1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Dev Biol. 2007 November 1; 311(1): 25-39.

EGFR/Ras signaling regulates DE-cadherin/Shotgun localization
to control vein morphogenesis in the Drosophila wing

David D. O’Keefel, David A. Proberzv*, Patrick S. Moyle3, Wayne L. Rickoll3, and Bruce A.
Edgarl’T
1 Division of Basic Sciences, Fred Hutchinson Cancer Research Center, Seattle, Washington 98109

2 Molecular and Cellular Biology Program, University of Washington, Seattle, WA 98195
3 Biology Department, University of Puget Sound, Tacoma, WA 98416

Abstract

Egfr/Ras signaling promotes vein cell fate specification in the developing Drosophila wing. While
the importance of Ras signaling in vein determination has been extensively documented, the
mechanisms linking Ras activity to vein differentiation remain unclear. We found that Ras signaling
regulates both the levels and subcellular localization of the cell adhesion molecule DE-cadherin/
Shotgun (Shg) in the differentiating wing epithelium. High Ras activity in presumptive vein cells
directs the apical localization of Shg containing adherens junctions, whereas low Ras activity in
intervein cells allows Shg to relocalize basally. These alterations in Shg-mediated adhesion control
cell shape changes that are essential for vein morphogenesis. While decapentablegic (Dpp) acts
downstream of Ras to maintain vein cell identity in the pupal wing, our results indicate that Ras
controls Shg localization via a Dpp-independent mechanism. Ras, therefore, regulates both the
transcriptional responses necessary for vein cell identity, and the cell adhesive changes that determine
vein and intervein cell morphology.
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Introduction

Genetically specified positional cues direct the morphogenesis and differentiation of
developing tissues. It is far from clear, however, how these signals are translated by developing
cells into the morphological changes necessary for organ formation. In the Drosophila wing,
multiple signaling pathways converge to elaborate a precise pattern of vein and intervein cells
(Sotillos and De Celis, 2005). Veins form hollow, fluid-filled tubes between the two epithelial
wing layers that carry nutrients to living cells of the adult wing, and act as rigid support
structures that are necessary for flight. While the mechanisms by which vein cells are specified
and positioned within the wing field are well understood (Crozatier et al., 2004; De Celis,
2003; De Celis and Diaz-Benjumea, 2003), we know little about the forces that
morphologically distinguish vein and intervein cell types.
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Current models propose that expression of rhomboid (rho) in vein primordia is the first step
in the process of vein cell fate determination. Rho is a Golgi-localized serine protease that
cleaves and activates Epidermal growth factor receptor (Egfr) ligands (Lee et al., 2001; Urban
et al., 2001; Urban et al., 2002). Signaling downstream of the transmembrane Egfr proceeds
canonically through the Ras/Raf/MAP Kinase (MAPK) pathway to affect activity of
transcription factors in the nucleus. rho-expressing cells, therefore, have the highest levels of
Ras/MAPK activity, and ultimately adopt vein cell fates. A wealth of genetic data supports the
hypothesis that Ras/MAPK signaling is required for the initial specification of vein cells. Loss-
of-function mutations in Egfr or downstream components of the RassMAPK pathway result in
loss of veins, whereas ectopic veins develop when Ras/MAPK signaling proteins are
mutationally activated (Brunner et al., 1994; Clifford and Schupbach, 1989; Diaz-Benjumea
and Hafen, 1994; Guichard et al., 1999; Karim and Rubin, 1998; Prober and Edgar, 2000;
Sturtevant and Bier, 1995; Sturtevant et al., 1993). Despite this genetic data, the functional
consequences of Ras activity in these cells (changes in gene transcription or protein function)
that direct vein cell differentiation are not well understood.

In recent years, developmental signaling pathways have been shown to regulate cadherin-
mediated adhesion between cells to effect cell shape changes and tissue morphogenesis (for
example (Jaiswal et al., 2006; Ulrich et al., 2005). Cadherins are transmembrane proteins that
mediate primarily homophilic cell interactions (Nose et al., 1988). In polarized epithelial cells,
cadherins are found in sub-apical adherens junction complexes in association with p-catenin/
Armadillo (Arm), a-catenin and components of the actin cytoskeleton (D’Souza-Schorey,
2005). Cadherin function is required to maintain tissue integrity in innumerable developmental
contexts (Lecuit, 2005), while the regulated loss of cadherin activity is critical as cells undergo
epithelial to mesenchymal transitions (Huber et al., 2005). Differential levels of cadherin-
mediated adhesion can also cause groups of cells to sort into functional units (Nose et al.,
1988). For example, in the chicken spinal cord, functionally related pools of motoneurons
cluster together, and their cadherin-mediated adhesive differences are necessary for motor pool
sorting (Price et al., 2002). It has been demonstrated that changes in adhesivity often result
from signaling between cells. In response to Wnt and BMP signaling in the mouse epidermis,
for example, E-cadherin is downregulated to allow for hair follicle invagination (Jamora et al.,
2003). The Sonic Hedghog pathway has also been shown to increase N-cadherin-mediated cell
adhesion during differentiation of vertebrate neuroepithelial cells (Jarov et al., 2003). Altered
cell adhesion, therefore, is often an important functional consequence of long and short range
signaling between cells.

In Drosophila, there is a particularly striking link between Egfr/Ras signaling and the adhesion
molecule Drosophila E-cadherin (DE-cadherin), encoded by the gene shotgun (shg). During
embryonic optic placode formation, Egfr signaling downregulates Shg to allow for
invagination of placode cells (Dumstrei et al., 2002). In the developing Drosophila trachea,
Egfr activity upregulates shg expression to maintain epithelial integrity of the elongating
tracheal tubes (Cela and Llimargas, 2006). In the eye, Egfr activity leads to increased levels
of Shg adhesivity between photoreceptors (Brown et al., 2006; Mirkovic and Mlodzik, 2006).
In these contexts, Egfr has been shown to affect both shg transcription, and the post-
translational levels of Shg protein.

Here we provide evidence that the Egfr/Ras pathway regulates not only shg expression, but
also protein localization during the process of Drosophila wing vein specification and
differentiation. Shg-mediated adhesive differences are first seen in the wing during larval
stages, when presumptive vein cells express higher levels of shg. As the wing differentiates
during pupal stages, and vein and intervein cells become morphologically distinct, Shg-
mediated adhesion is necessary for formation of the vein structure. At this stage of
development, Ras signaling regulates the apical/basal distribution of Shg and the adherens
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junction complex of proteins. Surprisingly, this effect on cell adhesion is independent from the
effect of Ras on vein cell fate. In this way, we define a regulatory network linking the Ras
developmental signaling pathway to the cell adhesive changes necessary to differentiate the
wing vein structure.

Materials and Methods

Fly Strains

w; +; Actin 5¢>CD2>Gal4, UAS-GFPy s (Neufeld et al., 1998; Pignoni and Zipursky, 1997)
hs-FLP122; +: UAS-RasV12 (Karim and Rubin, 1998)

w; +; FRT(82B), rast4%/TM6B (Schnorr and Berg, 1996)
w; +; FRT(82B). Ub-GFP

w: UAS-P35; + (Hay et al., 1994)

w; engrailed-Gal4; +

w; +; FRT(82B), M(3)95A, Ub-GFP/TM6B (Andersson et al., 1994)
w; shg-lacz; + (Tanaka-Matakatsu et al., 1996)

arm-lacZ

w; +; rho-lacz (Freeman et al., 1992)

dsrf-lacZ (Montagne et al., 1996)

w; +; rhoVe vnl

w; ap®a (Calleja et al., 1996)

w; +; tubulin-Gal80® (McGuire et al., 2003)

FRT(42D), shgR89; tubulin-shg (Pacquelet et al., 2003)
UAS-dad (Tsuneizumi et al., 1997)

UAS-TkvQ235D (Nellen et al., 1996)

UAS-Ras¥12:535 (Karim and Rubin, 1998)
UAS-RasV12:G37 (Karim and Rubin, 1998)
UAS-rhomboid

UAS-A-torpedo (activated Egfr) (Queenan et al., 1997)
UAS-Raf-DN 3.1

UAS-Raf-GOF

UAS-SEM 8.7
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UAS-MKP3 (Rintelen et al., 2003)

w; shgR69 (Tepass et al., 1996)

hs-FLP122; FRT(42D), shgR®9, pwn

w; FRT(42D), Ub-GFP

hs-FLP122; UAS-shg (D33) (Sanson et al., 1996)
1096-Gal4

Details of how the UAS-shg-IR, UAS-Egfr-IR, UAS-dlg-IR and UAS-mew-IR constructs were
generated are described at NIGFLY (see http://www.shigen.nig.ac.jp/fly/nigfly/). Base pair
712-1210 (499) from CG3722-RA was used for UAS-shg-IR, base pair 72-571 (499) from
CG10079-RB was used for UAS-Egfr-IR, base pair 3046-3520 (474) from CG1725-RB was
used for UAS-dIg-IR, and base pair 373-995 (623) from CG1771-RB was used for UAS-mew-
IR. In each case, no exact matches to other coding regions in the Drosophila genome are
indicated. Information concerning potential off-target sites associated with these UAS-RNAI
transgenes can be found at the site listed above. All genetic experiments were conducted at 25°
C unless otherwise specified.

Overexpression analysis

GFP-marked clones of cells overexpressing various UAS-regulated transgenes were generated
using the Flp/Gal4 method (Neufeld et al., 1998; Pignoni and Zipursky, 1997; Struhl and
Basler, 1993). Larvae were staged from hatching and raised at a density of 50 per vial at 25°
C. At approximately 72 hours after egg deposition (AED) animals were heat-shocked 8-12
minutes ina 37°C water bath. Wing discs were dissected from wandering larvae (approximately
120 hours AED). The ap®al4, UAS-GFPy s/CyO; tubulin-Gal80ts (ap®alts) system was used
to express UAS-regulated transgenes in the dorsal pupal wing epithelium. Animals were raised
at 18°C and shifted to 30°C at 0 hours after puparium formation (APF). At 30°C, Gal80' was
inactivated, thereby activating Gal4-mediated transgene expression. Wings were dissected 30—
33 hours later, which is equivalent to 36 hours at 25°C. Throughout the text, pupal wing age
will be expressed in 25°C hour equivalents.

Mitotic recombination

Muitotic recombination was induced using the FIp/FRT method (Xu and Rubin, 1993) by a 45
minute heat shock in a 37°C room at 48 or 72 hours AED. Wing discs were analyzed at 120
hours AED. en-Gal4 was used to express P35 in the wing to increase survival of ras®4%° mutant
cells. 1096-Gal4 was used to express P35 in the wing to increase survival of shgR6® mutant
cells.

Immunocytochemistry

Larval discs and pupal wings were fixed in 4% paraformaldehyde/PBS for 20 minutes at room
temperature. Samples were placed in blocking solution (0.1% Triton-X/4% Normal Goat
Serum/PBS) over-night at 4°C before incubation with primary antibodies over-night at 4°C in
the same solution. Primary antibodies used were rat anti-Shotgun (Oda et al., 1994) (DCAD2,
1:20 discs, 1:100 pupal wings), mouse anti-Armadillo (Developmental Studies Hybridoma
Bank, 1:100), mouse anti-dpERK (Sigma, 1:200), mouse anti-p-Galactosidase (Cappel,
1:10,000), mouse anti-DSRF (Geneka Biotechnology, 1:500), mouse anti-B-PS-integrin
(Developmental Studies Hybridoma Bank, 1:100), mouse anti-Discs-large (Developmental
Studies Hybridoma Bank, 1:100), rat anti-a-catenin (Oda et al, 1993, 1:100). Alexa 488-, 568-,
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and 633-conjugated secondary antibodies were used (Molecular Probes, 1:1500). Nuclei were
stained with Hoechst 33258 (Acros, 1:1000). Discs were mounted in Fluoroguard (Biorad) and
imaged on a Leica TCS SP confocal microscope. Optical cross-sections through pupal wings
are projections of xz images representing 8-15 um. Stacks of images were compiled and
analyzed using Image J and Adobe Photoshop.

Electron Microscopy

Results

Dissected wings were fixed by immersion in 2% glutaraldehyde, 2% paraformaldehyde, 2%
acrolein, 2% DMSO in 0.05M sodium phosphate buffer (pH = 7.2) on ice for two hours. Wings
were rinsed three times in 0.1M sodium cacodylate buffer (pH = 7.2), and then post-fixed in
2% osmium tetroxide in 0.1M sodium cacodylate. The tissue was washed three times in distilled
water, and block stained in 1% uranyl acetate at 5°C overnight. Wings were then dehydrated
through a graded series of ethanol to propylene oxide, infiltrated over two days through a graded
mixture of propylene oxide/Epon-Araldite resin to complete resin. After 24 hours in complete
resin, wings were embedded in Epon-Araldite resin and cured for 36 hours at 60° C. Thin
sections (60 to 80 nm) were cut on a Leica Ultracut UCT and the sections were stained with
uranyl acetate followed by bismuth subnitrate. Sections were analyzed on a Zeiss 902
transmission electron microscope, and images were captured on a Hammamatsu CCD digital
camera.

Ras activity regulates shg expression

GFP-marked clones of wild-type cells generated using the Flp/Gal4 method form irregular
shapes with uneven borders, suggesting that they mix freely with neighboring cells (Fig. 1A).
In contrast, clones of cells expressing a mutationally activated form of Drosophila Ras,
RasV12 (Karim and Rubin, 1998), are round and have smooth borders (Prober and Edgar,
2000;Prober and Edgar, 2002), suggesting that they have altered adhesive properties and resist
mixing with neighboring wild-type cells (Fig. 1B). This phenotype is similar to that of clones
overexpressing the intercellular adhesion mediator DE-cadherin/Shg (Dahmann and Basler,
2000). To determine whether endogenous Ras normally regulates affinity between cells, we
used FLP/FRT-mediated mitotic recombination to generate rast4%? mutant clones (Schnorr
and Berg, 1996). P35 was expressed via en-Gal4 to increase the survival of ras®40 mutant
cells, which grow slowly and die rapidly. Clones of cells lacking ras function were also round
with smooth borders (Fig. 1C), suggesting that endogenous ras is required for normal adhesion
between cells.

Since Ras appeared to affect cell affinity in the developing wing, we tested whether Ras
regulates cell adhesion by modulating shg levels. Using the Minute technique, we generated
large clones of ras¢4% mutant cells in the wing disc. These mutant cells expressed much less
shg as measured using a shg-lacZ reporter, which is known to accurately reflect shg
transcription patterns (Fig. 1D) (Tanaka-Matakatsu et al., 1996). Conversely, clones of cells
expressing RasV12 had elevated levels of shg-lacz expression (Fig. 1E). Cross-sectional images
revealed that these wing disc clones also had elevated levels of Shg protein (not shown). Shg
protein is normally found together with -catenin/Arm and a-catenin in adherens junction
complexes in epithelial cells (Peifer, 1993). a- and B-catenin were similarly present at higher
levels in RasY12 expressing cells (not shown). This suggests that Ras¥12 promotes the
formation of adherens junction complexes. Since Ras¥12 had no effect on an arm-lacz reporter
(not shown), we infer that RasV2 increases cell adhesion in the developing wing by inducing
shg transcription, and that increased Shg levels then recruit cytoplasmic pools of Arm to
adherens junctions at the cell membrane, resulting in more adherens junction complexes and
thus stronger cell-cell adhesion.
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Patterns of shg expression correlate with patterns of MAPK activity and vein cell identity

Genetic analyses have demonstrated that low levels of Ras activity are required for growth and
survival of all cells in the developing wing (Bier, 1998; Diaz-Benjumea and Hafen, 1994;
Prober and Edgar, 2000). In addition, high Ras activity levels are found in presumptive vein
cells and in stripes of cells on either side of the D/V boundary (corresponding to presumptive
wing margin cells) during the late third larval instar. An antibody that recognizes the activated
form of MAPK (di-phospho-ERK) reveals this pattern (Fig. 2A and (Gabay etal., 1997). While
increased di-phospho-ERK (dp-ERK) has been reported along the wing margin and in all
presumptive vein cells (Guichard et al., 1999; Martin-Blanco et al., 1999), we generally
observed elevated levels only along the wing margin and in veins L3 and L4 (Fig. 2A).
Interestingly, we observed elevated levels of shg-lacz (Fig. 2B), Shg protein (Fig. 2C), and
Arm protein (Fig. 2D) in a similar spatio-temporal pattern. Cells with high levels of Arm and
Shg co-localized with cells expressing rho-lacz, and with cells not expressing the intervein
marker dsrf-lacz (not shown). Thus, high levels of endogenous Ras activity in presumptive
vein and wing margin cells correlate with high levels of shg mRNA and Shg and Arm protein.

To determine whether this correlation depends on Ras activity, we examined Shg and Arm
levels in rho*e,vn! mutant animals. rho¢ and vn! are wing-specific hypomorphic alleles of
rho and the Egfr ligand vein, respectively. rho*€,vn! larvae have normal levels of MAPK
activity in wing margin cells, but lack high MAPK activity in presumptive vein cells (Fig. 2F)
(Guichard et al., 1999;Sturtevant et al., 1993). Adult rho¥e,vnl flies have normal wing margins
but lack all veins (Fig. 2J). Wing discs from homozygous rho'e,vn! larvae had elevated levels
of shg-lacz, Shg and Arm in presumptive wing margin cells, as in wild-type discs, but lacked
elevated shg-lacz, Shg, and Arm in cells that would normally form veins (Fig. 2G-I). Thus,
activation of MAPK in presumptive vein cells is required for the increased Shg and Arm levels
normally observed in these cells. These correlations suggest that Ras signaling normally
increases levels of cell-cell adhesion in presumptive wing margin and vein cells during the late
third larval instar.

Shg localization is dynamically regulated during wing vein differentiation

As development proceeds, and vein and intervein cells become morphologically distinct, the
pattern of Shg localization becomes increasingly refined. During larval stages, highest levels
of Shg were observed in presumptive vein cells (Fig. 3A), and the majority of this protein was
located near the apical cell surface (sub-apical), where epithelial adherens junctions typically
are located (Fig. 3A"). After puparium formation (APF), disc elongation creates a bi-layered
epithelial wing structure with the basal surfaces of dorsal and ventral wing cells apposed. At
24 hours APF (shortly after dorsal/ventral re-apposition) high levels of sub-apical Shg were
found in broad bands of presumptive vein cells (Fig. 3B,B’). Extremely high levels of Shg were
also found in sensory structures along the wing margin and vein L3. At 30 hours APF, Shg
began to accumulate near the basal surface of intervein cells, while in vein cells, Shg remained
near the apical surface (Fig. 3C,C’). By 36 hours APF this pattern was further refined. In
intervein cells, the majority of Shg was found basally, at points of contact between the dorsal
and ventral wing surfaces, while Shg was maintained sub-apically in vein cell (Fig. 3D,D’).
Similar spatio-temporal patterns of protein localization were seen with other components of
the adherens junction, namely Arm and a-catenin (data not shown). This suggests that by 36
hours APF, adherens junction protein complexes localize to different sub-cellular
compartments in vein and intervein cells.

Since a dramatic shift in sub-cellular localization of adherens junction-associated proteins was
observed in intervein cells during the early stages of pupal wing development, we tested
whether other junctional proteins were similarly affected. In 24 hour APF pupal wings, Discs-
large (DIg), a critical component of the septate junction (Woods et al., 1996), is found more
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basolaterally than adherens junctions, but still near the apical surface of epithelial cells (Fig.
4A). In contrast, B-Integrin is found at the basal surface of wing epithelial cells (Fig. 4C)
(Brower and Jaffe, 1989; Fristrom et al., 1993). Between 24 and 36 hours APF, localization of
these proteins in the wing epithelium did not change (Fig. 4B,D). Thus the apical/basal polarity
of both vein and intervein wing cells remains constant during these early pupal stages, but the
distibution of adherens junction components within the basolateral domain of intervein cells
is altered.

Transcriptional regulation of shg is not essential for wing vein patterning or differentiation

Our results demonstrate that during the course of wing vein development, shg-mediated
adhesion between cells is regulated both transcriptionally (vein cells express more shg) and
post-translationally (Shg distribution differs between vein and intervein cells). To determine
whether the transcriptional regulation of shg plays a critical role during the specification and
morphogenesis of wing veins, we examined shg mutant flies that were rescued with a tubulin-
shg transgene (Pacquelet et al., 2003). With the endogenous shg gene eliminated, and a
tubulin promoter driving shg transcription, each cell expresses an essentially equivalent level
of shg. In this way, Ras signaling cannot affect shg transcription. Examining Shg localization
in wing discs of this genotype showed uniform levels of Shg across the wing pouch epithelium
(although less Shg was found at the wing margin) (Fig. S1A). Optical cross-sections through
the pouch region revealed no differences in Shg levels where presumptive wing veins would
normally be found (Fig. S1B, compare to Fig. 3A"). At 36 hours APF, Shg levels in the rescued
wings were generally elevated, but the vein/intervein and apical/basal patterns of Shg
localization were similar to wildtype (Fig. S1C). Surprisingly, a small number of shg mutant
animals were rescued to adulthood by the tubulin-shg transgene, and the veination pattern in
their wings was normal (Fig. S1D). This indicates that the regulation of shg expression by Egfr/
Ras signaling is dispensible for wing vein patterning and morphogenesis. In addition, it
suggests that post-translational effects on Shg sub-cellular localization play the critical role
during wing vein formation.

Egfr/Ras signaling regulates Shg localization

Since Ras’ ability to regulate shg transcription is dispensible during vein formation, we asked
whether Ras activity effects Shg subcellular localization. Until 24 hours APF, Shg and the
other components of the adherens junction are located near the apical surface in both vein and
intervein cells (Fig. 3B’). After this time, vein and intervein cells differ in their subcellular
localization of Shg. To ask what effect Ras signaling has on Shg localization, we devised a
system to express RasV12 in wing cells only after pupariation. In this way, the effects of
RasV12 on cell proliferation and wing disc patterning during larval development were avoided.
In order to temporally control expression in the wing, we combined the ap®@ driver (Calleja
et al., 1996) with the temperature sensitive tubulin-Gal80® transgene (McGuire et al., 2003).
This transgene combination will be referred to as ap®a!s. Animals of the genotype ap&alts;
UAS-RasY12/UAS-GFP were raised at 18°C until puparium formation. At this temperature
Gal80® prevented activation of the UAS transgenes by Gal4. At approximately 0 hours APF,
animals were shifted to the Gal80% non-permissive temperature (30°C) and UAS-transgene
expression was activated. Based on GFP fluorescence, transgene activation via ap®a!s was
detectable within four hours of the temperature shift, and reached maximal levels by 24 hours
(not shown). Wings were subsequently dissected at 30-33 hours APF, which is equivalent to
36 hours APF at 25°C.

We distinguished between vein and intervein cells in pupal wings through localization of the
Drosophila Serum Response Factor (DSRF). DSRF is a transcription factor encoded by the

gene blistered, whose expression is restricted to intervein territories, and promotes intervein
cell fate (Montagne et al., 1996). RasV12 expressing dorsal wing epithelia completely lacked
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DSRF expression (Fig. 5D), indicating that every cell had adopted a vein cell fate.
Concomitantly, these cells had extremely high levels of sub-apical Shg (Fig. 5C), and
constricted apical surfaces compared to intervein cells (compare Fig. 5G, 5H). The RasV12-
expressing dorsal epithelial cells also assumed an exaggerated pseudo-stratified
cytoarchitecture (the cells expanded along the apical-basal axis). Expression of RasV12 after 0
hours APF, therefore, promotes vein identity and dramatically affects Shg localization and cell
shape.

Loss of Egfr signaling during early pupal stages also affected vein/intervein identity and Shg
localization, but in a manner opposite to RasV12. An Egfr inverse repeat transgene (UAS-Egfr-
IR), in combination with the ap©alts system, was used to deplete Egfr from 0-36 hours APF.
In these wings, DSRF was expressed uniformly throughout the dorsal epithelium, indicating
a loss of vein cells (Fig. 5F). Egfr-IR expressing cells failed to adopt a vein cell morphology,
restricting the vein lumen to the ventral half of the wing epithelium, and flattening the cells
apico-basally (Fig. 5E,I). The sub-apical accumulation of Shg in vein regions was also
prevented, as every Egfr-IR expressing cell adopted an intervein pattern of Shg localization
(Fig. 5E). During early pupal stages, therefore, Egfr/Ras signaling is both necessary and
sufficient for vein cell identity and sub-apical Shg localization.

Shg localization and vein cell fate are regulated independently

In the above experiments, however, it is unclear whether the effects on Shg localization result
from Egfr/Ras signaling directly, or as a downstream consequence of vein cell fate induction.
Initially, we considered whether Ras indirectly affects Shg through integrins. One striking
difference between vein and intervein cells is that integrins localize to the basal surface of
intervein cells, but are absent from vein regions (Fig. 4D) (Fristrom et al., 1993). Since
RasV12, when expressed via the ap®alts system, significantly reduced B-integrin levels
throughout the wing (not shown), we hypothesized that integrins were required for the basal
localization of Shg in intervein cells. To test this idea, we used an inverse repeat transgene
specific for the a-PS1-integrin subunit (encoded by the gene multiple edematous wings
(mew)) to deplete mew expression in the pupal wing. Expressing UAS-mew-IR via ap©al4,
eliminated integrin-mediated adhesion from early larval stages and blocked apposition of
dorsal and ventral wing surfaces at 36 hours APF. However, Shg localization was normal,
indicating that a-PS1-integrin and dorsal/ventral apposition are not required for the basolateral
redistribution of Shg in pupal intervein cells (Fig. 4E).

To further address whether Ras could affect Shg localization independent of vein cell identity,
we manipulated Decapentaplegic (Dpp) signaling in the pupal wing. Several studies have
shown that the secreted morphogen Dpp acts downstream of Egfr/Ras signaling during pupal
stages to maintain vein cell fate (de Celis, 1997; Sotillos and De Celis, 2005). Expression of a
mutationally activated form of the Dpp receptor Thickvein (TkvQ235D), transformed intervein
cells into vein cells during pupal stages, as assayed by loss of DSRF (Fig. 6B). In these wings,
Shg levels were elevated, but the protein was not preferentially concentrated at the apical cell
surface (Fig. 6A). In addition, TkvQ235D expressing wings were dramatically blistered. Since
RasV12 and TkvQ235D had different effects on Shg localization and vein cell morphology, we
next inhibited Dpp signaling in RasV12 expressing cells to generate RasV12 expressing cells
with intervein identity. Daughters against Dpp (Dad) inhibits the Dpp signaling pathway
(Tsuneizumi et al., 1997), and blocked vein cell identity, as assayed by DSRF, when expressed
in pupal wings (Fig. 6D, (Sotillos and De Celis, 2005)). Dad expressing cells did not adopt a
vein cell morphology, and so the vein lumen was restricted to the ventral half of the wing (Fig.
6C). As has previously been shown in adult wings (Sotillos and De Celis, 2005), Dad inhibited
the ability of RasV12 to direct vein cell identity. Pupal wings expressing both Ras¥12 and Dad
had a relatively normal pattern of vein and intervein cell identities (Fig. 6F). These RasV12

Dev Biol. Author manuscript; available in PMC 2008 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

O’Keefe et al.

Page 9

expressing intervein cells, however, had elevated amounts of apically localized Shg (Fig. 6E).
Thus, Ras signaling can affect the levels and localization of Shg independent of its effect on
vein cell identity and Dpp signaling.

Since Ras activation affected Shg localization in intervein cells, we performed the reciprocal
experiment and inhibited Egfr/Ras signaling in vein cells. It has been demonstrated that Tkv
activation in the absence of Egfr signaling results in ectopic wing veins, although the effects
are less penetrant than with Tkv alone (Sotillos and De Celis, 2005). Using the ap&2lts system,
Egfr-IR expression together with TkvQ235D resulted in ectopic wing vein tissue. The dorsal
epithelium lacked DSRF expression (Fig. 6H), but Shg was not found concentrated at the apical
cell surface. Instead Egfr-IR expressing vein cells adopted an intervein pattern of Shg
localization (Fig. 6G). These results demonstrate that in the pupal wing, Egfr/Ras signaling
regulates Shg localization, and vein cell identity via different mechanisms.

To better understand the mechanism by which Egfr/Ras signaling affects vein cell fate and/or
morphology (DSRF and/or Shg), we tested known Ras effectors in our pupal wing assay.
Analysis of Ras effector-loop mutants (Kinashi et al., 2000; Pacold et al., 2000; Prober and
Edgar, 2002; Rodriguez-Viciana et al., 1997), suggested that Ras acts through the Raf/MAPK
pathway (rather than through PI3-Kinase or RalGDS) to control Shg localization and vein cell
fate. The effects of RasV12:535 (in general, a Raf/MAPK-specific version of activated Ras) on
pupal wing development were indistinguishable from RasV12 (Fig. S2E,F). However,
RasV12:535 js not absolutely Raf/MAPK-specific (Rodriguez-Viciana et al., 2004), diminishing
the certainty of this conclusion. We went on to test additional components of the Raf/MAPK
signaling cassette and, with a few exceptions, most of the experiments supported the hypothesis
that Ras acts through the canonical Rho/Egfr/Ras/Raf/MAPK pathway to regulate both vein
identity and cell adhesion (see Fig. S2). Notably, MKP3, an inhibitor of MAPK (Gomez et al.,
2005; Muda et al., 1996; Rintelen et al., 2003), suppressed the effects of RasV12 on Shg
localization and DSRF expression (Fig. S2Q,R). However, in each instance we saw effects on
both DSRF and Shg. Therefore, the point at which the signaling pathway diverges to control
vein identity and cell morphology independently remains unresolved.

Ras signaling affects adherens junction morphology

To more carefully examine Ras’ effect on epithelial cell adhesion, we imaged cell junctions
directly using transmission electron microscopy (TEM). The apCALtS system was used to
express Ras¥12 or TkvQ235D from 0-36 hours APF, at which time the wings were dissected
and prepared for imaging. Intervein regions had adherens junctions spaced at regular intervals
near the apical surface (Fig 7B). In addition, basal adhesive contacts that resembled adherens
junctions were observed between the dorsal and ventral wing epithelia (Fig. 7A) (Fristrom et
al., 1993). RasV12 expression greatly expanded the apico-basal width of the dorsal wing
epithelium compared to the ventral control (Fig. 7C), as we had previously observed (Fig.
5C,D). Basal contacts between the two epithelial surfaces were disrupted, and large blisters
were found throughout the wing (Fig. 7C). When the apical surface was examined, dramatically
enlarged adherens junctions were found in the RasV12 expressing cells (Fig. 7D). The enlarged
junctions were also more closely spaced than in wildtype intervein tissue, suggesting that
RasV12 causes pupal wing cells to apically contrict. This agrees with our immunohistochemical
data (Fig. 5C,H). However, since both increased levels of Shg protein, and the apical
constriction of epithelial cells would be predicted to affect adherens junction size and/or
morphology, it is unclear which RasV12 effect is dominant in this context. In contrast, no
difference in adherens junction morphology was observed between the dorsal and ventral wing
epithelia of TkvQ235D expressing wings (Fig. 7F). These images illustrate the profound effect
Ras signaling has on adhesion between cells, and adherens junction morphology in particular.
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Furthermore, as our light micrographs suggested, this indicates that while RasV12 and
TkvQ235D have similar effects on vein cell fate, their effects on cell adhesion are distinct.

Altering Shg levels affects wing vein differentiation

Having established that shg expression and protein localization are controlled by Ras signaling
in the developing wing, we wanted to investigate the role shg plays in vein morphogenesis. To
address this question, we initially generated shg loss-of-function clones (using the null allele
shgR69) and examined the adult wing vein pattern. Clones were induced at 72 hours AED, and
P35 was expressed via 1096-Gal4 to increase mutant cell survival. Compared to control wings
(Fig. S3A), loss of shg in clones of cells often resulted in ectopic vein material (Fig. S3B).
However, by the adult stage, shg mutant cells (marked with pawn) had been eliminated,
indicating a non-autonomous effect on wing vein patterning. In addition, we generated shg
gain-of-function clones and observed a similar effect on wing morphology: ectopic wing veins
and margin defects (Fig. S3C-E). Examining newly eclosed adults revealed that ectopic vein
branches were always associated with shg-expressing clones of cells (Fig. S3E). While these
results indicate that Shg-mediated adhesion between cells is required for proper wing vein
formation, itis not clear whether these phenotypes are related to the Egfr/Ras-dependent effects
on Shg localization we have described during pupal stages.

To more effectively investigate the role Shg plays during pupal wing vein morphogenesis, we
used a shg inverse repeat transgene (UAS-shg-IR), together with the ap®alts system, to deplete
shg at this developmental stage. When shg-IR was expressed from 0-36 hours APF, the pupal
wing epithelium remained intact, as measured by DIg localization (Fig. S4C), but Shg levels
(Fig. 8D) and epithelial adherens junctions (Fig. 81,K) were severely reduced. Using this
system, loss of Shg after puparium formation inhibited the morphogenesis of veins. In both
wildtype and GFP-expressing control animals, vein and intervein cells were morphologically
distinct by 36 hours APF. Dorsal and ventral vein cells did not adhere to one another at this
stage (in contrast to intervein cells), and constricted along their apical/basal axis to form a vein
lumen (Fig. 8A-C, (Fristrom et al., 1993)). Depletion of Shg from 0-36 hours APF, however,
prevented formation of the vein lumen. shg-IR expressing pupal vein and intervein cells were
morphologically indistinguishable (Fig. 8D—F), even though DSRF localization revealed the
presence of both cell types (Fig. 8G). This indicates that Shg-mediated adhesion between cells
is important during pupal stages for the cell shape changes necessary for veins to
morphologically differentiate. These animals did not survive till adulthood, however,
precluding analysis of the adult wing vein structure.

To ask whether other epithelial cell junctions play a similar role during wing vein
morphogenesis, we disrupted septate junctions and analyzed vein cell shape. Septate junctions
are located more basally than adherens junctions, and DIlg, a membrane-associated guanylate
kinase homolog, is necessary for their formation (Woods et al., 1996). In 36 hour APF pupal
wings, DIg was localized near the apical surface of both vein and intervein cell types (Fig.
S4A). Using a UAS-dIg-IR transgene together with ap©2ts, DIg was reduced to undetectable
levels in the dorsal pupal wing. Despite the absence of visible septate junctions in these cells,
vein morphology was undisturbed and the vein lumen formed normally (Fig. S4B). Therefore,
not every type of cell-cell contact is required for the morphological differentiation of wing
veins.

Experiments in which Shg levels were depleted during pupal stages also indicated that Shg is
not required for apposition of the dorsal and ventral wing surfaces. Based on the timing of Shg
relocalization toward the basal surface, we had hypothesized that Shg was involved (along with
integrins) in mediating adhesion between intervein cells of the dorsal and ventral wing epithelia
(Brower and Jaffe, 1989). However, while the expression of shg-IR in pupal wings eliminated
the accumulation of basal Shg in intervein cells and disrupted basal adherens junction
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complexes between the dorsal and ventral wing surfaces (Fig. 8K), it did not result in wing
blistering (Fig. 8D,K). Therefore, Shg is not essential for adhesion between the dorsal and
ventral wing epithelia.

Discussion

A complex array of genetic factors that pattern the developing Drosophila wing field and
specify cell identities within the initially uniform epithelium has been well described. It is less
clear, however, how these signals are translated into epithelial cell shape changes necessary
for formation of the adult wing structure. The pupal wing blade, examined 36 hours APF,
consists primarily of two morphologically distinct cell types: vein and intervein. Signaling
through the Egf/Ras/MAPK pathway is a critical determinant of vein cell identity, and yet the
downstream effectors that control vein cytoarchitecure remain undescribed. Here we
demonstrate that Ras signaling regulates adhesion between cells by altering both the levels of
DE-cadherin/shg expression, and the sub-cellular localization of Shg protein. In turn, Shg-
mediated adhesion is necessary for the morphogenesis of veins.

Egfr/Ras signaling regulates Shg-mediated cell adhesion in developing wing vein cells

We have demonstrated that presumptive vein cells in the larval wing imaginal disc express
elevated levels of DE-cadherin/shotgun. We found that rho, vn and ras are normally required
to maintain high levels of shg expression in these cells. Furthermore, we found that ectopic
Ras activity is sufficient to induce shg expression in the developing wing, resulting in increased
levels of adherens junction-associated proteins at the sub-apical cell surface. However, we
subsequently determined that uniform expression of shg throughout the imaginal disc (via a
tubulin-shg transgene) is sufficient for normal wing vein patterning, and thus we conclude that
Ras-dependent effects on shg expression are not required during the larval stage of
development.

While differences in shg expression are not required to determine the spatial pattern of vein
and intervein cell identities in the wing imaginal disc, we found that Shg-mediated adhesion
is necessary for morphogenesis of the wing vein structure later in development. Using a
temperature sensitive Gal4 system in combination with a UAS-shg-RNAI transgene, we
depleted Shg levels during pupal stages when vein and intervein cells were becoming
morphologically distinct. Depleting shg from 0-36 hours APF did not interfere with vein/
intervein cell identities, or disrupt integrin-mediated adhesion between dorsal and ventral
intervein cells, or disturb epithelial integrity of the wing blade. However, wing vein
morphology was compromised. By 36 hours APF, wildtype vein cells are constricted along
their apical/basal axis (compared to intervein cells), thereby forming a wing vein lumen. Vein
cells lacking Shg, and therefore the adherens junction complex, failed to form a lumen and
were morphologically indistinguishable from the adjacent intervein cells.

Ras regulates vein cell identity and Shg localization via independent mechanisms

The basolateral distribution of Shg is dynamically regulated during pupal wing differentiation.
From larval stages until 24 hours APF, Shg was concentrated sub-apically (where adherens
junctions are typically found) in both presumptive vein and intervein cells. By 36 hours APF,
however, the majority of Shg in intervein cells was found near the basal cell surface, while Shg
remained sub-apical in vein cells. RasV12 expression during pupal development created ectopic
vein cells that had high levels of sub-apically localized Shg, as is normally observed in
developing veins. TEM analysis indicated that adherens junctions in RasY12 expressing cells
were greatly enlarged. By inhibiting Dpp signaling (via Dad) in Ras¥12 expressing cells, we
were able to generate RasV12 expressing cells with intervein identity. Shg levels in these cells
were elevated and sub-apcially localized as in vein cells. Conversely, by expressing Egfr-IR
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together with TkvQ235D we generated cells with vein identity that lacked Egfr signaling. In
these cells, Shg localization was primarily basal, resembling the intervein pattern. These results
indicate that Ras, in addition to controlling vein cell identity, independently regulates Shg
localization to control vein cell morphology (Fig. 9).

Our results indicate that Ras signaling post-translationally affects both the level and basolateral
distribution of Shg and the adherens junction complex of proteins. This is in agreement with
other studies describing post-translational effects of Egfr signaling on Shg levels in the
Drosophila eye and trachea (Brown et al., 2006; Cela and Llimargas, 2006), although
mechanistically itis unclear how Ras affects Shg. As a first step toward answering this question,
we examined effector-loop mutants of Ras that prevent activation of specific downstream
effectors. For example, RasV12:535 specifically activates Raf/MAPK signaling (Kinashi et al.,
2000; Pacold et al., 2000; Prober and Edgar, 2002; Rodriguez-Viciana et al., 1997), whereas
RasV12.G37 activates P13-Kinase and RalGDS, but not Raf/MAPK signaling (Rodriguez-
Viciana et al., 1997). While the specificities of the activated Ras isoforms are not absolute
(Rodriguez-Viciana et al., 2004), we found that the Raf/MAPK-specific, activated form of Ras
(RasV12:535) promoted vein cell identity and the sub-apical localization of Shg. Further down
the pathway, Raf-DN eliminated vein cells, while an activated version of MAPK caused ectopic
veins to form. Finally, MKP3, an inhibitor of MAPK, suppressed the ability of RasV12 to inhibit
DSRF expression and drive apical Shg localization. While these data support the idea that Shg
is controlled via the canonical Egfr/Ras/Raf/MAPK pathway, inconsistencies exist. Most
strikingly, an activated version of Raf inhibited vein cell identity. Why Raf-DN and Raf-GOF
had similar effects on vein/intervein specification remains unresolved. What is clear, however,
is that a split in the pathway (one fork affecting vein cell fate, and the other Shg localization)
has not been found. Elucidating the pathway of control between Ras and the adherens junction
complex, therefore, is an interesting challenge for the future.

Egf and Dpp signaling affect different aspects of vein morphology

In the pupal wing, Dpp is a principle effector of Egfr/Ras signaling, and Dpp activity is required
for maintenance of vein cell identity. However, the phenotypic differences between RasV12
and TkvQ235D expression in the pupal wing indicate that Ras has Dpp-independent effects in
pupal vein cells as they differentiate. Using ap®alts, both RasV12 and TkvQ235D transgenes
transformed dorsal intervein cells into vein cells. However, Ras¥12 expressing cells expanded
along their apical/basal axis, stacking on top of one another, while TkvQ235D expressing cells
did not. In addition, while Shg levels were upregulated in TkvQ235D expressing cells, Shg was
not sub-apically concentrated as in RasV12 cells. TEM images did not detect a significant
difference in adherens junction morphology between wildtype intervein cells and Tkv@235D
expressing cells. While Dpp acts downstream of Ras in the specification of vein cell identity
(downregulation of DSRF expression), it is clear that Ras and Dpp signaling control different
aspects of vein cell shape.

These results underscore the importance of a cell’s developmental history in achieving a
particular differentiated state. While the ultimate determinant of vein cell identity in the pupal
wing is activation of the Dpp signaling pathway, our results demonstrate that without previous
receipt of an Egf signal, the entire repertoire of vein cell characteristics (i.e., apical Shg
localization) cannot be achieved. Egf and Dpp signaling may sequentially activate or repress
different target genes, or the two signaling pathways may synergistically regulate genes that
neither affects alone, in a feed-forward manner. This latter type of feed-forward loop (Mangan
et al., 2003), has been recently described in neuronal subtypes that differentiate in the
Drosophila ventral nerve cord. Sequentially activated transcription factors (collier, apterous
and dimmed) together activate a target gene (Neuropeptide like precurson protein 1) that none
of these transcription factors can effectively activate on their own (Baumgardt et al., 2007).
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Hence, it would be interesting to compare, on a genomic level, the transcriptional response
pupal wing cells have to activation of the Egfr/Ras and Dpp signaling pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ras signaling affects cell affinity and shg expression in the developing wing

Clones of cells expressing GFP are irregularly shaped (A). In contrast, clones of cells
expressing RasV12 are rounded (B), suggesting they have altered adhesive properties and an
inability to mix freely with neighboring wildtype cells. (C) The FLP/FRT technique was used
to generate homozygous ras®4%° mutant clones, marked by loss of GFP (arrows). Two copies
of GFP mark wild-type twinspots, while heterozygous cells are marked by one copy of GFP.
ras mutant clones survive poorly and are significantly rounded compared to their wildtype
twinspots. (D) Large clones of cells lacking ras function were generated using the FLP/FRT,
Minute technique (GFP-negative cells). These ras mutant cells have greatly reduced levels of
shg expression, as measured by a shg-lacZ reporter construct. (E) Clones of cells expressing
constitutively active Ras¥12 (GFP-positive cells) have higher levels of shg-lacZ expression.

Dev Biol. Author manuscript; available in PMC 2008 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

O’Keefe et al.

Page 18

wildtype rho“e,vn’

Fig. 2. Patterns of endogenous shg expression correlate with MAPK activity

(A) Ras/MAPK activity, as measured by di-phospho-ERK (dp-ERK) levels, is highest in
presumptive vein and margin cells of the developing wing blade. Longitudinal veins L3 and
L4, as well as the wing margin (M) are indicated. (B) shg expression is similarly highest in
presumptive wing vein cells, as measured by a shg-lacZ reporter construct. Shg protein (C)
and Arm protein (D) are also present in similar patterns. Late third instar wing discs from
rho'e,vn! larvae have high MAPK activity in presumptive margin cells, but lack dp-ERK
staining in presumptive veins (F). Similar patterns are present for shg-lacz (G), Shg protein
(H), and Arm protein (1). Compared to wildtype adult wings (E), rho¥e,vn! wings have a normal
margin, but lack veins (J).
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Fig. 3. Shg localization is dynamically regulated during wing development

(A) In late third instar wildtype wing discs, Shg is found at highest levels in presumptive vein
cells. Longitudinal veins L3 and L4, as well as the wing margin (M) are indicated. (A") An
optical cross section through the imaginal disc wing pouch indicates that the majority of Shg
is near the apical cell surface (arrow). Arrowhead indicates the basal cell surface. (B-D) Pupal
wings stained for Shg are shown. Proximal is to the left and anterior is up. Longitudinal vein
L4 is indicated. (B'-C’) Optical cross sections through vein L4 and the posterior margin of
pupal wings are shown. Posterior is to the left and vein L4 is indicated. At these stages of
development the pupal wing is composed of two cell layers (dorsal and ventral) apposed at
their basal cell surfaces. Arrows in B’ indicate the apical surfaces, while the arrowhead marks
the basal surfaces. (B,B") 24 hours after puparium formation (24 hours APF) Shg levels are
highest in broad bands of presumptive vein cells, and the majority of Shg is sub-apically
localized (B'). At 30 hours APF, Shg is found in more restricted bands of vein cells (C,C"),
while Shg is also beginning to accumulate basally in intervein cells (C’). By 36 hours APF,
sub-apical Shg is concentrated in narrow bands of vein cells (D, arrow D’), while high levels
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of Shg are found basally in intervein regions (arrowhead D’). Shg is also found at high levels
in sensory organs of the margin and vein L3.
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Fig. 4. Apical/Basal polarity of intervein cells is maintained during early pupal stages

Discs large (A,B) and p-integrin (C,D), found apically and basally respectively, do not change
their pattern of localization between 24 and 36 hours APF. (E) Loss of integrin function does
not affect Shg localization. ap®a4 was used to disrupt multiple edematous wings (mew) (the
a-PS1-integrin subunit) function in dorsal wing cells (GFP-positive) using a UAS-mew-IR
transgene. Wings were dissected at 36 hours APF and stained for Shg. While loss of mew
function from early larval stages results in wing blistering (the dorsal and ventral wing surfaces
are not apposed), the pattern of Shg localization is unaffected. Shg is still found near the basal

surface of intervein cells (arrow E').
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Fig. 5. Egfr/Ras signaling regulates Shg localization

(A-F,H,1) Using ap®A-4 in combination with tubulin-GAL80', UAS-transgenes were activated
in dorsal wing cells beginning at 0 hours APF. Wings were dissected at 36 hours APF and
stained for either Shg (A,C,E,H,I) or the intervein marker DSRF (B,D,F). Optical cross-
sections through the L4 vein region (A-F) or apical L3 (G-I) are shown. (A,B) In wings
expressing GFP, dorsal and ventral cells are similar in appearance. Both dorsal and ventral
vein cells (arrows B’) lack DSRF expression and have high levels of apical Shg (arrows A”).
Intervein cells express DSRF and localize Shg to both apical and basal cell surfaces (arrowhead
marks the basal surfaces). (C.D) RasV12 expression causes all dorsal wing cells to adopt the
vein cell fate. DSRF expression is absent from Ras¥12, GFP positive cells (D). In these ectopic
vein cells, Shg levels are elevated and the majority of the protein is apically localized (arrow
C"). (E,F) Expression of an Egfr-IR transgene eliminates vein cells. DSRF localizes to all Egfr-
IR expressing cells (arrow F'), and the apical accumulation of Shg in vein regions is not
observed (arrow E"). (G-I) Apical surfaces of 36 hour APF pupal wings. Consistently
magnified regions of the dorsal L3 wing vein are shown and Shg is visualized. (G) Wildtype
vein and intervein cells are morphologically distinct. RasY12 expression (H) promotes apical
constriction (as in vein cells), whereas Egfr-IR expression (I) promotes cell flattening (as in
intervein cells).
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Fig. 6. Shg localization and vein cell fate are regulated independently

The ap®a'ts system was used to express indicated transgenes from 0-36 hour APF. Wings were
stained for Shg (A,C,E,G) or DSRF (B,D,F.H) and optical cross-sections through the L4 vein
region are shown. An activated version of the Dpp receptor Thickvein (TkvQ235D) results in
vein cell identity (B). While Shg is elevated in TkvQ235D expressing cells, the protein is not
preferentially concentrated at the apical surface (A). Dad expression eliminates vein cell
identity (D). Cells in the dorsal L4 vein region maintain DSRF expression (arrow D’) and adopt
the intervein pattern of Shg localization (arrow C'). Expression of RasV12 together with Dad
maintains the normal pattern of vein and intervein cell identity (F), but Shg levels are elevated
and apically localized in RasV12, dad expressing intervein cells (arrow E’). In contrast, apical
localization of Shg is not observed in Egfr-IR, TkvQ235D expressing vein cells (arrow G,H).
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Fig. 7. Ras signaling affects adherens junction morphology

The ap©als system was used to express GFP (A,B), Ras¥12 (C,D), or TkvQ235D (E F) from 0-
36 hours APF. Sections though 36 hour APF pupal wings imaged by TEM are shown. B,D,F
are high magnification views of the apical, dorsal cell surface. (A) Arrows point to basal
adhesion junctions between the dorsal and ventral wing epithelia. Arrowheads indicate the
apical surfaces. (B) Arrowheads indicate adherens junctions between intervein cells. (C,D)
RasV12 expression causes apico-basal extension of dorsal epithelial cells, wing blistering and
enlarged apical adherens junctions (arrowheads D). (E,F) In contrast, TkvQ235D expression
does not affect apical adherens junction morphology (arrowheads F). Vein lumen (vl), dorsal
(d), ventral (v), haemocyte (h).
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Fig. 8. Loss of shg inhibits vein morphogenesis

ap®al4 was used to express either GFP (A—C,G, 1), or GFP together with a UAS-shg-IR transgene
(D-F,H,J) in dorsal wing cells from 0-36 hours APF. (A-F) Optical cross-sections through
vein L4 and the posterior margin of 36 hour APF wings are shown. Eliminating shg expression
(compare A’ to D’) impairs the ability of vein cells to form a vein lumen (compare A,B,C to
D,E,F). Arrow in A" points to the L4 vein cells which have constricted along the apical/basal
axis to form the dorsal portion of a vein lumen, while shg-ir expressing L4 vein cells do not
contrict (arrow D"). Additional examples of dorsal L4 cells expressing GFP (B,C), or shg-IR
(E,F) are shown. (G) Depletion of shg expression does not affect the pattern of vein/intervein
identity, as measured by DSRF expression. (H-K) TEM analysis indicates that shg-IR
expression affects adherens junction morphology. Apical adherens junctions found in control
wings (arrowheads H) are nearly eliminated in shg-IR expressing cells (arrowheads I). Basal
adherens junctions (arrows J) are similarly reduced (arrows K). Scale bars indicate 500nm.
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Fig. 9. Model of Egfr/Ras pathway function in early pupal vein cells

Rhomboid expression in presumptive vein cells activates Egfr ligands, leading to signaling
through the Egfr/Ras pathway. Ras signaling directs vein cell identity through Dpp, and affects
shg expression and protein localization (apical concentration) to alter vein cell shape in a Dpp-

independent fashion.
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