developing epidermis of Drosophila. These survival functions
may be conserved since EGFR signalling also has multiple
roles in mammalian epidermal development (Jost et al., 2000),
including maintaining cell survival (Rodeck et al., 1997), while
some mammalian epidermal tumours are also specifically
dependent on EGFR signalling for cell survival (Sibilia et al.,
2000). Wnt signalling has also been linked to maintaining cell

viability in certain developmental contexts (Tepera et al., 2003;
You et al., 2002).

We are grateful to the late Richard Smith for help with lining up
embryos for injections, Joseph Parker, Damon Page and Adam Cliffe
for advice with TUNEL labelling and confocal analysis, Peter
Lawrence for helpful discussions, Jean-Paul Vincent, José Casal, Peter
Lawrence and the Bloomington Stock Center for stocks, and to
Rosanna Baker-Urban for comments on the manuscript. S.U. is a JB
& Millicent Kaye Prize Fellow in Cancer Studies of Christ’s College,
Cambridge University, and a fellow of the Human Frontier Science
Program.

References
Alexandre, C., Lecourtois, M. and Vincent, J. (1999). Wingless and

Hedgehog pattern Drosophila denticle belts by regulating the production of
short-range signals. Development126, 5689-5698.

Bergmann, A., Agapite, J., McCall, K. and Steller, H. (1998). The
Drosophila gene hid is a direct molecular target of Ras-dependent survival
signaling. Cell 95, 331-341.

Bodmer, R., Carretto, R. and Jan, Y. N. (1989). Neurogenesis of the
peripheral nervous system in Drosophila embryos: DNA replication patterns
and cell lineages. Neuron3, 21-32.

Brand, A. H. and Perrimon, N. (1994). Raf acts downstream of the EGF
receptor to determine dorsoventral polarity during Drosophila oogenesis.
Genes Dev.8, 629-639.

Buff, E., Carmena, A., Gisselbrecht, S., Jimenez, F. and Michelson, A. M.
(1998). Signalling by the Drosophila epidermal growth factor receptor is
required for the specification and diversification of embryonic muscle
progenitors. Development125, 2075-2086.

Campos-Ortega, J. A. and Hartenstein, V. (1997). The Embryonic
Development of Drosophila melanogaster.Berlin: Springer.

DiNardo, S., Heemskerk, J., Dougan, S. and O’Farrell, P. H. (1994). The
making of a maggot: patterning the Drosophila embryonic epidermis. Curr.
Opin. Genet. Dev.4, 529-534.

Domínguez, M., Wasserman, J. D. and Freeman, M. (1998). Multiple
functions of the EGF receptor in Drosophila eye development. Curr. Biol.
8, 1039-1048.

Dubois, L., Lecourtois, M., Alexandre, C., Hirst, E. and Vincent, J. P.
(2001). Regulated endocytic routing modulates wingless signaling in
Drosophila embryos. Cell 105, 613-624.

Fire, A., Xu, S., Montgomery, M. K., Kostas, S. A., Driver, S. E. and Mello,
C. C. (1998). Potent and specific genetic interference by double-stranded
RNA in Caenorhabditis elegans. Nature391, 806-811.

Foley, K. and Cooley, L. (1998). Apoptosis in late stage Drosophila nurse
cells does not require genes within the H99 deficiency. Development125,
1075-1082.

Fortini, M. E., Simon, M. A. and Rubin, G. M. (1992). Signalling by the
sevenless protein tyrosine kinase is mimicked by Ras1 activation. Nature
355, 559-561.

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

Freeman, M. (1997). Cell determination strategies in the Drosophila eye.
Development124, 261-270.

Freeman, M., Kimmel, B. E. and Rubin, G. M. (1992). Identifying targets
of the rough homeobox gene of Drosophila: Evidence that rhomboid
functions in eye development. Development116, 335-346.

Gerhart, J. (1999). 1998 Warkany lecture: signaling pathways in
development. Teratology60, 226-239.

Golembo, M., Yarnitzky, T., Volk, T. and Shilo, B. Z. (1999). Vein
expression is induced by the EGF receptor pathway to provide a positive
feedback loop in patterning the Drosophila embryonic ventral ectoderm.
Genes Dev.13, 158-162.

Guichard, A., Roark, M., Ronshaugen, M. and Bier, E. (2000). brother of
rhomboid, a rhomboid-related gene expressed during early drosophila
oogenesis, promotes EGF-R/MAPK signaling. Dev. Biol.226, 255-266.

Hatini, V. and DiNardo, S. (2001). Divide and conquer: pattern formation in
Drosophila embryonic epidermis. Trends Genet.17, 574-579.

Heberlein, U. and Rubin, G. M. (1991). Star is required in a subset of
photoreceptor cells in the developing Drosophila retina and displays dosage
sensitive interactions with rough. Dev. Biol. 144, 353-361.

Development 131 (8) Research article



1845EGFR signalling in epidermal patterning

Jost, M., Kari, C. and Rodeck, U. (2000). The EGF receptor – an essential
regulator of multiple epidermal functions. Eur. J. Dermatol.10, 505-510.

Jurgens, G., Wieschaus, E., Nusslein-Volhard, C. and Kluding, H. (1984).
Mutations affecting the pattern of the larval cuticle in Drosophila
melanogaster. Roux Arch. Dev. Biol. 193, 267-282.

Kennerdell, J. R. and Carthew, R. W. (1998). Use of dsRNA-mediated
genetic interference to demonstrate that frizzled and frizzled 2 act in the
wingless pathway. Cell 95, 1017-1026.

Kurada, P. and White, K. (1998). Ras promotes cell survival in Drosophila
by downregulating hid expression. Cell 95, 319-329.

Lee, J. R., Urban, S., Garvey, C. F. and Freeman, M. (2001). Regulated
intracellular ligand transport and proteolysis control EGF signal activation
in Drosophila. Cell 107, 161-171.

Mayer, U. and Nusslein-Volhard, C. (1988). A group of genes required for
pattern formation in the ventral ectoderm of the Drosophila embryo. Genes
Dev.2, 1496-1511.

Misquitta, L. and Paterson, B. M. (1999). Targeted disruption of gene
function in Drosophila by RNA interference (RNA-i): a role for nautilus in
embryonic somatic muscle formation. Proc. Natl. Acad. Sci. USA96, 1451-
1456.

Moline, M. M., Southern, C. and Bejsovec, A. (1999). Directionality of
wingless protein transport influences epidermal patterning in the Drosophila
embryo. Development126, 4375-4384.

Nusslein-Volhard, C., Wieschaus, E. and Kluding, H. (1984). Mutations
affecting the pattern of the larval cuticle in Drosophila melanogaster: I.
Zygotic loci on the second chromosome. Roux Arch. Dev. Biol. 193, 267-
282.

O’Keefe, L., Dougan, S. T., Gabay, L., Raz, E., Shilo, B. Z. and DiNardo,
S. (1997). Spitz and Wingless, emanating from distinct borders, cooperate
to establish cell fate across the Engrailed domain in the Drosophila
epidermis. Development124, 4837-4845.

Payre, F., Vincent, A. and Carreno, S. (1999). ovo/svb integrates Wingless
and DER pathways to control epidermis differentiation. Nature 400, 271-
275.

Pazdera, T. M., Janardhan, P. and Minden, J. S. (1998). Patterned epidermal
cell death in wild-type and segment polarity mutant Drosophilaembryos.
Development125, 3427-3436.

Pfeiffer, S., Alexandre, C., Calleja, M. and Vincent, J. P. (2000). The
progeny of wingless-expressing cells deliver the signal at a distance in
Drosophila embryos. Curr. Biol. 10, 321-324.

Price, J. V., Clifford, R. J. and Schüpbach, T. (1989). The maternal
ventralizing locus torpedois allelic to faint little ball, an embryonic lethal,
and encodes the Drosophila EGF receptor homolog. Cell 56, 1085-1092.

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.

Rodeck, U., Jost, M., Kari, C., Shih, D. T., Lavker, R. M., Ewert, D. L. and
Jensen, P. J. (1997). EGF-R dependent regulation of keratinocyte survival.
J. Cell Sci.110, 113-121.

Rutledge, B. J., Zhang, K., Bier, E., Jan, Y. N. and Perrimon, N. (1992).
The Drosophila spitz gene encodes a putative EGF-like growth factor
involved in dorsal-ventral axis formation and neurogenesis. Genes Dev. 6,
1503-1517.

Sanson, B. (2001). Generating patterns from fields of cells. Examples from
Drosophila segmentation. EMBO Rep.2, 1083-1088.

Sanson, B., Alexandre, C., Fascetti, N. and Vincent, J. P. (1999). Engrailed
and hedgehog make the range of Wingless asymmetric in Drosophila
embryos. Cell 98, 207-216.

Sanson, B., White, P. and Vincent, J. P. (1996). Uncoupling cadherin-based
adhesion from wingless signalling in Drosophila. Nature383, 627-630.

Schejter, E. D. and Shilo, B.-Z. (1989). The Drosophila EGF receptor
homolog (DER) gene is allelic to faint little ball, a locus essential for
embryonic development. Cell 56, 1093-1104.

Schnepp, B., Grumbling, G., Donaldson, T. and Simcox, A. (1996). Vein is
a novel component in the Drosophila epidermal growth factor receptor
pathway with similarity to the neuregulins. Genes Dev. 10, 2302-2313.

Scholz, H., Deatrick, J., Klaes, A. and Klambt, C. (1993). Genetic dissection

of pointed, a Drosophila gene encoding two ETS-related proteins. Genetics
135, 455-468.

Schulz, C., Wood, C. G., Jones, D. L., Tazuke, S. I. and Fuller, M. T.
(2002). Signaling from germ cells mediated by the rhomboid homolog stet
organizes encapsulation by somatic support cells. Development129, 4523-
4534.

Shilo, B. Z. (2003). Signaling by the Drosophila epidermal growth factor
receptor pathway during development. Exp. Cell Res.284, 140-149.

Sibilia, M., Fleischmann, A., Behrens, A., Stingl, L., Carroll, J., Watt, F.
M., Schlessinger, J. and Wagner, E. F. (2000). The EGF receptor provides
an essential survival signal for SOS-dependent skin tumor development. Cell
102, 211-220.

Spradling, A. C., Stern, D., Beaton, A., Rhem, E. J., Laverty, T., Mozden,
N., Misra, S. and Rubin, G. M. (1999). The Berkeley Drosophila genome
project gene disruption project. Single P-element insertions mutating 25%
of vital Drosophila genes. Genetics153, 135-177.

Szüts, D., Freeman, M. and Bienz, M. (1997). Antagonism between EGFR
and Wingless signalling in the larval cuticle of Drosophila. Development
124, 3209-3219.

Tan, P. B. and Kim, S. K. (1999). Signaling specificity: the RTK/RAS/MAP
kinase pathway in metazoans. Trends Genet.15, 145-149.

Tepera, S. B., McCrea, P. D. and Rosen, J. M. (2003). A beta-catenin
survival signal is required for normal lobular development in the mammary
gland. J. Cell Sci.116, 1137-1149.

Thomas, J. B., Crews, S. T. and Goodman, C. S. (1988). Molecular genetics
of the single-minded locus: a gene involved in the development of the
Drosophila nervous system. Cell 52, 133–141.

Tsruya, R., Schlesinger, A., Reich, A., Gabay, L., Sapir, A. and Shilo, B.
Z. (2002). Intracellular trafficking by Star regulates cleavage of the
Drosophila EGF receptor ligand Spitz. Genes Dev.16, 222-234.

Urban, S. and Freeman, M. (2002). Intramembrane proteolysis controls
diverse signalling pathways throughout evolution. Curr. Opin. Genet. Dev.
12, 512-518.

Urban, S. and Freeman, M. (2003). Substrate specificity of rhomboid
intramembrane proteases is governed by helix-breaking residues in the
substrate transmembrane domain. Mol. Cell 11, 1425-1434.

Urban, S., Lee, J. R. and Freeman, M. (2001). Drosophila rhomboid-1
defines a family of putative intramembrane serine proteases. Cell 107, 173-
182.

Urban, S., Lee, J. R. and Freeman, M. (2002). A family of Rhomboid
intramembrane proteases activates all membrane-tether EGF ligands in
Drosophila. EMBO J.21, 4277-4286.

Wasserman, J. D., Urban, S. and Freeman, M. (2000). A family of
rhomboid-like genes: Drosophila rhomboid-1 and roughoid/rhomboid-3
cooperate to activate EGF receptor signalling. Genes Dev. 14, 1651-1663.

Wessells, R. J., Grumbling, G., Donaldson, T., Wang, S. H. and Simcox,
A. (1999). Tissue-specific regulation of vein/EGF receptor signaling in
Drosophila. Dev. Biol.216, 243-259.

White, K., Grether, M. E., Abrams, J. M., Young, L., Farrell, K. and
Steller, H. (1994). Genetic control of programmed cell death in Drosophila.
Science264, 677-683.

Wiellette, E. L. and McGinnis, W. (1999). Hox genes differentially regulate
Serrate to generate segment-specific structures. Development126, 1985-
1995.

Wieschaus, E. and Nusslein-Volhard, C. (1998). Looking at embryos. In
Drosophila: A Practical Approach(ed. D. B. Roberts), pp. 179-214. Oxford:
Oxford University Press.

Yang, L. and Baker, N. E. (2003). Cell cycle withdrawal, progression, and
cell survival regulation by EGFR and its effectors in the differentiating
Drosophila eye. Dev. Cell4, 359-369.

Yoffe, K. B., Manoukian, A. S., Wilder, E. L., Brand, A. H. and Perrimon,
N. (1995). Evidence for engrailed-independent wingless autoregulation in
Drosophila. Dev. Biol.170, 636-650.

You, Z., Saims, D., Chen, S., Zhang, Z., Guttridge, D. C., Guan, K. L.,
MacDougald, O. A., Brown, A. M., Evan, G., Kitajewski, J. et al. (2002).
Wnt signaling promotes oncogenic transformation by inhibiting c-Myc-
induced apoptosis. J. Cell Biol.157, 429-440.


