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Abstract EGFR signalling is a well-conserved signalling
pathway playing major roles during development and
cancers. This review explores what studying the EGFR
pathway during Drosophila eye development has taught us
in terms of the diversity of its regulatory mechanisms. This
model system has allowed the identification of numerous
positive and negative regulators acting at specific time and
place, thus participating to the tight control of signalling.
EGFR signalling regulation is achieved by a variety of
mechanisms, including the control of ligand processing, the
availability of the receptor itself and the transduction of the
cascade in the cytoplasm. Ultimately, the transcriptional
responses contribute to the establishment of positive and
negative feedback loops. The combination of these multi-
ple mechanisms employed to regulate the EGFR pathway
leads to specific cellular outcomes involved in functions as
diverse as the acquisition of cell fate, proliferation, sur-
vival, adherens junction remodelling and morphogenesis.
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A brief overview of the EGFR signalling pathway

The Drosophila protein encoded by the epidermal growth
factor receptor (EGFR) gene (Table 1), also known as
Drosophila EGF Receptor (DER), torpedo (top) and faint
little ball (flb) is a transmembrane glycoprotein of the
protein kinase superfamily [1]. This protein is a cell surface
receptor for members of the epidermal growth factor (EGF)
family of extracellular protein ligands. It contains four
domains in the extracellular region (including two cys-
teine-rich domains required for ligand binding), a
hydrophobic transmembrane region and an intracellular
region responsible for its intrinsic protein tyrosine kinase
activity. EGFR thus belongs to the receptor tyrosine kinase
(RTK) family of proteins. The Drosophila EGFR is the
orthologue of the four mammalian ErbB receptors. Mam-
mals possess eleven ligands, including EGF and the
transformation growth factor alpha (TGFo) [2]. EGF and
its receptor were discovered by Stanley Cohen who shared
the 1986 Nobel Prize in Medicine with Rita Levi-Montal-
cini for their discovery of growth factors. Gain-of-function
mutations in the EGFR gene are associated with a number
of cancers, including lung, breast, colorectal, prostate and
pancreatic cancers [3, 4]. These somatic mutations cause
EGFR constitutive activation, leading to uncontrolled cell
division and migration [5]. Ligand and receptor expression
levels also correlate with progressive tumour growth and
metastasis [6]. Specific EGFR inhibition is therefore one of
the key targets for cancer therapy [5]. The misregulation of
EGFR signalling in so many human cancers emphasises the
importance of understanding how the EGFR signalling
pathway is controlled. Besides, the EGFR pathway is also
reiteratively used in many developmental contexts [7]. Its
involvement in an extremely diverse set of processes
implies that its regulation is fine-tuned by a series of
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Table 1 Core components and regulators of the EGFR signalling pathway in the Drosophila eye

Fly gene Name Symbol Also known as Cellular location Function Reference
Core components
Epidermal growth factor receptor Egfr DER, torpedo, fib Plasma membrane = RTK [1]
spitz spi Secreted Ligand [8]
Keren Krn Secreted Ligand [9]
downstream of receptor kinase drk GRB2 Cytoplasm Adaptor protein [12]
SHC adaptor protein Shc Cytoplasm Adaptor protein [13]
Son of sevenless Sos Cytoplasm GEF [14]
Ras oncogene at 85D Ras85D Ras, Rasl Cytoplasm small GTPase [15]
Raf oncogene Raf pole hole Cytoplasm Protein kinase [18]
Downstream of rafl Dsorl MAPKK, MEK Cytoplasm Protein kinase [19]
rolled rl MAPK, ERK Cytoplasm Conventional MAPK [20]
pointed pnt Nucleus ETS transcriptional activator [21]
Positive regulators
rhomboid rho Rho-1 Golgi/endosome Protease for Spitz cleavage [42, 44]
roughoid ru Rho-3 Golgi/endosome/ER  Protease for Spitz cleavage [50]
Star S ER/Golgi Chaperone [46]
rasp rasp skl, sit Golgi Palmitoyltransferase [43]
kinase suppressor of Ras ksr KSR-1 Cytoplasm Scaffolding protein, protein kinase [58]
connector enhancer of ksr enk Cytoplasm Raf activator/inhibitor [61]
aveugle ave HYP Cytoplasm Raf activator [63, 64]
steppke step Grpl Cytoplasm Arf GEF [66]
corkscrew csw SHP2 Cytoplasm Tyrosine phosphatase [68]
mago nashi mago Nucleus MAPK premRNA splicing [57]
myopic mop Endosome Endocytic pathway [38]
Hepatocyte growth factor regulated ~ Hrs vps27 Endosome Endocytic pathway [38]
tyrosine kinase substrate
Vacuolar protein sorting 4 Vps4 SKD1 MVB (cytoplasm ?) unclear [33]
nejire nej CBP/p300 Nucleus Acetyl transferase [101]
Negative regulators
Argos Aos secreted Ligand inhibitor [70]
kekkon-1 kekl Transmembrane Egfr binding [76]
Neuroglian Nrg Transmembrane Ed binding [79]
echinoid ed Transmembrane Egfr binding [78]
Fasciclin2 Fas2 Transmembrane unclear [80]
sprouty sty Spry Cytoplasm Protein interaction, endocytosis [81, 82]
Ras GTPase activating protein 1 Gapl gapl, rasGAP Cytoplasm Negative regulator of Ras85D [83]
Rho GTPase activating protein at SA° RhoGAP5A Cytoplasm Rho GTPase activator [85]
vav ortholog (H. sapiens) vav Cytoplasm Rho GTPase GEF [88]
Cbl proto-oncogene ortholog Cbl Cytoplasm Endocytosis [34]
shibire shi dynamin Cytoplasm Endocytosis [31]
small wing sl PLCc Cytoplasm cSpitz retention in ER [54]
rhomboid-5 rho-5 iRhom Spitz degradation through ERAD  [45]
klumpfuss klu Nucleus Transcription factor [93]
Hairless H Nucleus Transcriptional repressor [95]
capicua cic Nucleus Transcriptional repressor [99]
anterior open aop Yan Nucleus ETS transcriptional repressor [97]
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complex mechanisms. Concerted efforts have, therefore,
been spent to understand how the EGFR signalling path-
way is regulated, to identify its different positive and
negative regulators and the different strategies used to
tightly control the timing, patterning, intensity and duration
of signalling.

The EGFR is present at the plasma membrane as a
monomer. Binding of a ligand to the receptor induces its
dimerisation and tyrosine trans-autophosphorylation that
leads to the intracellular activation of the signalling path-
way (Fig. 1b). Out of the four Drosophila ligands, two have
a broad expression pattern: Spitz, which is responsible for
EGFR activation in most tissues [8], including the eye, and
Keren, which can complement Spitz activity [9]. The two
other ligands have more restricted expression patterns: Vein
has a weaker activation capacity than Spitz and is used in
tissues where low activation levels are required [10], while
Gurken is expressed specifically in the ovary [11]. Spitz,
Gurken and Keren are TGFo homologues and are produced
as inactive transmembrane precursors, whereas Vein pre-
sents more similarities to neuregulins and is directly
produced as a secreted active protein. Following EGFR
activation by one of the four ligands, specific phosphory-
lated tyrosine residues of the intracellular domain serve as
docking sites for various SH2 adaptor proteins such as
Downstream of Receptor Kinase (Drk, homologous to
Grb2) [12] and Src homology 2 domain containing (Shc)
[13], which in turn recruit Son of Sevenless (Sos) [14]. Sos,
as a guanine exchange factor (GEF), activates the small
G-protein Ras by facilitating the exchange of GDP for GTP
[15], which triggers the activation of the canonical mitogen-
activated protein kinase (MAPK) cassette [16, 17]. Three
kinases are successively phosphorylated, Raf [ 18], MAPKK
(or MEK) [19] and finally the MAPK family member
extracellular signal regulated kinase (ERK, also called
Rolled) [20]. Subsequently, MAPK is translocated to the
nucleus and the transcriptional output of the pathway is
mediated by the ETS protein Pointed (Pnt) [21]. The MAPK
cassette is one of the most conserved signalling pathways
and is activated downstream of the EGFR both in Droso-
phila and vertebrates. In vertebrates, EGFR stimulation can
initiate downstream signalling through diverse transduction
cascades such as MAPK, but also phosphoinositide 3-kinase
(PI3K), phospholipase C gamma (PLCy) and signal trans-
ducer and activator of transcription 3 (STAT3) to regulate a
multitude of cellular activities [22]. In contrast, the Dro-
sophila EGFR signalling pathway is essentially linear (or
unbranched) [17]. Studying the function and regulation of
the EGFR signalling pathway in Drosophila thus benefits
from its linearity and lesser genetic redundancy compared
to mammalian systems (i.e. only one EGFR member and
four ligands).

Drosophila eye development and EGFR signalling

One of the most intriguing questions that has been
addressed by developmental biologists is how a unique
signalling pathway can trigger so many diverse cellular
responses during development, or even within a single
tissue. The answers rely in part within the diversity of
mechanisms employed to regulate a given pathway, and
within the combination of various signalling pathways that
provide unique sets of inputs on target gene enhancers. In
particular, studies on the mechanisms regulating the EGFR
signalling pathway during Drosophila eye development
have yielded great advances and keep providing answers to
this question. The wild-type Drosophila compound eye is
characterised by a very stereotyped organisation. The retina
is a crystalline lattice that contains around 750-800 iden-
tical visual units called ommatidia, each ommatidium
consisting of a precise number of cells that are specified
during larval and pupal stages. This compound structure is
very well suited for the study of small changes in signalling
cascades. Indeed, small defects in each ommatidium are
amplified due to the presence of hundreds of ommatidia
and thus become visible. In human, EGFR is involved in
many processes such as cell proliferation, inhibition of
apoptosis, differentiation, adhesion, migration. Interest-
ingly, most of these processes are also instrumental during
eye development and EGFR signalling is involved in each
of these developmental steps. The adult eye derives from a
bilayered epithelium called the eye-antennal imaginal disc
that invaginates from the embryonic epidermis. During the
first two larval instars, the eye-antennal disc grows exten-
sively through cell proliferation cycles. At the beginning of
the third instar, a structure called the morphogenetic furrow
(MF) appears at the posterior margin of the eye disc. The
MF is a transient invagination of the disc associated with
cell cycle arrest and the onset of cell differentiation pos-
terior to it. Subsequently, the MF sweeps across the eye
disc from posterior to anterior in response to the mor-
phogen Hedgehog (Hh) signalling, thus organising a wave
of differentiation where ommatidia are organised in rows,
with ommatidia from a same row differentiating at the
same time. A new column is formed every 2 h on average,
so that by late third instar, the posterior half of the disc
contains differentiating ommatidia (with the oldest
ommatidia being at the most posterior region of the disc),
whereas the anterior half still contains proliferating cells
(Fig. 2). The region with high proliferation rate anterior to
the MF is called the first mitotic wave. Within the MF, Hh
induces the expression of Atonal (Ato) in a stripe of cells.
Ato expression is later refined posteriorly to the MF to
specify one R8 cell per developing ommatidium. RS is the
first photoreceptor to differentiate and is singled out from a
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Fig. 1 Positive regulators of the EGFR signalling pathway. a The
ligand Spitz is produced in the sending cell. Spitz is retained in the ER
until Star promotes its translocation to the Golgi apparatus where it is
cleaved by Rhomboid-1 or 3 making it soluble. Palmitoylation by
Rasp promotes Spitz tethering to the plasma membrane to increase
concentration at secreting sites. Both unpalmitoylated and palmitoy-
lated Spitz can be released. b In the receiving cell, upon Spitz
binding, the EGFR dimerizes leading to its autophosphorylation and
activation of the canonical Drk/Sos/Ras/Raf/MEK/ERK pathway.
KSRI, a scaffolding protein, brings members of the pathway in close
proximity. CNK interaction with Ave and Step contributes also to Raf
activation. The inhibitor Sprouty is dephosphorylated, and thus

pool of Ato-positive progenitor cells. R8 then sequentially
recruits R2 and R5, which in turn recruit R3 and R4,
forming a five-cell precluster (or rosette). The remaining
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inactivated by the phosphatase Csw. ¢ Vps4, Mop and Hrs are also
positive regulators. Mop and Hrs participate in EGFR endocytosis.
Recycling of the EGFR to the plasma membrane is important to
maintain active signalling. d In the nucleus, phosphorylated ERK
triggers the exit of the transcriptional repressor Yan and phosphory-
lates PntP2, which activates PntP1 transcription. When sufficient
levels of PntP1 are reached, the various target genes of the EGFR
signalling pathway are transcribed. Phosphorylated ERK also phos-
phorylates the transcriptional repressor Cic, which results in its export
out of the nucleus and the subsequent transcriptional activation of
EGFR signalling target genes

undifferentiated cells undergo a last round of cell division
called the second mitotic wave, which is essential to gen-
erate a sufficient pool of uncommitted cells. R1, R6 and
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Fig. 2 Eye development in Drosophila. a Schematic representation
of a third instar larval eye-antenna disc. Anterior is to the [left.
Undifferentiated cells proliferate during the first mitotic wave
(FMW). The morphogenetic furrow (MF) sweeps across the disc
from posterior to anterior. Differentiation starts posterior to the MF
with the recruitment of RS8. Photoreceptors and cone cells are
recruited sequentially. Ommatidia rotate on each side of the equator.
The last round of proliferation occurs during the second mitotic wave

finally R7, the last photoreceptor, are next recruited to form
a full complement of eight photoreceptors per ommatid-
ium. R1 to R6, the outer photoreceptors, are organised
around R7 and R8, the inner photoreceptors. Once the eight
photoreceptors have been recruited, four lens-secreting
epithelial cells (cone cells) are added apically to each
ommatidium. The MF reaches the anterior margin of the
eye disc during early pupal life. In the pupa, pigment cells
differentiate from a pool of interommatidial cells. Two
primary pigment cells are added first, enwrapping each
cone cell cluster (lying on top of the eight photoreceptors)
to form the core ommatidium. The remaining accessory
cells ultimately differentiate as secondary and tertiary
pigment cells along with sensory bristles. Concomitantly,
excess interommatidial cells are eliminated by apoptosis,
which completes the formation of the stereotypical
hexagonal lattice surrounding the core ommatidium [23—
25].

The EGFR signalling pathway sustains multiple func-
tions during eye development [26, 27], including the
differentiation of all cell types. In fact, expression of a
dominant negative form of EGFR completely prevents the

(SMW). b From Martin-Bermudo et al. Apical view of a pupal retina
50 h after puparium formation stained with anti-Disc large (Dlg). The
Dlg signal has been inverted so the staining appears in grey. At this
stage, extra interommatidial cells have already been eliminated by
apoptosis. The different cell types are pseudo-coloured for easier
identification: cone cells (CCs) in pink, primary pigment cells (1°s) in
yellow, secondary (2°s) and tertiary (3°s) pigment cells in blue and
green, respectively, bristles in brown

formation of the retina [28], indicating that this signalling
pathway is absolutely necessary to form an eye. It is fas-
cinating to think that the reiterative use of a same signal
triggers so many different outcomes within the same tissue.
We understand now that what seems actually as important
as the nature of the signal received by a cell is the state of
this cell, which changes its competence over time. This
state depends on the timing, duration and quantity of signal
received, together with the localisation of the cell at the
time it receives signal [29, 30]. The developing Drosophila
eye has proven to be a reliable model system that has
revealed many of the mechanisms employed to regulate the
EGEFR signalling pathway.

The different mechanisms regulating the EGFR
pathway in the Drosophila eye

The EGFR is broadly expressed during Drosophila devel-
opment, challenging the achievement of its precise
activation. Rather than the presence of the receptor itself at
the cell surface, what is important is to trigger a very
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Fig. 3 Negative regulators of
the EGFR signalling pathway.
a In the ER of the signalling
cell, Rhomboid-3 cleaves both
the chaperone Star, so less Spitz
can be transferred to the Golgi,
and Spitz itself. Cleaved Spitz is
retained in the ER by Sl. iRhom
promotes ERAD in which Spitz
is transferred to the cytoplasm
and degraded by the
proteasome. Thus, only the
Spitz molecules that encounter
Star, escape cleavage and -

Endoplasmic
reticulum

ERAD can be transferred to the . {

Golgi and secreted. b At the
plasma membrane of the
receiving cell, EGFR is
inhibited non-autonomously by
Fas2 by an unknown
mechanism, and autonomously
by Kek and Ed. Nrg contributes
non-cell autonomously to EGFR
inhibition by Ed. In the
cytoplasm, the MAPK cassette
is inhibited by Gapl
(inactivating Ras), Sprouty and
Vav. Sprouty interacts with Drk,
Gapl and the plasma
membrane. ¢ Ed may contribute
to EGFR inhibition via
endocytosis. Cbl-mediated
EGFR ubiquitination targets the
receptor for endocytosis and
lysosome degradation. d In the
absence of phosphorylated
ERK, the transcriptional
repressors Yan and Cic repress

Cytoplasm

Proteasome
degradation \

EGEFR pathway target genes and
prevent the transcriptional
activator Pnt from binding DNA

" Nucleus
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specific response at a specific time and place. This is partly
achieved by a variety of activating and inhibiting regulators
that control the EGFR signalling pathway at several levels,
depending on whether they act outside of the cell, at the
membrane, in different cytoplasmic compartments, or in
the nucleus to control transcriptional outputs. Many of
these regulators are themselves targets of the pathway,
leading to positive and negative feedback loops that fine-
tune the cellular responses. In this section, the different
types of regulators that modulate EGFR signalling during
eye development and how the feedback loops are estab-
lished will be reviewed.
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Regulators of EGFR endocytosis and intracellular
trafficking: Cbl, Echinoid, Mop, Hrs, Vps4

EGFR signalling activity initiates with the formation of
ligand-receptor complexes at the plasma membrane. Once
the EGFR is activated by its ligand, it can be internalised,
and either sent back to the membrane via recycling
endosomes to receive new ligand molecules, or ubiquiti-
nated and sent for degradation, which will attenuate or
terminate signalling. Accordingly, the loss of the GTPase
Dynamin/Shibire required for EGFR internalisation into
endocytic vesicles [31] is associated with increased levels



Regulatory mechanisms of EGFR signalling during Drosophila eye development 1831

of EGFR signal transduction, which results in ectopic
photoreceptor differentiation in the eye disc [32, 33]. The
Drosophila E3 ubiquitin ligase Cbl is also required for
receptor endocytosis and is a negative regulator of various
signalling pathways, including EGFR. Cbl triggers recep-
tor ubiquitination, internalisation through clathrin-coated
vesicles and subsequent degradation (Fig. 3c), thus atten-
uating signalling from the plasma membrane [34-36].
Finally, Echinoid (Ed), a known negative regulator of the
EGFR pathway, also contributes to EGFR endocytosis at
adherens junctions in the eye disc. Indeed, in the absence
of Ed, EGFR is upregulated at apical surfaces and the
number of internalised EGFR particles is lower than in
wild-type cells, indicating a decrease in EGFR internali-
sation [37].

Although it seems counterintuitive at first, different
studies have also implicated EGFR endocytosis in pro-
moting signalling. In those cases, interfering with EGFR
endocytic processing reduces its activity. These results
suggest that signalling may also remain active in endocytic
vesicles, or be more efficient than from the plasma mem-
brane, or that receptor recycling and/or potential
modifications acquired in the endocytic pathway are
important for promoting signalling. Several proteins known
to localise in the endocytic pathway are required for EGFR
signalling in the eye. Myopic (Mop) appears to act on
EGFR internalised in early endosomes and promotes the
cleavage of its cytoplasmic domain, which could enhance
some of its signalling activity (Fig. 1c). In contrast to other
RTKs, EGFR signalling is specifically reduced in mop
mutants suggesting a specificity for this pathway [38].
Hepatocyte growth factor regulated tyrosine kinase sub-
strate (Hrs) is a known component of the endosomal
sorting complexes required for transport (ESCRT)
machinery that promotes the internalisation of ubiquiti-
nated receptors into multivesicular bodies (MVBs) and is
believed to terminate signalling and target receptors for
lysosomal degradation. In the Drosophila eye, however,
Hrs is required for EGFR transduction [38]. Mechanisti-
cally, it is thus proposed that, in some contexts, progression
through the endocytic pathway may be required for pro-
longing or achieving maximal EGFR activity, or for
eliciting specific signalling from specialised endocytic
compartments. Another well-known component of the
ESCRT machinery, vacuolar protein sorting 4 (Vps4), has
been shown to drive the final steps of receptor internali-
sation into MVBs and achieve sequestration from their
cytosolic downstream effectors. In Vps4 mutants, different
signalling receptors in addition to the EGFR accumulate in
endosomes where they seem to be trapped. However, Vps4
also appears to promote EGFR signalling upstream of cell
surface receptor activation, and independently of its func-
tion in endocytic MVBs [33]. Cytoplasmic trafficking of

the EGFR through the endocytic pathway and/or by
endocytic components thus provides a means to fine-tune
signalling from the receptor.

Positive regulators of EGFR activation

Regulators of the production, presentation and processing
of the ligand Spitz: Star, Rhomboid and Rasp

Among the four ligands, Spitz is the main activating ligand
in most tissues, including the eye, hence Spitz production
and activation will be mainly discussed here. However,
Keren is also expressed in the eye where it acts coopera-
tively with Spitz to maintain cell cycle arrest, to control R8
spacing, cell clustering and survival, and will be discussed
later [39, 40]. Although spitz is expressed homogenously in
the eye disc, only its secreted form is active as a ligand [41].
Spitz is first produced as an inactive membrane-anchored
precursor and is activated by a series of posttranslational
modifications, including cleavage [42] and palmitoylation
[43]. These modifications depend on Spitz subcellular
localisation. Hence, regulating Spitz trafficking and pro-
cessing provides a means to confine where and when the
EGFR pathway will be activated, thereby preventing the
inappropriate production of active ligand.

Spitz is produced in excess, retained in the endoplasmic
reticulum (ER) and must be trafficked to the Golgi appa-
ratus to be cleaved [42, 44, 45] (Fig. 1a). Star, a type 2
transmembrane protein [46], is required for Spitz transfer
from the ER to the Golgi [44], serving as a cargo receptor.
Star behaves as a chaperone and associates with Spitz in
the ER, and together they are exported to the Golgi. Once
in the Golgi, Spitz is cleaved by the Rhomboid family of
serine proteases and released as a soluble fragment to be
secreted from the cell [42]. Rhomboids are seven-trans-
membrane domain proteins [47] with a catalytic domain
required for their intramembranous proteolytic function
[48]. Two members of this family are present in the eye
and responsible for Spitz activation: Rhomboid (Rho), also
known as Rhomboid-1 (Rho-1), and Rhomboid-3 (Rho-3)
also called Roughoid (Ru). While loss of Rho-1 gives no
detectable phenotype [49], loss of Rho-3 leads to severe
phenotypes and loss of both mimics the loss of the EGFR,
indicating that Rho-1 and Rho-3 cooperate but that Rho-3
is the prominent protease in the eye [50]. Star and
Rhomboids are, therefore, an integral part of the EGFR
signalling pathway in Drosophila and accordingly their
loss of function phenotypes is similar to those of Spitz [51].
Note that Keren activation might be slightly different from
that of Spitz. Indeed, although membrane-tethered Keren
is, like Spitz, a substrate for the Rhomboid proteins, a small
fraction of it can also undergo Star/Rho-independent
cleavage [9, 52].
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The control of intracellular trafficking of Spitz, Star and
Rhomboid is complex and instrumental in the regulation of
EGFR activation, but it remains somehow unclear and
controversial in the field. Spitz and Rho-1 can be detected
in the Golgi apparatus in COS cells (cell line derived from
monkey kidney fibroblast cells) and in Drosophila salivary
glands [42, 44], but they have also been located in late
endosomes in Drosophila S2 cells, suggesting that Spitz
cleavage could occur in the late endosome, or in the Golgi
en route to the late endosome, adding a new layer of
complexity to the control of intracellular trafficking
required for ligand activation [53]. Interestingly, in the eye
disc, Rho-1 and Rho-3 are localised in punctate structures
that do not contain Golgi or endosome markers and are
enriched at the apical pole of the cells, indicating that they
can also be localised in other types of vesicles. In addition,
Rho-3 is also found in perinuclear ER, suggesting that
Spitz cleavage already occurs in this compartment [54].
However, cleavage in the ER attenuates EGFR signalling
by decreasing the level of secreted ligand, which will be
further discussed in the section on negative regulation of
EGFR signalling.

In addition to cleavage, Spitz also needs to be palmi-
toylated to be active. Palmitoylation is a posttranslational
lipid modification occurring in the secretory pathway,
which targets proteins to the plasma membrane. The
palmitoyltransferase Rasp promotes the addition of a
palmitate to the Spitz N-terminal cysteine. As a conse-
quence, Spitz is tethered to the membrane and can signal to
adjacent cells but its diffusion is restricted. Local concen-
tration of Spitz could allow threshold levels of the ligand
required for EGFR activation to be attained in nearby cells
and restrict its range of action [43]. Finally, based on the
different properties of chimeric membrane-tethered forms
of Spitz, it has also been proposed that Spitz could be
transported from the ER to the Golgi where it is palmi-
toylated by Rasp, then secreted apically to the plasma
membrane, where it would be tethered by the palmitoyl
group. Only then would Spitz be endocytosed back into the
producing cell, cleaved by Rho-1 in the late endosome
compartment and secreted basolaterally to activate EGFR
in the adjacent cells [55].

Regulators of the Ras/MAPK module: KSR, CNK, Aveugle,
Step and Csw

While ligand production and availability from the sig-
nalling cell are key steps of EGFR signalling, equally
important are the layers of regulatory inputs affecting the
transduction of the cascade, downstream of the receptor,
in the ligand-receiving cell. Mapping EGFR activity in
tissues, including the eye disc, has been achieved by
labelling di-phospho-ERK (dpERK), also referred to as
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phospho-MAPK, allowing the identification of cells
transducing EGFR signalling. This pattern of EGFR
activity was similar to that of Rhomboid expression,
confirming that activation by Rhomboid is a limiting
element in the activation of the EGFR pathway [56].
Regulating the expression of the MAPK gene itself can
also influence EGFR signalling. Indeed, the exon junction
complex (EJC) containing the subunit mago nashi (Mago)
regulates the splicing of the MAPK pre-mRNA and is
therefore required to maintain sufficient MAPK levels. In
the eye, Mago has a specific function during photore-
ceptor differentiation and loss of mago prevents EGFR
signalling [57].

In the cytoplasm, several proteins contribute to EGFR
activation by scaffolding and activating components of the
MAPK module. Kinase suppressor of Ras (KSR) is a
conserved protein that was originally isolated in a Droso-
phila genetic screen aiming at identifying suppressors of
the phenotype associated to the expression of a constitu-
tively activated form of Ras [58]. KSR is a scaffold protein
that brings together the three kinases Raf, MEK and MAPK
(Fig. 1b). Depending on KSR levels, it can either promote
Raf activation or act as a dominant negative by seques-
tering the kinase signalling components of the pathway
[59]. In addition, KSR possesses intrinsic Raf activating
potential through the formation of side-to-side hetero-
dimers with Raf [60].

Connector enhancer of KSR (CNK), which is essential
for eye development, also has antagonistic properties with
respect to Raf activity. Although it was first identified as a
positive regulator of Raf [61], it was later shown that it also
behaves as a Raf inhibitor [62]. The positive effect exerted
on Raf is mediated by the N-terminal sterile alpha motif
(SAM) and conserved region in CNK (CRIC) domains,
whereas its inhibitory effect is mediated by the C-terminal
region containing a Raf-interacting motif (RIM). How
exactly CNK activates Raf remains elusive, but another
SAM domain protein Aveugle (Ave), also known as
Hyphen (Hyp), plays a role in this process [63, 64]. Ave
was isolated in a screen designed to identify genes required
for normal photoreceptor differentiation. Epistasis tests
placing Ave between Ras and Raf in the MAPK cassette,
together with its physical interaction with CNK, suggested
that Ave was a good candidate to contribute to Raf acti-
vation in a complex with CNK, possibly via the
recruitment of an as yet unknown activating kinase [64].
The Ave/CNK interaction was later confirmed to be
mediated by their SAM domains, which facilitates the
recruitment of KSR to form a CNK/Ave/KSR complex
[65]. The Drosophila Arf GEF Steppke (Step) is also part
of this scaffolding complex via its direct interaction with
CNK and controls MAPK activation downstream of EGFR
during eye and wing development [66]. The antagonistic
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properties of KSR and CNK, and the intricate mode of
action of the KSR/CNK/Ave/Step complex in Raf activa-
tion provide regulatory inputs upstream of the MAPK
cassette and highlight the complexity of EGFR
transduction.

Besides the tyrosine kinase proteins forming the MAPK
module, one tyrosine phosphatase, Corkscrew (Csw), has
been shown to modulate positively RTK signalling,
including the EGFR pathway in Drosophila embryo [67,
68]. This role seems to be also conserved in the eye, as csw
mutants fail to differentiate photoreceptors [32]. Csw has
been suggested to contribute positively to RTK signalling
by dephosphorylating a critical tyrosine residue essential to
the inhibiting activity of Sprouty, a well-known inhibitor of
RTK signalling (further discussed below), thus inactivating
it. This double-negative regulatory circuit was demon-
strated in mammalian and Drosophila culture cells as well
as in the developing eye [69].

Negative regulators of EGFR activation

The continuously growing body of novel negative regula-
tors of EGFR signalling identified is the subject of
speculations as to why so many types of inhibitors have
been selected. It seems that their relevance depends on the
cellular and developmental context. In a given tissue, the
multiple types of modulators expressed display a combi-
nation of specific and overlapping effects. These negative
regulators have different molecular mechanisms, different
sites of expression and thus different sites of actions. In
addition, while some regulators such as Argos are specific
to the EGFR pathway, others such as Gapl or Vav are also
used in other signalling pathways (Fig. 3). The conver-
gence of all these players contributes to achieving the very
precise regulation of signalling intensity in each cell.

Diffusible molecule: Argos

Argos is a negative regulator specific to EGFR signalling
that is secreted and acts in a non-cell-autonomous manner
[70]. The absence or misexpression of the argos gene leads
to severe eye defects, indicating that Argos is essential to
Drosophila eye development [70, 71]. Although Argos was
first considered as an antagonistic ligand of the EGFR
based on its ability to bind the receptor and on the fact it
presents an atypical EGF domain [72, 73], it was later
found that Argos actually inhibits EGFR signalling by
sequestering the ligand rather than interacting with the
receptor [74]. Argos binding to Spitz via the EGF-like
domain prevents the interaction of Spitz with the EGFR,
thus inhibiting signalling. Argos is secreted by cells
receiving high levels of EGFR activation and diffuses
several cell rows away from its site of production, as

opposed to Spitz that diffuses over a shorter distance. In
cells exposed to high levels of secreted Spitz (active),
Argos is not sufficient to prevent EGFR activation, thus its
inhibitory function primarily affects more distal cells, in a
process called remote inhibition, which restricts long-range
signalling [29]. Consequently, in most cases during
development, including in the Drosophila eye, EGFR sig-
nalling pathway is activated at short-range, and the
secreted ligand is therefore not considered to act as a
morphogen [7, 75]. Hence, Argos converts a graded signal
triggered by a diffusible ligand, Spitz, into an on/off binary
choice: either the pathway is activated (close from the
source of ligand production, e.g. in the eye, R8 photore-
ceptor at the centre of each ommatidium) or inhibited
(further away from the source).

Cell surface proteins: Kekkon, Neuroglian, Echinoid
and Fasciclin 2

Another class of inhibitors is represented by cell surface
transmembrane proteins, such as Kekkon-1 (Kekl), Neu-
roglian (Nrg), Echinoid (Ed) and Fasciclin2 (Fas2)
(Fig. 3b). Kekl and Ed interact directly with the EGFR
extracellular domain, which attenuates receptor dimerisa-
tion by forming inactive heterodimers. In several tissues,
including the eye imaginal disc, Kek1 is expressed on the
cell surface of the same cells as EGFR and downregulates
receptor activity by direct interaction. Kek1 has also been
shown to inhibit mammalian ErbB Receptors [76]. Ed is a
L1-type cell adhesion transmembrane molecule that is
expressed in all cells of the eye imaginal discs [77]. Ed, in
addition to its direct association with EGFR, can also
undergo homophilic interactions and is phosphorylated in
response to EGFR activity [78]. Nrg, another L1-type
adhesion molecule, interacts with Ed and they both syn-
ergise to attenuate EGFR signalling. A model has been
proposed in which Nrg acts non-cell autonomously as a
ligand and activator of Ed, which in turn antagonises EGFR
signalling [79]. Finally, Fas2, the Drosophila orthologue of
neural cell adhesion molecule (NCAM), is a specific
inhibitor of EGFR signalling localised at the plasma
membrane and acting in an non-cell-autonomous manner
[80]. The precise mechanism by which Fas2 inhibits EGFR
signalling is still unknown, yet it could either interact
directly with the EGFR similarly to Kek1 and Ed, decrease
ligand production, or downregulate receptor levels or
activity indirectly.

Cytoplasmic proteins: Sprouty, Gapl, RhoGAP5A and Vav
Sprouty is not specific to the EGFR cascade, but rather

inhibits a range of RTKs since it interferes with Ras sig-
nalling in the cytoplasm [81, 82]. In the eye disc, Sprouty
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has been shown to associate with the inner surface of the
plasma membrane through its C-terminal domain and
interacts physically with two general components of the
Ras pathway, Drk, and Gapl, a Ras GTPase-activating
protein that inactivates the GTP-bound form of Ras [83].
The exact molecular mechanism of EGFR inhibition by
Sprouty has not been deciphered yet. Based on its known
interactions, it has been proposed that Sprouty could inhibit
EGFR signalling by recruiting the Gapl inhibitor and/or
blocking the ability of the adaptor Drk to bind to its pos-
itive effectors, thus preventing the formation of functional
signalling complexes (Fig. 3b). Consistently, sprouty and
gapl loss-of-function mutant clones have very similar
phenotypes in the eye [81]. Sprouty may also be involved
in endocytosis. In human, Sprouty2 antagonises EGFR
signalling by preventing the endocytosed receptor from
progressing from early to late endosomes, thus inhibiting
intracellular signal transduction [84]. Similarly, in Droso-
phila, Sprouty has also been shown to prevent EGFR from
progressing into late endosomes [38].

In addition to Gapl, RhoGAPS5A, which is specific to
the Rho GTPases family, was found to downregulate the
EGFR pathway, possibly by acting at the plasma mem-
brane [85]. However, the role of RhoGAPS5A is more
restricted than the one of Gapl, as only the patterning of
the interommatidial lattice at the pupal stage was affected
in rhoGAP5A loss-of-function retinas. Another protein
suggesting the implication of the Rho GTPases in down-
regulating the EGFR pathway is Vav. Vav is a guanine
exchange factor (GEF) for the Rho GTPase family of
proteins that is activated by phosphorylation in response to
EGFR activation [86, 87]. Recently, it was also reported to
act as negative regulator of EGFR signalling at different
stages of Drosophila eye development. This activity
depends on its GEF function, as point mutations in the
Pleckstrin homology (PH) domain mediating its GEF
activity elicit the same phenotypes as vav null mutants or
gain-of-function for EGFR signalling [88]. Like Sprouty
and Gapl, Vav is not a specific inhibitor of EGFR sig-
nalling and rather functions at the crossroads of different
pathways. Vav proteins overexpression in many human
tumours [89] highlights the importance of understanding
the interplay between members of this family and the
EGFR pathway.

Inhibition from the endoplasmic reticulum: Small Wing,
Rho-3, iRhom

As mentioned before, Spitz transport and processing is
complex. Besides its transport to the Golgi and possibly
to the late endosome to be processed by Rho-1, it has
been suggested that some Spitz cleavage may already
occur in the ER, mediated mainly by Rho-3 [54]. In this
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model, cleaved Spitz (cSpitz) is retained in the ER by the
PLCy Small Wing (SI) and is therefore inactive (Fig. 3a).
Accordingly, mutants for the s/ gene display EGFR
hyperactivation phenotypes. Although the exact mecha-
nism by which the cytoplasmic protein Sl retains cSpitz in
the ER is still unknown, Sl function provides yet another
way for restricting the production of active ligand and
thus downregulating the EGFR pathway in the receiving
cell. The genetic interaction between SI and EGFR sig-
nalling components is restricted to the eye [90]. The
quantity of released ligand is controlled additionally via
the intracellular localisation of the Rhomboid proteins. In
fact, these proteins have dual functions in regulating
EGFR signalling as they can activate or attenuate the
EGFR pathway in tissues where tight control is required,
depending on their differential compartmentalisation [54,
91]. In the eye, Rho-1 resides in the Golgi (or secretory
compartment) and mediates Spitz cleavage to release the
active form of the ligand, whereas Rho-3 is found both in
the ER and in the secretory compartment (Rho-2 has a
similar function in the ovary). In the ER, Rho-3 not only
cleaves Spitz, but also its chaperone Star, thus decreasing
the quantity of Spitz available for transport and process-
ing [53, 54, 92]. Only the Star molecules that have
escaped cleavage in the ER are able to mediate transport
of the Spitz precursor to the secretory compartment where
it is cleaved by either Rho-1 or Rho-3, and released to
signal to neighbouring cells [17, 54]. Note that Rho-3
subcellular localisation is also involved in determining the
site of Spitz release. ER localisation of Rho-3 is essential
for Spitz secretion from photoreceptor axonal termini,
whereas Spitz secretion from cell bodies depends on
Rhomboid protein localisation in more downstream
secretory compartments [91].

The most recently characterised mechanism for down-
regulation of EGFR signalling at the ER is via iRhoms.
iRhoms are related to Rhomboids but lack intrinsic pro-
tease activity. The Drosophila iRhom, encoded by the
rhomboid-5 gene, is a specific inhibitor of EGFR sig-
nalling that is largely restricted to neural tissues, including
the eye disc where it is expressed in cells posterior to the
MF [45]. Functionally, iRhom mainly controls fly sleep
behaviour. Mechanistically, iRhom associates with Spitz
in the ER to promote Spitz degradation by facilitating its
retrotranslocation from the ER membrane to the cyto-
plasm where it is degraded by proteases. This degradation
process provides an ER quality control machinery called
endoplasmic reticulum-associated degradation (ERAD).
iRhoms therefore represent yet another mechanism to
modulate the quantity of released ligand by inhibiting its
processing [45, 48]. Although the loss of iRhom on its
own does not cause any obvious phenotype in the eye, it is
expressed in the eye disc at a time a decrease in EGFR
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signalling is required. iRhom could therefore be involved,
together with other negative regulators, in preventing
inappropriate signalling [45].

Transcription factors in the nucleus: Klumpfuss
and Hairless

The transcriptional repressor Hairless (H) promotes the
transcriptional activation of the Runx transcription factor
Lozenge (Lz), probably indirectly via inhibition of an as
yet unknown inhibitor. Lz in turn activates the transcription
of two EGFR negative regulators, argos and the tran-
scription factor klumpfuss (klu) [93, 94]. During pupal
morphogenesis H acts as an inhibitor of EGFR signalling
on two levels, via the indirect activation of these EGFR
negative regulators and via the inhibition of rho-I tran-
scription [95].

Regulation on EGFR target genes and feedback
loops

Nuclear translocation of phosphorylated MAPK (ERK) is
the most downstream step before target gene transcrip-
tional activation, the final output of EGFR signalling
activation [96]. The universal transcriptional response
downstream of EGFR activation is mediated by the Pointed
(Pnt) ETS transcriptional activator [21]. The other key
transcriptional output of the EGFR pathway is the inacti-
vation of the constitutive transcriptional repressor Yan,
another ETS protein lacking a transcriptional activation
domain. Yan acts by blocking the binding of Pnt to DNA,
therefore preventing target gene transcriptional activation.
Upon EGFR activation, MAPK phosphorylates Yan, which
is consequently translocated to the cytoplasm for degra-
dation [97], allowing Pnt binding to DNA and the
subsequent activation of target genes. In Drosophila,
although only one Pnt isoform is present in most tissues,
two isoforms PntP1 and PntP2 are expressed in the eye.
They are activated in a sequential manner by different
mechanisms in response to EGFR activation. PntP2 is
activated by MAPK phosphorylation, whereas the tran-
scription of pntP1 is induced by activated PntP2 (Fig. 1d).
Once expressed, PntP1 is constitutively active and thus
sufficient to induce transcription of target genes essential
for eye differentiation [98]. Besides Yan, Capicua (Cic) is
another transcriptional repressor that is downregulated in
response to EGFR signalling, although it is not specific to
this pathway. Cic possesses a domain that serves as a
docking site for MAPK and is redistributed from the
nucleus to the cytoplasm in response to EGFR activation.
Rho-1 and argos, two known targets of the EGFR pathway,
are both repressed by Cic in the Drosophila embryo, hence
their transcription could be activated by Cic derepression in

response to EGFR [99]. In the eye disc, Cic is an inhibitor
of cell growth but does not affect cell fate. The only growth
promoting function of the Ras-MAPK cassette in this tissue
appears to be the downregulation of Cic. Using different
effectors could therefore provide a means to segregate
different EGFR signalling functions by branching the
pathway: one branch might use Cic to regulate growth,
whereas the other branch would rely on Pnt to regulate
photoreceptor cell fate determination [100].

In addition, histone acetylation seems also important for
EGFR signalling during eye development. Indeed, the
CREB binding protein (CBP/p300) encoded by nejire (nej)
is a histone acetyltransferase that interacts genetically with
various components of the EGFR cascade in the eye [101].
Consistently, this transcriptional activator is required for
the recruitment of photoreceptors [32].

Many regulators of the EGFR cascade are also target
genes of the pathway, which means that their transcription
is regulated in response to EGFR signalling, thus estab-
lishing positive and negative feedback loops. In addition to
all the above-described mechanisms, these feedback loops
provide another way to regulate tightly the strength of
EGFR signalling. For instance, rho-1 and step are target
genes forming positive feedback loops in the Drosophila
egg and wing disc, respectively [66, 102]. EGFR activity
also controls the expression of many inhibitors of the
pathway, such as Argos [103, 104], Kekkon [76, 105],
Sprouty [81] and Fas2 [80]. In contrast, some inhibitors
like Ed do not appear to be regulated transcriptionally by
EGFR signalling. However, the inhibitory activity of Ed is
regulated post-translationally by EGFR signalling, thereby
also providing a negative feedback mechanism to reduce
EGEFR signalling [78].

The different roles of EGFR signalling during eye
development

The EGFR is a key receptor that is needed for the recruit-
ment of each class of cells in the ommatidium and that, in
addition, is also involved in other processes such as prolif-
eration, cell survival or cell adhesion and remodelling. A
general issue of studying the function of such a pleiotropic
signalling pathway resides in the difficulty to separate these
distinct roles. This is yet another advantage of the Droso-
phila model in which elegant genetic tools for gene
disruption or overexpression allows more precise deci-
phering of gene functions in specific cells at desired times.

Eye specification

Several nuclear factors, known as master genes, control eye
specification from the second larval stage onwards. When
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expressed ectopically, each of these genes, including
Eyeless/Pax6, is sufficient to induce ectopic eyes, and
conversely, no eye can be specified in their absence.
Together with Notch, EGFR signalling has homeotic
functions genetically upstream of these master genes to
control eye specification. Hyperactivation of EGFR sig-
nalling can induce homeotic transformation of the eye to
antenna, indicating that EGFR inhibits the eye versus
antenna fate, whereas Notch has an opposing function
[106].

G1 arrest, cell cycle progression and mitosis

EGFR™ clones of cells generated in the undifferentiated
region of the eye disc are smaller than their twin spots but
this is not accompanied with increased apoptosis, indicat-
ing a requirement for EGFR signalling in normal
proliferation [107]. However, when mutant cells are pro-
vided with a growth advantage over their neighbours
through the use of a Minute mutation, larger EGFR™ clones
of cells can be obtained anterior to the MF. Hence, while
EGFR is involved in regulating proliferation in the eye
disc, it is not absolutely necessary for cell division [27].
Posterior to the MF, cells remain arrested in G1 before
entering into the differentiation program. Uncommitted
cells must later progress to the S phase to enter the last
round of division during the second mitotic wave that takes
place in the differentiating region of the disc (Fig. 2).
EGFR signalling is required for both G1 arrest and for
progression to the second mitotic wave. Interestingly, the
ligand Keren can activate EGFR signalling and trigger G1
arrest in the absence of Spitz, but Spitz overexpression
impedes the second mitotic wave, suggesting that both
ligands are involved in this process. EGFR signalling is
used at a lower threshold for G1 arrest than the differen-
tiation response [40]. Continuous EGFR signalling is
required in subsets of cells that remain in G1 and do not
enter the second mitotic wave (R2, R3, R4 and R5 cells).
Note that R8s also remain in G1 but independently of
EGFR signalling. During the second mitotic wave, EGFR
signalling is inactive and the G1 to S phase transition can
occur in cells that reenter the cell cycle. EGFR activity is
required later in the cell cycle, to trigger the G2 to M phase
transition. In this context, EGFR is activated by Spitz
acting as a short-range signal received from the five-cell
photoreceptor precluster [108, 109]. Mechanistically, the
transcriptional activator PntP2 is phosphorylated in
response to EGFR signalling and directly activates the
transcription of the phosphatase string, encoding the Dro-
sophila Cdc25 homologue, a universal regulator of the G2/
M transition in eukaryotes. In the absence of activated
PntP2, the Tramtrack isoform Ttk69, a repressor which is
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also possibly controlled in part by EGFR signalling, inhi-
bits string transcription and therefore mitosis [110].

Initiation and progression of the morphogenetic
furrow

A temperature sensitive EGFR allele was used to bypass
the proliferation defects and it was shown that EGFR sig-
nalling controls the initiation and the progression of the
MF, which determines the onset of pattern formation in the
eye. The EGFR is also sufficient to induce MF initiation
[111, 112]. In addition to the EGFR, several signalling
pathways (Hh, Decapentaplegic (Dpp), Wingless (Wg) and
Notch) contribute to the initiation and progression of the
MF. During MF progression, EGFR signalling in R2 and
RS activates PntP2, which binds specifically to an hh eye
specific enhancer, thus triggering the expression of Hh in
these cells [113]. In an indirect autoregulatory loop,
secreted Hh then drives the expression of afo in more
anterior cells of the MF, which is required for the acqui-
sition of the R8 fate. In each ommatidium, secretion of
Spitz from R8 ensures the EGFR-dependent recruitment of
R2 and RS that will express Hh and so on. Thus, a positive
loop between Hh and EGFR signalling drives anterior
propagation of the MF and photoreceptor differentiation
[114].

Ommatidial spacing

Ato is first expressed in all cells in the MF, and its
expression becomes progressively restricted to only one
cell per ommatidium, posterior to the MF. This Ato-ex-
pressing cell then differentiates into RS, the founder cell of
each ommatidium. Ato restriction is therefore responsible
for the regular spacing of ommatitia and this process is
mainly controlled by Notch-mediated lateral inhibition and
the secreted protein Scabrous [115, 116]. Different groups
have obtained conflicting results regarding a role for EGFR
signalling in ommatidial spacing. Several studies have
described R8 spacing defects in the absence of EGFR
signalling [27, 117, 118], whereas another group suggested
that EGFR signalling was not involved in ommatidial
spacing and that results from the other groups might be
artifactual due to the use of a Minute mutation in the
genetic background [112, 119]. However, a later study,
which did not rely on the use of a Minute mutation to
provide EGFR™ cells with a growth advantage, demon-
strated that the two EGFR ligands Keren and Spitz act
redundantly to control R8 spacing [39]. These latest results
also explain why spitz mutant clones do not display R8
spacing defects whereas clones doubly mutant for rho-1
and rho-3, or for EGFR do.
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Epithelial polarity, adherens junction remodelling
and ommatidial rotation

As they mature, ommatidial clusters become asymmetric
and adopt opposite chirality on either side of the dorso-
ventral midline, also called the equator. Next, these chiral
forms of ommatidia rotate through exactly 90° to take the
appropriate spatial arrangement of photoreceptors and
polarise the epithelium. This rotation process involves the
activity of planar cell polarity proteins [120]. Altering
EGEFR signalling levels does not affect chirality but results
in ommatidial rotation defects, with clusters that either
over- or under-rotate. Several mechanisms have been
suggested to explain these phenotypes. EGFR signalling
could act directly on the physical process of rotation [121,
122], indirectly via the inappropriate subcellular localisa-
tion of the planar polarity proteins Frizzled and Flamingo
[122, 123], or to anchor the rotated precursors in place
[121]. It has been demonstrated that EGFR signalling is
involved in establishing epithelium polarity in the eye via
cell fate specification [124], but also via the regulation of
cytoskeletal and adherens junctional elements, such as the
Ras effector Canoe and the Cadherin proteins [123, 125].
Adherens junction (AJ) remodelling is necessary for
ommatidial rotation and morphogenesis (apical constric-
tion of cells in the MF, and cell shape changes immediately
posterior to the MF). Accordingly, it was found that EGFR
signalling also promotes AJ remodelling (suppression or
elongation) required for the cell rearrangements occurring
during ommatidial morphogenesis [126, 127]. Although a
direct regulation of AJ components by members of the
EGFR signalling pathway in the cytoplasm could be pos-
sible, so far EGFR signalling has only been shown to
regulate AJ remodelling and ommatidial rotation via
EGFR-regulated transcriptional activation.

Cell recruitment and determination:
photoreceptors, cone and pigment cells

The reiterative use of the EGF receptor triggers the dif-
ferentiation of all cell types in the Drosophila eye. In the
absence of EGFR, only RS8 cells are specified, therefore
EGFR signalling does not appear to be required for R8
determination [27, 112, 117, 118]. Nevertheless, it seems
that EGFR signalling must be actively prevented by
Senseless during R8 selection to inhibit inappropriate sig-
nalling within the RS8 equivalence group that could
interfere with R8 recruitment [78, 128, 129]. The sequen-
tial recruitment of all other photoreceptors requires active
EGFR signalling, and expressing a constitutively secreted
form of Spitz ectopically is sufficient to trigger the dif-
ferentiation of extra photoreceptors, cone and pigment cells
[28]. During ommatidial formation, Spitz is first secreted

by RS, activating EGFR signalling in the neighbouring R2/
RS pair. In response, R2/RS secretes Spitz, which leads to
the recruitment of the R3/R4 pair, and so on until the
recruitment of all cell types is achieved. But while EGFR is
responsible for photoreceptor fate acquisition, how it trig-
gers the differentiation of each subclass of photoreceptor is
still unclear [24]. It is possible that the EGFR pathway is
permissive rather than instructive in cell specification, and
that the specificity of cell fates is actually a consequence of
combinatorial signalling. In this scenario, a cell receiving
different inputs from different pathways at a given time and
position will express a unique combination of transcription
factors that will activate specific differentiation genes.
Combinatorial signalling also explains the change in cel-
lular competence, since although uncommitted cells are
subject to the same signal, the response is different in terms
of differentiation if the signal is received at different times.
The use of combinatorial signalling for the induction of
specific cell fates has been described for several cell types,
including R7, cone and primary pigment cells. For
instance, the cone cell determinant Pax2 (also known as
Shaven) is expressed only in cells in which the transcrip-
tional regulator Lz is present and in which both Notch and
EGFR signalling are active (Fig. 4). Different combina-
tions of these three inputs give rise to different cell types,
revealing a code for cell fate specification [130]. Interest-
ingly, the Notch ligand Delta activating the pathway in the
cone cell precursor is itself produced in the adjacent R1/R6
precursor cells in response to EGFR signalling, further
adding an extra level of complexity to the interplay
between the two pathways [131]. The specific expression
of Prospero in R7 and cone cells is also the result of
combinatorial signalling involving an interplay between
the Notch and EGFR signalling pathways [132]. EGFR
requirement in primary pigment cell specification is indi-
rect through the induction of Delta expression in cone cells.
The subsequent activation of the Notch pathway within
neighbouring cells then induces the specification of the
primary pigment cell fate [133]. Altogether these findings
helped understanding how the complex interplay between
multiple signalling pathways drives the acquisition of dif-
ferent cell fates in the Drosophila retina.

Cell survival

EGFR and Notch signalling pathways are both also active
later on, at the end of pupal eye morphogenesis, during the
developmentally regulated cell death of supernumerary
pigment cells. EGFR signalling in interommatidial cells
exhibits anti-apoptotic activity by inhibiting the pro-
apoptotic protein head involution defective (Hid) at two
levels, through the regulation of hid transcription [134],
and through direct phosphorylation of specific sites of the
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Fig. 4 Combinatorial signalling during R1/R6, cone cell and primary
pigment cell recruitment. a During larval development, Delta, the
ligand for Notch, is produced in response to EGFR signalling in the
R1/R6 photoreceptor cells. Rhomboid is also produced, leading to
Spitz activation. Therefore, Spitz and Delta both signal from R1/R6 to
induce the EGFR and Notch signalling pathways in adjacent cells.
b These pathways lead to the activation of Pnt and Suppressor of

Hid protein exerted by activated MAPK [135]. This latter
mechanism represents one of the few characterised cases in
which EGFR signalling activity does not depend only on a
transcriptional output. Spitz signal is thought to emanate
from cone cells and activate EGFR signalling in adjacent
interommatidial cells to protect them from cell death [136].
Notch activity during these late morphogenetic events is
more controversial, as both pro-apoptotic [137, 138] and
anti-apoptotic [95, 139] activities have been reported. For
instance, the Notch antagonist H has pro-apoptotic activity
during lattice cell death through the downregulation of
EGFR activity by two means: the transcriptional activation
of EGFR antagonists such as Iz and argos, and the
repression of the EGFR activator rho-1 [95]. Besides its
well-characterised role in cell survival at the pupal stage,
EGFR signalling is also required for cell survival much
earlier, during the third larval stage, as loss of EGFR in the
differentiating region of the disc (in contrast to uncom-
mitted cells anterior to the MF) is accompanied by massive
apoptosis [27]. In particular, it was shown that the second
mitotic wave cells that are still unspecified require EGFR
signalling autonomously to survive and that apoptosis
susceptibility increases in older photoreceptors [108, 140].
EGEFR signalling is therefore required for cell survival at
different stages of eye development.
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Primary pigment cell

Hairless (Su(H)) in the nucleus, which, together with the transcription
factor Lozenge (Lz), activate Pax2 transcription, thereby inducing
cone cell fate. Delta is also produced in the cone cell in response to
EGFR signalling. ¢ Finally, Delta activates the Notch pathway in
adjacent cells during early pupal life (16-19 h after puparium
formation). Su(H) and Lz induce the primary pigment cell fate

Concluding remarks

Research on EGFR signalling has largely benefited from
discoveries on its regulation during Drosophila eye
development. The complexity and multiplicity of the
mechanisms employed to provide a specific cell with an
appropriate quantity and duration of signalling highlights
the paramount importance of regulating precisely this
pathway, and the list of new regulators identified keeps
growing every year. Are the same mechanisms used in
vertebrates? This question is still far from being answered.
The counterparts for some of the specific regulators, such
as Argos and Star, identified in Drosophila, have not been
identified in mammals. In contrast, other regulators such as
Sprouty, Kekkon, Rhomboids and iRhoms, which were
also originally identified in Drosophila, are largely con-
served. For instance, Rhomboids are represented from
yeast to mammals [48]. The Spitz/Star/Rhomboid proteins
form a very elaborate system for retention, trafficking and
cleavage of target proteins, which provides a complex
mode of signalling pathway regulation. It is not clear yet
whether this regulatory system is conserved in mammals in
which ligands are also produced as membrane-bound pre-
cursors (prepro-EGF). However, as opposed to Drosophila,
both uncleaved and cleaved ligands can be active,
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depending on the mode of signalling used, which can be
autocrine, paracrine, juxtacrine or exTRAcrine, and the
cleavage machinery appears to be essentially different [2].
The identification of regulators of the EGFR signalling
pathway in Drosophila can also be relevant to cancer
therapy research. For instance, the finding that the onco-
gene Vav, which is expressed in many human cancers is a
negative regulator of the EGFR signalling pathway in the
Drosophila eye could potentially help understanding EGFR
misregulated activity in some tumours.

Another fundamental question that has intrigued biolo-
gists for decades is how the same signalling pathway can
direct a multitude of cellular responses and how sharp
borders of activation are established? Answers to these
questions have been partially elucidated thanks to the study
of EGFR signalling in the Drosophila eye model and
mainly reside in combinatorial signalling. Another impor-
tant aspect that can explain the different outcomes is if
different strengths of signalling can dictate different fates.
Although EGFR ligands do not seem to function as mor-
phogens during eye development [75], some -cellular
responses are more sensitive to signalling levels than oth-
ers. For instance, cell survival, progression towards mitosis
and cell cycle arrest require lower EGFR signalling levels
than photoreceptor differentiation, which necessitates
intense signalling achieved by multiple reinforcing ligands
[40, 141]. Consistently, cells deprived of the positive
EGFR regulator Ave cannot differentiate as photoreceptors
although they are still able to arrest in G1, also supporting
this conclusion [64]. However, results from this study
question the sharp threshold between survival and differ-
entiation as ave clones in which no photoreceptors
differentiate display increased apoptosis, indicating a fail-
ure in both differentiation and survival responses. In
addition, among photoreceptors, different subtypes seem to
also require different levels of signalling, with the R7 fate
requiring the highest level of MAPK activation, which is
achieved by the additive effects of EGF and Sevenless
receptors, both activating the MAPK cassette [28]. As
another example, ommatidial rotation is more sensitive to
alterations in EGFR pathway activity than cell recruitment,
since weak disruption in signalling affects orientation to a
greater extent than recruitment [121]. Finally, low levels of
EGFR activity seem sufficient to regulate clustering and R8
spacing but not sufficient to prevent cell death or trigger
cell recruitment. In this model, these subtle differences
could be the result of a possible weaker activating power of
the EGFR ligand Keren [39]. The mechanism by which
different levels of activation are translated into specific
cellular responses is still unknown. There is no doubt that
studying EGFR signalling and its mechanisms of regulation
during Drosophila eye development will keep providing
answers to the remaining questions.
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