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Summary

Imaginal discs contain a population of cells, known as
peripodial epithelium, that differ morphologically and

genetically from the rest of imaginal cells. The peripodial
epithelium has a small contribution to the adult epidermis,
though it is essential for the eversion of the discs during

absence of Wingless and Egfr signalling. The ectopic
activity in the peripodial epithelium of any of these
signalling pathways transforms the shape of peripodial
cells from squamous to columnar and resets their gene
expression profile. Furthermore, peripodial cells where

metamorphosis. The genetic mechanisms that control the
identity and cellular morphology of the peripodial epithelia
are poorly understood. In this report, we investigate the
mechanisms that pattern the peripodial side of the wing
imaginal disc during early larval development. At this time,
the activities of the Wingless (Wg) and Epidermal growth
factor receptor (Egfr) signalling pathways specify the
prospective wing and notum fields, respectively. We show
that peripodial epithelium specification occurs in the

Wingless signalling is ectopically active acquire hinge
identity, while ectopic Egfr activation results in notum
specification. These findings suggest that suppression of Wg
and Egfr activities is an early step in the development of
the peripodial epithelium of the wing discs.
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Introduction the adult epidermal structures except for the abdomen (Bryant,

The development obrosophilaimaginal discs, from which 1978). ) , ) , . . )

most of the adult epidermis derives, is a classical model for Cell proliferation in the imaginal discs during larval
the study of pattern formation. Small groups of cells of th&l€velopment is coordinated with progressive, genetically
embryonic ectoderm are genetically specified in stereotypedtérmined territorial segregation. Pattern formation and
positions to constitute the primordia of imaginal discs (Coherf€'"itorial segregation in imaginal discs have been extensively
1993). Later on, during larval development, the primordiaStUd'ed: byt I|tfcle attention hae been drayvn to the development
invaginate and become flat epithelial sacs with two opposingf the peripodial side of the discs. Cell lineage analyses in the
faces enclosing the disc lumen (Cohen, 1993). In matureE of the wing imaginal disc show preferential growth
imaginal discs, both sides present easily noticeable differencéTitories associated to gene expression domains, although the
in cell morphology and cell density (Fig. 1A), maybe with thenteroposterior border is the only clonal restriction described
exception of genital discs (Littlefield and Bryant, 1979). OneSo far in the PE (Resino et al., 2002). Recent reports suggested
side contains most of the cells of the disc in the form of &hat several signalling proteins produced in the PE of the disc,
columnar monolayered epithelium, while the other facesuch as Wingless (Wg), Hedgehog (Hh) and Decapentaplegic
(peripodial side) consists of squamous cells, in the peripodi4dPpp), might be necessary for the proliferation and patterning
epithelium (PE), surrounded by cubic cells (Fig. 1A)of imaginal discs, either released by cell contact through
(Auerbach, 1936; Waddington, 1940). The PE is requiredranslumenal extensions (Cho et al., 2000; Gibson and
together with the cells of the stalk, for the eversion of the disc§chubiger, 2000) or secreted into the disc lumen (Gibson et al.,
during metamorphosis (Fristrom and Fristrom, 1993; Milne2002). These findings underline the relevance of exploring the
et al., 1984) (J.C.P.-P., E. Martin-Blanco and A. Garciadevelopment of the PE in order to understand how the size and
Bellido, unpublished), and their subsequent closure (Agnes pgttern of the whole wing disc is established.

al., 1999; Martin-Blanco et al., 2000; Usui and Simpson, Atthe end of the third instar, the peripodial side of the wing
2000; Zeitlinger and Bohmann, 1999), but has a smalimaginal disc consists of several cell types with different
contribution to the adult cuticle (J.C.P.-P., E. Martin-Blancanorphology (Fig. 1A) and gene expression profiles (Fig.
and A. Garcia-Bellido, unpublished). Cubic cells producelD,F). The central territories in the peripodial side of the wing
adult pleural structures (Bryant, 1978; Sprey and Oldenhavénaginal disc consist of around 400 squamous cells that
1974). The columnar and cubic cells, therefore, are imaginabnstitute its PEUltrabithorax (Ubx) (Fig. 1D) andouckered
cells in the strictest sense, as they eventually give rise to dpuc), among other genes (Gibson and Schubiger, 2001), are
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expressed in the PE territotybx, although expressed in all (constitutive activator of the Egfr pathway) (Karim and Rubin, 1998),
posterior cells of the embryonic primordium of the wingUAS-DNRat! (=UAS-phl.KMRaf3.1) (dominant negative effect on
imaginal disc, is later restricted to its peripodial side (Browerthe Egfr pathway) (Martin-Blanco et al., 1998)AS-vein(Schnepp
1987). The cubic distal cells show differential expression oft &, 1998),UAS-armadilloAa (constitutive activator of the Wg
zinc finger homeodomain(2fh-2 (Fig. 1F) anddachsougds) pfg"‘@gti;gb'&;ﬂlﬁg%e;%%rl‘e;etnzllunlcggg)s) ;%‘:éioi;%éliggs)'
(rr]‘Ot. shown), Wh"f proximal cubic Ce"ﬁ express the genes&? alleja et al., 1996). Thefh-2S209 GAL4 line (Capdevila and

.t eiroquois comp exiro-C) (Fig. 1'.:)' T €Se genes expresse Guerrero, 1994) expresses GAL4 in the same pattern as thefgene

in cubic cells are also expressed in the wing-notum side of the\whitworth and Russell, 2003).

disc, where their contribution to the patterning of the disc

has been studied. The expressionzfif-2 depends on Wg Clonal analysis

signalling (Whitworth and Russell, 2003) and is requiredGain-of-function clones were generated by the FLP/FRT technique
together withds for wing hinge specification (Clark et al., (Chou and Perrimon, 1992). All théASfly strains were crossed with
1995; Whitworth and Russell, 2003). The-C genes, YW hsp70-fp; Act FRT'YFRT Gal4 UAS-GFRIto et al., 1997) and
however, specify different territories in the notum (Diez delheat shocked for 7 minutes at 37°C at 24-48 or 48-72 hours after egg
Corral et al., 1999) and their expression there depends &ind (AEL).

. . . Wg gain-of-function clones were also generated by the MARCM
Epidermal growth factor receptor (Egfr) signalling (Wang et[echgi(?ue (Fig. 3B.E.G) (Lee and Lug, 1999').wyhsp70-flp

al., 2000; Zecca and Struhl, 2002). . o Tubulinal-Gald UAS-GFPnls; UAS-Wg Tubulinal-Gal80 FRT2A/
The complementary and mutually exclusive activities of the-grToa (Strunl and Greenwald, 2001) larvae were heat shocked at

Wg and Egfr signalling pathways are responsible for th&7ec for 15 minutes at 48-72 hours AEL.

subdivision of the wing-notum side of the wing disc into No less than 20 clones were examined for each genotype.
proximal (notum) and distal (wing and hinge) territories early _ )

during the second larval instar (Baonza et al., 2000; Kleifmmunohistochemistry

2001; Wang et al., 2000; Zecca and Struhl, 2002). Thedeissected larvae were fixed for 20 minutes in a 4% paraformaldehyde
signalling pathways are activated, respectively, by the diffusiblgolution in PBT (PBS/0.1% Tween 20) and immunostained with

ligands Wg (Ng et al., 1996; Williams et al., 1993) and Veipnouse gnti-be (provided by Ernesto Sanchez-Herr_ero), rat anti-Iro-
: : : £ (provided by Juan Modolell), rat anti-Zfh-2 (provided by Martha
(Vn) (Simcox et al., 1996). At this stage, the expression domalﬁundell), mouse anti-Armadillo (Arm) (Hybridoma Bank), mouse

of wg is restricted to a sector of anterior distal cells (Williams, i piscs large 1 (Dlgl) (Hybridoma Bank), mouse anti-Wg

et al., 1993), while the expression domairviofs restricted 10 (1ypridoma Bank), rabbit anti-Vg (provided by Sean Carroll), rabbit
a central line of proximal cells (Simcox et al., 1996). Loss ofnti-Distalless (DIl) (provided by Sean Carroll), rat anti-Ds (provided
function of the Wg pathway prevents the development of distaly Michael Simon), mouse anti-Nubbin (Nub) (provided by S.
structures, thus allowing the expansion of Egfr activity to distaCohen), rat anti-Tailup (Tup) (provided by Jim Skeath) or guinea pig
territories. Conversely, ectopic Wg activity represses Egfanti-Eyegone (Eyg) (provided by Natalia Azpiazu) antibodies in PBT-
signalling in the notum, causing wing duplications (Baonza eBSA (PBT/0.3% BSA). Alexa Fluor-488-, -546- (Molecular Probes)
al., 2000), though loss of Egfr function does not allowor Cy5 (Jackson InmunoR_esearch)-qonju_gated sec_ondary antlbodles
expansion of Wg signallng (Wang et al, 2000). Pulished e Vo o et ey nborles, Faeun, sanng as
{ﬁpor'gs o_nlytevalu_zte t??hacttjlylty 3f bof[th S,[E]nzl.lllfng .path\t/)v'?%/s Irg)/ere stained for 20 minutes in a 1 mM To-Pro-3 iodide (Molecular
€ wing-notum side of the diSc, despite the diffusive ability o robes) solution in PBT. Imaginal discs were mounted in Vectashield
Wg and Vn. The wing field is later subdivided into wing bladeygctor Laboratories, Inc).
and wing hinge territories, by the combined action of Wg
signalling and Vestigial (wing blade) (Baena-Lopez and GarciaMicroscopy and image treatment
Bellido, 2003; Klein and Martinez-Arias, 1999) or Wg Images were acquired in a BioRad 2000 confocal microscope and
signalling alone (wing hinge) (Baena-Lopez and Garciatreated with the Metaview (Universal Imaging) and Photoshop 7.0
Bellido, 2003; Klein, 2001; Whitworth and Russell, 2003).  (Adobe Corp) image programs.
In this article, we analyse the mechanisms of genetic
specification of the wing disc PE. We show that the PE is Results
third developmental field set in the early development of the
wing disc, different from the wing and notum fields, with Early development of the peripodial side of the wing
distinct genetic requirements. We also show that Wg and Egfnaginal disc
signalling pathways are active up to the border between cub#t the beginning of the second larval instar, all cells of the wing
and squamous cells in the peripodial side of the wing disémaginal disc show columnar morphology (Fig. 1B). Soon
Correct development of the PE does not require the activity @ffter, in mid second instar, some proximal cells at the disc
these signalling cascades. Furthermore, Wg or Egfr signallingeripodial side start to change their shapes from columnar to
transform the morphology and genetic specification ofsquamous (Fig. 1C). In the third instar disc, squamous cells fill
squamous cells into those characteristic of territories in theost of the peripodial side, constituting its PE (Fig. 1D). The
wing-notum side. differences in cell shape, however, are preceded by differences
in gene expression between the two sides of the disc (Fig. 1B).
. In mid second instar, the squamous cells, as well as
Materials and methods surrounding cubic cells in the peripodial side of the disc,
Fly strains express high levels dfibx (Fig. 1C). Later on, in the third
We have used the following fly straingAS-E-cadherili"as (Sanson  instar disc, high levels ddbxare maintained only in squamous
et al., 1996),UAS-winglesS (Klein and Arias, 1998)UAS-Ra¥12  cells, while posterior cubic cells show a decreasing gradient of
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Fig. 1. Development of the peripodial side of the wing disc. (A) PE structure in a third instar wing disc. Characteristic low+dgeaity n
distribution and squamous cell morphology are noticed in the PE. Nuclei are stained with the DNA dye TO-PRO-3 (red) aatizAtiorac
thezonula adheren@vhite) reveals cell shape. A white shadow delimits the surrounding cubic cells. The different cell types are described in a
transverse section of a disc. (B-DObx expression in the developing PE. In mid second instar (B), major differences in cell shape throughout the
disc are not observed. In late second instar (C), squamous cells are seen in a proximal territory of the peripodialdigde(afrtveheads). At

this time, the expression bibxis still in poor correlation with squamous morphology. GFP expression in the wing-notum side of second instar
discs, driven byap-GAL4, allows comparison of cell shape between the two sides of the disc in the transversal sections. In third instar discs (D)
Ubxis expressed in squamous and some cubic cells. Notice the decreasing grathemxpiession in cubic cells (brackets and inset at higher
magpnification). (E-Gxfh-2(green) andro-C (red) expression domains in developing wing discs. In early mid second insth{#S209GAL4

(see Materials and methods) artdC are expressed in proximal and distal cubic cells, respectively. Note that in early third instar di$e2 (F)
andiro-C domains now overlap in cubic posterior cells (arrowhead). During late larval developmertt-(G)acZ expression appears in some

distal cubic cells (arrowhead). Discs are oriented anterior towards the left and distal upwards in all panels and figures.

Ubx expression (Fig. 1D). The expressionliix, although it  Zfh-2 and Iro-C is sharp and coincident with the limit between
is a good genetic marker of the wing disc PE, is not requiredubic and squamous cells.
for PE development, as loss-of-function clonesUbix are ) ) o )
normal in size and shape and do not modify peripodial ceNVg and Egfr signalling activities are not required for
morphology (L. de Navas and E. Sanchez-Herrero, personBE development
communication). The absence of expression of Wg and Egfr signalling
Proximodistal (PD) territorial segregation in the wing-notumdownstream genes suggests that the activity of both signalling
side of the wing disc proceeds simultaneously to thg@athways might be repressed in the prospective PE from
morphological changes of peripodial cells, and it is driven bymbryonic development or early larval stages in order to
the complementary and mutually exclusive activities of the Wgenerate a difference between the wing and notum fields and
and Egfr signalling pathways (Baonza et al., 2000; Klein, 200the PE of the disc. To evaluate the role of Wg and Egfr
Wang et al., 2000; Zecca and Struhl, 2002). In the secorgignalling in the development of the peripodial side of the wing
instar, cubic cells expreggh-2andiro-C in distal and proximal imaginal disc, we generated loss-of-function clones for both
domains, respectively (Fig. 1E). The early expression pattesignalling pathways at 24-48 and 48-72 hours after egg laying
of these genes, which is dependent on Wg and Egfr signallif@\EL).
(Baonza et al., 2000; Klein, 2001; Wang et al., 2000; Clones expressing the intracellular domain of E-cadherin
Whitworth and Russell, 2003; Zecca and Struhl, 2002)JE-Cadti''@9 autonomously lack Wg signalling because of
suggests that the mechanism of PD segregation is also actsequestering of Armadillo (Arm) (Sanson et al., 1996), the
in the peripodial side of the disc, although their expressiotranscriptional effector of Wg signalling, consistent with the
pattern later evolves to overlap in some regions (Fig. 1F,G). leytoplasmic accumulation of Arm we observe (Fig. 2A). E-
this context, proximal cubic cells would be part of the notunCadha> gverexpression early in the prospective wing field
developmental field, whereas distal cubic cells would be pagbolishes its development, causing notum duplications and a
of the wing developmental field. Interestingly, Zfh-2 and Iro-complete lack of Wg function (Sanson et al., 1996; Sharma and
C are not detected in the PE. Also, the limit of expression dChopra, 1976). These clones do not survive or are smaller in
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Fig. 2.Wg and Egfr signalling pathways are not
required for the development of the PE.

(A-C) Clones lacking Wg signalling because of
E-Cadlitras gverexpression (green). These clones
accumulate the Wg signalling transcriptional effectof
Arm (red) in the cytoplasms (A, 24-48 hours AEL). |
The arrowhead indicates the region of the clone |
magnified in the insets. (B) E-Cdeff#°
overexpression reduces the proliferation and survival=]
of wing-notum cells (arrowheads), but have no effec
in peripodial cells (outlined clone). Wg is detected i
red. Clones generated 24-48 hours AEL. (C) These
clones also eliminate the expressiomrzfbf-2(red) in
cubic cells (inset at higher magnification of the
outlined clone). Clones generated 48-72 hours AEL
(D) Clones lacking Egfr signalling because of
overexpression of DN-R&t (green, 24-48 h AEL)
reduceiro-C expression (red) in cubic cells (inset at
higher magnification of the region pointed by the
arrowhead). The same clone does not affect the
proliferation and survival of squamous cells (arrow).

size than controls in the wing-notum side of the disc, but aref 7-15 cellular diameters away from the clone (Fig. 3B). The
normal in size in the PE (Fig. 2B). In addition, these cloneseverity of the morphological change decreases with distance to
eliminate the expression afh-2in distal cubic cells of the the clone, which suggests a dependence on Wg concentration
peripodial side (Fig. 2C). (Fig. 3B). By contrast, autonomous activation of Wg signalling
To analyse the requirement of Egfr signalling, we represseid ArmAa overexpressing clones only results in autonomous
Egfr activity in clones of cells by overexpressing a dominanttransformations of the cellular morphology and genetic identity
negative form of the Raf protein (DNRdj (Martin-Blanco et of PE cells (Fig. 3D). The increase in cell density induced by both
al., 1999), which is required for the intracellular transductionNVg and Arnda in the PE may be due not only to the change in
of the signal. The expression of DNR&fin early larval cell shape, but also to a higher rate of proliferation, evident when
development reduces notum territories (Baonza et al., 200fhe size of these clones is compared with controls.
Wang et al., 2000; Zecca and Struhl, 2002) and causes wingln addition to cell morphology changes, ectopic Wg in the
duplications (Baonza et al., 2000). We found that clone®E induces autonomous and non-autonomous expression of
lacking Egfr signalling have a normal size in the PE, but showharacteristic wing hinge genetic markers suctisd§ig. 3E)
reduced expression @b-C in cubic cells (Fig. 2D). andzfh-2(Fig. 3F), and repressekxin the PE (Fig. 3C). Wg-
The above results show that the activities of the Wg and Egéxpressing clones never induce the expression of wing blade
signalling pathways are required for the normal developmerdr notum markers such aestigial (vg), distalless(dll), iro-C
of cubic cells, but not for the proliferation, survival and genetiand eyegongeyg (not shown). These data show that ectopic
specification of the PE. Finally, we do not observeWg signalling transforms the PE cells into cells of the wing
modifications in cell morphology when E-C#WB°> and hinge. Interestingly, ectopic expression of Wg induces
DN-Raf-1 are co-expressed in cubic cells (not shown). Thisiutonomous expression wiibbin(nub), a transcription factor
indicates that the development of the PE has specific genetgpressed in the proximal hinge and wing blade. However, in
requirements that preclude an expansion of the peripodial fielwbntrast to the strictly nuclear wild-type localization of Nub,
to adjacent wing and notum territories in the absence of Wihese clones show high levels of Nub in the cytoplasm of the

and Egfr activities. transformed cells (Fig. 3G). This result points to an incomplete
. ) ] transformation of the PE into wing hinge, which suggests that
Ectopic Wg signalling transforms the cell the PE is refractory to this transformation. The ability of
morphology and fate of the PE into those of the ectopic Wg to transform the PE into wing hinge is independent
wing hinge of the developmental time when the clones are generated,

To further evaluate the role of Wg signalling in the developmerguggesting that repression of Wg activity may be essential for
of the peripodial side of the wing disc, we generatgyl the correct development of the PE. Clones expressing Wg also
expressing clones at 24-48 and 48-72 hours AEL. In these clon@siducezfh-2 expression in proximal cubic cells (Fig. 3F) and
the shape of PE cells changes from squamous into the colummapress the expression @b-C (not shown), which again
morphology characteristic of cells in the wing-notum side ofuggests that the mechanism that drives PD segregation in the
the disc (Fig. 3A,B,E). The transformation is not only cellwing-notum side is also active in cubic cells.

autonomous but affects cells non-autonomously within a range Considering a possible transmission of Wg signalling
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Fig. 3. Ectopic Wg signalling transforms the identity
and cell morphology of the PE into wing hinge. (#g-
expressing clones (green, 48-72 hours AEL) transform
both cell autonomously and non-autonomously
squamous peripodial cells into columnar cells, as seen
both in a surface view and a longitudinal section of the
outlined clone. Arm (red) and TO-PRO-3 (blue) staining
reveal cell shape and tissue structure (apical membranes
of both sides of the disc separated by a dotted line in the
section s1). The arrowheads in the section indicate
clones in the wing-notum side that do not transform the
shape of apposed squamous cells. (B) The
transformations extend 7-15 cell diameters away from
the clone (green, 48-72 hours AEL). The severity of the
transformation decreases the further the affected cell is
from the clone (see inset). (C) These clones (48-72
hours AEL) eliminatdJbx expression (red) in peripodial
transformed cells (outlined clone and inset) and cubic
cells (arrowhead). (D) By contrast, in Am
overexpression clones (24-48 hours AEL) both the
transformation in shape and the eliminatiotJok
expression are only cell autonomous (ins&t).
expressing clones (green) induce expression of hinge
markers in the peripodial side of the wing disc, such as
ds(E), Zh-2 (F) andnub(G). (E) In these cloneds

(red) is induced in cells both inside and outside the
clone (see longitudinal section s2). Clone generated 24-
48 hours AEL. (F) Clones in squamous (outlined clone)
and proximal cubic cells (arrowhead) induce cell
autonomous (see transversal section s3) and non-
autonomous expression zfh-2(red). Clone generated
24-48 hours AEL. (G) Ectopic Wg (48-72 hours AEL),
however, induces only autonomous expressiambf
(red), which is expressed in the wild-type wing blade
and proximal hinge. Notice that the expression of Nub
induced is mostly cytoplasmic.

Garcia-Bellido, 2003; Klein and Martinez-Arias,
1999). We asked whether PE cells, besides the
ability to be transformed into hinge, can acquire the
more distal fate of the wing blade. Ectopic
expression clones of Vg in the PE do not modify
the identity or the morphology of squamous cells
(not shown), which reinforces the idea that PE cells
through the lumen of imaginal discs (Cho et al., 2000; Gibsolack Wg activity. Peripodial cells co-expressing Wg and Vg,
et al., 2002; Gibson and Schubiger, 2000; Gibson anbdy contrast, acquire the identity of the wing blade, as suggested
Schubiger, 2001), we evaluated whether ectopic expression by the cell-autonomous induction of the wing genetic marker
Wg in one side of the wing disc affects the opposite sidadll (Fig. 4C). Wg-Vg co-expression changes the shape of
Ectopic Wg in cells of the wing-notum side does not changequamous cells into columnar (Fig. 4A,B). The effect of Wg-
the specificationldbx expression) or morphology of squamousVg clones on cell morphology is not only autonomous,
cells (not shown). Changes in the reverse direction do not talkxpanding more cell diameters away than in clones expressing
place either (not shown). This shows that Wg signalling is notVg only. This region of non-autonomous transformation
transmitted through the lumen of the wing imaginal discaround the clones expresses exclusively wing-hinge genetic
Finally, the ectopic expression of Wg transforms peripodiamarkers, such agh-2(Fig. 4B) ornub(Fig. 4A,C). In contrast

cell morphology in the wing, haltere and leg imaginal discsto clones overexpressing Wg, the autonomous and non-
but does not change the squamousity in the PE of the eyadutonomous expression ofib induced by Wg-Vg clones is

antenna imaginal disc (not shown). always nuclear (Fig. 4A,C), an indication that Vg might

] contribute to the translocation or maintenance of Nub into the
Ectopic Wg and Vg transform the cell morphology nucleus.
and fate of the PE into those of the wing blade The induction of genetic markers induced by Wg-Vg

Cells expressing Wg and Vg in the wing-notum side of the disco-expression depends on the developmental time when the
acquire the identity of wing blade cells (Baena-Lopez andlones are generated, contrary to what happens in clones
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expressing Vn, a diffusible Egfr ligand (Simcox et al., 1996),
at 24-48 hours AEL. Eight out of 25 peripodial clones
expressing Vn showed peripodial cells transformed from
squamous into columnar (Fig. 5A), although not all the cells
of the clones were affected to the same extent. The
transformation also affected non-autonomously some cells
outside these eight clones, though, as described for the
autonomous transformation, its penetrance is not complete
(Fig. 5A). Accordingly,Ubx expression is repressed in some
peripodial cells (Fig. 5A). It should be noticed that Vn
overexpression is also unable to induce completely penetrant
wing-to-notum transformations when expressed in the
prospective wing field (Wang et al., 2000). A fully penetrant
transformation, however, is achieved when a constitutively
active form of the Ras protein (R43 (Karim and Rubin,
1998) is expressed in peripodial cells (Fig. 5B-D). Clones
expressing R&32 change the squamous morphology of PE
cells both autonomously and non-autonomously (Fig. 5B,C),
which suggests that Egfr activation induces Vn expression, a
positive loop also observed in the expression of Vn in the
notum (Wang et al., 2000). The increase in cell density
observed in R&42 clones may be associated to an excess in
cell proliferation.

The morphological transformation detected in‘\Raslones
is only associated with autonomous changes in gene
expression. The expressiondbx is only reduced in cells of

Fig. 4. Ectopic co-expression @fg andvg transforms the PE into

wing blade. (A) vg-vgexpressing clones (green, 24-48 hours AEL) . .
transform squamous cells into columnar wing blade cells (see the clone (Fig. 5C) and that ofo-C only autonomously

longitudinal section s1 through the outlined clone). Vg (blue)is ~ induced (Fig. 5D). The expressionw§ and wing bladevg,
present only in cells of the clone, whilab (red) is expressed both  dll), wing hinge ds zfh-2) or late notum thilup (tup), eyd

cell autonomously and non-autonomously. (B)-vgexpressing genetic markers is not induced in these clones (not shown).
clones generated 24-48 hours AEL induce the expression of the ~ These results, taken together, suggest that expression'éfRas
hinge markeefh-2in an exclusively non-autonomous way (see transforms the PE cells into cells of the notum field. Similar to
transverse section s2). The arrowheads indicate a clone in the wingclones expressing Wg, the transformations induced by the
notum side that neither inducefh-2expression in apposed expression of R¥42 are independent of the developmental

peripodial cells nor affects their morphology. Note that the clone in e when the clones are generated, suggesting that Egfr

the peripodial side does not indu-2expression in the wing- —  gjonaliing in PE cells must be repressed throughout larval

notum side either. Arrows indicate untransformed peripodial nuclei. . . ey
development in order to achieve correct specificationYRas

(C) Clones generated 48-72 hours AEL promote autonomous . A .
expression of the wing pouch genetic maxdérin contrast to clones reduce the expressionzffi-2in distal cubic cells (not

earlier clones, the induced expressiomalhis exclusively non- shown) and i_nduce the expressionirof-c (Fig._ _5E), V_VhiCh
autonomous (insets at higher magnification). supports again that the same mechanism driving wing-notum

segregation is active in cubic cells. Similar to Wg-
overexpressing clones, Vn expression or autonomous Egfr
overexpressing Wg, and also R¥s(see below). Clones signalling in the wing-notum side of the disc does not affect
generated in early larval development (24-48 hours AEL}he specification or shape of squamous cells (Fig. 5C,D).
expressnub autonomously and non-autonomously (Fig. 4A), Translumenal effects of Egfr signalling when clones were
while it is expressed only non-autonomously in clonesnduced in the PE were not observed either (Fig. 5B,D).
generated later (48-72 hours AEL) (Fig. 4@h-2induction,  Expression of R&32transforms peripodial cell morphology in
in turn, is exclusively non-autonomous in early clones (Figwing, leg and haltere discs, but not in the eye-antennal disc (not
4B), while in clones generated late in larval development it ishown), confirmation that the genetic requirements for the
both autonomous and non-autonomous (not shown). Theskevelopment of the PE are not shared by all imaginal discs.
results suggest that early Wg-Vg clones are more able to
reproduce the developmental program of the wing field thap,. .
clones induced later, an indication that the PE might acquire&'scuss'on
progressive genetic specification during larval developmenterritorial specification and pattern formation in imaginal discs
preventing a more complete transformation in later clones. have been the subject of extensive research, but the
development of the peripodial side of the discs has been often

Ectopic Egfr signalling transforms the cell neglected in these studies. In the present work, we have studied
morphology and fate of the PE into those of the the genetic specification of the PE in the wing imaginal disc,
notum addressing the mechanisms that pattern the peripodial side of

The role of Egfr signalling in the development of the peripodiathe disc and control the morphology of its cells.
side of the wing imaginal disc was studied by generating clones The first differences at the morphological level between cells
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Fig. 5. Ectopic Egfr signalling
transforms the identity and cell
morphology of the PE into notum.
(A) vnrexpressing clones (green)
transform the cell morphology of
peripodial cells in a incompletely
penetrant way (asterisk in a region
the clone not transformed). The
transformation affects cells outside
the clone (arrowheadibx
expression is repressed in some
regions of the clone. (B) Expressio
of the constitutive Egfr activator
Ras/12 (clones in green) transforms
both cell autonomously and non-
autonomously squamous peripodic
cells into columnar cells, as seen t
in a surface view and a longitudina
section (s1). Arm (red) and TO-PR
3 (blue) staining reveal cell shape i
tissue structure (apical membranes
both sides of the disc separated by
broken line). (C) Ra&2-expressing
clones eliminaté&Jbx expression (rec
in transformed cells inside, but not
outside the clone (inset at higher
magnification of the outlined clone
An asterisk marks the region of nc
autonomous transformation, not
fully penetrant around the clone.
The arrowhead indicates a clone
the wing-notum side that does no
affect apposed squamous cells.
(D) iro-C is induced autonomously
by Ra¥12 expression in peripodial
cells (longitudinal section s2 of th
outlined clone). Asterisk indicates
clone in the wing-notum side of th
disc that does not affect apposed
squamous cells. (E) R42 induces
expression ofro-C in distal cubic
cells (inset at higher magnification of the outlined clone). The clones in all panels were generated 48-72 hours AEL.

of the peripodial and wing-notum side of the wing disc aris@autonomous and non-autonomous when ectopic activity is
during the second larval instar, though a previous genetinduced by the overexpression of the diffusible ligands Wg and
heterogeneity may already exist (discussed below). Th¥n, though this latter in a non-fully penetrant way. The
phenotype of clones lacking Wg and Egfr signalling, as weltransformations induced by R43were also both autonomous

as the expression patterns of downstream gerfie®2 andiro- and non-autonomous, which may be explained by the fact that
C) in wild-type discs, indicate that the activity of both these clones could also induce the expression of Vn. The above
signalling cascades is required in the peripodial side of the disbservations suggest an involvement of both signalling
only for normal development of cubic cells surrounding the PEpathways in the control of cell morphology in the imaginal
but not in the PE itself. Ectopic activation in the PE of the Wdlisc.

or Egfr pathways causes squamous cells to adopt the columnain addition to the change in cell morphology of the PE cells,
morphology characteristic of the cells of the wing-notum sideheir genetic identity is also modified by these clones, as
(Fig. 6A-C). This transformation does not involve changes irdeduced from the loss of the PE matdéxin the transformed

the apicobasal polarity of the cell, as seen by normakrritories. The fate of the territories transformed by either
localization of Arm (Fig. 3A, Fig. 5B), F-actin and Discs largeexpression of Wg or Egfr activity corresponds to wing hinge

1 (Dlgl) (not shown). The transformation induced by ectopi@and notum, respectively, as suggested by the genetic markers
Wg signalling affects exclusively the cells of the clone wherexpressed in these clones (Fig. 6A-C). Ectopic Wg signalling
this pathway is activated by the expression of the autonomoursduces the expression ofh-2 dsandnub. The expression of
activator Arm\a. However, the transformations are both cellnubinduced in these cells is localized mostly in the cytoplasm,



6504 Development 130 (26) Research article

A ng -notum side  cowumar | D s squamous cells H

U i (b
Il'l\"l' ’ / Il l'l” "" \ '.‘ '- § Cubic

Peripodial side squamous
Wg
activity

B Ectopic Wg signamng

|.1| 1 \l !
'“ ]h IIIII u'{ |'.'_Lﬁ" ‘ m F ubic cells squamous cells EGFR

b —" 1 S
Columnar morphology ;
WING HINGE identity ?

C Ectopic EGFR s:gnamng G squamous cells
. ‘l |- I'
iy ..l 1 .ll e .\W’%
— 0 ><
4| Columnar morphology
identity ] Wg or EGFR activity === Ligand concentration

Fig. 6.(A-C) Schematic models of the effects of Wg and Egfr activities in the PE. (A) The squamous morphology and genetic spefification
peripodial cells (A) is transformed by ectopic Wg (B) or Egfr (C) signalling. (D-G) Different mechanisms that could acdberdatisence of

Wg and Egfr signalling in the PE (see Discussion). The decay in the concentration of the ligands from their sources inahewsitp

could lower this concentration down to zero (D) or below a hypothetical activation threshold (E). Alternatively, peripsdialiicebe

refractory to Wg and Egfr activities because of repression of the signals downstream of the receptor level (F) or ddushasedbitif of

the ligands in peripodial cells (G). These two latter possibilities imply a previous genetic heterogeneity that setsdahthénpiesipodial
developmental field from early larval stages and implements suppression of Wg and Egfr signalling (H).

contrary to normal expression in hinge territories, which magxpense of the PE. So, it seems that reduced levels of Wg and
indicate that the transformation is not complete. This suggesEgfr signalling are a prerequisite for the development of the
that the PE could be in some way reluctant to suffer thiperipodial field. The reduced levels of Wg and Egfr signalling
transformation or, alternatively, that additional factors aren the PE cannot be explained by absence of the receptors or
required for the specification of the wing hinge. Ectopic Egfany other elements required for the transduction of the Wg
signalling changes the fate of peripodial cells towards a notuand Egfr signals, given the ability of the Wg and Vn ligands
fate, as inferred from the induction iod-C, but not of wing to induce transformations. Two possible mechanisms could
hinge €fh-2 and nub) or wing blade \{g and dll) genetic account for the absence of Wg and Egfr activity in the PE.
markers. The lack of induction of other more restricted notunil) Normal diffusion of the Wg and Vn ligands is unable to
genetic markers, such eggandtup, restricts the putative new activate the pathway in the PE (Fig. 6D). (2) The normal
fate of these cells to that of the subsetirofC-expressing decay of concentration of the ligands from their sources in
territories in the notum developmental field. Alternatively, thethe wing-notum side could lower this concentration down to
transformation could be incomplete. Unfortunately, it was notzero (Fig. 6D) or below a hypothetical threshold (Fig. 6E).
possible to obtain adult clones in order to accomplish a deep&hese possibilities, however, are challenged by the fact that
study of the transformed fates. Wg and Egfr signalling do not define the limit of the
The ability of Wg and Egfr ectopic signalling to change theperipodial field, as the PE does not expand when we
fate of peripodial cells is independent of the developmentaimultaneously eliminate the activities of the Wg and Egfr
time when the clones are generated. However the PE must pathways in cubic cells. This suggests that a pre-existing
subject to a progressive genetic specification as larvaenetic heterogeneity sets the limits of the prospective
development proceeds. This is evidenced by the fact that Wgeripodial field. Although our data do not reveal the
Vg expression clones generated early are able to reproduce thechanisms that suppress Wg and Egfr signalling in the PE,
developmental program of the wing field to a greater exterthey seem to favour a second model in which the PE is
than the clones induced later, which implies that the PE is lessfractory to these signals (Fig. 6F-H). This could be due to
competent to adopt this fate later in development. a barrier to the diffusion of the ligands in the PE (Fig. 6F) or
Taking together the above results, we conclude that the RBE repression of the signal downstream of the receptor level
constitutes a developmental field in early wing imaginalFig. 6G). Both a barrier to diffusion of the ligands and
discs, different from the wing and notum fields. Thisdownstream repression could be overcome if the amount of
peripodial field does not require the activity of the Wg andigand or downstream signalling is experimentally elevated.
Egfr signalling pathways. Moreover, ectopic Wg and EgfrSuppression of the Wg and Egfr signalling pathways in late
signalling are able to expand the wing and notum fields at thembryonic development, in addition, is a necessary step for



Peripodial epithelium development 6505

the specification of the wing disc primordium and its Drosophila, Vol. 2C (ed. M. Ashburner and T.R.F. Wrigth) pp. 229-235. New
segregation from the leg disc (Kubota et al., 2000; Kubota et York: Academic Press. -
al., 2003). It seems possible, therefore, that the repression o€ M., Moreno, E., Pelaz, S. and Morata, G(1996). Visualization of

th . li th inherited f th b is lat gene expression in living adult Drosophi&tiencell, 252-255.
ese signalling pathways, inherited irrom the embryo, IS la %apdevila, J. and Guerrero, 1.(1994). Targeted expression of the signaling

reStriCth to the peripodial Si(_je of .the _diSC; alternagtively, Fhe molecule decapentaplegic induces pattern duplications and growth
repression of Wg and Egfr signalling in the PE might arise alterations in Drosophila wingEMBO J.13, 4459-4468. o
later as a non-related event. Furthermore, the early repressighp: K. O., Chern, J., 1zaddoost, S. and Choi, K. W2000). Novel signaling

: : : : from the peripodial membrane is essential for eye disc patterning in
of these signals in the wing and notum fields could be, from Drosophila.Cell 103 331-342,

an evolutionary perspective, a suitable mechanism for thnoy, T. . and Perrimon, N.(1992). Use of a yeast site-specific recombinase
generation of a peripodial field in ancestral uninvaginated to produce female germline chimeras in DrosopiBleneticsl 31, 643-653.
discs (Svacha, 1992; Truman and Riddiford, 1999). Clark, H. F,, Brentrup, D., Schneitz, K., Bieber, A., Goodman, C. and Noll,

Some recent reports have focused on a role of the PE of théV. (1995). Dachsous encodes a member of the cadherin superfamily that
. . . . . controls imaginal disc morphogenesis in Drosopl@ianes Dew, 1530-
eye and wing discs in the patterning of the other side of the ;5,5

disc (Cho et al., 2000; Gibson et al., 2002; Gibson andohen, s. M. (1993). Imaginal disc development. The Development of
Schubiger, 2000), showing the ability of Dpp and Hh proteins Drosophila melanogaster, Vol. Il (ed. A. Martinez Arias and M. Bate), pp.
expressed in the PE to affect the development of the other side’47-841. Cold Spring Harbor: Cold Spring Harbor Laboratory Press.

: iez del Corral, R., Aroca, P., Gbmez-Skarmeta, J. L., Cavodeassi, F. and
of the disc. Our results, however, rule out transmmend? Modolell, J. (1999). The Iroquois homeodomain proteins are required to

Commun?cat?on of _the Wg and .ngl’ signals. Transmmenal specify body wall identity in Drosophil&enes Devi3, 1754-1761.
communication of intercellular signals, therefore, is not thesristrom, D. and Fristrom, J. (1993). The methamorphic development of the
simple outcome of the apposition of the two sides of the disc adult epidermis. InThe Development ddrosophila melanogaster (ed. A.
or general secretion of ligands into the disc lumen. On the M::ngfggzt%rr‘g I,;Aré Egte)' pp. 843-897. Cold Spring Harbor: Cold Spring
contrary, transmission of a signal through the disc lumen WOUIeibson, M. C. and Schubiger, G.(2000). Peripodial cells regulate

require specific mechanisms for every different signalling proliferation and patterning of Drosophila imaginal dis€ell 103 343-
pathway. 350. _ _ o

Finally, the comparative analysis among the peripodia13|bson, M. C. and Schubiger, G(2001). Drosophila peripodial cells, more
epithelia of different imaginal discs shows that the  than meets the eyéoEssay23, 691-697.

d | f h PE h h s Gibson, M. C., Lehman, D. A. and Schubiger, G.(2002). Lumenal
evelopment of eac as characteristic genet'ctransmission of decapentaplegic in Drosophila imaginal dides. Cell3,

requirements, at least after their specification, as evidenced bws1-460.
the inability of Wg and R&32 clones to transform the Ito, K., Awano, W., Suzuki, K., Hiromi, Y. and Yamamoto, D.(1997). The
morphology of peripodial cells in the eye-antenna disc. The Drosophila mushroom body is a quadruple structure of clonal units each of

s . . which contains a virtually identical set of neurones and glial cells.
possibility of a common mechanism for the generation of the Development.24 761-771.

peripodial field in all imaginal discs, however, still remains. karim, F. D. and Rubin, G. M. (1998). Ectopic expression of activated Rasl

induces hyperplastic growth and increased cell death in Drosophila imaginal
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