Developmental Cell

Patterned Anchorage to the Apical Extracellular
Matrix Defines Tissue Shape in the Developing

Appendages of Drosophila

Graphical Abstract

Dumpy protein (Dp) links epithelial
cells to the overlying chitinous cuticle

hinge wing blade

proximal leg distal

Cuticle

In the pupa, tissue contraction
is resisted by Dp anchorage
distally, generating anisotropic

tension

The pattern of Dp anchor-
age is determined, in part,
by a pathway involving the
tissue shape genes narrow,
tapered, and lanceolate

~(———————————|tissue contraction |- —————————————

A A A A

Highlights
e The apical extracellular matrix protein Dumpy (Dp) is required
for appendage shape

e Dp anchors the epidermis to the cuticle, generating tension
during tissue contraction

e Alteration of the pattern of Dp gives rise to predictable
changes in appendage shape

e Narrow (Nw), Tapered (Ta), and Lanceolate (LI) affect shape
by modulating Dp

_ Ray et al., 2015, Developmental Cell 34, 310-322
@ CrossMark August 10, 2015 ©2015 The Authors
http://dx.doi.org/10.1016/j.devcel.2015.06.019

Authors

Robert P. Ray, Alexis Matamoro-Vidal,
Paulo S. Ribeiro, ..., David Houle,
Isaac Salazar-Ciudad,

Barry J. Thompson

Correspondence
robert.ray@crick.ac.uk

In Brief

Regulation of global tensile forces in
epithelia is one mechanism of
determining tissue shape. Ray and
Matamoro-Vidal et al. show that tissue
contraction, in combination with localized
anchorage to the cuticle by the apical
extracellular matrix protein Dumpy, gives
rise to anisotropic tensions that shape the
appendages in the Drosophila pupa.

Cell


mailto:robert.ray@crick.ac.uk
http://dx.doi.org/10.1016/j.devcel.2015.06.019
http://crossmark.crossref.org/dialog/?doi=10.1016/j.devcel.2015.06.019&domain=pdf

Cell’ress

Developmental Cell

Patterned Anchorage to the Apical
Extracellular Matrix Defines Tissue Shape
in the Developing Appendages of Drosophila

Robert P. Ray,"-%7:* Alexis Matamoro-Vidal,*57 Paulo S. Ribeiro,?2 Nic Tapon,? David Houle,* Isaac Salazar-Ciudad,5528

and Barry J. Thompson?-8

1School of Life Sciences, University of Sussex, Falmer, Brighton BN1 9QG, UK

2The Francis Crick Institute, Lincoln’s Inn Fields Laboratory, 44 Lincoln’s Inn Fields, London WC2A 3PX, UK

3Centre for Tumour Biology, Barts Cancer Institute, Queen Mary University of London, Charterhouse Square, London EC1M 6BQ, UK
“Department of Biological Science, Florida State University, Tallahassee, FL 32306, USA

5Department de Genetica i Microbiologia, Genomics, Bioinformatics, and Evolution Group, Universitat Autdnoma de Barcelona, Cerdanyola

del Valles 08193, Spain

6Center of Excellence in Experimental and Computational Developmental Biology, Developmental Biology Program, Institute of
Biotechnology, University of Helsinki, P.O. Box 56, FIN-00014 Helsinki, Finland

7Co-first author

8Co-senior author

*Correspondence: robert.ray@crick.ac.uk
http://dx.doi.org/10.1016/j.devcel.2015.06.019

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

SUMMARY

How tissues acquire their characteristic shape is a
fundamental unresolved question in biology. While
genes have been characterized that control local me-
chanical forces to elongate epithelial tissues, genes
controlling global forces in epithelia have yet to be
identified. Here, we describe a genetic pathway that
shapes appendages in Drosophila by defining the
pattern of global tensile forces in the tissue. In the ap-
pendages, shape arises from tension generated by cell
constriction and localized anchorage of the epithelium
to the cuticle via the apical extracellular-matrix protein
Dumpy (Dp). Altering Dp expression in the developing
wing results in predictable changes in wing shape that
can be simulated by a computational model that
incorporates only tissue contraction and localized
anchorage. Three other wing shape genes, narrow,
tapered, and lanceolate, encode components of a
pathway that modulates Dp distribution in the wing
to refine the global force pattern and thus wing shape.

INTRODUCTION

Tissue morphogenesis depends on the precise control of basic
cell behaviors such as cell division, cell death, cell shape, and
cell rearrangement during development (Lecuit and Le Goff,
2007). While the regulation of cell proliferation and cell death in
determining tissue size have been extensively studied (Edgar,
2006; Halder and Johnson, 2011), the mechanisms underlying
the control of tissue shape are only just coming to light (Lecuit
and Le Goff, 2007; St Johnston and Sanson, 2011; Zallen,
2007). In recent years, evidence has emerged for two types of
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mechanisms that influence tissue shape: active shape changes
arising from intrinsic forces acting locally, which are integrated
over the entire tissue to generate complex morphogenetic move-
ments, and passive shape changes, which are driven by extrinsic
forces that act globally to influence the behaviors of individual
cells (Blanchard and Adams, 2011).

Morphogenetic processes driven by locally acting forces have
been characterized in both plants and animals, and typically
involve directed cell rearrangements, oriented cell divisions, or
a combination of both (Lecuit and Le Goff, 2007). In vertebrate
embryos, elongation of the anterior-posterior axis is driven in
part by the polarized migration of mesenchymal cells that un-
dergo convergent extension movements under control of planar
cell polarity (PCP) genes (Heisenberg et al., 2000; Tada and
Smith, 2000). A similar, PCP-dependent process has been impli-
cated in the elongation of kidney tubules in Xenopus and mice
(Lienkamp et al., 2012). In Drosophila, anterior-posterior (A/P)
axis elongation also involves convergent extension movements
that are driven by planar-polarized localization of Myosin II,
which constricts epithelial junctions oriented along the dorsal-
ventral axis. The resulting structures are then resolved into new
A-P oriented junctions that drive extension of the germ band
(Bertet et al., 2004; Blankenship et al., 2006; Irvine and Wie-
schaus, 1994; Zallen and Wieschaus, 2004).

Local forces can also affect tissue shape by influencing the
orientation of cell divisions. This mechanism is best character-
ized in the Drosophila appendages, where elongation of the
proximal-distal (P-D) axis is achieved by orientated cell divisions
in the imaginal discs (Baena-Lopez et al., 2005). P-D elongation
in the discs results from the planar-polarized localization of the
atypical Myosin, Dachs, by the Fat-Dachsous planar polarity
system. Dachs constricts cell junctions where it is enriched,
altering cell shape, and thus biasing the orientation of the mitotic
spindle (Mao et al., 2011). Polarized cell divisions have also been
implicated in other developmental processes including germ
band extension in Drosophila (da Silva and Vincent, 2007), shoot
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apex and petal morphogenesis in plants (Reddy et al., 2004; Roll-
and-Lagan et al., 2008), and neurulation in zebrafish (Concha
and Adams, 1998), but the molecular mechanisms underlying
these examples remain to be determined.

There is also evidence for extrinsic forces acting across tis-
sues to drive morphogenesis. In Drosophila, A-P tensile forces
arising from convergence and extension of the underlying meso-
derm have been implicated in driving cell shape changes in the
ectoderm that contribute significantly to the fast phase of germ
band extension (Butler et al., 2009). Similarly, in Xenopus,
convergence and extension of deep mesenchymal cells
generate forces that pull on the overlying epithelial cells, which,
as a consequence, undergo passive intercalation (Keller, 2002).
In zebrafish, actomyosin contraction within the yolk syncytial
layer generates anisotropic tension in the enveloping cell layer
that drives cell shape changes, cell rearrangements, and the
orientation of cell divisions (Behrndt et al., 2012; Campinho
et al., 2013). These findings highlight the potential importance
of global tensile forces in animal morphogenesis, yet how these
forces are controlled genetically remains unknown.

Here, we examine the genetic control of global forces using
the Drosophila pupal wing as a model. Previous studies have
shown that P-D elongation of the wing arises from passive orien-
tation of cell divisions and cell rearrangements driven by global
anisotropic tension imposed by cell constriction in the proximal
part of the wing (Aigouy et al., 2010). We show that a group of
well-known Drosophila mutants that affect wing shape disrupt
components in a genetic pathway that acts to determine the
pattern of global tensile forces in the wing. Central to this
pathway is the apical extracellular matrix protein Dumpy (Dp)
that links the pupal wing epithelium to the overlying pupal cuticle.
The pattern of Dp localization at the crucial time of hinge contrac-
tion determines the ultimate shape of the wing. Our findings
reveal a general mechanism for the control of tissue shape deter-
mination that has important implications for understanding the
evolution of shape determination in animal systems.

RESULTS

The dumpy Gene Is Required to Shape the Drosophila
Appendages

We sought to identify genes involved in defining the pattern of
tensile forces in the pupal wing. We reasoned that hinge contrac-
tion could only result in anisotropic tension if the wing epithelium
is anchored distally to provide the mechanical resistance neces-
sary to give rise to the tension. Mutants that disrupt this
anchoring should have the normal pattern of veins and inter-
veins, but show a retraction of the wing blade toward the hinge.
Such a phenotype is associated with alleles of the dumpy (dp) lo-
cus. Classical genetic studies on dp mutants revealed three
phenotypic states for the locus: an oblique truncation of the
wing (“0”), pits on the thorax known as vortices (“v”), and homo-
zygous lethality (“I”). While the null phenotype of the locus is
lethality, dp® alleles as homozygotes or in combination with other
alleles produce a continuous spectrum of wing phenotypes
ranging from a mild flattening of the distal tip of the wing (the “ob-
lique” phenotype), to a collapse of the distal tip (the eponymous
“dumpy” phenotype), and, in the most extreme case, to a com-
plete retraction of the wing blade (the “truncate” phenotype)

(Figures 1A-1D) (Carlson, 1959). RNAi silencing of dp throughout
the wing blade recapitulates the truncate phenotype with 100%
penetrance (Figure 1E) and the same phenotype is produced
with the DII-Gal4 driver, which is expressed at high levels only
at the margin (Figure 1F). DIl-Gal4 is also expressed in legs and
antennae, and depleting dp in these tissues results in retraction
of the distal segments of both appendages (Figures 1G and 1H),
indicating that dp plays a general role in determining appendage
shape.

The Dp Protein Is Localized to the Apical Extracellular
Matrix and Is Restricted to Distal Regions of the Pupal
Appendages

dp encodes a gigantic transmembrane protein that forms part of
the apical extracellular matrix (@ECM) and whose primary func-
tion is to anchor ectodermal cells to the overlying cuticle (Bokel
et al., 2005; Jazwinska et al., 2003; Wilkin et al., 2000). To char-
acterize the distribution of Dp protein during appendage devel-
opment, we have used a protein trap insertion into an N-terminal
intron of dp that introduces a yellow fluorescent protein (YFP) tag
into the extracellular domain of the protein, but does not affect
protein function (dp-YFP, see Experimental Procedures). In the
larval imaginal discs, Dp is found in a dense meshwork that uni-
formly covers the apical surface of the epithelium (Figure 2A). In
the pupal wing, however, Dp is restricted. At the onset of hinge
contraction (18 hr After Puparium Formation, APF), apically
localized Dp is only found at the wing margin and to a lesser
extent along the trajectories of the L3 and L5 veins (Figures 2B
and 2E), while in the pupal leg and antenna, Dp is found at the
extreme distal tip of the appendage (Figures 2J and 2K). As tis-
sue contraction proceeds, de novo expression of Dp accumu-
lates throughout the tissue (Figures 2C and 2D) such that, at
30 hr APF, it appears as a diaphanous network of enmeshed fi-
bers that is similar in appearance to the aECM found in verte-
brates (Figures 2F-2l) (Jovine et al., 2002).

Dp Anchors the Wing Margin to the Pupal Cuticle to
Define the Pattern of Global Forces

Our results suggest a mechanism whereby the localization of Dp
at 18 hr APF defines the pattern of attachment to the pupal
cuticle. In support of this view, we find that in wild-type, the
wing margin is attached to the overlying pupal cuticle during
the early phase of hinge contraction, as has been observed pre-
viously for wings cultured in vitro (Turner and Adler, 1995). By
contrast, in dp mutants, the wing is not attached and appears
to float freely within the pupal cuticle (Figures 3A and 3B, arrows).
Furthermore, the wing shape of dp mutants diverges from wild-
type only during pupal development, as reported by Waddington
(1940). At 18 hr APF, the size and shape of dp mutant wings are
not substantially different from wild-type (Figures 3C and 3D).
However, over the course hinge contraction, the dp mutant
wing blade pulls away from the cuticle, and the tissue contracts
into a rounded cup-shape that prefigures the shape of the adult
wing (Figures 3C and 3D, bottom; cf. Figures 1A and 1E).

To further test the notion that final wing shape arises from the
combination of tissue contraction and patterned anchorage of
the wing margin, we developed a vertex model of the pupal
wing epithelium that incorporates contraction of the hinge region
with patterned attachment of the margin to a fixed cuticle
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substrate (Figures 3E and S5 and Movie S1). In the wild-type
simulation, the hinge undergoes a contraction comparable to
what is observed in vivo, and the blade responds by elongating
along the P-D axis via oriented cell divisions and cell rearrange-
ments, as described previously (Aigouy et al., 2010). If there is no
attachment, the entire blade contracts, producing a wing shape
that simulates the nub-Gal4>dp-RNAi phenotype (Figure 3F and
Movie S1). These results indicate that the final shape of the wing
can arise simply by the pattern of tensile forces resulting from tis-
sue contraction and patterned anchorage.

Altering the Expression Pattern of Dp Predictably
Affects Wing Shape

If the localization of Dp determines tissue shape during hinge
contraction, then changing the pattern of Dp localization in the
wing should result in predictable changes in shape. To test
this, we silenced dp in defined patterns in the wing with the
drivers dpp-Gal4, sal-Gal4, brk-Gal4, and hh-Gal4, thus gener-
ating novel patterns of dp anchorage (Figures 4A-4J). Knock-

Dll-Gal4>dpRNAi

Figure 1. The dp Gene Is Required to Shape
the Drosophila Wing, Leg, and Antenna
(A-F) Wing phenotypes associated with wild-type
(A) or dp loss of function (B-F). The dp° alleles
produce wing phenotypes of differing severity:
oblique (B), dumpy (C), and truncate (D). The
silencing of dp by the expression of a UAS RNAI
transgene in the entire wing blade with nub-Gal4
(E) or along the wing margin with D/l-Gal4 (F) re-
capitulates the truncate phenotype (E).

(G and H) The phenotypes associated with DIl-
Gal4>dpRNAi in the second leg (G) and antenna
(H) compared with the wild-type (top). As in the
wing, dp knockdown results in a contraction of the
distal part of the appendage.

oblique

truncate

down of dp in the intervein between L3
and L4 with dpp-Gal4 results in a retrac-
tion of the distal tip of the wing, where
this intervein intersects with the margin
(Figures 4B and 4G). A similar retraction
of the distal tip of the wing is seen with
sal-Gal4>dp-RNAi, but the phenotype is
more severe, reflecting the broader
expression of the driver (Figures 4C and
4H). Notably, this phenotype is similar to
the dumpy phenotype associated with
classical dp alleles (Figure 1C). RNAI
depletion of dp in the complementary
pattern with brk-Gal4 results in a narrow-
ing of the wing blade consistent with loss
of anchorage along the anterior and pos-
terior margins (Figures 4D and 4l),
whereas silencing dp in the posterior
compartment with hh-Gal4 results in a
contraction of the posterior part of the
blade (Figures 4E and 4J). To address
whether these phenotypes can arise as
a result of alterations in the anchorage
of the tissue, we incorporated the pre-
dicted patterns of Dp from each of our experiments into our com-
puter model. The resulting simulated wing shapes resemble the
corresponding in vivo phenotypes (Figures 4K-40 and Movie
S2). These results indicate that the pattern of Dp attachment,
coupled with contraction of the tissue, can account for the
wing shape phenotypes observed in vivo.

Narrow, Tapered, and Lanceolate Affect Wing Shape

The tapered wing phenotypes we have observed with brk-
Gal4>dp-RNAi and hh-Gal4>dp-RNAi are reminiscent of the
wing phenotypes produced by three other loci, narrow (nw),
tapered (ta), and lanceolate (I}, that were first identified early in
the last century (Meyer and Edmondson, 1949; Morgan et al.,
1925). Inactivation of these genes produces a range of pheno-
types that can be generalized as a narrowing and lengthening
of the wing. The phenotypes associated with nw alleles are
dosage sensitive. Dominant antimorphic alleles (e.g., nw”/+,
nw®/+) and weak hypomorphs produce a mild tapering of the
distal part of the wing (Figures 5A and 5B), while recessive alleles
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Figure 2. The Dp Protein Is an aECM Component that Is Specifically Localized during Morphogenesis
(A-G) Immunolocalization of Dp in the wild-type third instar wing disc (A), pupal wings during hinge contraction (B-E), in pupal legs (J), and antennae (K).

(A-G and J-K) Dp-YFP is shown in green, actin in red, and the nuclei in blue.

(A, E, and |) Insets show a z stack of the main image along the plane indicated by the arrowhead.
(A) In larval imaginal discs, Dp is expressed uniformly throughout the epithelium and is localized apically.

(
(

network overlying the actin-rich apical membrane (C, D, and ).

B-E) In the pupal wing, expression is dynamic: at 18 hr APF, Dp is only found apically at the wing margin, with weak expression along the trajectories of L3 and L5
B and E). Over the next 10 hr, Dp accumulates uniformly over the apical surface of the epithelium, so that by 30 hr APF, the protein appears in a diaphanous

(F-H) SEM images reveal the development of the aECM network between 18-30 hr APF (the scale bar represents 5 microns). At 30 hr APF, the aECM is similar in
appearance to the aECM that has been described in vertebrate systems. In the legs and antennae, Dp is also localized in the early stages of tissue contraction,
with high levels of the protein detected at the extreme tip of the leg (J) and at the equivalent position in the antenna (K). (F)—(H) show SEM images of the pupal wing

surface at the stages indicated.

give rise to the dramatic narrowing of the entire wing blade after
which the gene is named (Figure 5C). The same range of pheno-
types can be recapitulated by RNAi knockdown using nub-Gal4
or Tub-Gal4 (Figures 5D and 6A) to drive hairpin constructs
directed toward different exons of the nw transcript (see Fig-
ure S2). Alleles of ta and /I, which are hypomorphic for the loci
(see below), produce the weaker phenotype characteristic of
the dominant alleles of nw (Figures 5E and 5F).

Morphometric analysis reveals that all of these phenotypes are
associated with a simple shape warp that is, in essence, a
stretch of the wing along the P-D axis. Depending on the geno-
types included in the analysis, between 75%-85% of the vari-
ance is associated with a single principle component that consti-
tutes an inward shift of landmarks along the anterior and
posterior margins and an outward shift of landmarks at the distal
tip of the wing (Figures S1A-S1D). Significantly, the change in
blade shape is also associated with a contraction of the land-
marks associated with the hinge. These data suggest that the
stretch of the wing blade is associated with further contraction
of the wing hinge than what is observed in wild-type. Notably,
a corresponding deformation of the hinge is observed for any
phenotype for which the pattern of Dp has been altered (see Fig-

ures 1A-1D and 4). Thus, for both dp and nw phenotypes, alter-
ations in blade shape are associated with changes in hinge
shape, suggesting that the cells of these two domains feed
back on one another according to the pattern of tensile force
on the tissue (see Discussion).

nw Encodes a Secreted C-type Lectin Domain
Containing Protein
To investigate the function of these loci, we genetically and
molecularly characterized the affected genes. Using standard
deficiency mapping, nw was localized to a small region in cyto-
logical division 54A (Figure S2). RNAI of candidate genes in the
interval identified a single gene, CG43164, that produced the
nw phenotype when knocked down with the wing-specific driver
nub-Gal4 (Figure 5D). Confirming this result, two P-element in-
sertions, G18887 and KG02048, that lie in the 5 UTR of
CG43164 (Figure S2) fail to complement nw alleles, and
sequencing of nw®, nw®, and nwP™® revealed lesions in the
CG43164 coding sequence, which we refer to hereafter as nw
(Table S1, see also Figure S2).

The nw gene encodes a number of different mMRNA species
produced by differential initiation from a pair of nested promoters
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Figure 3. Dp Anchors the Wing Margin to
the Pupal Cuticle to Define the Pattern of
Global Forces that Shape the Wing

(A and B) Bright field images of frontal sections of
wild-type (A) and nub-Gal4>dp-RNAi (B) wings at
18 hr APF, just after the pupal apolysis. In the wild-
type, the anterior and posterior margin of the wing
blade (wb), but not the dorsal and ventral surfaces,
are attached to the overlying pupal cuticle (pc)
(A, arrows), while in the dp-RNAI, the epithelium is
fully detached (B, arrows). Consequently, phalloi-
din staining (red) reveals that the wild-type wing
remains apposed to the cuticle during the period
from 18-24 hr APF (C), while the dp-RNAi wing
retracts proximally (D).

(C and D) The position of the cuticle is indicated in
the final panel by a dashed white line.

(E and F) Epithelial vertex model of pupal wing
morphogenesis. The starting point of the simula-
tion is the early pupal wing shape, with the hinge
region shown in light blue and the blade in red. The
wing veins are shown in dark blue. The contraction
of the tissue, most strongly in the hinge region,
combined with anchorage of the wing margin
(green lines) are sufficient to simulate wild-type
wing morphogenesis. When the anchorage of the
margin is absent in the computer model, the entire
wing retracts, simulating the dp mutant wing (see
Movie S1).

C-Type Lectin Domain (CTLD). The core
CTLD consists of four Cysteine (Cys) res-
idues that are laid out with respect to a
characteristic arrangement of « helices
and B sheets. These Cys residues form in-
tramolecular disulfide bridges that give
rise to the double-loop fold characteristic
of the domain (Zelensky and Gready,
20083) (Figure 5G). Additional Cys resi-
dues may also be present and, generally,
if the number is even, all form intramolec-
ular bonds, while if the number is odd,
one of the Cys will form an intermolecular
bond either with another CTLD protein or
an unrelated protein (Drickamer and
Dodd, 1999). The Nw CTLD contains
five Cys residues, implying that one will
form an intermolecular disulfide bridge,
and given the placement of these resi-
dues with respect to the secondary struc-
ture, the final Cys is most likely to be
involved in this bond (see Figure 5G).
We find that Nw-S and Nw-L are solu-
ble, secreted proteins and either isoform
can be immunoprecipitated from the cul-
ture medium when the nw gene is ex-
pressed in Drosophila S2 cells (Figure 5H).

and by differential splicing and termination of the final exon. The  Under non-reducing conditions, the proteins run predominantly
various transcripts encode two protein isoforms, which we refer  as higher molecular weight complexes that are approximately
to as Nw-Short (Nw-S) and Nw-Long (Nw-L) (Figure S2). Thetwo twice the size of the respective monomers, suggesting that
isoforms share a common N-terminal motif with homology to the  they can form dimers. Additionally, when Nw-S and Nw-L are
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Figure 4. Altering the Pattern of Dp Gives Rise to Predictable Changes in Wing Shape

(A-E) Adult wing phenotypes for wild-type (A), localized silencing of Dp with dpp-Gal4 (B), sal-Gal4 (C), brk-Gal4 (D), hh-Gal4 (E) (top), diagrams showing the
region of the wing where Dp is silenced (green), and the corresponding pattern of Dp anchorage (red asterisks) (bottom).

(F-J) Developmental time course of pupal wing development revealed by phalloidin staining (red) showing the ontogeny of the shape change from 18 to 24 hr APF.
The position of the pupal cuticle with respect to the wing is shown in the final panel (dashed white line).

(K-0) The final images from the computational simulations of the genotypes corresponding to (A)—(E), using the epithelial vertex model (see Movie S2). The wing
blade cells are shaded red, the hinge cells are shaded light blue, and the vein cells are shaded dark blue. The dashed white lines mark the wing outline at the
beginning of the simulation. The Dp anchorage to the cuticle is shown as green lines ending with green dots and the anchorage in the hinge as green dots.

co-expressed, they form complexes corresponding to all
possible homodimeric and heterodimeric combinations. The for-
mation of these higher molecular weight complexes is depen-
dent on the presence of the final Cys, as when this residue is
mutated only the monomeric form is observed (Figure 5H).
Finally, when FLAG-tagged Nw-S is co-expressed with HA-
tagged Nw-S or Nw-L, immunoprecipitation with anti-FLAG an-
tibodies co-precipitates the HA-tagged proteins (Figure 5H).
Furthermore, if the final Cys is mutated (Cys > Ala), the modified
protein is expressed, but cannot dimerize either with itself or the
wild-type protein (Figure 5H).

ta and Il Are Required to Activate nw

Given the similarity between the mutant phenotypes of nw, ta,
and /I, it was likely that the genes are part of a common biochem-
ical pathway. Initial characterization of ta and /I by deficiency
mapping, localized the loci to small intervals containing eight
and nine genes, respectively (Figure S3). Considered separately,
neither interval contained an obvious candidate for a protein that
might interact with Nw. Considered together, however, two can-
didates were immediately apparent: the ta interval includes the
Drosophila ortholog of Peptidyl-a-hydroxyglycine a-Amidating
Lyase (Pal1), and the Il interval includes the ortholog of Peptidyl-
glycine a-Hydroxylating Monooxygenase (Phm), the two compo-
nents of the widely conserved Peptidylglycine o«-Amidating

Monooxygenase (PAM). Further characterization of the two loci
confirmed this identification. The two // alleles fail to complement
Phm*°7623 (Figure 5E), a P-element insertion into the Phm open
reading frame, and they are associated with the same 10 bp
deletion at the C terminus of the Phm protein that removes that
final 26 amino acids (aa) and appends 79 aa or 80 aa from the
second frame (Figure S3; Table S1). The ta’ allele is associated
with a nonsense mutation in the second coding exon of Pal1 (Fig-
ure S3), and RNAI of Pal1 in the developing wing phenocopies
the ta mutant phenotype (Figure 5F; Table S1).

The a-amidation catalyzed by PAM is specific for a terminal
glycine residue (Eipper et al., 1992), and consistent with Nw be-
ing a target for this modification, the short form of Nw (Nw-S)
ends with a glycine residue that is universally conserved in all
Nw orthologs. Furthermore, the modification is typically associ-
ated with small proteins, such as neuropeptides, whose func-
tion may be disrupted by the ionization of the terminal carboxyl
group (Eipper et al., 1992). The fact that Nw-S is a small protein
(194 aa), that is predicted to make a tight fold (Zelensky and
Gready, 2005), makes it a likely target for a-amidation, and
the mutant phenotypes of ta and // indicate that this modifica-
tion is essential for Nw function. Taken together, our data sug-
gest that Nw, Ta, and LI work in a common pathway, with the
modifying enzymes being required for the maturation of Nw
(Figure 5I).
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Figure 6. Localization of Nw in the Devel-
oping Wing and the Ontogeny of the Nw
Phenotype

(A-E) Localization of Nw-GFP that has been ex-
pressed under control of the nub-Gal4 driver. The
Nw-GFP is shown in green, actin in red, and the

A

Nuclei S nuclei in blue. Throughout wing development, Nw
: Nw-GFP wing disc follows the pattern of Dp localization: in the wing
> 9
Tub.Gal4 > nw RNAI disc, it is found apically throughout the epithelium,
] but at 18 hr APF, it is localized to the wing margin

and the trajectories of L3 and L5 (B), as wing
contraction proceeds, Nw accumulates uniformly
throughout the wing blade in a diaphanous
network overlying the actin-rich apical membrane
and bristles (C-E; see also Figure S4).

(F-I) (F) Adult wing showing the phenotype asso-
ciated with Tub-Gald>nw-RNAi (A), which is
similar to that produced by strong loss of function
alleles of nw (see Figure 5C). Like the dp mutant
phenotype (see Figure 3), the shape defect asso-
ciated with nw mutants arises between 18-24 hr
APF, concomitant with hinge contraction (G-I; cf.
Figures 3C and 3D).

(J) Computational simulation of the nw mutant
phenotype using the epithelial vertex model.

during hinge contraction (Figures 6A-6D),
as we have observed for the dp mutations
(cf. Figures 3C and 3D). In addition, the
expression of a Nw-GFP fusion driven by
the nub-Gal4 driver precisely follows the
pattern of Dp expression throughout wing
development, despite the fact that fusion
protein is expressed in all cells of the
wing blade. In the wing disc, Nw is local-
ized apically, in the pupal wing at 18 hr
APF, it is localized to the wing margin and
30'h APF supsequently it accumulates uhiformlly in
a fibrous network over the entire epithe-
lium (Figures 6F-6J). Moreover, Nw-GFP
does not localize to the aECM in dp mutant
nw Affects the Localization of Dp to Control Wing wings, in which the aECM fails to form properly (Figure S4). Finally,
Morphogenesis nw and dp interact genetically, with transheterozygotes producing
The molecular characterization of nw, ta, and /l, and the mutant  wings that are either acutely tapered or retracted toward the hinge,
phenotype they produce, suggest that they might be involved in  similar to dp mutants (Figures 7A-7G). These results suggest that
defining the localization of Dp in the developing wing. Consistent nw mutants affect wing shape by influencing the pattern of
with this idea, the shape defect associated with nw mutants arises  anchorage of the wing epithelium to the overlying cuticle.

nw simulation

Nw-L-GEP

Figure 5. The nw, ta, and Il Genes Control Wing Shape

(A-F) Adult wings showing shape phenotypes associated with nw, ta, and // mutants. Compared to wild-type (A), the nw® heterozygote (nw”/+) is mildly tapered
distally (B), while the recessive hemizygote (nw?/Df) is narrower and longer (C), similar to what is observed with nub-Gal4>nw-RNAi (D). These phenotypes are
associated with a single shape warp consisting of a stretch of the wing blade along the P-D axis (see Figure S1). The loss of function of // (or Phm) or ta by RNAi
knockdown results in a mild narrowing of the wing, similar to the phenotype produced by nw®/+ (E and F).

(G) Molecular characterization of nw revealed that it encodes a CTLD protein (see also Figure S2), and secondary structure of the Nw-S protein compared to the
canonical CTLD structure shows the two disulfide bridges (red dotted lines) that stabilize the characteristic fold of the motif, plus an additional Cys at the C
terminus (blue dotted line), which is involved in dimerization.

(H) Biochemical analysis of Nw shows that both protein isoforms are secreted into the medium when expressed in tissue culture cells (left) and that under non-
reducing conditions they are predominately found as homo- or hetero-dimers (right). Dimerization, but not synthesis or secretion, depends on the final Cys shown
in (G): mutation of this Cys blocks both the formation of dimers and the ability of the mutant form to colP the wild-type monomer (right).

(I) Molecular characterization of ta and I/ (see Figure S3) reveals that they encode the two enzymes, Pal1 and Phm, that catalyze «-amidation, a post-translational
modification that converts a C-terminal glycine residue into an a-amide. Nw-S terminates with a glycine and, given the phenotypes of ta and /I, z-amidation of this
residue must be essential for Nw function in vivo.
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Figure 7. Genetic and Molecular Interactions between nw and dp
(A-F) The dosage sensitivity of nw makes it ideal for testing genetic interactions
with other aECM proteins. nw shows a strong interaction with dp, but not with
other aECM components (data not shown). A dp null heterozygote (dp°"F/+)
produces a wild-type wing (A), while the nw? (or nw®) heterozygote exhibits a
mildly tapered wing (B). In the transheterozygous combination, dp®"? +/+ nw”, a
spectrum of phenotypes is produced, ranging from sharply tapered to a complete
retraction of the wing blade resembling the dp loss of function phenotype (C—F).
(G) Distinct phenotypic classes from this spectrum of phenotypes were
defined to quantitate the enhancement, shown as percent of total wings
showing the phenotype.

(H and I) Localization of Dp protein in wild-type (H) and nw mutant wings (l). In
the wild-type, Dp protein is detectable throughout the wing margin, with higher
levels at the distal tip (H). In the nw mutant wings, the expression is reduced to
a smalll crescent of expression at the distal tip (1).

To investigate whether Nw has an effect on Dp, we examined
the distribution of Dp-YFP in nw mutant wings. Given the nw
phenotype, and the results from our simulations, we would pre-
dict that Dp is localized to the very distal tip of the wing. Indeed,
in nw mutant wings at 18 hr APF, Dp-YFP is restricted to a narrow
crescent at the extreme distal tip of the wing and is absent from
the rest of the wing margin (Figures 7H and 71). Moreover, the
shape of the nw mutant wing can be simulated in our epithelial
vertex model simply by restricting the anchorage of the wing
margin to the distal tip (Figure 6E). Together, our data support
a model where nw affects wing shape by altering the profile of
the Dp localization at the onset of hinge contraction. The nw,
ta, Il, and dp genes thus act together to define wing shape by
controlling the pattern of global forces acting across the wing
during pupal morphogenesis.

DISCUSSION

A Genetic Mechanism that Defines Tissue Shape

Here, we have identified a group of genes that define the global
force patterns that shape the appendages in Drosophila. During
pupal development, shape is determined by a general contrac-
tion of the tissue in combination with localized anchorage to
the pupal cuticle, which is mediated by the aECM protein Dp.
In the developing wing, Dp is localized to the wing margin such
that, as tissue contraction proceeds, tension along the P-D
axis elongates the wing and also draws the two wing surfaces
together. Indeed, manipulating the pattern of Dp localization at
this stage leads to dramatic changes in wing shape that reflect
the underlying change in tissue anchorage. In the legs and
antennae, Dp is found in a dense plaque at the distal tip of the
appendage, and, as in the wing, tissue contraction results in
tapering and elongation of the structure. Thus, we have identified
a genetic mechanism that determines shape by regulating the
pattern of global tensile forces that the epithelium experiences
during tissue contraction.

Establishing the Pattern of Dp Localization

While the mechanism we have uncovered is clearly important for
proper anchorage of the wing epithelium to the cuticle, it is only
one part of the regulatory mechanism that leads to the localized
attachment. Indeed, in a nw mutant, while the distribution of Dp
is altered, it is still localized to the margin, thus other inputs must
be involved in defining where Dp is localized during pupal devel-
opment. In the wing, the localization of Dp to the margin is remi-
niscent of the expression of genes controlled by the Notch and
Wingless pathways that define the dorsal-ventral compartment
boundary. Indeed, the gene DIl is a downstream target of Wg,
and knocking down dp in the cells that express DIl phenocopies
the dp loss-of-function phenotype (Figure 1F). Moreover, the
notching associated with mutations in the Notch and Wg path-
ways, as well as their targets such as cut, are, in essence, de-
fects in the anchorage of the margin during pupal development:
the failure to specify the margin results in a gap in the expression
of Dp which produces a phenotype not unlike that which we
observe in dpp-Gal4>dpRNAi (Figure 4B). Consistent with this,
it has previously been shown that the notching associated with
cut arises during pupal development during the period of hinge
contraction (Jack et al., 1991). Thus, it may be that these
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phenotypes arise from a failure to localize Dp to specific regions
of the margin rather than to cell death, as has been suggested
previously (Fristrom, 1968, 1969; Jack et al., 1991).

In the leg and antenna, the localization of Dp to the extreme
distal tip of the appendage is presumably under control of the
P-D patterning system that operates in these tissues. Indeed,
as in the wing, we have shown that the retraction of the leg
and antenna is produced by knocking down dp with DIl-Gal4,
which is expressed in the most distal segments of both append-
ages (Campbell and Tomlinson, 1998). Moreover, the pheno-
types we observe are also associated with mutations in genes
that affect specification of the distal most tarsal segments. Clas-
sical loss-of-function mutations of the Paired-type homeodo-
main protein aristaless result in the same shortening of the arista
as we observe with dp-RNAi (Campbell et al., 1993). Similarly,
loss-of-function alleles of the transcription factor Lim1 result in
a shortening of the arista and the distal leg segments (Pueyo
et al., 2000; Tsuji et al., 2000), which presumably reflects the fail-
ure to anchor the distal tip of the appendage to the pupal cuticle.
Thus, we speculate that for wings, legs, and antennae, the local-
ized function of Dp appears to depend on cues from the devel-
opmental programs that pattern the appendages.

While Dp localization clearly depends on the positional cues set
down in the imaginal discs, how these signaling molecules and
transcription factors result in a localized pattern of Dp protein in
the pupa remains unclear. Previous studies have shown that the
dp mRNA is expressed throughout the developing wing in early
pupal development (Wilkin et al., 2000), suggesting that the local-
ized pattern of Dp expression that is evident at 18 hr APF results by
a post-transcriptional mechanism. Throughout development, Dp
functions as a link between the ectodermal epithelium and the
cuticle, and, in order for the animal to molt, this connection must
be periodically broken. During larval development, molting (or
ecdysis) is initiated by apolysis, a process that separates
epidermal cells from the old cuticle by secretion of a complex
mixture of chitinases and proteases that degrade the carbohy-
drate and protein components of the exoskeleton, respectively
(Reynolds and Samuels, 1996). Given that Dp is essential for the
link between epidermis and cuticle, itis a key target of the apolytic
machinery. In the pupa, apolysis of the pupal cuticle occurs just
prior to the onset of tissue contraction (Turner and Adler, 1995)
and is a prerequisite for generating global forces by differential
anchorage. Given this, the localization of Dp (Figure 2) and the
localized anchorage of the appendage tissues to the cuticle (Fig-
ures 3A and 3B) presumably arise by protection of Dp at the
margin and its degradation throughout the rest of the wing blade.
Our results suggest that in the wing, Nw acts to extend this protec-
tion more proximally to give rise to the wild-type shape of the wing.

A Balance of Force, Resistance, and Fluidity in the
Developing Appendages

Our results show that coordination of the behavior of thousands
of individual cells in the pupal wing is achieved by the precise
regulation of global extrinsic forces that determine appendage
shape. In this system, the wing hinge undergoes apical constric-
tion to generate a pulling force that is transmitted through the tis-
sue. As we have shown here, resistance to this force is provided
by anchorage of the wing margin to the overlying pupal cuticle,
resulting in anisotropic tension oriented predominantly along

the P-D axis. As has been shown previously, cells respond to
this tension via cell shape changes, oriented cell divisions, and
cell rearrangements to drive tissue elongation and determine
the final shape the wing (Aigouy et al., 2010; Sugimura and Ishi-
hara, 2013). Thus, as a mechanical process, tissue shaping dur-
ing pupal development depends on the magnitude of the force
generated by the constricting cells, the strength of the
anchorage resisting this force, and the fluidity of the tissue to
relieve the tension.

Several lines of evidence presented here suggest that these
different components of the system operate toward an equilib-
rium state where opposing forces come to balance. For instance,
if the force produced by the cell constriction exceeds the resis-
tance, the anchorage ruptures, releasing the tissue. When this
occurs, as in wings mutant for the hypomorphic allele dp®’’,
the margin collapses and the cells in the middle of the wing blade
constrict further than they would otherwise (Figure 1C; Wadding-
ton, 1940). Similarly, the range of phenotypes observed in the in-
teractions between nw® and dp°"" suggest that if the level of Dp
falls below a certain threshold, the anchorage ruptures after
hinge contraction has started, resulting in intermediate pheno-
types that are flattened and retain some taper, but have never-
theless retracted (Figures 7D and 7E). These observations sug-
gest that cells in the wing blade actively respond to the pattern
of tensile force with significant consequences on wing shape.

Our data also indicate that hinge cells respond to the tension in
the blade and constrict accordingly. Morphometric analysis of
the nw mutant shows that the narrowing and extension of the
wing blade is accompanied by a isometric contraction of the
hinge, such that in the adult wing, the hinge is significantly smaller
than in wild-type (Figures 5 and S1). Similarly, in the various dp
mutants we have examined, any change in the wing shape is
accompanied by a corresponding change in hinge size and shape
(Figures 1, 4, and S1). The implication from these observations is
thatin the absence of sufficient resistance, hinge cells continue to
undergo constriction, resulting in a corresponding change in
hinge shape. Indeed, in our computational model, whenever the
anchorage is released by any significant amount, the hinge is
also found to contract further than in the wild-type simulation.

Taken together, these observations suggest that the system
operates toward an equilibrium point where the force generated
by hinge contraction is balanced with the resistance coming
from the distal anchorage and the deformation properties of
the cell matrix. Initially, the force generated by hinge contraction
is offset by cell division and cell rearrangement, but when the cell
division ceases, resistance in the epithelium feeds back on the
hinge and eventually blocks further constriction. At this point,
the system comes to equilibrium and the tension along the cell
junctions equalizes. Notably, this model is consistent with previ-
ous reports, which have shown that after the initial phase of hinge
contraction is completed, equalization of junction tension initi-
ates the shift toward the hexagonal packing geometry that is
characteristic of late stage pupal wings (Classen et al., 2005; Su-
gimura and Ishihara, 2013). The attractiveness of this kind of
model is that it ensures robustness of the shaping mechanism
and avoids the complications of tears or buckles that might arise
from stochastic perturbations occurring during development.
The nature of these feedbacks and how the equilibrium is
achieved remain a question for further study.
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The Nw-Dp System as a Target for Evolution of Shape

As orthologs of Dp and Nw have been found, and in all
sequenced insect genomes and in the crustacean Daphnia (Car-
mon et al., 2007) (data not shown), our results suggest that the
Nw-Dp system may be a key target for evolution of appendage
shape in Arthropods. Indeed, given the tremendous variety of
wing shapes that are found in insects, it is tempting to speculate
that some of this variation is achieved by modulation of the Nw-
Dp system, resulting in changes in the force patterns in the
developing wing. For instance, in a recent report, wing shape dif-
ferences in males of Nasonia vitripennis and Nasonia giraulti
were attributed to differences in transcriptional regulation of an
unpaired-like gene that was proposed to regulate proliferation
in the developing wing (Loehlin and Werren, 2012). Significantly,
the expression of this gene in both species was confined to the
margin at the distal tip of the wing and strikingly prefigures the
radius of curvature of the adult wing. Given our results, it is plau-
sible that the difference in wing shape in these two species may
arise from differences in anchorage of the wing tip, with the dif-
ference in cell number arising as a secondary consequence as in
the case of nw. Similarly, the evolution of the diverse, specialized
wing shapes in butterflies and moths has been attributed to
defined expression of margin specific genes that prefigure the
adult wing shape (Macdonald et al., 2010). While little is known
of the elaboration of this prepattern during pupal development,
the scalloping of the adult wing margin observed in many spe-
cies—reminiscent of notching in the Drosophila wing—may
well arise from precise deployment of the Nw-Dp system. Explo-
ration of how Dp is regulated in different species may shed light
on how the variety of insect wing shapes has evolved.

The aECM in Morphogenesis
In all metazoans, assembly of the aECM is dependent on pro-
teins that contain a common protein motif, the Zona Pellucida
(ZP) domain, which is thought to act as a polymerization module
promoting the formation of homo and heterotypic filaments (Jo-
vine et al., 2002). Genetic studies have implicated ZP-domain
proteins in a variety of morphogenetic processes that typically
involve shaping or remodeling of the apical domain of the cells
(Plaza et al., 2010). In Drosophila, ZP-domain proteins shape
the embryonic denticles and hairs (Fernandes et al., 2010) and
the wing trichomes (Roch et al., 2003) that form on the apical sur-
face of the cells, and in C. elegans, the Cuticlulins are ZP-domain
proteins involved in the formation of the alae (Sapio et al., 2005).
Similarly, in flies and nematodes, aECM proteins have been
implicated as anchors in the cellular morphogenesis of sensory
neurons, with Drosophila NompA functioning to anchor neural
dendrites to the cuticular structures in sensory organs (Chung
et al., 2001), while in the nematode, the aECM proteins DEX-1
and DYF-7 anchor the dendritic tips during cell body migration
to shape the amphid sense organs (Heiman and Shaham,
2009). Among these examples, our findings represent a different
paradigm for how aECM proteins can influence morphogenesis:
rather than affecting the behavior of individual cells, and conse-
quently the shape of the tissue, the Nw-Dp mechanism defines
global force patterns across the tissue to which the individual
cells respond to give rise to appendage shape.

In vertebrates, the most well studied ZP-domain proteins are
the eponymous zona pellucida proteins that form the extracel-

lular coat of mammalian ova (Jovine et al., 2002) and the o-
and B-tectorins that are required for the formation of the tectorial
membrane in the ear (Richardson et al., 2011). However, despite
their importance for fertility and hearing, respectively, these pro-
teins do not affect morphogenesis of the tissue per se. On the
other hand, in the human kidney, the ZP-domain protein hen-
sin/DMPT1 regulates morphogenesis of a- and B-Intercalated
cells in the collecting tubules, and results from at least one study
have found that global deletion of hensin results in embryonic
lethality, suggesting a more general role in epithelial differentia-
tion (Gao et al., 2010). Thus, there is mounting evidence from
both invertebrates and vertebrates that the aECM plays an
important role in morphogenesis and further studies on aECM
proteins will undoubtedly reveal other roles they play in develop-
ment and disease.

EXPERIMENTAL PROCEDURES

Drosophila Strains

The following stocks were used: nw?, nw®, nw?®, Df(2R)BSC406, ta’, I, IF,
dp°”’, and dp°"" were obtained from the Bloomington Stock Center, and
nwP™S% was identified in a genetic screen for revertants of nw”. PBac
{681.P.FSVS-1}dpCFT%017%9 (dp-YFP) was obtained from the Drosophila
Genetic Resource Center (Kyoto) and RNAI lines for nw (CG43164, line GD/
49678), dp (GD/44029), and Pal1 (KK103604) from the Vienna Drosophila
Resource Center.

Wing and Cuticle Preparations

Wing, legs, and antennae were dissected from the body, washed in Isopropa-
nol (Sigma), and mounted in DPX mounting medium (Fisher). Images were
taken on a Zeiss Axioplan microscope fitted with a LeicaDFC420c digital
camera.

Immunofluorescence, Microscopy, and Imaging

For larval wing discs, 120 hr larvae were cut in half and inverted in PBS and
fixed in 4% formaldehyde (TAAB) in PBS for 20 min. After fixation, the inverted
carcasses were permeabilized in PBS + 0.1% Triton X-100 and then blocked
and stained as described below. For pupal wings, legs, and antennae, white
prepupae were collected, aged, and then dissected from the pupal case,
pierced with a forceps, and prefixed in 4% formaldehyde overnight at 4°C.
After fixation, the pupal cuticle was removed and the relevant tissue dissected
from the carcass.

For sections of whole pupae, appropriately aged pupae were pierced ante-
riorly with forceps and the posterior segments of the abdomen removed with
dissection scissors. Using a micropipette, a solution of 4% paraformaldehyde
was drawn through the carcass, removing much of the fat and internal organs,
then transferred into 4% paraformaldehyde/2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7), and fixed for 1 hr before being post-fixed in 1%
osmium tetroxide/1.5% potassium ferrocyanide overnight at 4°C. Samples
were then treated with 1% tannic acid in 0.05 M sodium cacodylate for
45 min, washed in 1% sodium sulfate in 0.05 M sodium cacodylate for
5 min, and rinsed in water. Samples were dehydrated through a graded ethanol
series and embedded in Epon 812 resin (TAAB). Semi-thin sections of 0.5 mi-
crons were cut using a UCT Ultramicrotome (Leica Microsystems), mounted
on a glass slide and stained with toluidine blue. Images were taken on a Zeiss
Axioplan microscope fitted with a LeicaDFC420c digital camera.

For scanning electron microscopy of pupal wings, pupae were dissected
from the pupal case and fixed overnight in 4% paraformaldehyde/2.5% glutar-
aldehyde in 0.1 M phosphate buffer (pH 7) at 4°C. The pupal cuticle covering
the wing was dissected away and the tissue was fixed for another 30 min at
room temperature before washing 3 x 10 m in PBS. Samples were then dehy-
drated in 30%, 50%, 70%, 90%, and 100% ethanol (15 min each) followed by
two washes in acetone prior to critical point drying. Samples were mounted on
stubs, sputter coated, and viewed on a Phenom ProX scanning electron
microscope.
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For immunofluorescence, fixed tissues were blocked in PBS+0.1%Triton
X-100+1% bovine serum albumin, incubated overnight at 4°C with primary
antibody (anti-GFP, 1:300), and washed and incubated for 2 hr with second-
ary antibody (Alexa-488 anti-Rabbit 1:500). Tissue was then stained for
30 min with DAPI and Alexa-568-Phalloidin, washed, and then mounted
in VECTASHIELD. Samples were imaged on a Leica SP5 confocal
microscope.

Immunoprecipitation and Immunoblotting

For FLAG immunoprecipitation assays, cells were spun down and supernatant
(cell culture medium) was collected. Where applicable, 10% of supernatant
was processed for immunoblot analysis and the remainder used for FLAG
immunoprecipitation as below. Cells were washed in cold PBS and lysed in
lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 1% Triton X-100, 10% Glyc-
erol, and 1 mM EDTA) supplemented with 0.1 M NaF, phosphatase inhibitor
cocktails 1 and 2 (Sigma), and protease inhibitor cocktail (Roche). Cell extracts
were spun at 14,000 rpm for 10 min at 4°C. FLAG-tagged proteins were puri-
fied using anti-FLAG M2 Affinity Agarose Gel (Sigma). After 1 hr incubation at
4°C, FLAG immunoprecipitates were washed 3-4 times with lysis buffer or
wash buffer (10 mM Tris [pH 7.5], 150 mM NaCl, 0.1% Triton X-100, and 5%
glycerol) and eluted using buffer supplemented with FLAG peptide. Sample
Reducing Agent (Invitrogen) was omitted from samples prepared in non-
reducing conditions. Detection of purified proteins and associated complexes
was performed by immunoblot analysis using chemiluminescence (GE Health-
care). Western blots were probed with anti-FLAG (mouse M2, SIGMA), anti-HA
(rat 3F10, Roche Applied Science), and anti-Tubulin (mouse E7, Develop-
mental Studies Hybridoma Bank) antibodies.

Computational Model of Wing Development

To model the effects of global forces on whole wing morphology for the period
from 18 hr APF to 28 hr APF, we extended the vertex model (Farhadifar et al.,
2007; Honda et al., 2004) by incorporating hinge contraction and attachment of
the margin to a fixed position (Figure S5; see Supplemental Information for a
detailed description).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, one table, and three movies and can be found with this article on-
line at http://dx.doi.org/10.1016/j.devcel.2015.06.019.
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