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Abstract

Apoptosis is a mechanism of eliminating damaged or unnecessary cells during
development and tissue homeostasis. During apoptosis within a tissue, the adhesions
between dying and neighboringn-dying cells need to beemodeledso thatthe
apoptotic cell ixpelled In paralle] the contraction ohctomyosin cabkformedin
apoptotic and neighboring celiisive cell extrusionTo date the coordination between
the dynamics of cell adhesion and the progressiamgesn tissue tensioaroundan
apoptotic celis not fully understood.ive imaging of histoblast expansion, which is a
coordinated tissue replacement process dubimgophilametamorphosis, shawv
remodeling ofadherens junction®\(s) between apoptotic and nalying cells with a
reduwction in the levels of AJ componeniscluding Ecadherin Concurrently
surroundingissue tension is transiently releas€dntraction ofa supracellular
actomyosin cablewhichforms in neighboring celldyrings neighboringecells together
andfurtherreshapstissue tension toward the completion of extruside. ropose a
model according whicimodultion of tissue tensiorepresents a mechanism of
apoptotic cell extrusiorandwould further influence biochemicaignalsof

neighboring norapoptoticcells.
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Introduction
Throughout development and adult life, epithelia undergo constant growth and turnover.
As acell population changes, epithelial architecture needs to be maintained and this is
done through the tighimtercellularadhesions supported laglherens junctions (AJSs)
(Harris and Tepass, 2010, Takeichi, 2014, Lecuit and Yap, 28p&ptosis, or
programmectell death, is the most common mechanism of eliminating damaged or
unnecessary cells during embryonic developmemdtissue homeostas{dacobson et
al., 1997) Whencells within a tssue undergapoptosis, the adhesions betwéen
dying andneighboringnon-dying cells need to bemodeledThis ensurethe
apoptoticcell canbeexpeled from a tissue withoutormpromising tissu€ohesionThe
loss of adhesions ithe apoptoticprocessas been studieavith a focus on the
disruption of celcell junctions associated wittaspasactivation Members of the
caspase familgerve ashe key executors of apoptogiRiedl and Shi, 2004, Miura,
2012) For instanceAJ componentssuch as-cacdherin (Ecad)and.:atenin .:at)
are knownrsubstrates of caspa8@én mammalian cell§Bannerman et al., 1998,
Brarcolini et al., 1997)In Drosophilathe reduction in the levels of&ad from AJs is
associated with the &hvage of th.:at homolog Armadillo by thBrosophila
effector caspase DrICgessler and Muller, 2009)

Along with AJ remodeling the process afell extrusion isalso crucial in the
expulsion ofdying celsfrom atissue. Intissueculture, apoptotic cells autonomously
develop an actomyosin cablandthe neighboring norapoptotic cells also form a

supracellular actomyosin pursstring (Rosenblatt et al., 2001, Kuipers et al., 2014)
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These cablesxertcontractileforce and contribute textrusion(Rosenblatt et al., 2001,
Kuipers et al., 2014)Recently it wasshown thaE-cad iscritical in thetransmssion
of contractileforce to neighboring celld.ubkov and BaiSagi, 2014)andin the
recruitment ofCoronin1B, whichaligns the actanyosincable(Michael et al., 2016)
duringapoptdaic cell extrusionTogether, hese findingsighlightan intriguing
interplay betweeAJ dynamics andhe cytoskeletonandin turn, progressive changes
in tissue tension arourttie apoptotic cell The mechanisms resulting from this
interplayremainto befully understood

We elected to study tissue replacement during histoblast expansion in
Drosophila At the onset of pupal development, the quiescent abdominal histoblasts
(precursors of the adult epidermal cells) are grouped in nests embeddedtdareals
epidermal cells (LECs)g. 13 Movie 1). As metamorphosis progresses, histoblasts
exhibit rapid proliferation and active migratideading to the growth and expansion of
the nestgNinov et al., 2007, Ninov et.22010) Concurrently, prexisting LECs
undergo caspasg mediated apoptos{dlakajima et al., @11) The najority of the
apoptotic cel in Drosophilag including LECs extrude basallyThis is observed in, for
example embryonic tissu¢Kiehart et al., 2000, Toyama et al., 2008, Meghana et al.,
2011, Muliyil et al., 2011, Sokolow et al., 2012, Monier et al., 20HsYyal tissue
(Ninov et al., 2007)imaginaldiscs (Shen and Dahmann, 2005, Manjon et al., 2007,
Monier et al., 2015)andadult tissue during pug&uranaga eal., 2011, Marinari et
al., 2012) This isintriguingly contrary to apical cell extrusion in most vertebrates

(Rosenblatt et al., 2001, Eisenhoffer et al., 2012, Yamaguchi et al., 20ddhd 80%
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of LECs undergo apoptosis in proximity to histoblast nests (hereafter referred to as
poundaryfLECs) and~20% of LECs die away from the nests (hereafter referred to as
pon-boundaryfLECs) (Ninov et al., 2007, Bischoff and Cseresnyes, 2009, Nakajima
et al., 2011)Althoughthe proliferation of histoblasts known tocontributeto
histoblastexpansior(Ninov et al., 2007, Ninov et al., 2010 was not cleawhether
the mechanics dfEC apoptosis alscontributes to thexpansion(Ninov et al., 2007,
Bischoff and Cseresnyes, 2009)

In this study, weevealthatduring theextrusionof apoptotic LECsAJs
between apoptotic antkighboringcells becomeemodelegdand this is associatedth
a reduction in the levels & componentd-urthermore, thisorrelatesvith a transient
release of tissue tensiofowards the end of the extrusion process, neighboring cells
are brought together by thermation and contraction af supracellular actomyosin
cableswithin the neighboring cellsThisfurtherrestoredissue tensioriWe conclude
that adhesion remodelirand changes itissue tensioare mechanically coordinated,
and thisrepresents a mechanism of apoptotic cell extrustarthermore, we reveal
that the extrusion process of deatimmittedLECsis able to mechanicallgrive

histoblast expansion

Results
Apoptotic cell extrusion coincideswith neighboring cell deformation

To explore the effects of extrusiah apoptotic LECs omistoblast expansigmwe
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collected confocal imagesx the surface oWvild-type pupae expressing-cad::GFP
(DrosophilaE-cadherin GFP). We found that boundary LECs undergo apical
constriction (filled circle irFig. 1b, Movie 2 andbasal extrusionMovie 3).
Concurrently, histoblast cells surrounding apdiptLECs exhibited biased cell shape
deformationsig. 1b). Histoblasts that directly contact apoptotic LEBEsome
progressively elongated (yellow dotted lineFig. 1b). The nexto-nearesineighbor
histoblasts also elongated (white and magenta diniesl inFig. 1b). With time, the
space originally occupied by the apoptotic LECs was covered by neighboring cells. To
guantfy histoblast deformation upon boundary LEC extrusion, we monitekd
elongationby measuring the anisotropy of cell shgpaterials and Methods;ig. 1c,
Movie 4). Analyzing theanisotropyrevealedhat histoblast elongation correlated with
LEC extrusion(Fig. 1c) and the degree of elongatidacayeds a function of the
distancerom the extrding cell(Fig. SH). These obarvations indicated that the
mechanical impact of apoptotic cell extrusion was not restricted to the reaigdsbor
histoblast, but propagated to the nxhearesineighbor cell. The elongated
histoblastsFig. 1b) underwent either cell division orlceell junction remodeling
after cell extrusiomad completedanddid notmaintain thé elongated shapé-ig. S2).
These rearrangementsoweverhad no impact otissue expansiqmwith theedge of
the histoblastgemaining in place after cell extrusiaras completéFig. S2). This
suggest thatthe mechanical impact @oundaryL EC apoptosi®ntissue expansiois
preserved even after the completion of LEC extrusion.

To further examine the kinematics of extruding LECs, we analyzed the
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temporal progressn of cell shape changeBoundary LECs exhibitedhaapical
constriction in the course of cell extrusidfid. 1d). The timan which thecell area
transitioneol.ea wasdefined as the time whehe cell started to constrict with higher
speed Materials and Methods, Fi§3). Intriguingly, the boundary LESexhibited a
characteristic kinematics before and a.:g Thedeformation in theshape of an
extruding LEC wasocal and anisotropic befon.ea Here, he major deformation was
at the cell boundary adjacenttteegrowing histoblasts (arrow iRig. 1e),whereaghe
cell boundaries next to adjacent LECs showed little or no deformation (arrowheads in
Fig. 1e). Wespeculatehat the local deformation, befo!a was due to compressive
stress exerted by proliferating histobksthich caused ECsto bepassively
deformed. By contrast, the contractiontloédying LEC was more isotropic aft.ea
(Fig. HY ZKLFK PD\ KDYH EHHQ GXH WRringKbimfe® QW UDF
upon apoptosislhe different kinematics of apoptotic LECs before and .gwere
further supported by quatdiive measurements tie cell shapgFig. S4). Moreover,
guantificationof a nonextrudingLEC that was nexto an LECundergang extrusion
revealed thaalthoughit was static beforf.it exhibitedlocal deformatiorsin
responséo the extrusionof its neighboring cel{Fig. S5a). In this casethe major
deformation afte.eawas at the cell boundary adjacent to extruding LH cell
boundaries away frorhe cell undergoingextrusion showed little or no deformation
(Fig. S5b- E) Togetherwe found that the effectf boundary LEC extrusiowas
restricted to th nearesheighbor LECs, bypropagatednto severalayers of

histoblasts
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We further noticed that apoptosis of Aboundary LECsvasnot strongly
associated with histoblast deformatidng S6). Hereafter we focus on the apoptotic

process of boundary LEC&hichmechanicallycontributedo histoblast expansion

Caspase3 activation precedesapical constriction in apoptotic cells

To clarify thetime at whichapical constrictiortommencedwith respect to apoptotic
signaling, we monitored caspase activity_BCs by imaging pupae incorporating a
genetically encoded fluorescence resonance energy transfer (FRET) basedZaspase
like DEVDase (hereafter referred to as casgssensor (SCAT3(Takemoto et al.,
2003, Nakajima et al., 2011, Levayer et al., 20T6)s sensor displayed a reduced
FRET ratio as caspageactivationincreasedKig. 2a Materials and MethogisWe
used the bipartite GALWAS system(Brand and Perrimon, 1998) express SCAT3
in the pupal epitheliumncludingLECs, bytsh-GAL4. To monitor the apical
constriction of apoptotic LECs in parallel with casp8sa&ctivity, weimagedDE-
cad::Tomat8 (Huang et al., 2009pgether with SCAT3Fig. 2b). Caspas8&-activity
progressively increased with timEig. 2a,Movie 5, orange line irFig. 2c). We
guantifiedwhencaspase activationwas initiated alasa the time when the cell
started tashowhigher caspas8 activity (Fig. S3). The time delay betwe'eaandlS?,
indicated that the initiation of caspa3ectivation preceded the onsetapical
constriction(Fig. 2d). Qualitatively,our data are imnagreement withrecent findngs

from apoptotic extrusion iDrosophilanotum(Levayer et al., 2016)
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Remodeling ofAJs during apoptotic cell extrusion
To understand howJs andhe associated cytoskeletevereremodeledn the course
of LEC apoptosis, we examined the distribution edd€l (bi-DE-cad::GFP) and
Myosin Il [nonmuscle Myosin Il regulaty light chain (Spaghetsquash Sqgh)
Myoll::mCherry].Stills from timelapsemoviesshowed that thé&evel of E-cad at the
interfacedetweemapoptotic LECs andeighboring cells, including both histoblasts
and norapoptotic LECswas reduced (arrowheadshkig. 3a D, Vovie 6). By contrast,
there was no change in the leveD#-cad::GFP at cell junctionsf neighboring cells,
away from the interfacé@ouble DUUR ZV L QCdhcbmiténtp thereductionof
E-Cad, Myoll distribaion around the periphery of apoptotic LE§howed two myosin
cabletike structures (arrows argbublearrows inFig. 3b). Merged images of-Ead
and Myoll (ig. 3c) indicated thathe supracellularcable was irthe neighboring cef
(doublearrows in Fig 3hd, referred to agauter f£able)while theothercable was in
the apoptotic cefarrows in Fig. 3, referred to agnner f£able) The distribution of
actin resembled that of MyolF{g. S7). We further noticed thd-cad accumulated
between théwo neighboring cells (arrows iRig. F {These locicouldlink the
actomyosin cablegherebyforming a supraeellular actomyosin pursstring-like
structure. Importantly, upon completion of apical constrictinovcAJswere
formedbetween the neapoptotic neighboring cells (t=#%n in Fig. 3a Fig. S8).

To furthercharacterizéhe progresse reductionof E-cadlevels at the
interfacesbetween apoptotic LECs atiaeir neighboring cellswe imaged a GFP

knockin fly line that replaced the endogendd&-cad OE-cad::GFP) (Huang et al.,
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2009). Thelevel of E-cadat the interface between apoptotic LECs and neighboring
cells progressively decreased with tinfég( 3e) and the initiation othe decrease in
the level ofE-cadladK. followed the onset adipical constrictiorlea(Fig. 3e-f).
Furthemore, wefound thate-cad leveldetween pupae with 2 copieSE-cad(E-
cad::GFF, o s 38.3.4 min afteff.. n=6, Fig. 3fand 4 copiesf E-cad(ubi-E-
cad::GFPladled, 36.'.9 min, n=9,Fig. S9a) reduced at similar timesdicatingthe
strongreductionin E-Cadlevelsduring apoptosiss insensitive to the expression level
of E-Cad

The other major components of AJsand -catenin behaved similarly to-E
cad Fig. S9b-¢). Flies expressing.:at homolog fusion construct, Armadillo::YFP or
a D =catenin::RFP fusion markdsothshowed a reductioof these componen(fig.
S9bc, Movie 7-8) at the same timta*natE-cadreducec(l‘.,n_redandlat_red Fig.S9a).To
test the possibility thahe reduction in the levels of&d from AJs is associated with
the cleavage c.:atat AJsby caspas@® (Kessler and Muller, 2009veused dly line
that replaced the endogenddE-cad witha GFP taggedE-cad =catfusion protein
(DE-cad =cat:GFP) (Morais-de-S- and Sunkel, 2013%imilar to Ecad, he level of
this fusion protein waseducedduringextrusion(Fig. S9a,d) Thissugges thatit is
thecleavage ol:atfrom a cytoplasmic poadf the proteinrather than th.:at
linking E-cadwith =catin AJs thatplaysa role in the reduction of-Ead Moreover
we camotrule out the possibiltthatthe reduction in the levels of&ad is due to the
cleavage ofhecytoplasmic region of f£adby caspas® (Bannerman et al., 1998)

The observatiothattwo myosin cableform whenE-cadis reducedsuggest
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a loosening of Ecad-dependent celtell adhesionTo follow thekinematics ofcell-cell
contacs during apoptotic cell extrusignvevisualized theoverallplasma membrane
using thePH domain of PL'usedto GFP (PH::GFPyogether withMyoll::mCherry.
Theplasma membranes of apoptotic and neighboring seftgetimesbut not always,
detacted attheapical section othe cell once theseparatiorof the twomyosin cable
becane apparenfFig. 3g and .0). In this casethe myosin cablesf each cellwere
approximatéy at the edge of plasma membrafielg. J By contrastthetwo
plasma mernranes ofpoptotic and neidioring cellscould maintain heir contacs
evenwhenthe two myosin cables became appaféig. S11)

To gain insight into the dynamics oéll-cell contacs at the basolateral section
of thecell, weanalyzed the behavior of septate junctions)(SJsesearepositioned
basal to AJs ilbrosophilain anopposite orientatiorelativeto thatof tight junctions
the functiond equivalentof SXkin vertebrate$Oda and Takeichi, 2011)Ve imaged
pupae expressing GFP tagged Neuroglian, a cell surfaceni@mérane protein
essentl for SJ function (Nrg::GFP). In contrast to AJs, SJs wtbklethroughoutthe
apical constrictionKig. S12, Movie 9. This suggestthatthe permeability barrier
functionis preserved at SJs ewahenAls are disengaged during apgisof LECs

Together, our results show tltaeAJdsbetween dying cells and their neighbors
rearrangediuring apoptosisand this is associatedth areductionin the levelsof AJ

componers
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Myoll accumulates in apoptotic and neighboring cells at different timesluring
apoptosis

To further characterize the formation of actomyosin caiol@poptotic LECginner
cable) or in neighboring cellgouter cable)we quantified the temporal progression of
Myoll accumulationin pupae expressig GFP tagged Myoll (Myoll::GFR)n either
histoblastdy EsgGAL4, or LECsby Eip71CDGAL4 (Fig. 4). These flies also
ubiquitousy expressedlyoll::mCherry.In GFP positivehistoblastswhichwere
considered nowlying neighboring celldMyoll::GFP was found taccumulatevithin
the vicinity oftheapoptotic boundary LECsl¢ublearrows inFig. 4a Movie 10). This
accumulation commencedhenthe space betweethetwo Myoll cableshecame
apparen{t=60, arrowhead and arroim Fig. 48 andincreased with timeFjg. 4b). The
time when Myoll started to accumulelter_Myo.. WaS35.i.8 min aftellea(nzg, Fig.
4e, Materials and Methogiswith nonsignificant difference$o the timing of Ecad
reduction This indicated that the initiation of Myodccumulation in neighboring cells
coincided withremodeling of AJsMoreover, the intensity d#lyoll in neighboring
LECs increased concurrently with Myoll in histob&a@t60 and 70, arrowheads in
Fig. 439), suggestinghe formation otheactomyosin calals inthetwo different cell
types (i.e., nofdying histoblasts and LECs) was coordinatedfabilitate the analysis
of Myoll accumulation in apoptotic LECs, we quantified the intensitshef

Myoll:: GFP signa(Fig. 4c, Movie 11) thatoriginatedsolely from the cell periphery of
apoptotic LECdacinghistoblass (arrows inFig. F){In dyingcells Myoll stared
increasingasapical constrictioru:ommenceq'er_myo.l, Fig. 4d-e). This observation

implied thatthe actomyosin cable theapoptotic cell is present betthe reduction
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of E-cadlevels.
Altogether, the analyses of Myoll distributishowedthatthe formation of
actomyosin cables iapoptotic and neighboring cetbecurat different tines implying

that thetwo cablescontribute at different stagef apoptotic cellextrusion

Actomyosin cableformation, apical constriction, and a reduction in E-cad levels
upon apoptosisare caspase3 dependent

In apoptoticLECs, caspase is activatedprior tothe initiation ofapicalconstriction
(Fig. 2), the reduction in Eead levels Fig. 3), and the accumulation of Myoll in dying
and neighboringells (Fig. 4). To investigate the role @aspases in apoptoticcell
extrusion, we ectopically expressadbaculovirugaspase inhibitop35, in the

majority of LECsby Eip71CD-GALA4. This fly also ubiquitoug expresed DE-
cad::GFP or Myoll::GFP As previously reporte(Ninov et al., 2007)tissue
expansionig. S133a) and the extrusn of LECs are delayedvhenp35is expressed
with cellsrequiring mordime to leave the tissu€ig. 5a Movie 12. Pinkline in Fig.
5b). The number of LEQV X Q G Hextrdistdn @ds reduced by more than 90%,
howeverextrusiondid notcease:ompletely(38.7..3 and3.C..0 cells within 5 hours
in wild-type and p35 pupae, respective®uring extrusion of p3positive LECsno
significantreduction in Ecad level{Fig. 5a. Blue line inFig. 5b) wasobserved.
Similarly, Myoll did not accumulate in eith¢heextrudingor neighboring cellgFig.
5¢-d, S13h Movie 13, andthe space between Myoll cabléBig. 5¢) wasnot observed.

Theseresultsindicated that the extrusion of p35 expressing LECs is different in nature
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to that of caspase positivald-type LECs. Indeed, Ninov et al reported that extruded
p35-positive cells were viable under the epithelium, and were not engulfed by
haemocytegNinov et al., 2007)We speculate thahe extrusion of p3%postive LECs
occurs when they are pushed bytexpandindhistoblastsKig. 16. Together, oudata
showed thatheformation ofactomyosin cabk theapical constrictionand the
reduction in Ecad levels observed duringld-type LEC apoptosisare caspase-

dependent.

Disruption of Myoll compromises apoptotic cell extrusionwithout preventing
reduction of E-cad level

To furtherinvestigate thenechanisnbehindthe strongreductionin E-cad levelsand
to define thecontribution of actomyosinontractilityin this mechanispwe ectopically
expresedsqhtRNAI (Myoll regulatory light chain RNAIJn themajority of LECsby
Eip71CD-GALA4. This fly also ubiquitouy expresed eitherDE-cad::GFF or
Myoll::GFP (Fig. 6). The level of Myoll::GFRFig. 6ab) and phosphorylated myosin
regulatory light chain (Fig. S140 LECs was reduceith sgh-RNAI expressing pupa
compared to wiledype pupa. Thiswasaccompanied bg strongly delayeépical
constriction(Fig. 6¢d), alow level of E-cadin the LECs(Fig. S15), andless if not
absentmechanical impaain the surroundingistoblasts (Fig. ), compared to wile
type pupae We observeda strongreductionof E-cadin all sghrRNAI positive
apoptotic cellsgrrowheads iffrig. 6e, n=9, Movie 14). Furthermore, waoticed a

spaceexistedbetween Myoll cablesH{g. 6f, n=10 out of 19 cel)sn around half of the
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apoptoticcells This was incontrastto other cells, wherthe spacewas notobserved
(Fig. 6g, n=90ut of 19 cell} Togethertheseresuls suggesthatthe strongreduction

of E-cadin apoptoticLECscouldbe independent aictomyosincablecontraction
whereagheformation ofthespacebetween actomyosin cables, which was normally

observed during wildype LEC apoptosisrequiredactomyosincontractility.

Disruption of Myoll in neighboring cells strongly delaysapoptotic cell extrusion
To understand the role tthe supracellular actomyosin cable in apoptotic cell
extrusion, we sought ipair actomyosin contractilitgnly in neighboringnon-dying
cells To this endwe expressesghRNAI in a subset of LECs using the mosaic
analysis with a repressible cell marker (MARCM) systeee and Lup1999)(Fig.
7ab, Movie 15). We thenexamined apoptosis of witype LECs which were
positionednext to RNAI positive LECs (highlighted with blue dotted lind=ig. 7b).
In this caseall butoneof theneighboring cells were wiltiype,andthe contractility
of the suprecellular actomyosin cablas therefor@nly partiallyaffected First, we
gualitatively compared the apical constriction of apoptoticnjfte LECsthat were
next to RNAI positive cells (hereafter referred to as LG, highlighted with red
dotted line in Fig. 7bdo that of wildtype LECs fully surrounded by witype cells
(hereafter referred to as LEGyr, highlighted with white dotted line iRig. 7b). This
comparison was done on celisthe same pupa. We found th# Cs with Myoll-
defective neighbors (LEGrw) €xhibiteda slower apical constrictigrwhich

compared to controls, alsequired a longetime to completgFig. 7¢). Quantitative
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analyses further supported these observations (Fig. 7d) eanelasonethat this delay
wasthe resulof the partially compromised supcallular actomyosin cable in
neighboring cellsThe contour plot of apoptotic LEGrn. Shown inFigure7b shows

that e apical constrictioappeardo be biased toward the RNAI positive cell (arrow in
Fig. 7). This observation was further supportadirackingthe trajectory othe

centroid ofthe apoptoticcell shapg(Fig. 7f- I ) These observatiorssiggestdthatthe
supracellular actomyosin caldewith partially defective myosin contraction lead to
eccentric deformation of apoptotic cellfagethemour datashowedthat the actomyosin
cablethatformed in neighboring cells upon apoptgsigyedan importantrole in the

extrusion process.
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Tissue tension idransiently released uporE-cad reduction and re-shaped
afterwards

Theappearance of two actomyosin caldssociated witlareductionin E-cadlevel
implied that tissue tension eteredduring theapoptotic cellextrusion Indeed, ve
found thata subset oheighboring histoblast catloundarieswhich are orthogonal to
theinterface between apoptotic and neighboring ckltse their straightnesarfows in
Fig. 8ab), suggestin@release ojunctionaltension We further noticed it the cell
boundary became straight agaihen theoutercablecontractdoublearrowin Fig.
80). Quantification of the linearity of the cell boundarié4aferials and Methods)
further supported these observatioRgy(8d). To characterizéhe changen tensionof
neighboring cellsluring apoptosis, we probed the junctional tension at differentsstage
of apoptosis by laserancablation(Hara et al., 2016)Fig. D ¥, Movie 16).
Compared to the control boundaride initial recoil velocity after ablatiofMaterials
and Methods)whichis thefirst goodapproximation othe junctional tension right
before ablation, decreasedmediatelyafter E-cad levelgeduced(Fig. 8€). Moreover,
the recoil velocity increased aneven highetevel at the later stagef apoptosis
comparedd that ofthecontrol boundaes(Fig. 8¢). Thecell boundaries of
neighboring LECs showetie same trenfFig. S16). Altogether our results showhat
tissue tensiots transiently released upahe reductionof E-Cadandis re-shaped

during the latestage of cell extrusion.
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Discussion
Progressive remodeling of AJs and redistribution of tensile force upon apoptosis

We reporthere,the temporal sequence of evedtsing apoptoticell extrusion with a
focus ontheremodelingof AJs thecytoskeletonand mechanical tensioAfter
caspase startsto beactivatedin LECs,those undergoing apoptosistiate apical
constriction(Fig. 2). We reasonedhatthe initiation ofthis constrictioncould be due to
acombination ofactanyosincableformationin the dying cel(Fig. 4) andthe activity
of caspase3, which assists in thepregulation oictomyosincontractility. Indeed, it
has been shown in tissue culture that the cleavage of Rho associated kinase by caspase
3 is involved in phosphotgtion and activation of myosin light chawhichregulates
actomyosin contractilityl eung et al., 1996)Ne propose that the actomyosin cable
that forms in apoptotic LECs is responsible for the eadges ofapoptotic cell
extrusion Duringapical constrictionthe level ofAJ components including-Ead
stronglyreducedn a caspas8-dependeninanner Fig. 5). In the neighboring non
dying cells,this reductioris foundonly atthe interface betweehe apoptoticcell and
itsneighbos )L J . 8ifce caspasg is not activated itheneighboring cells, &
speculate thatie reduction of Ecadis a consequence afloss of transnteractions
between Ecad ofthe neighboring cellandE-cad ofthe apoptotic cell, which
undergoes caspa8edependentleavageThis often but not alwaysleadsto plasma
membrane separatidfiig. 3g), which is suggestive of a loosening oféddpendent
adhesionReyes et al reportatiatanillin organizes and stabiligeactomyosin
contractile rings at AJand its knockdownis associated witla reductionof E-cad and
.:at levelsat AJs leading to AJ disengagemdeyes et al., 2014A gradual

decreas@n the level ofE-cad Fig. 3e), andagradual increasin Myoll accumulation
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in apoptotic ceB (Fig. 5d) was observegrior tothe strongreductionof E-cad levels
Thisleads us to hypothesize that mechanical tengwerted on the cell interface
between apoptotic LECs and neighboring cellsh@ycontration of the actomyosin
cable, whichformsin theapoptotic cellis large enough to ruptutee weakened
contacs between plasma membraresAJsuponthe strong reduction of-Ead levels
Interestingly,andby contrastthere arecass whenAJs are not disengaged e\agiter
the level ofE-cadis reducedIn these cases tlells exhibita separation of actomyosin
cablesfrom the membrangFig. S11).We speculate thadhe state o€ell-cell contacts
atAJs, i.e., whether they will disengageremain engageduring apoptosisis
depenéntonwhich ofthe following links is weakerfThe link betweernwo plasma
membrames,or the link betweerthe plasma membrane arige actomyos cable Both
of these linksvould be weakenebly astrong albeitincomplete reductionof E-cad
levels When theformeris weaker tharthelatter, thetwo plasma membranes could be
detachedWhen the former is stronger than the latter, the two plasma memio@nds
remain in contagtandtheactomyosircable could beletached from the plasma
membrane

In parallel withthe reduction oE-cadlevelsandthe associatedelease of
tension(Fig. 8), asupracellular actomyosin cable begins to fommeighboring cells
(Fig. 4) These observations prompt us to speculatethiesielease of tissue tension
triggers Myoll accumulation imeighboringcells Subsequentontraction othis outer
ring helps toreshape tissue tension, whistransientlyreleasedvhen Ecad is

redued As a consequence, the neighboring cellsaetchedFig. 1). Upon
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completion of apical constriction, neighboring reymoptotic cells fornde novoAJs
(Fig. S8)and the stretched cells undergo cell division and/oraadlicontact
rearrangementg. S2). These processes allowedaxationof the high tension
associated with the strefaly of cells Fig. 7e).Finally, cur measurements alaspase
activity (Fig. 2), andour observationgom caspase inhibitioexperimentgFig. 5),
help us to concludthatthe characteristicassociated with apoptotic cell extrusion
reportedn this studyarethe consequences thfe apoptotic procesgther than the

cause

Apoptosis mechanicallydrives tissue expansion

In addition to the progressivemodelingof AJs andnodulation of tissa tension

during apoptosis, we examined the mechanialof apoptsis uUDSRSWRWLF IRUF
tissue morphogenesis, which has been propassdpnstratedand discusse(btenn et

al., 1998, Toyama et al., 2008, Suzanne et al., 2010, Teng and Toyama, 2011, Miura,
2012, Kuranaga, 2012, Monier et @015, Okuda et al., 2015, Pé@arijo and Steller,

2015, Monier and Suzanne, 2018Je show thatite mechanical force genézdby the
contraction of actomyosin cables formebdenLECsundergo apoptosigspecially

boundary LECspromotes tissuexpansior(Fig. 1, S1), dong with histoblast

proliferation and migratiofNinov et al., 2007, Ninoet al., 2010)Nonethelesswe

FDQTW UXOH RXW WKH SRVVLELOLW)\ whbizalecrédseV DSL
in cell volume which can beriggered by caspase activati(®aias et al., 2015)

Intriguingly, we found that apoptosis of ndmoundary LECslid not affect tissue
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expansionig. S5-6). This rmisedthe possibility that the mechanical influence of
apoptosis in neighboring tissuissdependent not only on tipaysical connections
between cellsbut alscon the mechanical properties@#lls including cell compliance.
If a tissue isoft, for instance, the tensile forces generated by apopi@cessould
be absorbed by nearastighborcellsand would not pypagate to cellturtherthan a
single cellaway We speculate that the apoptotic process could mechanically contribute
to cell deatkrelated morphogenesignly when apoptosis takes place at optimal
mechanicapropertiesof a tissue

Here we present a framework for understanding how cell adhesions and tissue
tension are progressivetlgodulatedduring apoptosis in a developing epitheliufng
S17). We conclude that tissue tension reshaping, incluthie¢ransent release of
tension uporareductionin thelevels of AJ components, represents a mechanism of
apoptotic cell extrusion. It would be important to explore hasittnsientmodulation
in mechanicatenson would further influence the biochemical nature of neighboring

nonrapoptoticcells.
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Materials and Methods

Fly husbandry, Sample preparation and Live Imaging

Flies and crosses weraised on standard media at 25deg&aged pupae were
collected, dissected, mounted and imaged as previously desgyiioed and Martin
Blanco, 2007)Refer to SupplementMaterials and Method®r a canplete list of fly

strainsand detaik of microscopy used.

Image analyses andjuantification

All confocal imageshown(exceptFig. 8, S12, and S)@Gremaximum projection of
~3.1 along the apicdbasal axis of a cell around AJsmages shown in Fig, S12,
and S16 are single confocal sections at MsusedmageJ Packing Analyzer V2.0
(Aigouy et al., 201} and/orMatlab software (MathWorks, MA, USApr image
guantification and subsequent analy3dg details can be found 8upplemental

Materials and Methods.
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Figures
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Fig. 1. Kinematics of apoptotic LEC and surrounding histoblast cells during histoblast
expansion.
(a) Confocal images of wilthpe pupa expressifgE-cad::GFP, showing anterior and

posterior dorsal histoblast nests and larval epithelial cells (LECs) 4B1&nd 22hours
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after puparium formation (APF) (Movie 1). (b) High magnification of the dotted region
depicted in (a) (Movie 2). Imaging started at 0 min. An apoptotic LEC (filled circle), the
nearesineighbor cell (yellow dashed line), and the cells #ya not directly attached to
apoptotic LEC (white and magenta dashed lines) are highlighted. Anterior is to the left and
ventral to the top in all figures. (c) Colenhanced reproduction of the confocal images
from (b) (Movie 4). Colors denote the artispy of cell shape. The darker colors represent
more elongated cells. (d) Graph plotting the normalized apical cell area of apoptotic cells
over time (n:21).ea(gray dotted line) denotes the time when the cell started to constrict
with higher speed. ifor bars indicate SEM. (e) Contour plots showing the deformation in
the shape of the apoptotic cell highlighted in (b) priclp Cell deformation is local, as
highlighted by the arrow. Arrowheads highlight the cell boundary with little deformation.
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Fig. 2. Caspase activation precedes apical constriction in apoptotic LECs.

(a, b) Confocal images of wilthpe pupa expressing FRIbBsed caspasksensor SCAT3
andDE-cad::mTomato (Movie 5). Imaging started at Omin.gal)s from a time

lapsemovie showing caspase activity in LECs. The pseuadtor represents the fluorescent
intensity ratio (Menus/ECFP). (I8tills from a timelapsemovie of E-cad. An apoptotic

LEC highlighted with a filled circle. (c) Graphs plotting the normalized cell apical area
(gray) and caspasgactivity (orange) of the apoptotic cell over time (n=8).\yGaad

orange dotted lines repres.gaand the time when the cell started to show higher FRET
ratio l33 respectively. Error bars indicate SEM. (d) Time delays bet‘l:mnd eithe.BS3
or the time caspase reaches its maximum \lggnax(n:& *: P<0.05). Average values are

shown as thick horizontal lines. Scale bar, 120
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Fig. 3. Reduction of ECad levels and AJ remodeling during apical constriction of

apoptotic LECs.

(a-c) Confocal images of wild-type pupa expresdiifrcad::GFP and Myoll::mCherry

Q
O
e
(]
(D)
(&)
C
©
>
o
<
°
—
c
(D)
S
o
o
[<B)
>
[<B)
(@)



(Movie 6). (a) The progression of&ad reduction at the interface between the apoptotic

/(& DQG QHLJKERULQJ FHOOV DUURZKHDGYV DY +LJK PDJC
depicted in (a). Eead at cell junctions away from the interfaceydlearrows) were not

reduced. (b) Myoll distribution around the periphery of apoptotic LEC shows two myosin

cablelike structures (arrows and doubRB U U R ZV F OHUJHG LPDJHV RI D DC
High magnification of the dotted region depicted in fggyows show the high accumulation

of E-cad at the boundaries between neighboring cells. (d) Schematic (not to scale) showing

the actomyosin cable in an apoptotic cell (inner cable, orange disbgedrrow) and the

supracellular actomyosin cable in neigbring cells (outer cable, red dasHaegk, double

arrow). (e) Graphs plotting the normalized apical area (gray) asatifevel (purple) of

apoptotic cells of wildype pupa expressifgE-cad::GFP, over time (n=6). Error bars

indicate SEM. Gray, purplend pink dotted line denote., the time Ecad starts to

decreasec..., and the timing of the strong reduction ot&d levels g..q s respectively.

(f) Time delays between,..and either ceuq OF  ecacki_ea(N=6, *: P<0.05). Average valseare

shown as thick horizontal lines. (g) Confocal images of yiftk pupae expressing the

plasma membrane markers PH::GFP and Myoll::mCherry, highlighting the locations of the

plasma membrane and myosin cable of the apoptotic cell (arrow) and ofghbaréig

cells (doubleDUURZV JY /LQH SURILOH RI WKH IOXRUHVFHQFH L
Myoll::mCherry (red). The two peaks represent the fluorescence in the apoptotic cell

(arrows) and neighboring cell (double-arrows). Scale bardn46 and g). Apoptotic LECs

are highlighted with filled circles.



Fig. 4. Myoll accumulates at different times in apoptotic and neighboring cells.

@D &RQIRFDO L-&hepdHpa eRdregding Myoll::GFP only in histoblast, and
Myoll::mCherry ubiquitously (Movie 10). (a) Arrows and arrowheads show Myoll
DFFXPXODWLRQ LQ WKH DSRSWRWLF /(& DQG LQ WKH QHLJK
Myoll::GFP images. (b) Graphs showing the normalized cell area of dying LECs (gray) and

Myoll intensity of neighboring histoblast cells (dark green) over time (n=9). Gray and dark



green dotted lines denotg.,and ... woi (the time when the cell started to accumulate

Myoll with higher rate), respectively.{EY & RQIRFDO L-Bpejidpa dxpredding G

Myoll::GFP only in LECs, and Myoll::mCherry ubiquitously (Movie 11). (c) The double

DUURZ LQGLFDWHYV 0\R,, DFFXPXODWLRQ LQ KLVWREODVWYV |
Myoll::GFP images. Arrows represent the region where Myoll intensity in the apoptotic

cell was analyzed. (d) Graphs plotting the normalized apical area (gray) and Myoll

intensity (light green) of an apoptotic cell (h=8). Gray and green dotted lines .J;Qt‘&?l

'er_Myol. (the time when the cell started to accumulate Myoll at a higtte), respectively.

(e) Time delays betweieaand eitheler_MyoII (n=8) orlter_Myo.I (n=9). *: P<0.05. Average

values of data are shown as thick horizontal lines. Apoptotic LECs are highlighted by filled

circles. Error bars indicate SEM. Scalars, 2QIn.



Fig. 5. Extrusion of LECs expressing caspase inhibitor p35 is distinct from that of

wild -type LECs.

(a) Confocal images of pupa expressing caspase inhibitor p35 only in LE@Eand

cad::GFP ubiquitously (Movie 12). (4 +LJK PDJQLILFDWLRQ RI WKH GRWW
in (a). (b) Graphs plotting normalized cell apical area (pink) anddElevel (blue) of

extruding p35 expressing LECs over time (n=7). Error bars indicate SEM. Normalized

apical cell area of wildype apptotic cells (gray, n=20) is shown for comparison. (c)



Confocal images of pupa expressing caspase inhibitor p35 and Myoll::GFP only in LECs.

An extruding p35 positive LEC is highlighted with asterisks, v§ide apoptotic cell not

expressing p35 and Myoll *)3 LV KLJKOLJKWHG E\ ILOOHG FLUFOH Ff{
where Myoll intensity was analyzed in (c). Dark green lines highlighting the cell

boundaries of LECs next to wiliype apoptotic LEC (filled circle), which represent the

outer ring. Orange lies highlighting the cell boundaries shared by both p35 positive

delaminating LEC (asterisk) and ndelaminating LECs. Light green lines highlighting the

cell boundaries of p35 positive delaminating LEC (asterisk). Imaging started at Omin. Scale
bars,20m D Fq DRGDT G *UDSKV SORWWLQJ 0\R,, LQWHQVLYV

OLQHV VKRZQ LQ FT RYHU WLPH



Fig. 6. Apoptotic cell extrusion insgh-RNAI expressing LECs.
(a) Confocal images of wilthpe pupa expressing Myoll::GFP ubiquitou@lft) and pupa

expressingghRNAI only in LECs and Myoll::GFP ubiquitously (right). The contrast of



the images were adjusted so that the fluorescence intensity of histoblasts became equivalent.
(b) Statistical comparison of the ratio of Myoll intendigtween LECs and histoblasts.
Gray and light red bars denote the mean values fromtyld andsgh-RNAI expressing
LECs, respectively (n=6 and 7 pupae). Each ratio was calculated based on the average of 20
cell boundaries of LECs and histoblasts fromraage. (c) Graphs plotting the normalized
apical cell area of wildype (gray, n=20) angghRNAI positive (pink, n=5) apoptotic cells
over time..eadenotes the time when the cell started to constrict with higher speed. Error
bars indicate SEM. (d) Statistical comparison of the maximum speed of apical constriction
(left) and the duration fror.eato the completion of apical constriction (right). @@nd
light red bars denote the mean values from ayjze andsqhRNAI positive LECs,
respectively (n=20 and 5).-@ Confocal images of pupa expresssagprRNAI only in
LECs, andDE-cad::GFP (e) or Myoll::GFP (f, g) ubiquitously. (e) A cell undergoes
apoptosis and shows a reductafrE-cad levelgarrowheads) (Movie 14). (f, g) Confocal
images of apoptotic cells with the space between Myoll cables (f) and without the space (g).
T JY +LJK PDJQLILFDWLRQ RI WKH G RVéwWaAdddulie LRQ GHSL]|
DUURZ LQ I VKRZV WKH P\RVLQ LQ DQ DSRSWRWLF FHOO DC
Imaging started at 0 min. Extrudisgh-RNAI positive LECs are highlighted by filled

circles. ***: P<0.001. Scale bars, 20 (a), 10In (eg) and5im 1 JT



Fig. 7. Clonal disruption of Myoll in neighboring cells compromises apoptotic cell

extrusion.

(a) Confocal images of pupa expresssgiprRNAI to a subset of LECs. LECs with bright



(two copies of) Histone::RFP represent LECs expressihdRNAI (white arrow), and is

distinct from the control cells, which either lacked Hist&tteP, or expressed only a single

copy. The pupa also expres§¥s-cad::GFP E SElfs from a timelapsemovie of the

same pupa in (a) (Movie 15). (b) The celghiighted with a blue dotted line is an LEC
expressingghRNAI (LECkw). The cell highlighted with a red dotted line is a wiyge

LEC next to an RNAI positive LEC (LE&Grwa). The cell highlighted with a white dotted

line is a wildtype LEC surroundeldy wild-type histoblasts and LECs (LE&.r). The

JHQRW\SH Rl GLIIHUHQW FHOOV FDQ EH IRXQ&GwLQ ODWHULL
and LEG,rwr undergo apoptosis and show the reductibB-cad level§arrowheads). (c)

Graphs showing the apicatltarea of the apoptotic LEG.r (black), apoptotic LE Grra

(red) and neighboring LEG, (blue). (d) Statistical comparison of the maximum speed of

apical constriction and the duration frt.gato the completion of apical constriction. Gray

and light red bars denote the mean values from J:&Cand LEG,rw.i, respectively (n=58

and 6). (e) Contour plots showing the apical cell shape change of the apoptatigl.EC

highlighted in (b) over time. The constriction appears to be biased toward KiepBitive

cell (arrow). (f) Trajectory of the centroid of apoptotic cell shape l,,ngrajectories of

LEC.wr cells (n=20) and LEGrw Cells (n=6) are shown in black and red, respectively.

For the analysis of LEGrw Cells, the images were rotated so that the RNAI positive cell

ZDV SODFHG WR WKH ULJKW RI WKH DSRSWRWLF FHOO | I
trajectory shown in f. Error bars indicate SEM. *: P<0.05, ***: P<0.001, n.s.: Not

significant. Scale bars, 2.



Fig. 8. Tissue tension release and reshape after reductiohE-cad levels (a-c)
Confocal images of wildype pupae expressimidE-cad::GFP and Myoll::mCherry
ubiquitously highlighting the histoblasell boundaries connected to the apoptotic LEC
DUURZV EHIRUH OBIWVHWREODMWKWVRQHQBIUDWHG IURP WKH ZK
in ac, showing the dynamics of the cell boundaries after ablation (Movie 16). The laser
ablations (arrowheads) wererformed in three different stages of apoptotic cell extrusion:
before reductionf E-cad levelda D ULJKW DIWHY UBIGE FAXLRQ@JEQHLJKEF
actomyosin cable (doubkrrow in c) contraction ¢ 6 F D Qi SEdbdtical
comparison of the cell boundary linearities (d) and the recoil velocities (e) at each stage of
cell extrusion shown in a-c. n=17, 12 and 27 for control, after reduction, and, during cable

contraction, respectively. Error bars indicate SEM. *: P<0.05, ***: P<0.001.
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<o, 1. —fe—< <. f=<'o" L FZZ eSf F Tt ef—<'e " Sco—t Zfoe-s —""'e
. —eT fry a (a and b) Blof anisotropy of cell shape%upplementalMaterials
and Methods) before (croses) and after (filled circles) the boundary cell extrusions,
as a function of distance (i.e., number of rows) from the boundary LEQs15 from 3
pupae). Data from wild-type pupae (a) and pupa expressing sgRNAi only in LECs
(b). *: p<0.05, ***: p<0.001n.s.: no significance.
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hoBA f—1 " —STEZ'e%of—FT Sco—t Zfo—e f =t" =St e Zf—cte " fre
Lotee T L —¢te T frT ¢ a Confocal fluorescence images of wild type pupa
expressing E-cad::GFP, showing the fate of the elongated histoblagigesented in
Fig.1 b and 1c. The first time frame (denoted as 75 min) is the same image as the last
frame of Fig.1b (denoted as 75 min). The elongated histoblasts underwent either cell
division (highlighted with blue dotted line) or cell-cell junction remodding
(highlighted with yellow and red dotted lines) after the completion of cell extrusion.
White dotted line denotes the edge of the histoblasts.
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<GhoB8 T-—TF"ecof—<'e " =7 feecReferta Mhaterials and methods for more
detail. (a) Graphs showing the normalized apical area (gray line) and caspa3e-
activity (orange) of apoptotic cell over time. (b) Original Area graph (Are@ginal, gray
dotted line) was shifted by tshit SO that the difference between shifted area (Areax,
gray solid line) and caspase data (orange line) is minimized. Note gray and orange
solid lines are overlapping each other. (c) Transition time of cell areasrea Was
determined as the time when the derivative of the graph (Area/ t) reached to 25%
of the maximum slope ( Area/ tmax). (d) The time delay between the initiation of
apical constriction and caspase activation measured by 25% of maximum slope,

t2506 = | area- casd, Was consist@t to tsnit.
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od —foe—<—f—<"t fefZsete " =Sttt "ef—_c'ece —SteSf't " FF_"-
(a) Two contour plots showing the cell shape of different time points (25 min apart)
for before (left) and after (right) area. Black cross denotes theentroid of the cell area
at later time point (white in the figure). Red and blue avsses denote the centroid of
residual area (difrence between two contour plots, gray in the figure) at before and
after areq, respectively. (b) Summary of 6 data. Open circles and error bars represent
the average values and the STDEV, respectively. ***: p<0.001.
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<%oB <ofef—<..°o""a eIxt —* fe f’'' —"'Eanfocal flaorescence
images of wild type pupa expressing E-cad::GFP, showing the cell shape deformation
of a nondying LEC (highlighted by open circle), which is next to an apoptotic cell
(highlighted by filled circle) and same cell as shown in Fig.b. Time stamps denote
the same time as shown in Figlb. ... fZ% ,f”4& tr Je& (b) Contour plots showing the cell
shape deformation of the notlying LEC highlighted in (a) prior to area Of the apoptotic
cell, showing a little deformation. (b’) Contour plots of the norapoptotic LEC from
area ONWards. The cell deformation is local. Arrow indicates the region with major
deformation. Arrowheads highlight the cell boundary with little or no deformation.
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oA T..Sfec...fZ <o’ fapi—ote% f’ ' —*{ap@onfocal
fluorescence images of wild type pupa eressing E-cad::GFP. Noiboundary LEC
(i.e., one LEC away from histoblast) is highlighted by filled circles.... fZ+ ,f”*& wr Je&
(b) Color-enhanced reproduction of the confocal images from (a). Colors demote the
anisotropy of the cell shape: The darker color represent more elongated histoblast
cells (same as Figlc). The color of the histoblasts did not change asuch as the case
of boundary LEC. Scale bar, 20« &
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Yo §A ..—<o T ——cte fri—et S £ St T fr 22
f..—co BB P—"— . Gonfdchkffuorescence images of wild type pupa
expressing Moesin::GFP. Apoptotic LECs are highlighted by filled circléstow and
arrowhead show the actin accumulation in the apoptotic LEC and the neighboring
non-f’' —"—<... 4 "te't...—<"tZ>a .. fZ% ,f"& tr Jea

.g‘TMS _
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<odd ‘"ef—c'e'"denovo o ,f-—™iFeghSes‘acc et %S, "<*% ...tZZ%4
Canfocal fluorescence images of wild type pupae expressinge-cad::GFP and
Myoll::mCherry. Two pairs of neighboring cells (filled and open circles) formte ‘"~
AJs before the completion of apoptotic cell extrusion (arrows andoublearrows).

. fZf ,f"& sr Je
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UoB FTT—..—<'e" —SeZF"FZ " .. tetete_s T HAXTiRRf ‘—'eced
delays of the reduction of AJ componeBt( Ecadred, -catred, -catred, @Nd Ecad -cat red)
using area transition area as a reference (*: P < 0.05, n.s.: Not significant). ns8312,
and 7for Ecadred, -catred, -catred,@Nd Ecad -cat req respectively. Average values are
shown as thick horizontal lines. (b and c) Confocal fluorescence images of wild type
pupa expressing -cat:YFP and Myoll::mCherry (b, Movi&) or pupa expressing =
cat:RFP only in LECs and Myoll::GFP ubiquitously (c, Movig &) Confocal
fluorescence images of pupa expressing GFP tagged fusion protein that thininal
domainof E ... fT ™ fe "1’ Zf .-cdtprqteirflacking the Nterminal domain ( E-
cad =cat::GFP) Apoptotic LECs are highlighted by filled circles. Arrowheads shows
the dissociation offluorescence signal. Arrows and double arrows denote the myosin
in the apoptotic LEC and the neighboring cells, respectivelgcale bf "<& tr Jea
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<Wo8ra teofe%of Wotfefe— —’"+ Eonfocat tim@rescence images of wild
type pupa expressing the plasma membrane markers PH::GFP in LECs, and
Myoll::mCherry ubiquitously, highlighting the plasma membranes of apoptotic
(arrow) and neighboring (double arrows) cells detach once the separation of the two
myosin cables become apparent. Same data as showninBg. ...fZ% ,f”a tr Je&a
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<Uo8S. c'ehcofeYofRofete— — " ") Ganfaoa fluorescence
images of wild type pupa expressing the plasma membrane markers PH::GFP only in
the histoblasts, and Myoll::mCherry ubiquitously. (d) High magnification of the dotted
region depicted in (c), highlighting the myosin cable in the apoptotic cell (arrow) and
the edge of the histoblast membrane are closely juxtaposedeh other. Moreover, the
myosin cable in the neighboring cells (double arrowheads) is away from the
membrane. Scale bar, 20 « &
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<o 8tA >efeccs T et —f-F E et —"¢*e%o f'''—"eced
(a-c) Confocal fluorescence images of wild type pupa expressing the septate junction
marker Nrg::GFP and Myoll::Cherry (Movi®). Imaging started at 0 min. (a) Myoll
images from a zsection at AJ. Apoptotic LEC is highlighted by filled circle&rrows
and double arrows show the Myoll accumulation in the apoptotic LEC and the
neighboring LECs, respectively. (b) Images of the septate junction from-@ection 1.6
Je ,fZ'™ & eddSindicate the septate junction is not compromised during
—St flc.fZ tee—Tc—cte T St fr—t—c.. 1274 ... 1% FT <of"
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(oBU. §—"—ec'e " s ETF "feeco% ... [ f.od) CobfocaHllibrescence
images of pupa expressing caspase inhibitor p35 only in LECs, and-cad::GFF®
ubiquitously, showing anterior and posterior dorsal histoblast nests and LECs at 17,
21, 25, and 29.6 hours APF. White dotted region represent the field shown in Fig. 5a.

.. fZ1 ,f” &b} Grapks plotting normalized Myoll intensity of extruding cell
(green, n=5) and of the summation of extruding cell and neighboring cell (purple,
n=7) over time. (c) Graphs plotting normalized Myoll intensity of the summation of
apoptotic cell and neighboring cellin wild-type pupae (pink, n=6) over time.Error
bars indicate SEM.
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<%o. SV. T7FZ TS 'S Zf—Ft estece "T%o—Z frt) LT d%oiS— ... Sf <o
'— ' f.fa-c) Confocal fluorescence images of pupastained with phosphorylated
myosin regulatory light chain (pMLC, red) and DAPI (blue) (a) Images of pupa
expressing sghRNAI only in LECs, antlyoll::GFP ubiquitously.(b and c) Images of
control pupa expressing Myoll::GFP (b) and E-cad::GFE! (c), ubiquitously. The level
of pMLC at cell boundaries (amws) in sqh-RNAi expressing LECs is weaker than that
of control LECs. ... fZf ,f”& tr Jea
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<o &8W FTIZ ‘Be.fT <o e I3 "FeeceMosgh
(a, b) Confocal fluorescence images of wilthpe pupa expressing E-cad:.GFR!
ubiquitously (a) or pupa expressing « “BNAi only in LECs and E<cad::GFF
ubiquitously (b). The cantrast of the images were adjusted so that the fluorescence
intensity of histoblasts became equivalent. No apoptotic cells are shown in both
images. (¢ Statistical comparison of the ratio of Ecad intensity between LEC and
histoblast. Gray and light red bars denote the mean values from wilgtpe and sgh
RNAI expressing LECs, respectively (n=5 and 8). Each ratio was calculated based on
the average of 20 cell boundaries of LECs and histoblast from an image. Scals,li20
Je
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<o BX <se—€ —Feecte "FZtfee fot "teSf L frleradtffEZI k20 <o

». (ac) Confocal fluorescence images of wiltype pupa expressing E-cad::GFF
and Myoll::mCherry ubiquitously highlighting the LEQboundaries connected tahe
apoptotic LEC before ablation(a-c’) Kymographs generated from the white boxed
regions in a<, showing the dynamics of the cell boundaries after ablation. The
ablations were performed in three different stages of apoptotic cell extrusion: before
reduction of Ecad levels(a and aJ; right after reduction (b and b); and during
neighboring actomyosin cable (doublearrow in c) contraction (c and ¢’). Scale bar, 10
J « &tatistical comparison of the recoil velocitiesd) and the length of cell boundary
at laser ablation €) at each stage of cell extrusion shown in a-0=16, 11 and 13or
control, after reduction, and, during cable contraction, respectively. Error bars
indicate SEM*: P < 0.05, ***: P < 0.001, n.s.: no significance.
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<Godyss *'tIZ '~ —Se "' Uo"teecve "Fe'tiZco%o T J foet —coo—e —Feec'e T
f’ " —"ece& Cartoons show the progression of apoptotic events with the top view at
the AJ. Cell size and shape are not scale. (a) Caspase activation (set this time as
t=0min). (b) Beginning of apical constriction and Myoll accumulation (orange dotted
line) in the apoptotic cell (t=20min). The contraction of the actomyosin cable pulls the
neighboring cells through the AJ (black arrows). (c) AJ disengagement (black dotted
lines) and tension release (t=50min). (d) Myoll accumulation in neighboring non-
apoptotic cells (red dotted lines). Contraction of suprasellular actomyosin cables
reshape the tissue ten®n (black arrows) (t=50-70min). (e) End of apical
constriction. The propagation of mechanical force promotes tissue dynamics (black
arrows) (t=70min).
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Drosophila e—‘...es fet fet—«c.. o

Otherwise stated, fly stocks were obtained from the Bloomington Stock Center. The
following lines were used: — ,, €&d::GFP (H. Oda), Nrg::GFP (Kyoto Stock Center),
moe::GFP (D. Kiehart), — ,gaf::GFP; «*S* SmCherry (A.C. Martin), Armadillo::YFP
, and Knockin alleles of E-cad::GFPand E-cad::mTomato (Huang et al., 2009)The
following UAS and GAL4 were used to ectopically express the gene of interest: UAS
«“ SGFP (M. Affolter), UAS=catenin::RFP (K. Sugimura), UAS* SRNAi (VDRC), UAS
SCAT3 (M. Miura), UAP35, «%AL4, <'}w-GAL4, and —GRALA4. Live imaging of
E-cad and caspas& sensor SCAT3 was carried out by crossing -Ga$4, UAS
SCAT3/CyO (M. Miura) with E-cad::mTomato (Huang et al., 2009)

«“ SRNAI MARCM clones thavere positively marked by the double copy of histone-
RFP expression were recovered from neoFRT19A, —GaJ80, F+P; UAS. “ RNAI
(male), and neoFRT19A, —mRFP.nls; — , ¢&d::GFP, <’} wGAL4 (female).
Mitotic clones were induced using the FLF=RT echnique by using the S4LP with
heat shock for 50 min at 37°C in early embryos. The genotypes of three cells analyzed
in Fig. 7b are, neoFRT19A, tub2al80, hsFLP/neoFRT19A, ubnhRFP.nls; UASgh-
RNAI/ DE-cad::GFFKI, Eip71CDGAL4; +/+ (LEGTwT), neoFRTL9A, tubRGal80,
hsFLP/neoFRT19A, tubRzal80, hsFLP; UASgh-RNAI/ DE-cad::GFFKI, Eip71CD
GAL4; +/+ (LEGytrNAi), @and NneoFRT19A, ubmRFP.nls/neoFRT19A, ubmRFP.nls;
UASsgh-RNAI/ DE-cad::GFFKI, Eip71CDGAL4; +/+ (LEGnA).

fe'Ze "t f " f—<'e fet e of %oc<s %o
Staged pupae were collected, dissected, mounted and imaged as previously described
(Ninov and Martin-Blanco, 2007) Zstack images were captured every 1.6m along
the apicalbasal axis of the tissue atBninute intervals (except Fig.3d at 2.5 minute
interval) with <e‘e s et fZ e e U ™MS f v I ta
1.25 objective, or Zeiss LSM 510 Meta Inverted confocal microscope with a LIBD
40X, N.A 1.1 objective. All imaging was performed at room temperature.

co— o' Sco_t  Stece_",
Pupae were staged as described in (Ninov and MartiBlanco, 2007) disseted and
fixed following protocols described in (Wang and Yoder, 2011). DNA was stained with
4’ 6-diamidino-2-phenylindole (DAPI). Primary antibody antipMLC (Cell Signaling,
#3671) was used with concentration 1/50. Secondary antibody conjugated with
Alexa 546 (Life Technologies) was used.

feer f,Zf—<"e
Laser ablation at histoblast was performed using a Leica TCS SP5 mpliston
confocal microscope with a 63x/1.40.6 HCX PL Apo objective. Ablation was carried
out at the AJ plane with a multhoton laser (Mai-Tai HP from Spectra Physic$A,
USA) set to 800 nm, with a laser power of 40% out of 2.8 Watt maximum output.
Laser ablation of LECs was performed using arhtosecondlaser (FP1030 from
fianium, UK) interfaced to the Nikon A1R MP confocal microscope. A laser power was
set to 140 mW at back aperture of the objectiveMore detail can be found in (Hara et
al., 2016)
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To measure the anisotropy of individual histoblast cellfig. 1c and FigSJ), the z
projected E-cad::GFP timedpse images were first segmented by Packing Analyzer
V2.0 (Aigouy et al., 2010)The cell boundary data were subsequently analyzed with
Matlab software (MathWorks, MA, USA). Segmented cell shapes were fitted by ellipse,
which was optimized by maximizing the area overlap between a segmented cell shape
and an ellipse. Anisotropy of the cell was defined as the ratio of minor and major axes
of the fitting ellipse.

fe'fed [...—<"<=> f-f2>-<-

To monitor caspase3 activity (Fig. 2a and Movie 5), fly with FRET base caspa8e-
sensor, SCAT3 (Nakajima et al., 2011, Takemoto et al., 208@s used. A 405nm laser
was used to excite ECFP and two fluorescence images (ECFP and Venus) were
simultaneously captured. FRET ratio was calculated by taking the intensity ratio
between the sumintensity zprojected ECFP and Venus images. FRET ratio of an
apoptotic LEC Fig. 2c) was measured by averaging the FRET ratio within an
apoptotic cell. The shape of an apoptotic cell was manually segmented from the sum
intensity z-projected Venus images over time by using ImageJ (Schneider et al., 2012)

:[:_:t”.<.f_{“._é_:l;”f.o<_(_‘<n:t

To measure the time delay between the beginning @ipical constriction and
caspases activation (Fig. 2c), we first normalized the cell area and caspas&activity
data to the value measured at time = 0 se€ig. S3a). The area data was shifted in
time to minimize the difference between area and caspasgdata (Fig. S3b). The shift
was defined as tshift.

To determine when the cell started to constrict with higher speed &rea) and when
the cell started toactivate its Cas3 activity ( cas3 without comparing the two graphs,
we referred to the maximum derivative of each graphs. We definedea as the time
when the derivative of the graph reached to 25% of the maximum slop&ig. S3c).
Similarly, we defined casz The time delay between the initiation ofpical constriction
and caspase3 activation measured by 25% of maximum slope,tase = | area- casd,
was consistent to tsnirt (Fig. S3d). With the other values, e.g., numbers between 10%
and 40%,| area- casy was not as close to tshirt as 25%.

Same setting (25% of the maximum slope) was used to define the transition time
not only for area@nd cas3 but also for all the other data, for instanceecadki outer myol
and inner_Myoll-

>" <-—:t-y<f—°f2>-<~

To quantify the progression of Myoll accumulation in apoptotic LECs or
neighboring cells, the average fluorescent intensity of Myoll::GF#gnal either from
histoblast that originally attached to apoptotic LECKig. 4a)) or solely originated from
the cell periphery of apoptotic LECsKig. 4¢) were measured. Images of sum
intensity z-projection (around AJ) of Myoll::GFP were analyzed over time. ROIs (see
main text for more detail) to calculate the intensity were manually defined by the
free-hand line tools of ImageJ. The total intensity along the line with thickness of 4
pixels (0.24 m/pixel) was measured and divided by the length of the line.
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Linearity of the histoblast cell boundaries was calculated as a ratio of the two ends
of boundary (measured by using ImageJ Straight Line tool) to the actual length of the
histoblast cell boundary (measured by using ImageJ Segmented Line tool). A linearity
value 1 represents a straight line.

fZ..—Z2f—<a'fkéd. ... «Z 372" f., &P =er

The length of ablated cell boundary was measured overtime by using ImageJ
Straight Line tool. Data points before the cut were fit with linear line. An exponential
was used to fit the data after the cut. The effective time of the cut was found as the
intersection of the linear line with the exponential. The initial recoil velocity was
found from the deliberative of the exponential at effective time of the cut. The velocity
was calculated in MatlabMore detail can be found in (Hara et al., 2016)

—foe—<—f—<"F fefZrete " —SETE Vef—cece St eSfE " FE-"—T<ce%o

To quantify the local/isotropic deformation of extruding LEC, ashown in Fig.

le (before area) and le’(after area), We first measured the differences in cell shapes at

two different time points (Fig. S4a). Before area, the differences in cell shapes at frea

25] min and area Mmin was shown as gray area in Fig4a (left). The centoid of this

gray area (residual area) and the cell area atrea (White area) were shown asa red

and black cross respectively. We then defined the black cross as the origin of the new

coordinate system. We further rotated the coordinate so that gxis represented the

direction toward histoblast. After area, the differences in cell shapes atrea min and

[ areat25] min was shown as gray area in Fig4a (ight). The centoid of this gray area

(residual area) and the cell area at kreat25] (white area) were shown as a blueand

black cross, respectivelyFinally, we analyzed 6 cells before and aftekrea, and

summarized all data in a same grapfFig. S4b).

— f —Co—¢( . . o
All the p values are calculated using a studenttést: p < 0.05, significantly different; p
> 0.05, not significantly different.
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Supplemental Movies

“«11. Timelapse images of wildtype pupa expressing— ,, &&ead::GFP Scale bar,
wr Jea
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Movie 2. Time-lapse images ofild-type pupa expressingpi-DE-cad::GFP Scale bar, 20
P
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Movie 3. Time-lapse images ofild-type pupa expressing Lifeact::GFRop view and
orthogonal views6 FDOH EDU P
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Movie 4. Color-enhanced reproduction of the confocal images from Mov@oBrs demote
the anisotropy of cell shape (as illustrated by the color bar in Fig. 1c).
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Movie 5. Time-lapse images of wildype pupa expressifgE-cad::mTomattl (green),
FRET-base caspasgsensor SCAT3 (Venus: yellow, ECFP: cyan), and FRET ratio (perple
whLWH 6FDOH EDU P
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Movie 6. Time-lapse images aif wild-type pupa expressingdi-DE-cad::GFP (green) and
O0\R,, &KHUU\ UHG 6FDOH EDU P
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Movie 7. Time-lapse images ofild-type pupa expressingcat:YFP (green) and
Myoll::Cherry (red) 6FDOH EDU P
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Movie 8. Time-lapse images ofild-type pupa expressingcat:RFP (green) and
Myoll::GFP (red) 6 FDOH EDU P
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Movie 9. Time-lapse images ofild-type pupa expressing Nrg::GFP (green) and
Myoll::Cherry(red) 6 FDOH EDUV P
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Movie 10.Time-lapse images afild-type pupa expressing Myoll::GFP in histoblasts
(green) and Myoll::Cherry (red) ubiquitousig FDOH EDU P
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Movie 11.Time-lapse images a¥ild-type pupa expressing MyolGFP in LECs (green)
and Myoll::Cherry (red) ubiquitousy6 FDOH EDU P
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Movie 12.Time-lapse images @upa expressing caspase inhibitor p35 only in LECs and
expressing Ead::GFP' (green) ubiquitously6 FDOH EDU P
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Movie 13.Time-lapse images @upa expressing caspase inhibitor p35 and Myoll::GFP
(green) onlyin LECS6 FDOH EDU P
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Movie 14.Time-lapse images g@upa expressing seRNAI only in LECs and expressing E
cad::GFP' (green) ubiquitouslyScale bar, 20 P
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Movie 15.Time-lapse images of pupa with clonal expressiosgbfRNAI. E-cadherin::GFP
(green) and Histone::Cherry redy FDOH EDU P
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Movie 16.Time-lapse images of laser ablation on pupa Wiicad::GFP The ablations
wereperformed in three different stage of apoptotic cell extrusion: before the reductien of E
cad (left) right afterthe reduction of EEad(middle); and during the contraction of

actanyosin cable in the neighboring cefigght). 6 FDOH EDU P





