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Cell fate decisions in the early Drosophila wing disc
assign cells to compartments (anterior or posterior and
dorsal or ventral) and distinguish the future wing from
the body wall (notum). Here we show that EGF-receptor
(EGFR) signaling stimulated by its ligand, Vein, has a
fundamental role in regulating two of these cell fate
choices: (1) Vn/EGFR signaling directs cells to become
notum by antagonizing wing development and by acti-
vating notum-specifying genes; (2) Vn/EGFR signaling
directs cells to become part of the dorsal compartment
by induction of apterous, the dorsal selector gene, and
consequently also controls wing development, which de-
pends on an interaction between dorsal and ventral cells.
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The wing imaginal disc of Drosophila, which gives rise
to the mesothoracic body wall and its appendage the
wing, has been an important system for revealing the
genetic mechanisms that lead to the establishment of
specific cell fates. In the early wing disc, cells make three
fate choices to initiate programs for future pattern for-
mation: to be anterior (A) or posterior (P) compartment;
to be dorsal (D) or ventral (V) compartment; and to be
wing or body wall (notum) (Garcia-Bellido et al. 1973;
Dahmann and Basler 1999). The A/P and D/V restric-
tions result in the establishment of organizers at the
compartment boundaries that govern overall growth and
patterning (Lawrence and Struhl 1996). The third choice
determines whether cells ultimately differentiate wing-
or notum-specific structures.

Many genes required for wing development, including
those involved in both initial specification and subse-
quent outgrowth, have been characterized. In particular,
wingless (wg), which encodes a Wnt-secreted signaling
molecule, has been implicated as having a role in speci-
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fying the wing primordium in the second instar (Willi-
ams et al. 1993; Ng et al. 1996; Klein and Martinez-Arias
1998). In wg mutants, the wing is lost and an extra no-
tum forms (Fig. 1A-D; Sharma and Chopra 1976; Morata
and Lawrence 1978).

In contrast, little is known about initial development
of the notum and whether it is specified by an active
gene program or results from a default pathway that op-
erates when the wing is not specified. A candidate mol-
ecule for establishing the notum is Vein, a secreted neu-
regulin-like molecule that activates EGF-receptor
(EGFR) signaling (Schnepp et al. 1996, 1998; Yarnitzky et
al. 1997). vn is expressed in the presumptive notum in
second instar wing discs and hypomorphic vn mutants
lack the notum (Simcox et al. 1996). However, the role of
vn is not limited to the notum as the wing primordium
also fails to grow in vn null alleles and in some Egfr
alleles (Clifford and Schiipbach 1989; Simcox et al. 1996).
We investigated the role of Vn/EGFR signaling in wing
disc development, and present evidence that the path-
way is directly required for development of the notum by
activating notum-specifying genes and indirectly con-
trols wing outgrowth through regulation of apterous.

Results and Discussion

Complementary roles for Vn and Wg in notum
and wing development

To determine when Vn/EGFR signaling is required for
notum development, we used the temperature-sensitive
alleles, Egfr*s'® and vn**"?2%°_ Inactivating Vn/EGFR ac-
tivity during the second instar (a 24 hr period) caused
loss of the notum (Fig. 1E,F, and inset). The wing devel-
oped but showed pattern abnormalities characteristic of
vn hypomorphs (Fig. 1E; Simcox et al. 1996). Later shifts
during the third instar did not cause loss of the notum
(data not shown). This demonstrates Vn/EGFR activity
is required for notum development in the second instar
when wg is required to specify the wing (Ng et al. 1996).
Thus, Vn and Wg appear to have complementary roles
and we examined this relationship by following their
expression in mutants.

In second instar wild-type wing discs, wg is expressed
distally in a wedge of anterior ventral cells (Couso et al.
1993; Williams et al. 1993; Ng et al. 1996) and vn is
expressed proximally (Simcox et al. 1996; Fig. 1G). In vn
null mutants, the initiation of wg expression was normal
as was expression of its target gene optomotor-blind
(omb) (Grimm and Pflugfelder 1996; Fig. 1H; data not
shown). In wg mutants, however, there was a dramatic
and early expansion of vn expression to include distal
cells (Fig. 11), presaging the development of these cells as
an extra notum.

Together these results suggest that Vn has an early
role in establishing the notum and that Wg signaling is
required to define a distal domain that is reduced in
EGFR activity to allow wing development.
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Figure 1. Wg and Vn have complementary roles in develop-
ment of the wing and notum. Late third instar wing discs (B,D,F)
stained for Nubbin (Nub, wing pouch, red) and Teashirt (Tsh,
notum, hinge, and ventral pleura, green). (A) Wild-type fly and
(B) wing disc with a normal notum (n) and wing (w). (C) wg’/cX*
fly and (D) wing disc with normal (n) and ectopic notum (n’).
The wing is lost. (E) Egfz**'#/2* fly and (F) wing disc shifted to the
restrictive temperature during the second instar. The notum is
lost; the wings are present but have pattern abnormalities and
failed to inflate. Inset in F is a wing disc from a vn*WB240/RG
larva raised at the restrictive temperature during the same pe-
riod. (G-I) Second instar wing discs stained for B-galactosidase
(B-gal) activity; wg—lacZ (blue, G,H) or vn RNA by in situ hy-
bridization (purple, G,I). (G) In wild type, wg (blue) and vn
(purple) are expressed in complementary patterns in the pre-
sumptive wing and notum, respectively. (H) wg expression is
not affected in a vn*®** mutant, which is a known molecular
null (Simcox et al. 1996). (I) vn expression spreads distally in a
wg!/€X* mutant.

YR wg

Vn/EGFR signaling is required for expression of vn
and the Iroquois complex genes

To test the role of Vn/EGFR signaling in specifying no-
tum we examined whether the Iroquois complex (Iro-C)
genes, ara and cap (Gomez-Skarmeta et al. 1996) are tar-
gets of the pathway. The Iro-C genes have been impli-
cated in specifying notum cell fate because loss of func-
tion causes a transformation of notum to hinge (Diez del
Corral et al. 1999). Furthermore, we found misexpression
of ara caused loss of the wing and a duplication of notum
(Fig. 2A,B). Ectopic expression of an activated form of the
receptor, EGFR°P*2 (Queenan et al. 1997) greatly re-
duced the size of the wing and a small ectopic notum
formed (Fig. 2C). vn is expressed in the presumptive no-
tum in early second instar discs (Fig. 1G) and Caup/Ara
are expressed in the presumptive notum at the end of the

2272 GENES & DEVELOPMENT

second instar (Gomez-Skarmeta et al. 1996; Diez del
Corral et al. 1999). In early third instar wing discs, Caup/
Ara are expressed in a domain that overlaps with vn (Fig.
2D). In vn mutants, this expression of Caup/Ara is lost
(Fig. 2E) and loss of EGFR signaling, in EGFR" clones, in
the medial notum resulted in a loss of Caup/Ara expres-
sion (Fig. 2G). However, clones in the lateral notum con-
tinued to express Caup/Ara (Fig. 2G), suggesting other

Figure 2. Vn/EGFR signaling is required for notum develop-
ment by regulating expression of vn and the Iro-C genes. (A-C)
Scanning electron micrograph of adult lateral thorax. (A) Wild
type. (B) Ectopic expression of ara (omb-Gald; UAS-ara, 29°C)
causes loss of the wing and formation of an extra notum (arrow).
(C) Ectopic expression of activated EGFR (omb-Gal4;
EGFRM0P?#2 95°C) causes reduction of the wing and transfor-
mation of the ventral pleura to notum (arrow). The phenotype of
omb-Gald4; EGFR°P* flies could not be examined at 29°C as
the increased activity of Gal4 caused lethality. At 25°C, omb-
Gald; EGFRM°P* and omb-Gald; UAS-ara and flies show a simi-
lar reduction of the wing. (D) Wild-type early third instar wing
disc stained for vn-lacZ (B-gal; red) and Caup/Ara (green). Ex-
pression of vin and Caup/Ara partially overlap in the presump-
tive notum. Individual stains are shown on the right. (E) Expres-
sion of Caup/Ara is lost in a vnP#%¢ early third instar mutant
wing disc. (F) Expression of vn-lacZ (X-gal; blue) is lost in a
vnt¢/F264 early third instar mutant wing disc. (G) Wing disc
stained for Caup/Ara (green, left panel) and anti-B-gal (red,
middle panel). The merge is shown in right-hand panel. Caup/
Ara expression is lost in clones in the medial notum (arrows)
lacking EGFR activity (EGFR®!, the clones are marked by loss
of B-Gal staining). Clones in the lateral notum continue to ex-
press Caup/Ara (arrowheads).



factors regulate Iro-C gene expression
in these cells at this stage.

Activation of Iro-C genes could ac-
count for the requirement for EGFR
activity to specify the notum at the
end of the second instar as this corre-
lates with when these genes are first
expressed. However, loss of EGFR sig-
naling at a slightly earlier time (mid-
first instar to mid-second instar, see
below), prior to activation of the Iro-C
genes, also results in loss of the no-
tum. A possible explanation for this
comes from the finding that vn ex-
pression is lost in vn mutants (Fig.
2F). This suggests EGFR activity
must be sustained, via a positive feed-
back loop involving transcriptional
activation of vn, during the second in-
star, to activate the Iro-C genes and
hence specify notum at the end of this
period. Interestingly, the vn gene is
also a target of EGFR signaling in the
embryo (Golembo et al. 1999; Wes-
sells et al. 1999).

Antagonism between Wg and
Vn/EGEFR signaling

We suggest the mechanisms by which
wg and vn specify alternate cell fates
in the early wing disc, wing, or notum
are antagonistic. This is based on the
observation that loss of Wg results in
the spread of vn expression and the
supposition that the resulting ectopic
EGFR activity causes loss of the wing
and a double notum phenotype (Fig.
1C,1). Further evidence that Vn/EGFR
signaling represses wing develop-
ment comes from the results of mis-
expressing a constitutive receptor,
EGFRM°P*2 in the presumptive wing.
In these flies, the wing was reduced to
a stump covered with sensilla charac-
teristic of the proximal wing (hinge)
region and expression of the wing spe-
cific gene vestigial (vg) (Kim et al.
1996) was repressed (Fig. 3A-D). Ecto-
pic notal structures also formed from
the ventral pleura (Fig. 2C). The abil-
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Figure 3. Misregulation of Vn/EGFR signaling alters patterning in primordia of the
wing and notum. Third instar wing discs (B,D) were examined for expression of Vg (red)
and green fluorescent protein (GFP; green) (individual images are shown in panels to the
right). (A) Wild-type wing and (B) wing disc. Expression of omb (omb-Gal4; UAS-GFP)
and Vg overlap in the wing pouch (yellow in the merged image, B). (C) Wing and (D) wing
disc following misexpression of constitutively active EGFR in the presumptive wing
(omb-Gal4/UAS-EGFR°P*2; UAS-GFP). The wing is small (c.f. A) and partially trans-
formed to hinge as evident from groups of ectopic sensilla characteristic of the hinge
(arrow, shown at higher magnification in inset, C). Vg expression is reduced in the wing
pouch (D). (E) Wing disc stained for Vg (green, left panel) and B-gal (red, middle panel).
The merged images are shown in right-hand panel. Vg expression is reduced in a clone
(arrow) expressing an activated form of EGFR (EGFRM°P#2, the clone is marked by ex-
pression of B-Gal). (F) In the adult wing, EGFR’*2 clones form outgrowths or vesicles
(data not shown) that differentiate structures lacking wing characteristics and that some-
times include bristles (arrow, shown at higher magnification in inset). (G) Thorax of a
wild-type fly. Inset, second instar wing disc showing expression of omb-IlacZ in a ventral
anterior domain which includes cells of the presumptive wing. (H) Four-winged fly
resulting from inhibition of EGFR signaling by expression of a ligand antagonist (UAS—
vn::aos-EGF) under the control of ptc-Gal4. (Similar misexpression of a dominant nega-
tive form of EGFR was embryonic lethal.) The ectopic wings appear below the normal
wings in mirror symmetry and are composed mainly of posterior structures despite the
fact the inhibitor was expressed in anterior cells with Ptc-Gal4. Ptc—-Gal4 is expressed
along the AP boundary and as the inhibitor is soluble, it could be secreted across the
boundary to affect posterior cells. The ectopic wings do include some anterior wing
tissue (arrow) that can be recognized as such by margin bristles (top inset) and sensilla
characteristic of the third wing vein, which is anterior (data not shown). The basis for the
relatively small amount of anterior tissue is not currently understood. Lower inset
shows omb-lacZ expression in ptc-Gald; UAS-vn::aos second instar wing disc. Ectopic
activation of omb-lacZ in the disc indicates an ectopic wing has formed (arrow).

ity of ectopic EGFR signaling to suppress wing develop-
ment is cell autonomous because clones of cells express-
ing EGFR°P*?> lacked vg expression (Fig. 3E). In adult
wings these clones produced outgrowths lacking wing
characteristics but were otherwise difficult to character-
ize (Fig. 3F).

Although vn expression expanded in wg mutants, we
did not observe a reciprocal spread of wg expression in vn
mutants that would have been indicative of a double

wing phenotype (Fig. 1H). However, when Vn/EGFR sig-
naling was inhibited in the notum by expressing a ligand
antagonist (Vn::Aos-EGF) (Schnepp et al. 1998) under the
control of ptc-Gald, ectopic wings were induced in
~10% of the flies (Fig. 3G,H). This result demonstrates
that presumptive notal tissue can be transformed to
wing by reducing EGFR signaling. However, the trans-
formation occurred only when EGFR signaling was re-
duced in a subset of cells, rather than all cells in the
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notum (as in a vn mutant). As described in the
next section, this may reflect the indirect require-
ment for EGFR activity to also promote wing de-
velopment.

Vn/EGFR signaling regulates expression
of apterous

The loss of notum phenotype is characteristic of
vn hypomorphs but in null vn alleles and some
Egfr alleles both the wing and notum primordia
fail to develop and the wing discs remain tiny
(Clifford and Schiipbach 1989; Simcox et al.
1996). Thus, although ectopic activity of EGFR in
the distal disc represses wing development, the
pathway is nevertheless normally required for
wing development. Using the temperature-sensi-
tive Egfr**! allele we found that this requirement
is restricted to the period from mid-first to mid-
second instar (Fig. 4A,B). Key genes involved in
wing development that are active at this time in-
clude wg and apterous (ap). ap encodes a LIM-
homeodomain protein (Cohen et al. 1992) that is
expressed in dorsal cells and acts as a selector
gene to divide the disc into dorsal and ventral
compartments (Diaz-Benjumea and Cohen 1993;
Blair et al. 1994). Regulation of Notch ligands by
Ap leads to Notch signaling at the DV boundary
and the formation of an organizer for wing out-
growth and expression of the wing-specific tran-
scription factor vg (Kim et al. 1996; Irvine 1999).

Of these two candidates, wg and ap, it seemed
unlikely that wg was the key gene affected by
EGFR signaling from mid-first to mid-second in-
star because wg expression was normal in v mu-
tants at mid-second instar (Fig. 1G,H). However,
later in the second instar, wg expression normally
expands to fill the growing wing pouch (Fig. 4C)
(Couso et al. 1993; Williams et al. 1993; Ng et al.
1996) and we noted that in vn mutants, wg ex-
pression failed to undergo this expansion (Fig.
4D). A similar defect in wg expression is seen in
ap mutants (Ng et al. 1996) consistent with Ap
function being impaired in vn mutants. Remark-
ably, ap expression was completely absent in sec-
ond instar vn mutant discs (Fig. 4E,F). Thus, loss
of Ap can explain why there is no wing in vn
mutants. This is supported by the demonstration
that ectopic ap was capable of rescuing wing de-
velopment in vn mutants (Fig. 4G, H).

Several additional lines of evidence demon-
strate that ap is a cell autonomous target of Vn/
EGEFR signaling and that this relationship exists
only transiently in early wing development. First,

ap expression partially overlaps that of vn in the second
instar (Fig. 4I). Second, ap can be induced ectopically in
ventral clones misexpressing an activated form of the
receptor, EGFRM°P*2 (Fig. 4]). Third, Egfr**’* mutant
clones generated in the first instar show autonomous
loss of ap expression (Fig. 4K), whereas clones generated
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omb-Gald; UAS-ap;

Figure 4. Vn/EGFR signaling is required for wing development by regu-
lating ap expression. Late third instar wing discs (A,G,H) stained for
Nubbin (Nub, wing specific, red). (A) EGFR*!//?4 wing disc and (B) fly. A
shift to the restrictive temperature from mid-first to mid-second results in
the loss of both wing and notum and very little growth of the disc. There is
no expression of Nub (A). (C) Wild-type early third instar wing disc show-
ing expression of wg—lacZ (blue) in a symmetrical domain filling the pre-
sumptive wing pouch. (D) vaP#¢ early third instar wing disc showing
wg-lacZ expression (blue) in a sector. (E) Wild-type second instar wing
disc showing expression of ap-lacZ (blue) in dorsal cells. (F) vnP#%¢ second
instar wing disc showing loss of ap-lacZ (blue) expression. (G| vnP#¢
third instar wing disc. There is no expression of Nub. In second instar discs
there is also no expression of Nub (data not shown). (H) omb-Gal4; UAS-
ap; vnP#1¢ wing disc. Expression of ap in the presumptive wing region
rescues wing development in the vn mutant as evident by Nub expres-
sion. (I) Wild-type second instar disc showing expression of vn-lacZ (B-gal;
red) and Ap (green). The individual stains are shown to the right. vn and Ap
expression overlap in the proximal disc (presumptive notum) but Ap is
also expressed more distally than vn. Discs (],K) were stained for anti-Ap
(green, left panel) and anti-B-gal (red, middle panel). The merged image is
shown in right-hand panel. (]) Ap is induced in a ventral clone (arrow)
expressing an activated form of EGFR (EGFR %2 the clone is marked by
expression of B-Gal). (K) Ap is reduced in dorsal clones (arrows) lacking
EGFR activity (EGFR*!, the clones are marked by loss of B-Gal staining).
Ap expression (black) in third instar discs (L-N). (L) Wild-type wing disc. Ap
is expressed in dorsal cells. (M) EGFR*!//2% wing disc that was shifted to the
restrictive temperature during second instar. The notum is lost but Ap is
expressed in dorsal wing cells. (N) EGFR*!/2% wing disc that was shifted to
the restrictive temperature during mid-first to mid-second instar. Ap is not
expressed.

in the second instar express ap normally (data not
shown). Finally, loss of EGFR activity in whole discs
from mid-first to mid-second instar results in complete
loss of ap expression, whereas ap is still expressed in
discs from larvae given a temperature shift slightly later
during the second instar (Fig. 4L-N).
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Figure 5. Model to account for the role of EGFR signaling in wing and
notum development. The wing and notum are specified by the action of
two secreted signaling molecules, Wg and the EGFR ligand, Vn, which are
expressed in the distal and proximal regions of the early second instar wing
disc, respectively. Wg represses Vn expression restricting it to the proximal
region. Wg and Vn define three domains in the early disc: (1) distal, high
Wg/no EGFR signaling; (2) central, low Wg/low EGFR signaling; (3) proxi-
mal, high EGFR/no Wg. High EGFR signaling activity defines the notum by
activating notum specific genes; it also functions to maintain vn expression

Early wing disc development

EGEFR signaling activity whilst ap expression and
subsequent wing development requires lower sig-
naling activity (Fig. 5).

Interestingly, vertebrate EGFR and its ligands
are expressed in the chick limb bud in a pattern
that appears to overlap with the vertebrate ap ho-
molog Lhx2, and these factors are required for
limb outgrowth in the chick (Dealy et al. 1998;
Rodriguez-Esteban et al. 1998). In light of our
present results it will be important to determine
whether EGFR signaling controls Lhx2 expres-
sion and thus plays a role in regulating outgrowth
of the vertebrate limb. Our results may also have
implications for the evolution of insect wings. If
the control of body wall development by EGFR
signaling is ancestral, and comparative analysis
of other arthropods will be required to assert this,
then one of the first steps towards evolution of
wings could have occurred when EGFR signaling
assumed control of ap.

and can repress the expression of wing specific genes. Lower EGFR activity

is also sufficient to activate ap expression defining the dorsal (D) compart-
ment. An organizer for wing patterning is established at the DV boundary;
wings fail to develop in the absence of Vn/EGFR signaling because this

organizer is absent.

Early subdivision of the wing disc is under the control
of Vn and Wg

The results described here suggest that division of the
early wing disc into presumptive wing and body wall
regions is defined by the action of two secreted signaling
molecules, Wg and Vn (Fig. 5). wg, a pro-wing gene, is
required to repress vn expression, which at high levels
antagonizes wing development. Antagonism between
Wg and EGFR signaling has also been demonstrated in
segmental patterning of the embryo (O’Keefe et al. 1997
Szuts et al. 1997) and in development of the head and
third instar wing pouch (Amin et al. 1999; Wessells et al.
1999), suggesting such a relationship between these
pathways may be a common theme in a number of cell
fate choices. Finding that one of the main functions of
Wg in early wing specification is to repress Vn/EGFR
signaling in the distal region of the early disc raises the
question as to whether this is the only role of Wg in wing
specification and hence if wing-cell fate can be specified
in the absence of both signals. This seems unlikely as
nubbin, an early wing cell marker (Ng et al. 1996), is not
misexpressed proximally in a vn mutant, where cells
would lack both signals.

Vn/EGFR signaling promotes development of the no-
tum by maintaining its own activity through transcrip-
tional activation of vn itself, and also promotes expres-
sion of ap. Thus, both vn and ap appear to be targets of
EGFR signaling, but the domain of ap is clearly wider
than that of vn, indicating that ap can be activated at a
lower signaling threshold than vn. Vn is a secreted mol-
ecule and thus could generate a gradient of EGFR activ-
ity. This provides an explanation for how EGFR signal-
ing can regulate both wing and notum development: vn
autoregulation and notum development requires high

Materials and methods

Fly strains

The following alleles and transgenes were used: EGFR®,
EGFRP4, yptsWB240 ynRG ynl6 ynyd ypvd ynD4 ypiFeed yel
wg®X?, weg-lacZ, ap-lacZ, omb-lacZ, UAS-GEP, UAS-
EGFRM°P%2 JAS—vn, UAS-vn::aos, UAS-ap, UAS-ara, omb-Gal4, and
ptc-Gald. The genes are described in detail at FlyBase (http://flybase.bio.
indiana.edu).

Antibodies

Antibodies against the Iro-C protein Caupolican (rat anti-Caup) were
used (J. Modolell, C.S.I.C. and Universidad Autonoma de Madrid, Spain);
these crossreact with the related protein Ara but not with Mirror. Two
anti-Ap antibodies were used; rat anti-Ap (J. Thomas, The Salk Institute,
LaJolla, CA) and guinea-pig anti-Ap (J. Botas, Baylor College of Medicine,
Houston, TX). Antibodies against Tsh (rat anti-Tsh,), Vg (rabbit anti-Vg,),
and Nub (monoclonal) were from S. Kerridge, (Centre Universitaire Mar-
seille, France), S. Carroll, (University of Wisconsin, Madison), and S.
Cohen, (EMBL, Heidelberg, Germany), respectively. Monoclonal anti--
gal antibodies were from Promega and rabbit polyclonal anti-8-gal anti-
bodies were from Jackson ImmunoResearch. Immunostaining was per-
formed according to standard protocols.

Clonal analysis

EGFRM°P#2 clones were generated by heat-shocking larvae of the geno-
type ¢ FLP1.22/UAS-EGFRM°P#2; abx/Ubx<FRT f* stop FRT>Gald—
LacZ (de Celis and Bray 1997) for 10 min at 37°C 48-50 hr after egg
laying. Egfr**! mutant clones were generated by heat-shocking larvae of
the genotype hsflp; FRT 42 arm-lacZ M(2)60E/ FRT 42 Egfr'*!% for 1 hr at
35°C during mid- to late-first or second instars and maintaining them at
the restrictive temperature of 31°C. At 18°C these clones are phenotypi-
cally wild type.

Temperature shifts

To reduce EGFR activity, a temperature-sensitive allele, Egfr**’® was
used; due to an additional lethal on the chromosome, this was crossed to
the null allele Egfr??. To reduce Vn activity, a temperature-sensitive
allele, vn"52%0 was used; this chromosome also has an additional lethal
and was crossed to the null allele vaR©. Larvae of the genotype Egfrts/a/24
or vn"B290/RG were maintained at 18°C; to reduce activity, larvae were
shifted to 30-31°C for a single 24 hr period at specific times in develop-
ment and then returned to 18°C.
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