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SUMMARY

Planar cell rearrangements control epithelial tissue
morphogenesis and cellular pattern formation. They
lead to the formation of new junctions whose length
and stability determine the cellular pattern of tissues.
Here, we show that during Drosophila wing develop-
ment the loss of the tumor suppressor PTEN disrupts
cell rearrangements by preventing the lengthening of
newly formed junctions that become unstable and
keep on rearranging. We demonstrate that the failure
to lengthen and to stabilize is caused by the lack of a
decrease of Myosin II and Rho-kinase concentration
at the newly formed junctions. This defect results in a
heterogeneous cortical contractility at cell junctions
that disrupts regular hexagonal pattern formation.
By identifying PTEN as a specific regulator of junc-
tion lengthening and stability, our results uncover
how a homogenous distribution of cortical contrac-
tility along the cell cortex is restored during cell rear-
rangement to control the formation of epithelial
cellular pattern.

INTRODUCTION

Planar cell rearrangements play a fundamental role in epithelial

tissue morphogenesis as they allow the remodeling of tissues

while maintaining their cohesiveness. They occur by E-cadherin

(E-Cad) adherens junction (AJ) remodeling: cell junctions

shorten, bringing four or more cells in contact; after neighbor

exchange, new junctions regrow, roughly orthogonal to the pre-

vious ones (Keller, 2006). Cell rearrangement thus locally affects

cell shape and topology and has been recognized as a major

epithelial remodeling process both in invertebrate and verte-

brates (Keller, 2006). So far, most studies have focused on the

mechanisms of junction shortening that have been extensively

studied during the gastrulation of the Drosophila embryo (for

review, see Lecuit et al., 2011). They rely on the local increase

of cortical contractility associated with the dynamic accumula-
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tion of myosin II (MyoII) at shortening junctions (Bertet et al.,

2004; Nishimura et al., 2012; Rauzi et al., 2010; deMatos Simões

et al., 2010; Zallen and Wieschaus, 2004). However, little is

known about the mechanisms controlling the lengthening and

the stabilization of newly formed junctions in developing tissues.

The length and the stability of junctions are critical to the

spatial organization of cells in the epithelium (cell packing,

McKenzie et al., 2004; Narimatsu et al., 2009; Nowak et al.,

2009; Togashi et al., 2011). Numerous tissues are mostly

composed of regular hexagonal cells characterized by AJs of

similar lengths (Classen et al., 2005; Gibson et al., 2006; Nari-

matsu et al., 2009; Tardieu, 1988). At steady state, junction

lengths are proposed to be dependent on E-Cad-mediated

adhesion, which expands cell-cell contacts, and on MyoII-

dependent cortical contractility, which reduces cell junction

and perimeters (Lecuit and Lenne, 2007; Maı̂tre et al., 2012).

Accordingly, quantitative models have analyzed how the

adhesion/contractility balance determines junction length,

junction tension, and epithelial cell packing (Aigouy et al.,

2010; Farhadifar et al., 2007; Graner and Sawada, 1993; Hilgen-

feldt et al., 2008; Käfer et al., 2007; Rauzi et al., 2008; Staple

et al., 2010). In such models, the regular hexagonal packing cor-

responds to an energy minimum when all cells have the same

physical properties and a homogenous distribution of adhesive-

ness and contractility on their junctions (Farhadifar et al., 2007;

Staple et al., 2010). Although the small GTPase Rap1 is a regu-

lator of E-Cad homogenous distribution in Drosophila epithelial

cells (Knox and Brown, 2002), the mechanisms promoting a

homogenous cortical distribution of MyoII at cell junctions are

so far not characterized.

During Drosophila pupal wing development, cell rearrange-

ments are concomitant to tissue elongation and hexagonal

packing formation (Aigouy et al., 2010). The contraction of the

proximal wing hinge region triggers wing blade elongation and

oriented cell rearrangements resulting in a tissue with an elon-

gated shape and regular cell packing at the end of morphogen-

esis, reminiscent of a honeycomb (Aigouy et al., 2010; Classen

et al., 2005). This honeycomb-like pattern formation depends

on the activity of the Fat/Dachsous and Frizzled planar cell polar-

ity pathways, both of which regulate cell rearrangements (Aigouy

et al., 2010; Bosveld et al., 2012; Classen et al., 2005; Harumoto

et al., 2010; Ma et al., 2008; Warrington et al., 2013). We
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therefore explored whether genes whose loss of function dis-

rupts the final honeycomb packing might be involved in de

novo junction formation or elongation during cell rearrangement.

Because in vitro studies have shown that formation of new junc-

tions is associated with the activation of the phosphatidylinosi-

tol-4,5-bisphosphate 3-kinase (PI3K), whose role in this process

remains poorly understood (see discussion in Yamada and

Nelson, 2007), we analyzed whether the phosphatidylinositol cy-

cle enzymes control the wing hexagonal cell packing.

Here we characterized how the tumor suppressor PTEN

(phosphatase and tensin homolog on chromosome 10) regulates

cell packing in the wing. PTEN is frequently inactivated in a wide

range of human sporadic tumors (for review, see Chalhoub and

Baker, 2009). PTEN is a lipid phosphatase, and its major function

is to dephosphorylate phosphatidylinositol (3,4,5)-triphosphate

(PIP3) to produce phosphatidylinositol (4,5)-bisphosphate

(PIP2). This influences the membrane localization and activation

of several key proteins involved in growth control (Chalhoub and

Baker, 2009). In epithelia, PTEN participates in cell polarization in

conjunction with the Par complex proteins (Martin-Belmonte

et al., 2007; Pickering et al., 2013; Pinal et al., 2006), and in cell

packing by yet uncharacterized mechanisms (Ma et al., 2008).

By combining real-time imaging in Drosophila wing epithelium

with physical modeling and numerical simulations, we identified

PTEN as an essential regulator of junction mechanical proper-

ties, which in turn control their lengthening and stability during

cell rearrangements. Furthermore our work uncovers an unex-

pected connection between junction elongation and restoration

of a homogenous cortical tensile stress distribution at cell junc-

tion, thereby controlling the final epithelial cell packing.

RESULTS

PTEN Loss of Function Gives Rise to Cobblestone and
Rosette Packing Characterized by an Excess of Short
Junctions
From 28–30 hr after pupa formation (hAPF) onward, Drosophila

wing intervein epithelium exhibits regular hexagonal cell packing

with 75% of cells being six-sided (Classen et al., 2005 and this

study) (Figures 1A–1D). Knocking down the phosphatidylinositol

cycle enzymes genes (P-L.B., V.L., F.G., and Y.B., unpublished

data), we observed that, as previously reported (Ma et al.,

2008), the loss of PIP3 phosphatase PTEN function disrupts

intervein epithelium cell packing (Figures 1A and 1B). We found

that in pten tissue, only 50% of the cells were six-sided (Figures

1C and 1D). Furthermore, the tissue exhibits cell patterns with

distinctive local cobblestone patterns and some rosette patterns

(Figure 1B). The pten packing is characterized by a mixing of

short and long cell junctions (Figure 1E) that can be quantified

by the distribution of junction lengths in the tissue and by the

mean heterogeneity of junction lengths for each cell. In the

wild-type (WT) tissue, most cell shapes were close to regular

hexagons (‘‘honeycomb-like’’) and their side length distribution

exhibited a single peak (Figure 1F). Instead, pten side length dis-

tribution was bimodal, with an excess of short sides (p < 10�10)

(Figures 1E and 1F). Moreover, side length heterogeneity was

significantly higher in pten cells than in WT cells (p < 10�10)

(Figures 1G and 1H). Comparable distributions were observed

with two pten null alleles or in cells expressing a pten dsRNA
Devel
(ptenRNAi) (Figures 1F and 1H). PTEN antagonizes the activity

of PI3K (Chalhoub and Baker, 2009). Accordingly, overexpres-

sion of the PI3K catalytic subunit recapitulated the pten pheno-

type (Figures S1A and S1B available online).

Known deleterious effects of PTEN loss of function in

Drosophila epithelial tissue including overgrowth and apical-

basal polarization defects depend on Akt function (Pinal et al.,

2006; Stocker et al., 2002). Our following findings exclude that

the pten packing phenotype is a consequence of a role of

PTEN in cell growth: (1) loss of akt function, which rescues the

pten overgrowth phenotype (Stocker et al., 2002), does not

rescue the pten packing phenotype (Figures S1C–S1G), (2) the

apical area of pten cells is identical to the one of wild-type cells

between 20 and 30 hAPF (Figures S1H–S1K0), and (3) whereas

the overexpression of rheb produces a wing overgrowth pheno-

type similar to the one observed upon PTEN loss of function, the

overexpression of rheb does not affect hexagonal cell packing

(Figures S1L–S1Q). Furthermore the pten phenotype is not a

consequence of a loss of apical-basal polarization: although

some polarity protein levels were slightly more elevated in pten

tissue, neither apical markers (E-cad, Crumbs, Par3/Bazooka)

nor basal ones (Fasciclin III, Discs-large) were shifted along the

apical-basal axis (Figures S1R–S1W0). Accordingly, Par3/

Bazooka, a regulator of PTEN localization, does not control cell

packing and its loss of function does not suppress the pten

phenotype (Figures S1X–S1Z). Together, our results suggest

the existence of an additional mechanism of action of PTEN in

epithelial tissue organization.

Heterogeneous Distribution of Junction Tension Can
Account for Local Cobblestone Patterns Observed in
pten Tissue
Theoretical models have analyzed how the adhesion/contrac-

tility balance determines epithelial cell packing (Aigouy et al.,

2010; Farhadifar et al., 2007; Graner and Sawada, 1993; Hilgen-

feldt et al., 2008; Käfer et al., 2007; Maı̂tre et al., 2012; Rauzi

et al., 2008). We therefore explored whether and how the modu-

lation of the adhesion/contractility balance at each junction can

generate the cell junction length heterogeneity observed in

pten tissue. To this end, we developed an analytical cell shape

model where the adhesion/contractility balance at each side is

modeled by the dimensionless ‘‘side parameter’’ l (see the Sup-

plemental Experimental Procedures). Lambda increases with

adhesion and decreases with contractility, and can either be

the same at all sides (homogenous), or vary from side to side

(heterogeneous).

Considering a periodic cellular lattice to keep the model

analytically tractable (Figure 2A, inset), each normalized side ten-

sion g then depends on its side parameter and on the cell

normalized perimeter (p): g = p � l. First, we determined that

when all sides have the same side parameter value and contrac-

tility dominates adhesion (l = lo with 0 < lo < pH, where pH z
3.72 is the normalized perimeter of the regular hexagon), the lat-

tice adopts a honeycomb organization comparable to WT tissue

(Aigouy et al., 2010; Farhadifar et al., 2007), with p reaching its

minimal value pH (Hales, 2001), homogenous side length l and

tension g > 0 (Figures 2A and S2A). Then, we found two mutually

exclusive hypotheses both leading to cobblestone patterns,

namely hexagons with two sides much shorter than the others,
opmental Cell 25, 534–546, June 10, 2013 ª2013 Elsevier Inc. 535



Figure 1. Loss of pten Leads to Cell

Junction Length Heterogeneity at 30 hAPF

(A–C) A clone of pten1 cells marked by the

absence of GFP (green in A; clone boundary is

depicted by a white line in A and B) in an other-

wise control pupal wing intervein tissue. E-cad

staining outlines cell apical junctions (magenta in

A; gray in B), and was skeletonized to obtain (C,

clone boundary is depicted by a black line). In (B)

some cobblestone (orange frames) and rosette

patterns (yellow circles) are highlighted. A typical

cell within a cobblestone pattern (frame in A and

C) is enlarged in inset in (A) and (C). Number of

neighbors of each cell is represented by a color

in C (4, green; 5, orange; 6, white; 7, blue and

8, red).

(D) Histogram of the number of cell neighbors in

WT (left) and pten1 (right) tissue. Bars indicate the

SD of distributions.

(E) The tissue region shown in (A) was skeleton-

ized to obtain (E). The pten clone boundary is

depicted by a white line. Short sides (<0.5 3

average length) are shown in magenta and with

magenta circles indicating 4-fold vertices. A

typical cell within a cobblestone pattern (frame) is

enlarged in inset in (E).

(F) Histogram of the junction length distributions in

pten1, pten117, and ptenRNAi and their corre-

sponding WT controls. Junction lengths are

normalized by the average length. Bars indicate

the SD of distributions.

(G) The tissue region shown in (A) was skeleton-

ized to obtain (G). The pten clone boundary is

depicted by a black line. The junction length het-

erogeneity per cell is represented by colors,

ranging from dark purple (homogeneous, close to

0) to dark orange (very heterogeneous, close to 1).

A typical cell within a cobblestone pattern (frame )

is enlarged in inset in (G).

(H) Graph of junction length heterogeneity average

in pten1, pten117, and ptenRNAi and their corre-

sponding WT control tissues. Colored bars indi-

cate the SD of distributions and stars indicate

statistical significance (***p < 10�10).

Quantifications for (D), (F), and (H) were performed

on: pten1: eight clones in three wings, 1,736 cells,

4,329 sides; WT control: 2,654 cells, 6,955 sides;

pten117: two clones in two wings, 665 cells, 1,829 sides. WT: 509 cells, 1,325 sides; ptenRNAi: two wings (posterior compartment), 3,291 cells, 9,228 sides;

WT: same wings (anterior compartment), 1,262 cells, 3,460 sides. Scale bar represents 5 mm. See also Figure S1.
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as observed in parts of ptenwings (Figure 2B). (1) The ‘‘homoge-

neous and g = 0’’ hypothesis (case 1 in Figures 2, S2B, and S2C):

all sides have the same side parameter value and adhesion dom-

inates contractility (l = lo and lo > pH); these cobblestone pat-

terns are characterized by vanishing side tensions (g = 0). (2)

The ‘‘heterogeneous and g > 0’’ hypothesis (case 2 in Figures

2B and S2C): cell sides have heterogeneous adhesive/cortical

properties, i.e., different l values; in the model, these cobble-

stone patterns are characterized by strictly positive side tensions

(g > 0) that decrease with increasing side length l (Supplemental

Experimental Procedures).

To test which of these two hypotheses best describes the pten

tissue, we probed junction tension g by measuring the initial

relaxation velocity Vo of vertices after laser ablation of single-

cell junctions (Figure 2C) (Farhadifar et al., 2007; Hutson et al.,
536 Developmental Cell 25, 534–546, June 10, 2013 ª2013 Elsevier I
2009; Rauzi et al., 2008). The mean side tension g was strictly

positive and was similar in WT and pten cells (Figure 2D). This

rules out that the pten phenotype is described by the ‘‘homoge-

neous and g = 0’’ hypothesis, but supports the ‘‘heterogeneous

and g > 0’’ hypothesis. Moreover, side tensions g decreasedwith

side lengths l (Figure 2D); correlations and linear fits of experi-

mental data of g versus I were similar in WT and pten cells,

suggesting that the length-tension relationship is unchanged

by PTEN loss of function.

Fitting our model to laser ablation data allowed us to estimate

the side parameter mean values as well as their ranges of

variation: for the WT, we determined a single value, lo z 2.3 ±

0.4 (Figure S2D); and for pten, two values lS z 1.8 ± 0.4,

lL z 2.9 ± 0.4 (Figure S2E). The study of the l-diagram

for 0 < l < pH shows that it is made of two complementary
nc.



Figure 2. Heterogeneity in Junction Tension Due to Alteration of Adhesion/Contractility Balance Can Account for pten Packing

(A) Honeycomb pattern obtained in homogeneous case at any low side parameter value (lo < pH z 3.72). Inset: model notations and cellular lattice. The lattice

is made of identical six-sided cells of constant area Ao tiling the plane. Force balance is satisfied at each vertex. A network configuration is fully determined by

specification of angles ðu; qÞ and dimensionless side lengths ðl; la; lεÞ. Side length symmetry is broken when these lengths differ.

(B) Cobblestone pattern obtained in either: the ‘‘homogeneous and g = 0’’ case at high side parameter value (lo = 3.9 > pH) or: the ‘‘heterogeneous and g > 0’’ case

with one side having a side parameter (red, lε = 2:1) lower than the other two (green and blue, l= la = 2:6).

(C) Vertices right before, 1.7 s and 30 s after laser ablation of a single junction (arrowhead) in WT (top) and pten1 cells (bottom).

(D) Junction tension variation with junction length. Initial velocity after ablation Vo (mm/s) is plotted versus dimensionless side length l = L=hAi1=2, hAi being the

mean area of intervein cells. Each point corresponds to a cell junction ablation: blue,WT (n = 42); red, pten1 (n = 36). Bars indicatemeasurement errors on junction

length and initial velocity.

(E) Diagram of side parameters in the plane l= la for l in [0, pH]. The stable domain is colored in green, the unstable one in gray. Domains representing side

parameter ranges obtained from laser ablation experiments ½hlki � 2sk ; hlki+ 2sk � for WT (blue) and pten (red) tissues. The cyan and yellow points correspond to

averages of WT domain and of stable part of pten domain, respectively, and correspond to patterns shown in (A) and (B). The cyan dashed line represents the set

of honeycomb patterns.

(F–G0) Confocal images ofWT (F and F0) and ptenRNAi (G and G0) intervein tissue whereMyoII is detected by the localization of MyoII-GFP (green in F and G; gray in

F0 and G0) and E-Cad (red in F and G). In ptenRNAi tissue, MyoII-GFP is heterogeneous and accumulates at the short sides (arrows in G and G0). Note that in wild-

type and ptenRNAi tissues,MyoII-GFP can accumulate as circular or star-shape pattern structures around 4-fold vertex, which represent transient accumulation of

MyoII:GFP at both the old and newly-formed junctions.

(H and I) Graph of MyoII (H) and E-cad (I) intensity heterogeneity versus cell junction length heterogeneity in WT (blue dots) and in pten (red dots) cells.

Scale bar represents 5 mm. See also Figure S2.
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domains: a stable one where hexagonal lattices and all three

types of sides can exist and be stable (green region in Figure 2E),

and an unstable one where hexagonal lattices cannot exist and

where the side with highest tension g disappears before the

energy minimum is reached (gray domain in Figure 2E). We next

plotted the domains of this l-diagram that correspond to the

ranges of experimental l values for WT and pten tissues found

above (Figure 2E). The WT domain lies almost entirely within the

stable domain, thereby adopting a stable honeycomb pattern

on average. Conversely, the pten domainmostly lies in the unsta-

ble domain. This implies that, in pten, most parameter values

found experimentally involve an unstable side, the shortest one,

which shrinks and disappears, possibly leading to a new side

that can in turn be stable or not. Importantly, the center of the

pten stable domain (yellow point) corresponds to a cobblestone

pattern (Figure2B), in agreementwithexperimental observations.

The analysis of laser ablation experiments with our model

predicted that: (1) the heterogeneity of cell junction adhesion/

contractility balance can account for the local pten cobblestone

patterns, and (2) the pten phenotype involves instability of most

short cell junctions. These two predictions prompted us to

perform two complementary analyses. First, we aimed at deter-

mining whether the junction length heterogeneity observed in

pten tissue correlates with defects in the distribution of cadherin

and/or MyoII along the cell cortex at 28–30 hAPF. Second, we

explored duringwing development when and how the short junc-

tions are generated and whether they are indeed unstable.

Heterogeneity of Junction Length Is Associated with a
Heterogeneous Distribution of MyoII in pten Tissue
To determine whether PTEN leads to heterogeneities in adhe-

sion/contractility, we compared the distributions of E-Cad and

of the MyoII regulatory light chain (MyoII) (Royou et al., 2004)

along the cortex of WT and pten cells. In WT tissue at 28–30

hAPF, the distributions of both E-Cad and MyoII are

homogenous around the cell cortex in agreement with the fact

that the tissue adopts a honeycomb packing (Figures 2F and

2F0). The distribution of E-Cad remained homogeneous in pten

cells, whereas the MyoII distribution was remarkably heteroge-

neous along the cell cortex, being strongly increased on short

junctions (Figures 2G and 2G0). Moreover, and in contrast to

the E-Cad distribution, we found that the increase in heterogene-

ity of MyoII intensity positively correlated with the increase in

junction length heterogeneity (Figures 2H and 2I). Together these

results demonstrate that PTEN affects the distribution of MyoII

along the cell cortex. They further suggest that the heterogeneity

in MyoII-dependent cortex contractility drives the tension het-

erogeneity found in pten mutant cells.

In Drosophila embryo, MyoII is proposed to accumulate at

junctions in response to MyoII-dependent tension in adjacent

junctions (Fernandez-Gonzalez et al., 2009). This raised the pos-

sibility that the PTEN loss of function might induce nonautono-

mous defects in either cell packing or MyoII localization in cells

surrounding the pten tissue. Yet, small WT tissue islands sur-

rounding by large pten tissue showed a regular packing and

normal distribution of MyoII (Figures S2F, S2G, and S2J). In addi-

tion, small pten clones surrounded by wild-type tissue mani-

fested a packing and a MyoII distribution defects (Figures

S2H–S2J). Furthermore, the analysis of junction length distribu-
538 Developmental Cell 25, 534–546, June 10, 2013 ª2013 Elsevier I
tions at the frontier of WT and pten tissues revealed that only the

junctions that are common to a pten and a WT cell are affected

(Figure S2K, purple plain line). Collectively, our results show

that loss of PTEN function causes a local defect in cell packing

associated with heterogeneous distribution of MyoII localization.

PTEN Loss of Function Causes Cell Rearrangement
DefectsWhere Newly Formed Junctions Fail to Elongate
and Become Unstable
In parallel, we imaged a functional E-Cad:GFP (Oda and Tsukita,

2001) in pupal wings expressing a pten dsRNA (ptenRNAi) using

the Gal4/Gal80ts system (McGuire et al., 2003) to abrogate

PTEN function in the posterior compartment during pupal devel-

opment. The anterior compartment was used as a WT internal

control and its development proceeds in two phases (Aigouy

et al., 2010). In a first phase from 20 to 24 hAPF, cells undergo

a last round of divisions, rearrange and flow toward the proximal

part of the wing. In a second phase from 24 to 30 hAPF, in

absence of cell division and flow, cells undergo oriented rear-

rangements, generating a honeycomb-like packing (Movie S1).

In pten tissue at 20 hAPF, no major difference with WT tissue

was observed, as reflected by the distribution of junction lengths

(Figures S3A, S3D, and S3G). From 20 hAPF onward, during and

after cell divisions and cell flow, the difference between WT and

pten tissues became gradually more pronounced leading to the

formation of the cobblestone and rosette packing (Figures

S3B–S3I; Movie S1). Because cell rearrangement was the only

process common to both phases, this prompted us to analyze

the dynamics of cell rearrangements in WT and pten tissues by

tracking individual cell junctions from 23 to 29 hAPF.

In WT and pten tissues, the number of junctions that initiated a

cell rearrangement was similar (30% in WT, n = 957 and 31% in

pten, n = 723). Nevertheless, we observed important differences

in junction remodeling during cell rearrangements. In WT tissue,

when a cell junction shrank and disappeared through a cell rear-

rangement, it rarely rearranged back and forth more than two

additional times (Figures 3A, 3B, and S3L; Movie S2A). In sharp

contrast, in pten tissue, when a junction initiated a cell rearrange-

ment, the newly formed junction remained short and very often

(85%) shrank shortly thereafter, giving rise to a short unstable

junction as it kept on rearranging back and forth several times

(Figures 3D, 3E, and S3M; Movie S2B). This demonstrates that

PTEN loss of function prevents junction elongation during cell

rearrangement and leads to unstable junctions, as predicted

by our model and laser ablations.

To further establish whether the pten defects in junction

remodeling is associated with the formation of short junctions,

we categorized in both WT and pten tissues the distribution of

the final junction length as a function of the number of cell rear-

rangements they underwent. In the WT tissue, independently of

the number of cell rearrangements that a junction underwent,

most of the junctions found at 29 hAPF are long junctions,

lengths of which are close to the average length (Figure 3C). In

pten tissue, nonrearranging junctions mainly produce long junc-

tions, which length distribution is similar to the WT ones (dotted

light red line in Figure 3F). In contrast, we observed that junctions

having rearranged more than four times are the main source of

the excess of short junctions observed in the pten tissue (dark

red line in Figure 3F, 91% of the short junctions).
nc.



Figure 3. pten Cells Undergo Numerous Successive Cell Rearrangements, Giving Rise to Short Junctions Enriched in MyoII that Prevents

Their Elongation

(A) Last confocal image of a 6 hr long (23–29 hAPF) E-Cad-GFP time-lapse movie in a WT tissue. 129 WT cell junctions were tracked. Junctions formed by cell

rearrangement during the filmed period are labeledwith the number of rearrangements they underwent. Short junctions (<0.53 average length, n=6) are shown in

magenta.

(B) Bar plot of cell junctions according to the number of cell rearrangements they underwent in WT tissue. 957 junctions were tracked. Light blue, nonrearranging

junctions; blue, junctions undergoing one to three rearrangements; dark blue, junctions undergoing four or more cells rearrangements.

(legend continued on next page)
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Taken together, our results demonstrate that the excess of

short junctions observed in pten tissue is associated with a fail-

ure of junction lengthening during cell rearrangement accompa-

nied by junction instability.

MyoII Is Enriched at Newly Formed Junctions during Cell
Rearrangements
Our analyses have shown that the loss of PTEN activity is asso-

ciated with: (1) an increased level of MyoII at short junctions,

and (2) a failure of junction lengthening during cell rearrange-

ment leading to the formation of unstable junctions. Because

MyoII activity has been so far only linked to junction shortening

during cell rearrangements that have been described as irre-

versible processes (Bertet et al., 2004; Rauzi et al., 2010; de

Matos Simões et al., 2010; Zallen and Wieschaus, 2004), cur-

rent models do not account for these two observations. We

therefore explored MyoII dynamics during both junction short-

ening and lengthening using a functional GFP-tagged MyoII

light chain (Royou et al., 2004) (Figures 3G and 3H). In WT

wing tissue, MyoII-GFP intensity increased at the cell junction

concomitantly to its shortening (Figure 3G). When the rearrang-

ing cells formed a 4-fold vertex, MyoII-GFP became strongly

concentrated all around this vertex, suggesting that the four

cells contributed to this enrichment (Figure 3G). Consistent

with this, we detected a strong MyoII-GFP signal at the newly

formed junction that faded as the junction lengthened

(Figure 3G; Movie S2C). Accordingly, the quantification of

MyoII-GFP signal during junction elongation revealed a striking

correlation between the decrease of MyoII-GFP concentration

and the elongation of the newly formed junction (blue in Fig-

ure 3I, n = 24). Fast time-lapse imaging of MyoII-GFP dynamics

during junction elongation confirmed an inverse correlation

between MyoII-GFP level and junction length at short timescale

(Figure 3J). Moreover, the analysis of time correlations between

MyoII-GFP dynamics and junction length dynamics establishes

that the reduction of MyoII-GFP levels at the junction precedes

junction elongation by 9 ± 7 s (n = 7, p < 0.01; Figures 3K and
(C) Histogram of the distribution of junction lengths categorized according to the nu

is the same as in (B). Below the histogram, a schematic of the typical rearrangem

(D) Last confocal image of 6 hr long (23–29 hAPF) E-Cad-GFP time-lapsemovie in

cell rearrangement during the filmed period are labeled with the number of rearra

shown in magenta.

(E) Bar plot of cell junctions according to the number of cell rearrangements th

rearranging junctions; red, junctions undergoing one to three rearrangements; da

(F) Histogram of the distribution of junction lengths categorized according to the

code used is the same as in (E). Below the histogram, a schematic of the typical

(G and H) Representative images (top panels) and kymographs (bottom panels) o

during cell rearrangements inWT (G) and ptenRNAi (H) tissues. Top panels: the trac

boxes outline the successive temporal positions corresponding to the images show

cell rearrangements.

(I) Graph of the average relative intensity ofMyoII-GFP (solid lines with SD shown a

shaded region) during cell rearrangements in a WT tissue (blue) and in a ptenRNA

(J) Graph of time evolution of relative junction length L(t) (gray) and relative MyoI

video (12 frames min�1). Because MyoII-GFP intensity and junction length are a

mental Experimental Procedures) to emphasize and measure the time delay betw

(K) Delay function M(t) (that compares L(t) to MyoII(t+t); see Supplemental Expe

time delay tminimizing the area between the two curves (t* =�21 s for the curves

MyoII and L (M* >Mrandom = 0.33, dashed red line), and yielded a significantly nega

variations precede junction length variations.

Scale bar represents 5 mm. See also Figure S3 and Movies S1 and S2.
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S3N–S3O0), ruling out that the decrease in MyoII-GFP level is a

consequence of junction elongation.

In pten tissue, no defects in MyoII-GFP accumulation or junc-

tion length were observed during junction shrinkage (Figures 3H,

red in 3I, n = 14;Movie S2D). However, following the 4-fold vertex

stage, MyoII-GFP remained concentrated all along the short

junctions, which failed to elongate and kept on rearranging (Fig-

ure 3H, red in 3I, n = 14; Movie S2D). The results demonstrate

that in WT tissue, MyoII is unexpectedly enriched at newly

formed junctions and that its concentration decreases during

junction elongation in a PTEN-dependent manner.

PIP3 Levels Decrease during Junction Elongation
We then explored the dynamics of PIP3 during cell rearrange-

ments.We observed that the specific PIP3 probe, the PHdomain

(for Pleckstrin homology) of GRP1 fused to GFP (PH(PIP3)-GFP)

(Britton et al., 2002), accumulates at the newly formed junction

and its level decreases as the junction elongates (Figures 4A

and 4C). As expected, in pten tissue, the overall PIP3 level was

increased at the cell membrane relative to the WT tissue (Fig-

ure S4A). Moreover, we found that the relative level of PIP3

increased during junction shortening. However, in pten tissue

PIP3 level failed to significantly decrease at the unstable rear-

ranging junctions that do not regrow (Figures 4B and 4C). These

results further argue for a regulatory role of PTEN during junction

elongation.

Rok Activity Is Required for the Short Junction
Phenotype in pten Tissue
MyoII activity is positively and negatively controlled by regulators

that therefore modulate cortical tension (Clark et al., 2007). Rho-

kinase (Rok) is an essential regulator of MyoII activity (Amano

et al., 2010; Winter et al., 2001). We therefore generated a func-

tional Rok-GFP transgene and imaged the dynamics of Rok-GFP

during junction remodeling. In WT tissue, Rok-GFP is transiently

enriched at newly formed junctions and decreases as junctions

lengthen, as observed for MyoII-GFP (Figures 4D and 4F,
mber of cell rearrangements they underwent inWT tissue. The color code used

ent process in a WT tissue is shown.

a ptenRNAi tissue. 127 ptenRNAi cell junctions were tracked. Junctions formed by

ngements they underwent. Short junctions (<0.5 3 average length, n = 28) are

ey underwent in ptenRNAi tissue. 723 junctions were tracked. Light red, non-

rk red, junctions undergoing four or more cells rearrangements.

number of cell rearrangements they underwent in ptenRNAi tissues. The color

rearrangement process in ptenRNAi tissue is shown.

f MyoII-GFP (green) and Bazooka-Cherry (Baz-Cherry, red) time-lapse imaging

ked junctions are highlighted by arrowheads. Bottom panels: white rectangular

n in the above panels.White dashed bars: timings of 4-fold vertices created by

s a shaded region) and of the junction length (dashed lines with the SD shown as
i tissue (red).

I-GFP intensity MyoII(t) (green) determined by high time-resolution time-lapse

nticorrelated, MyoII-GFP intensity was flipped to �MyoII(t) (blue; see Supple-

een MyoII-GFP and junction length dynamics.

rimental Procedures; Figure S3) reaches a maximum M* for the value of the

in J). Seven out of eight analyses displayed a correlation between variations of

tive average value <t*> =�9 ± 7 s (n = 7, p < 0.01), showing that MyoII intensity

nc.



Figure 4. Maintenance of Cortical Tension Accounts for the pten Phenotypes

(A and B) Representative images (top panels) and kymographs (bottom panels) of PH(PIP3)-GFP (green) and Baz-Cherry (red) time-lapse imaging during cell

rearrangements inWT (A) and ptenRNAi (B) tissues. Top panels: the tracked junction is highlighted by arrowheads. Bottom panels: white rectangular boxes outline

the successive temporal positions corresponding to the images shown in the above panels. White dashed bars: timings of 4-fold vertices created by cell

rearrangements.

(C) Graphs of average relative intensity of PH(PIP3)-GFP (solid lines and SD shown as a shaded region) and of junction length (dashed lines and SD shown as

shaded region) during cell rearrangement in a WT (blue) and ptenRNAi (red) tissues.

(D and E) Typical images (top panels) and kymographs (bottom panels) of Rok-GFP (green) and Baz-Cherry (red) time-lapse imaging during cell rearrangements in

WT (D) and ptenRNAi (E) tissue. Top panels: the tracked junction is highlighted by arrowheads. Bottom panels: white rectangular boxes outline the successive

temporal positions corresponding to the images shown in the above panels. White dashed bars: timings of 4-fold vertices created by cell rearrangements.

(F) Graph of average relative intensity of Rok-GFP (solid lines with SD shown as a shaded region) and of junction length (dashed lines) during cell rearrangement in

WT (blue) and ptenRNAi (red) tissues.

(G) Last confocal images of a 6 hr long (23–29 hAPF) E-Cad-GFP time-lapse movie of a representative rok2 clone in a ptenRNAi tissue. A total of 115 rok2, ptenRNAi

cell junctions were tracked. Junctions formed by cell rearrangement during the filmed period are labeled with the number of rearrangements they underwent.

Short junctions (<0.5 3 average length, n = 3) are shown in magenta.

(H) Bar plot of cell junctions according to the number of cell rearrangements they underwent in ptenRNAi, rok2 tissue. A total of 115 junctions were tracked. Light

green, nonrearranging junctions; green, junctions undergoing one to three rearrangements; dark green, junctions undergoing four or more cells rearrangements.

(I) Histogram of the distribution of junction lengths in ptenRNAi, rok2 tissue categorized according to the number of rearrangements they underwent. The color

code used is the same as in (H). For comparison, the dashed red line (I) represents the distribution of the short and highly rearranging junctions lengths in

pten tissue.
(legend continued on next page)
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n = 27). Conversely, in pten tissue, Rok-GFP intensity remained

high at the newly formed junctions that failed to elongate (Figures

4E and 4F, n = 24).

Having found that MyoII-GFP level decreases prior to junction

elongation, we investigated whether the downregulation of MyoII

activity was necessary for junction elongation during cell rear-

rangement by testing whether a loss of Rok activity could sup-

press the PTEN loss of function phenotypes. To this end, we

generated small rok clones in a ptenRNAi tissue and analyzed

both the cell packing and the cell rearrangement dynamics. In

such experimental conditions, cytokinesis did not seem to be

impaired because cell apical areas were only mildly increased,

likely due to a loss of contractility associated with an observed

decrease of MyoII cortical localization (Figure S4B). Noticeably,

we found that rok clones generated in pten tissue suppressed

the effect of PTEN loss of function on cell packing, namely the

excess of short junctions (Figure 4G; purple line in Figure S4C).

Despite a slightly higher proportion of nonrearranging junctions

(1.15-fold), the rearranging junctions neither produced an excess

of short junctions nor fluctuated extensively, but lengthened to

produce long cell junctions as observed in theWT tissue (Figures

4H–4I). Furthermore, the packing and cell rearrangement

dynamics in double pten, rok tissue is similar to the one observed

in rok single mutant tissue (Figures 4J–4L; green line in Fig-

ure S4C). This genetic evidence demonstrates that Rok is

needed to induce the cell rearrangement and packing defects

observed in pten tissue. Together with our analysis of MyoII

and Rok dynamics during cell rearrangement, our results

strongly indicate that PTEN is necessary to downregulate MyoII

activity during cell rearrangement.

Altogether our results uncover PTEN as a specific regulator of

junction lengthening and stability during cell rearrangement.

Furthermore they support a mechanism whereby PTEN regu-

lates the PIP3 levels at newly formed junction to decrease

Rok-dependent MyoII contractility, thereby promoting junction

lengthening and stabilization.

Maintenance of High Tension in Newly Formed
Junctions Accounts for pten Cobblestone and Rosette
Packing
Having found that PTEN locally regulates cell junction contrac-

tility during cell rearrangements, we investigated whether
(J) Last confocal image of a 6 hr long (23–29 hAPF) E-Cad-GFP time-lapse movie

were tracked. Junctions formed by cell rearrangement during the filmed period a

(<0.5 3 average length, n = 1) are shown in magenta.

(K) Bar plot of cell junctions according to the number of cell rearrangements they

were tracked. Light purple, nonrearranging junctions; purple, junctions undergoin

rearrangements.

(L) Histogram of the distribution of junction lengths in rok2 tissue categorized acco

the same as in (K).

(M–O00 0) Numerical simulations of WT and pten tissues. Segmented experimental

parameters of WT (blue arrow) and pten (red arrow) (M). Typical final state of sim

displaying few short junctions (N0), a small disorder in number of neighbors (N00), a
final state of simulations run with pten parameters resulting in cobblestone (ora

disorder of number of neighbors (O00), and a large junction length heterogeneity (

(P–R) Comparison of quantitative analyses of cell packings in experimental WT an

simulations run with WT and pten parameters starting with segmented images fro

and pten parameters starting with segmented images from pten tissue (right in P–

neighbor cells. (Q) Proportion of normalized junction lengths satisfying l < 0.5. (R

Scale bars represent 5 mm. See also Figure S4 and Movie S3.
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this local role was sufficient to explain the cobblestone and

rosette patterns observed at the global level in pten tissue.

To this end, we performed computer simulations based on

the cellular Potts model that is a general algorithm to simulate

groups of cells and to capture the disordered nature of

epitheliums (Graner and Glazier, 1992; Krieg et al., 2008). To

take into account the proximal-distal elongation of wing

cells due to hinge contraction (Aigouy et al., 2010), we started

the simulations with a segmented image of an actual WT

tissue at 24 hAPF, and we let this tissue evolve to a minimum

of energy with the two distinct sets of l side parameters

previously inferred from our laser ablations in WT and pten

tissues (Figures 2E, S2D, and S2E). In the WT case, each junc-

tion was assigned the same l parameter (lo = 2.3). Alterna-

tively, in the pten case, we used two distinct l parameters

(lL = 2.9 and lS = 1.8). Indeed, because our experimental

results showed that shorter junctions, including newly formed

ones, are under higher tension due to higher level of MyoII

(Figures 2D, 2G, 2H, and 3I), we assigned lS to the shortest

sides (l % 0.5) and newly formed ones, and lL to the longest

sides in initial image (l > 0.5). Numerical simulations starting

from WT segmented images at 24 hAPF and run with WT

parameters displayed a relaxation of elongated cell shapes

via cell rearrangements and yielded final patterns in very

good agreement with the experimental WT honeycomb-like

packing at 30 hAPF (Figures 4M and 4N–4N00 0; Movie S3A–

A00 0). In sharp contrast, simulations starting from the same WT

images but run with the pten parameters displayed many sides

that failed to lengthen and to complete cell rearrangements,

and yielded final patterns displaying typical cobblestone and

rosette patterns, like the ones observed in pten tissue (Figures

4M, 4O–4O00 0; Movie S3B–S3B00 0). The quantitative analysis of

these simulated final packings displayed final proportions of

six neighbor cells, short junctions, and junction length hetero-

geneity very similar to those observed in WT and pten tissues

at 30 hAPF (Figures 4P–4R). Interestingly, the same results

were obtained in simulations starting with a segmented image

of pten tissue at 24 hAPF (Figures 4P–4R and S4D–S4F00 0).
Taken together, our results show that the local maintenance

of high tension in newly formed junctions can account for the

global cobblestone and rosette packing characterizing pten

wings.
of a representative rok2 clones in a WT tissue. A total of 95 rok2 cell junctions

re labeled with the number of rearrangements they underwent. Short junctions

underwent in a representative rok2 clone in a WT tissue. A total of 95 junctions

g one to three rearrangements; dark purple, junctions undergoing four or more

rding to the number of rearrangements they underwent. The color code used is

image of WT tissue at 24 hAPF used as initial state by both simulations using

ulations run with WT parameters resulting in honeycomb-like packing (N) and

nd a low junction length heterogeneity (N00 0). Color codes as in Figure 1. Typical

nge) and rosette (yellow) packing (O), and many short junctions (O0), a large

O00 0). Color codes as in Figure 1.

d pten tissues at 28–30 hAPF (left in P–R; data from Figures 1D, 1F, and 1H), in

mWT tissue (n = 3 simulations) (middle in P–R), and in simulations run with WT

R) (n = 4 simulations). Bars indicate the SD of distributions. (P) Proportion of six

) Cellular junction length heterogeneity.
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Defects in Junction Elongation and Hexagonal Packing
Are Associated with Defects in Tissue Morphogenesis,
Tissue Planar Polarization, and Tissue Architecture
The identification of pten as a regulator of both junction

dynamics during cell rearrangements and of cell regular hex-

agonal shapes in the wing gives the opportunity to study the

contribution of these processes to tissue morphogenesis,

PCP, and organ architecture (ridges of the wing cuticle in

this study). We first analyzed the contribution of PTEN to tis-

sue dynamics and morphogenesis between 24 and 29 hAPF,

a period over which we have characterized the role of PTEN

in junction dynamics, and during which the tissue packing

becomes honeycomb-like (Aigouy et al., 2010; Classen

et al., 2005). We compared tissue deformation and the under-

lying cell dynamics in terms of cell rearrangements and cell

shape changes in WT and pten tissues by applying a quanti-

tative framework that we have developed and validated

recently (Figures 5A–5A00; Supplemental Experimental Proce-

dures) (Bosveld et al., 2012). We found that the WT tissue

displays important contributions of both AP oriented cell rear-

rangements and PD oriented cell contraction (Figures 5B and

5C; see also Aigouy et al., 2010). Strikingly, these contribu-

tions cancel out, showing that AP cell rearrangements

compensate the PD cell contraction, leading to the formation

of regular hexagons without significant change in tissue shape

(‘‘wt’’ in Figure 5C and sketch in Figure 5A00). Performing the

same analysis on pten tissue and subtracting it from the WT

analysis enabled us to isolate the defects associated with

PTEN loss of function (Bosveld et al., 2012). In agreement

with our results on the role of PTEN in junction dynamics

and cell packing, PTEN loss of function results in significant

defects in both cell rearrangements and cell shape changes.

Importantly, these two processes do not cancel out anymore,

leading to a defect in tissue contraction along a direction

pointing upward the PD axis (‘‘wt-pten’’ in Figure 5C). Accord-

ingly, PTEN loss of function results in adult wings that are

slightly more elongated along this direction than the WT

ones (Figure 5D). Our analysis of tissue morphogenesis in

WT and pten wings therefore illustrates that cell rearrange-

ments play a role in coordinating the dynamics of individual

cells and the shape of the global tissue.

To test the role of cell rearrangements for the fine-tuning of

global PCP alignment along the wing P-D axis (Aigouy et al.,

2010), we then determined the intensity, the individual cell

planar polarization and the global tissue polarization using

Stbm-YFP as a PCP marker (Bellaı̈che et al., 2004). Although

the intensity and the individual cell polarization were similar in

WT and pten cells, the global tissue PCP relative to the PD

axis was significantly affected in absence of pten function (Fig-

ures 5E–5H). Finally, the regular hexagonal cell packing is pro-

posed to have a key contribution to generate ridges of the adult

wing cuticle that are proposed to impact the tissue architecture

and mechanics (Doyle et al., 2008). We found that loss of PTEN

function drastically affect the ridge organization in the adult

wing (Figures 5I and 5J). Collectively, the characterization of

the function of PTEN in cell rearrangements establishes the

contribution of cell rearrangements to the establishment of

the final tissue and cell shapes, PCP global polarization and tis-

sue architecture.
Devel
CONCLUSION

Previous studies of junction remodeling established that the

dynamics of acto-myosin network generates the cortical con-

tractile forces necessary for junction shortening (Bertet et al.,

2004; Rauzi et al., 2008; de Matos Simões et al., 2010; Zallen

and Wieschaus, 2004) and implicitly assumed that junction

elongation is a passive relaxation process that does not involve

any specific regulation (Aigouy et al., 2010; Farhadifar et al.,

2007; Glazier and Graner, 1993; Hilgenfeldt et al., 2008; Käfer

et al., 2007; Rauzi et al., 2008). Here, we identified PTEN as a

specific regulator of junction elongation and stability during

cell rearrangement. We observed that the newly formed junction

is initially enriched in MyoII and PIP3, which is consistent with

the MyoII and PI3K recruitments observed upon E-cad engage-

ment in cell culture models (Papusheva and Heisenberg, 2010).

However, in such models, Rok-dependent MyoII contractility is

usually proposed to promote junction expansion by pulling on

junction edges (Yamada and Nelson, 2007). In an epithelial

tissue, our work uncovered that junction lengthening is coupled

to the PTEN-dependent decrease of cortical distribution of

MyoII that leads to the restoration of an homogeneous cortical

contractility around the cortex of cells. This homogenous

distribution is required for the formation of a stable, honey-

comb-like cell packing as observed in several epithelial tissues

(Classen et al., 2005; Farhadifar et al., 2007; Gibson et al., 2006;

Narimatsu et al., 2009; Tardieu, 1988). Our findings thus estab-

lish that junction elongation is a PTEN-controlled process acting

as a critical regulatory step during cell rearrangement. Two

nonmutually exclusive models can account for the temporal

and spatial regulation of PIP3 level during junction elongation

by PTEN. (1) As observed in cell culture upon cell-cell contact

formation (Perez et al., 2008; reviewed in Rivard, 2009),

PI3K-dependent increase of PIP3 level at the cell-cell contact

can be antagonized by a homogenous activity of PTEN at

the cell junction, and (2) the activity of PTEN or its recruitment

might be regulated locally during junction elongation. Interest-

ingly, the Rok kinase was shown to phosphorylate PTEN and

to trigger its activation during cell migration (Li et al., 2005),

suggesting a model whereby the initial activation of Rok

can initiate a negative feedback loop to promote local activation

to PTEN, hence junction elongation and reduction of cortical

tension.

Our work also highlights that cellular pattern formation

involves reversibility and fluctuations of rearrangements, which

could provide the tissue with a mean to explore the energy land-

scape of cellular patterns. We foresee that mechanisms promot-

ing MyoII homogenous distribution could be more general and

drive the restoration of cell contractility symmetry following cell

polarization and cell cytokinesis.

EXPERIMENTAL PROCEDURES

Fly Stocks, Genetics, and Molecular Biology

The stocks used were obtained from the Bloomington Stock Center and raised

at 25�C, unless otherwisementioned. All stocks and associated references are

described in the Supplemental Experimental Procedures. Loss of function

clones were generated using the hs-FLP/FRT system (Xu and Rubin, 1993).

Typically, heat shocks of 15 min (for pten mutant clones) or 1 hr were carried

out 3 days before pupa formation (BPF). White pupae were picked and timed
opmental Cell 25, 534–546, June 10, 2013 ª2013 Elsevier Inc. 543



Figure 5. Role of PTEN in Tissue Morphogenesis, PCP, and Tissue Architecture

(A–A00) Framework for quantitative analysis of tissue contraction-extension (blue), cell-cell rearrangements (red), and cell shape changes (cyan; see Experimental

Procedures). (A and A0) The patch of tissue undergoes the same contraction-extension through pure cell shape changes (A), and through pure cell rearrangements

(A0). (A00) Initial cell elongation vanishes through cell rearrangements occurring in the perpendicular direction and resulting in regular hexagons and no tissue

deformation.

(B) Segmented image of wing (29 hAPF). Red square boxes (54 3 54 mm2) indicate the regions where quantitative analysis was performed. d = 40 mm.

(C) Comparative analysis of morphogenesis in WT and pten wings. Subtractive analysis (‘‘wt-pten’’) shows that PTEN loss of function results in weaker cell re-

arrangements and cell shape changes: (1) oscillating junctions reduce the net contribution of cell rearrangements, and (2) the disruption of junction elongation

prevents the complete relaxation of cell elongated shapes into regular hexagons, thus resulting in a weaker oriented contraction of cells in a direction slightly tilted

with respect to the PD axis. Overall, this corresponds to a defect of tissue contraction along this direction, which is consistent with wing shape defects observed in

(D). Significant data are plotted with thick color bars, nonsignificant data with gray bars (see Experimental Procedures) (Bosveld et al., 2012), averages done over

n = 2 WT and n = 2 pten wings.

(D) Outlines of three adult wings from akt1/akt3 flies (blue) and akt1/akt,3pten117 flies (red) were overlaid. akt1/akt3 tissue do not show packing defects as opposed

to akt1/akt,3pten117 tissue (Figures S1D and S1F). The comparison of akt1/akt3 and akt1/akt,3pten117 wings permits to determine the function of pten on tissue

morphogenesis independently of its role in tissue growth. Dashed box indicates region in (B).

(E and F) Quantification on images of fixed wings at 30 hAPF of local and global PCP of Stbm protein (Stbm-YFP, in gray) in WT (E) and pten (F) wings. Each bar

(magenta) represents the amplitude and direction of the anisotropy in Stbm junctional localization around each cell.

(G) Close up of a region in (E) showing examples of cells displaying a weak polarity of Stbm intensity resulting in a small bar (yellow circle), and a strong anisotropy

yielding a large bar in the direction of polarization (cyan circle). The intensity level (IL) of each pixel in Stbm (0 < IL < 255) around the cell cortex was used to

characterize cell polarity (see Experimental Procedures).

(H) Averages of Stbm polarity in WT and pten wings. The ‘‘wing polarity’’ characterizes the coordination of cell polarities across the wing. The ‘‘cell polarity’’

quantifies the polarization of Stbm distribution in each cell. Subtractive analysis shows a significant difference in wing polarity between WT and pten tissues, but

no difference in Stbm cell polarity (average over n = 3 WT wings, n = 3 pten wings, with <ncells> z1,040 analyzed cells per wing).

(I and J) Using cuticles refractionmicroscopy (Doyle et al., 2008), the ridges on adult wing cuticle that characterize the architecture of wing tissue were determined

in WT and pten tissues. Images are superposition of the dorsal (purple) and the ventral (orange) ridges in WT wings (I) and ptenRNAi wings (J).

Scale bars represent 10 mm (B and C, black bars; E and F, white bars); 2 mm2 min�1 (C, orange bars); IL = 50 (E and F), IL = 2 (H), magenta bars.
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at 25�C before dissection. For rok clones, heat shocks were performed 2 days

BPF to obtain small clonesmostly devoid of very large cells. Ubi-GFP-Rok was

generated by cloning under the control of Ubiquitin 63E promoter a full-length

rok cDNA downstream of GFP in a P element vector. Ubi-GFP-Rok rescues the

rok2 null allele in somatic clones.
Immunostaining

Wing dissection, fixation, and immunostaining were carried out as described

(Classen et al., 2008). Antibodies are rat anti-E-cad (1:50; Developmental

Studies Hybridoma Bank), mouse anti-FasciclinIII (1:50; DSHB), rat anti-

Crumbs (1:1000, gift of U. Tepass), mouse anti-Discs-large (1:1000; DSHB),

Alexa Fluor 488-, 555-conjugated secondary antibodies (Molecular Probes),

and Cy5-conjugated secondary antibodies (Jackson ImmunoResearch).

Images were acquired on a laser-scanning confocal microscope (LSM710,

Zeiss).
Time-Lapse Experiments

Timed pupae were dissected, mounted and imaged as previously described

for the fly thorax (Gho et al., 1999), acquiring one z stack of images for each

channel every 5 min. The en-GAL4 driver was used to express the pten dsRNA

in the posterior wing. For the time-lapse experiments with E-cad-GFP, Gal80ts

was used for temporal control of the dsRNA expression. Larvae were raised at

18�C, and shifted at 29�C 1 day BPF, affecting the PTEN function during pupal

development. Developmental times were corrected to match the 25�C refer-

ence, using a coefficient of 0.79. Images were acquired with a Ropper spin-

ning-disk confocal mounted on an Eclipse Ti microscope (Nikon) using the

Metamorph software.
Laser Ablations

Both wild-type and pten mutant clone cells were labeled with E-cad-GFP.

A 2-photon Mai-Tai laser (890 nm, 100 mW, 2 repetitions) ablated a cell

junction (Hutson and Ma, 2007) on NLO LSM710 (Zeiss). Junction abla-

tions and initial velocity quantifications were carried out as in Bosveld

et al. (2012).
Image Treatments, Quantification, Intensity Measurement, and Cell

Junction Tracking

For detailed information on image treatments, quantification, intensity mea-

surement, and cell junction tracking, see the Supplemental Experimental

Procedures.
SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and three movies and can be found with this article online at

http://dx.doi.org/10.1016/j.devcel.2013.04.020.
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