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Summary

During early embryonic development, cells are organized as cohesive epgheétd thatre continuously
growing and remodeledithout losing their integritygiving rise toawide array otissueshaps. Here, sing
live imaging in chick embryo, we investigate how epithelial cells rearrange during gastrilégiéind that
cell divisionis a major rearrangement driibatpowers dramatiepithelial cellintercalation eventdVe
show thathese celtivision mediatedntercalationswhich represerthe majority of epithelial
rearrangements within thearlyembryq areabsolutelynecessary fothe spatial patterning @fastrulation
movemerns. Furthermore, we demonstrate that thiesercalation eventsesult from overall low cortical
actomyosiraccumulatiorwithin the epitheliatells of theembryo, which enables dividing cells to remodel
junctionsin theirvicinity. Thesefindingsuncoverapreviously unappreciatedle forcell divisionas
coordinator of epithelial growth amdmodelinghat might underlie variousevelopmental, homeostatic or

pathologicalprocesses iamniotes.



Introduction

During embryonicdevelopment, gastrulation is the first major morphogenetic event that leads to the
formation of the three embryonic layers (i.e. ectoderm, mesoderm and endoderm)kingeltrulation
involves largescalecellular movementgaking placewithin the singlecelled layer epitheliabmbrya These
cell movements first described in 19@raper, 1929; Wetzel, 1928ere QDPHG p3RORQDLAMMH PRYHPHQWV Y
to their resemblance to a Bl dancechoreographyupon incubationwithin the flatepiblast disk, two counter
rotational flows ofcells merge at the posteriend of theembryonicdisk to form the primitive streafk.e. site
of meendoerm formation and future midline of the embrybd)ore recently, t has been showthat the
primitive streakprogressivelfforms andelongates througbell shape changesjediolateral intercalatioand
ingressionof epithelial cellsat the posterior margiaf the epiblas{Rozbicki et al., 2015; Voiculescu et al.,
2007, 2014)Whereassuchcell-cell interactios have beenelegantly demonstrateéd drive streak elongation
theydo nothoweverprovide ontheirown, aplausibleexplanation for theircularflows of cellsconcomitantly
observed in the epiblash their mode$ Voiculescu et aland Rozbicki et alpropose that theell displacements
induced byshape changesgressiosand intercalatios DW WKH VW U H D NhbuguttBa eRiI8a3tIDWH G’
Thesepeculiar cellmovementsaking place in the epithelial embryo, in which cells are connected by adherens
junctions, pose a conceptual problem: How can movements be propagatedheithpidly growing epiblast
without disrupting the epithelial integrity of the embryo? Do cells rearrange within the embleshibit
specific behavia participating to thespatid patterring of gastrulation movemer®sif so what are the
underlyingcellular and mlecular mechanisifs

Epithelial rarrangemenevents havebeen extensivelxharacterizedn invertebratesin particular
Drosophila In this modela number otereotypedey eventgfor reviewsee(Guillot and Lecuit, 2013ahave
been identifiedDuring germbad elongationn Drosophilg an ordered process o¢ll intercalatiorsuch asr'1
processeginvolving 4 cellg (Bertet et al., 2004)andthe formation/resolution of rosettéavolving 5 cells or

moré (Blankenship et al., 2008)nderlies the elongatiorof the embryo:epithelial cells undergplanar



polarized remodeling glinctionsdriven bya myosindependent junction shortening in one pldotowed by
lengtheningn the perpendicular planEpithelialcellshave also been shownrearrange through T@ocesses
during which junctions are removed by a cell extrusion mecharasnobserved in thBrosophila notum
(Marinari et al., 2012)

During all the abovementionedprocessscells do not divideThe process ofall division has been
shown toplay important roles irepithelial tissuemorphogenesig zebrafish androsophilg in particular
through polarized orientatiomhich can benstructedby signalingpathwaygBaenal épez et al., 2005Gong
etal., 2004; Saburi et al., 200@®r reviewseeMorin and Bellaiche, 2011r in response to mechanictfess
(Campinho et al., 2013; LeGoff et al., 2013; Mao et al., 20yAtt et al., 2015)However cell divisionitself
does notdirectly promote rearrangements of epithelial cellpon cell division,it has been reported that
daughter cells almost always share a common intesiadeo not intercalate between their neighBischoff
and Cserasyés, 2009; Gibson et al., 2008)ide fromthe addition ofinovel celtcell junction at the iterface
between the two daughtetbe overall junctional organization and therefore the epithelial topology remains
globallyunchangedThis is exemplified by numerous clonal analyses perform&tasophilain whichclonal
descendant®main compaainddo not disperseithin the epithelial tissuéKnox and Brown, 2002Recently,
the mecharsims underlying the formation of aew daughtedaughter cell junction have bebrought to light
Studiesperformed inthe Drosophilaearlyembryaic andpupalnotumepitheliahaveshown that cell division
can be regarded asmulticellular process involvingot onlya dividing cellbut alsoits immediate neighbors
These studies show that as cytokinesis takes place, the contractile tension exerted by the cytokiofetic ring
dividing cellis ressted byits neighborgactomyosirbasedcortical tension) This ratio of forces at the sité
cytokinesisultimately resits in local adhesion disengagement of tdviding cell with its neighbqgrthe
annealingof the two GDXJKWHUfV PHPEUDQH DQG WKH VXEVHdaughteQddM IRUPDWLRQ RI
junction (Founaunou et al., 2013; Guillot and Lecuit, 2013a; Herszterg et al., 20h8)observation that cell
division does notlirectly promoteepithelial cell rearrangements daest appear to be confined Brosophila

epitheliabutcan also be observaudthe developingpitheliaof C.eleganszebrafish andKenopugHarrell and



Goldstein, 2011; Kieserman et al., 2008; Olivier et al., 2@hd)t has beemmplied to bea conservedeature
amongMetazoan(Gibson et al., 2006 Recently cell division has been observed to be associated with cell
dispersal in the mouseeeric bud(Packard et al., 2013nd with rearrangements duringpusdimb ectoderm
morphogenesif@_au et al., 2015)These studieBave observethatin mouse daughtecells do not necessarily
share a common interface, questioning the universality of a datdgughter cell junction formatmoupon
epithelal cell divisionin MetazoanHowever, hese studies did not examine the role of cell divisiazell-cell
intercalations anth overall epithelial morphogenesis. It thus remains unaddressed wbellrgivisionactsas
a regulatory mechanism iapithelial rearrangementnd in epithelial morphogenesis in generalwhether
theserearrangements associated with cell divisionaalg incidental Importantly, thesebservationdeg the
question of the underlyingnolecularmechanismathat would allev dividing cells to promote rearrangements
as opposed to what has bedaservedn epithelia ofDrosophilg C. elegans zebrafish anKenopus

In this paperwe investigate the cellular mechanisms underlyingsihedial patterningf gastrulation
movements in chicland the role of cell division in this proce3$e earlychick embryo develops as a flat,
highly proliferativeepithelial diskthatcan be easily livémaged for long periods diime;it is thusan excellent
system to studgynamicepithelial rearrangements in amniote systemuUsing thismodel| we find thatcell
division promotesiramaticrearrangements of epithelial cells and showthatthese rearrangemenfgay a
critical role in the spatialpatterningof gastrulation movementgurthermore webring evidencehat cell-cell
intercalations induced by divisia@re the consequenoéaninterplay between the actomyosiytoskeletorof
dividing cellsandthe cortical actomyosin of their immediateighborghat embles dividing cellso remodel

junctions in their vicinity

Results

Cell division is a major epithelial rearrangementdriver during gastrulation
Previous studies focused on tbellular events drivingrimitive streak formationHere we decided to

investigatewhethercells of the epiblasaway fromthe presumptive primitive streak, which actually display the



rotational movementsgxhibit specific behavier that could play a role in the spatial patternafgthese
characteristianovemens. To visualize gastrulation moweents as they are taking place/e electroporated
stage Xchick embyos (Eya Giladi-Kochavstaging system0 hour of incubatiohwith a GreenFluorescent
Protein (GFP) reporter gerand followed the behavioof electroporated cellat stage 3Hamburgerand
Hamilton staging systeparound 1215h of incubatioh usingthe EC culture systeffChapman et al., 2001)
and confocal microscopy(10x objective,Figure 1A and Movie S1)Using hgh resolution 40x objective)
confocal microscopy, eunexpectedly observed thatt aboutstage3, asgastrulationmovements aréaking
place mostdaughtercellsrapidly separate from each otherregions away from the primitive stre@kigure
1B and MovieS1). Thisobservation isn sharp contragb what has been previsly observedn otherepithelia
(e.g.in Drosophilg C. eleganszebrafishand Xenops embryo$, wheredaughter cellalmost alwaysemain
in contact(Bischoff and Cseresnyés, 2009; Campinho et al., 2013; Gibson et al., 2006; Harrell and Goldstein,
2011, Kieserman et al., 2008Since epiblast cells are connected by adherens juncdrisCadherin we
reasoned that neighboring cells must intercalate in between daughtemoaitier to maintain epithelial
integrity. To verify this, welive imagedtransgenicchicken embryosexpressing a membrat®und G-P
(memGFP (Rozbicki et al., 2015 revealall cell boundariesvithin the epiblastrom stageX until stage 3+
Large epithelial regions (approximately 5600000 cells, 1mA), anterior and lateral to the primitive streak
forming region(at approximately 508n distance)were imagednd analyzed (see Figure 1C and Mdvi.
Interestingly, we found thatt gageX, following cell division mostdaughter cells remain direct contact for
at least 30min after cytokinesis has complg@@®b6, n=738 7 embryos Figure ID and E and movieS2).
However as gastrulation movementiske place epithelial cells in contactwith a mitotic cell increasindy
intercalate in betwen daughter cell§within 30 min after cytokinesis has completethaching90 % of
intercalatiors at stage 3n=530; 5 embryosyreferred as Cytokinesis Mediated Intercalation, CMdures 1D,
1F, 1G andMovies S1and S2). In addition to neighboring cells intercalating in between daughter oedls,
noticed that daughter celteemselveslsointercalate in betweetheir neighbors(referred adDaughter @l

Associatedntercalation DCAI; FigurelF and Movies S1andS2). Notably,as observed for CMI most division



events promote®CAI (93%).

We rext sought toquantify the proportion otell division mediated ntercalatios (includingboth CMI
andDCAl) in relationto otherepithelialcell rearrangemergvents This was done by analyzintpe evolution
of everyjunction within a given regionof memGFP transgenic embrgoover a lhperiod at stage 3, as
gastrulation movements are taking pldne 1150 junctionsanalyzed 5 embryos for explanation on how
junction stateswere assigned please refer to experimental procedunc Movie S). We foundthat 63% of
cell-cell junctions did not remodel (i.e. did not undergoany transitiors; UHIHU UH G )Ponly3A\8&wd& EO H”
junctionsremodegdwithout involvingcell division(i.e. T1 or T2 processegeferred as’T processe§ whereas
24% of junctions remodegd involving a cell division even{Cytokinesis Mediated Transitions 11% and
Daughter @Il Associatedlransitions:13%; Figures 2D, 'Y, F and MovieS3). Thus,cell division mediated
intercalations accoumbr the vast majorityf junctionalremodeling eventsccurringin thehighly proliferating

epiblastaway from the primitive streandasgastrulatiormovementdake place

Cell division mediated intercalations arenecessaryfor the spatial patterning of gastrulation
movements

We next investigatkthe potentialrole of cell division mediated intercalatiain contributing to the
spatial patterning ofastrulation movement®revious studies have shown that inhibition of cell division,
strongly affects cell movements during chick gastrulatgrhenotypeattributed toafailure of the enbryonic
tissueto expandhroughan increase igell number(Cui et al., 2005)In light of our findingswe decided to re
investigate the effect dhe inhibition ofcell division onthe gastrulationmovements ananportantlyon cell
rearrangements$n controlGFP-electroporate@mbryos, the two counter rotational flows of cells continuously
take place(Figures 2A-C, 2A fC fand Movie S). However,upon Aphidicolin exposure a potentDNA
polymerase inhibitor thahdirectly prevents cell divisiomniformly within the epithelial embryanovements
still occurredbut the typicakircular patternwasrapidly impaired At the concentration we usefiphidicolin

induced a 80% decrease in cell divisiakompared to control embrydas counted per number of dividing



cells/ An? per hour n=2140 cells4 embryos, see experimental procedure for detéigortantly, ellsdid not

display symmetricatotational movements but insteadnvergd towards the primitive streak(Figures 2G-I,

2G 11 fand Movie $4), confirming previousobservatios (Cui et al., 2005)These results suggest trell

division does not act as a driving force of gastrulation movements but rather appears to be important for their
spatial patterning. Weherefore analyzed cell-cell junctions over timein Aphidicolin treated memGFP
transgenic embryos to gain insights into the cell rearrangements taking place when cell division is abrogated
Not surprisingly, in this condition celldisionmediated intercalation events were almost completely abrogated
(1%) (Figures 23, 2- J2F and MovieS3). Importantly,89% of epithelialjunctionswerestablewhile only 10%

of junctionsexhibitedcell division independenmtarrangements®T “processegn=832 junctions, 4 embryas)

Thus inhibition of cHO O GLY LV LR epith&lisVdddanhizationev@r” time which resulted inlittle cell
rearrangements comparéo controlembryos(Figures 2E, 2( 2K and 2. and Movies S3). Notably, very

similar results were obtained ing Aminopterin,a differentcompoundcausng cell division inhibition(89%
decrease in cell division, as counted per number of dividing &fsier hour n= 1500 cells,3 embryos)
through thymidylate depletion(Figure 2F and Figure ). Takentogether theselatademonstrate that tte
division acts as gowerful andmajor epithelial cell-remodelingdriver that enabés the continuouscell

rearrangementsecessaryo spatially pattermovemens during gastrulation.

Cell division actively promotesepithelial rearrangements

It has recently been described that primitive streak formatiuoh is driven by cell intercalatioand
ingression is accompanied the appearance tdcal directed strains within the epibléRiozbicki et al., 2015)
Because in other systems, directed straing baen shown to orient cell division to relieve tension within
epithelial tissugCampinho et al., 2013; LeGoff et al., 2013; Maal., 2013; Wyatt et al., 2015)e sought
out to determine whetheiaughter cell separation cowdtso be a tensierelieving mechanism and therefore a
passive consequence of external forces arising from the primitive streak forming Fegigrwedetermined

the timing of daughter cefleparationelative toinitiation of gastrulation movements. We found ttiz¢ onset



of daughter cell separation preceded by few hours the appearance of local movements within th@-epibbast
1D). Therefore it$ very unlikely that local directed straimsluced by primitive streak forming regi@ould
account for the initiation of daughter cell separation. Seadrdughter cell separation is a consequesfce
external forcesat work within the epiblast, theorientation of cell divisionand subsequent intercalations)
shouldbe aligned witHocaltissuemovementsas observed in other syste(@ampinho et al., 2013; LeGoff et
al., 2013; Mao et al., 2013Vyatt et al., 2015) We therefore quantified the orientation of cell division in
regions of the epiblast away from the primitive stréakning regionand normalizethe angles of cell division
with respecto thelocal tissue flow. We could not find any sign of alignment of cell division orientation with
thelocal tissueflow, which appeared largely isotrop{€igures 3A-C and MovieS2, n=390 cells, 3 embryos

F test, pvalue= 085), further supporting that external forces do not act to promote daughter cell separation.
Finally, to functionallyaddressvhether external forces aat separate daughter cells updimision, we used
UV laser micredissectionin stage 3 embryot® isolat epithelialregionsof the epiblast therdoy alleviaing
theseregions from primitive strealknduced external forced.aser micro-dissectionefficiently resulted in
isolation of epithelial regins (about 1000 cells) from the rest of the embnyuch werethen analyzed for 1 h
using live imaging microscopiFigures3D-E andmovie S5). Whereas tissue flow was close to normal outside
the isolated regionsi.€. cells displayedrotational movement)tissue flow within isolated regions was
abrogated, demonstmag that such isolatedregions behave independently of the rest of the embhng
thereforeindependently ofocal directed strains arising from themitive streakforming region.mportantly,

in these isolated regions thmportionof daughter celseparation showed no significant differencespared

to stage 3 control embryos(Figure 3F, n=182, 4 embryqgs Altogether these resultslemonstratehat cell
division mediated rearrangements ariseniran active process and are not the consequence arinaixt
mechanical stimuli. Mreover these resultsuggestthat suchcell behavior isan inherentpropery of the

epithelialembryonictissueat this stage



Spatiotemporal characterization of cell division mediated intercalations

Next we investigatd how cell division mediated intercalations are spatiotemporally controlled.
Because cell division promateellular rearrangements at stage 3 but netage X comparisorbetween these
stages can provide clues for mechanisms underlying cell division mediated intercaltensedhigh-
resolution4D (X, y, z, t), 2photon live imaging microscopy on memGFP transgenic emloy@spture a
dividing cell and its neighbors iboth space and timét stage 3, v observed that cell division mediated
intercalation is a multistep procedarst, as the dividing cell rounds up apically, neighboring cells become
dramatically deformed and concomitantlgtablish novel contagtbasally Second as thecytokinetic ring
contracts from basal to apical, the contact between the dividing cell and its neighbors is carriebhaidng;
this novel cellcontactfinally expand into a stablecell-cell junctionin the plane of the epitheliurfirigures
S2A, 6 $,96 $9.9n contrastat stage X as cellsround up and start dividingieighborsundergoonly very
local deformations anstable contacts between originally distant neighlmreot observedthasally insteada
daughterdaughter celjunction forms almostimmediately(FiguresS2B, 6 % $2B"). Furthermoreanalysis
of junctiors atstage Xrevealed that thepithelium isvery 3table” (92%) with few TprocessesCMI andDCAI
(5%, 2%,1%, respectivelyn=551, 2 embryoq)FigureS20). These observatiorssiggesthatat stage 3 dividing
cells are able tdramaticallydeformand displace neighbqgraventuallybringing them into contact in between
daughter cellswhereas astage Xcells divide ina highly stable epithelium that migprevent dividing cells

from rearranging junctions in their vicinity.

Differences in F-actin and Myosin localization and dynamics undeirk cell division mediated
rearrangements

In order for dividing cellso mechanically deform neighbors and displace themreasoned thabn
dividing epithelial cells must exhibrelativelylow corticalrigidity (allowing neighbordeformation) as well as
low cell-cell junction stability (allowing planar displacement thgh junction exchange). Because, at the

molecular levelboth low corticalrigidity and low ECadherinjunction stability have been linked to high
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actomyosin cytoskeleton twaver(Sheikh et al., 199Tavey and Lecuit, 2009; Caveyal., 2008; Engl et al.,
2014 Wu et al., 2014)we decidedo first check for differences iB-Cadherin F-actin andphosphorylated
Myosin Il (pMyosin)protein localization betweestage Xand 3epithelig in dividing cells and their neighbars
Immunofluorescence on transverse sectidretage 3showed thaE-Cadherinin chick epiblast cells
was distributed along the entire apisca®lateralextent ofnon-dividing epithelial cells;F-actinlocalized also
along theapicobasolateratortex of epithelial cells wheregdvyosin was predominarly enriched apically
(Figures 4A- $ "~ Jisee also Figure4Sfor quantifications offluorescencentensity profil§. Whole mount
stainings on fixed embryos showed tlastobserved in 4D live imaging experimentfiencellsenter division
a long E-Cadherinpositive cell interface betweerseeminglydistant neighborgas observed apicallygan
alreadybe seen basallyfFigures 4C-F, white arrowheadssee also Figure3a-L, n=11 out of 11 cells3
embryo$. In contrastexamination astage Xwhen cell division does ngromoe epithelial cell intercalation,
revealed interesting differences. Wher&€adherinwas alsofound along the whole basolateral extent of
epithelial cells,pMyosin and Factin showed greater accumulati@tong the basolaterabrtex of epithelial
cells (Figures 4B-B ~ Jwhite arrowheadssee also Figure S4 for quantifications of fluorescence intensity
profile). Whole mount stainingsen fixed specimens showelat as cells enter divisipneighboring cells in
contact with the dividing cell exhibited a dramatic accumulation of actin and mgpsitifically at the
basdateralside (Figures 4G-J, white arrows, see aldeigures S3M-X, n=9out of 10 cells, 3 embrydsThis
accumulation of actin and myosin in neighbors seemed to prevent the formadistabfebasolateratontact
between distant neighboras( observed in stagee®nbryos)since contactfree cell interfacs (devoid of E-
Cadherinstaining) could be concomitantlyobserved right beneath the dividing cellsvhite arrows and
asterisks,Figures 4HJ, see alsdrigures S3M-X). Such observatianare reminiscent ofthe mechanisms
observed in epithelial cells of tH@rosophilanotum (Founounou et al., 2013; Herszterg et al., 2018adl
adhesion disengagement in theosophila embryo (Guillot and Lecuit, 2013byluring the generation of a
daughterdaughter cell interfacalthough in chickMyosin accumulation and adhesion disengagement of the

dividing cell with its neighbodoes not takglaceapically but baslaterally.
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We furthermorechecked whethedifferences iractomyosindynamics between these two stageght
underlie cell division mediated rearrangements. We used FluoresceowelRy After Photebleaching
(FRAP) to quantitativelyneasureMyosin Il dynamicsat the cortex of epithelialells at stage 3, whecells
exhibit cell division mediated rearrangemeatsq atstage X whencells do not undergo cell division mediated
intercalations and checked for notable differences. To this end, we electroporatecpeoteiffused to the
chicken Myosin Light Chain 2 protein (GAW®yosin), which localized predominantly to the cell cortex &
the actomyosin ring, as cells divid@eigure 4K, left panel)GFRmyosin did not interfere with cell division
nor normal embryonic development after 24h (data not shown), strongly arguing that tiyGst® fusion
protein does not interfere with @mgenousmyosin and that it can be used to moniits dynamics. By
performing FRA° on cortical GFMyosinof randomly chosenondividing cells (figure 4K, right panel)ywe
found that GFPMyosin dynamics were different betwestage Xand stage 3. Astage X, when cells do not
undergo cell division mediated intercalations, thebile fracion was muchlower (43%, n= 30 than in
epithelial cells of stage 3 embryd®2¢o n=61) (Figure 4.). Thus,these results show thityosin stability at
the cortex is significantlyower in epithelial cells of stage 3 embryos comparedtéme X Altogether these
results show that differences aortical actin andpMyosin localizd accumulationand at leastin myosin

dynamics underlie cedtlivision mediated rearrangements.

Increasing F-actin and myosin stabilityimpairs cell division mediated rearrangements

We finally functionallytestdwhether such observed differengesactomyosircytoskeleton between
stage Xand 3 mightregulate celldivision mediated intercalation3o this end we took advantage of two
compoundsthe Factin stabilizing peptide Jasplakinoli@ubb et al., 1994)andthe Myosinll phosphatase
inhibitor Calyculin A(lshihara et al., 1989yhich allowed us to uniformly increase actomyastability in all
epithelial cells ofstage 3ambryc. Both compoundsnducedF-actinandMyosin enrichmenat the cortex of
epithelial cellsas shown on transverse sectiffgures5A-$ " fnd 5B % " Z KL W, deddlsty Rguiné S4

for quantifications of fluorescence intensity profiend whole mounembryos (Figure S5A-1). Moreover,

12



FRAP experiments on GHRyosin electroporated embryos at stagB8wedhat in presence of Jasplakinolide
and Calyculin Athe mobile fraction was much lower (0.49, n=16 and 0.471nebpectively) than in stage 3
control embryos (Figure 5C). These results confirmed that in these drug treated emlypgis, stability at
the cortexwas dramatically increaseesembling dynamics observed in stage X embrijosably, we noted
an inceasé colocalizationof F-actin with E-Cadherinat cell junctionsin agreement with higher junction
stability (FigureS6). We next examined the localization of these proteins in dividing @etitheirimmediate
neighborgFigure -K). We found that asells divided in embryogeated with Calyculin A or Jasplakinolide
a dramaticaccumulation ofpMyosin and Factin in neighborswas found along the basolateral extent of
neighborsyight beneattihe dividing cells (Figur@5E-G and 3-K, white arrowsn=7/9 cells, 3 embryos and
9/13 cells, 3 embryos for Jasplakinolide and Calyculin A respecjiviglgreover contactfree cell interfacs,
devoid ofE-Cadherinmmunostainingwereobserved associated with these cortical accumulationsaofif
and pMyosin(Figure E-G and 5IK, white asterisKs These results show that increasing myosinfadtin
stability in epithelialcells prevents the diding cell from bringing distant neighbors into contactituation
strikingly reminiscent of cell divisiagin stage Xembryoswhen rearangement of daughter cells doex take
place

We thus decided to observime effect of increasing actomyosin stability on epithelial cell
rearrangements using liv@agingmicroscopy.To this endye live imagedmbryos incubated with Calyculin
A or Jasplakinolidewhich allows uniform perturbation of pMyosin and&ctin turrover within the epithelial
embryo(Figure 6AD). Notably, at the concentrations we used neither Jasplakinolide nor Calyculin A induced
a remarkabledecrease in cell divisio(6% decrease for both Jasplakinolide and Calyculicofpared to
control embryosas counted per number of dividing ceRs? per hour n=1100cells analyzed4 embryosand
n=1111 cells,3 embryos respectivély Additionally, we electroporatedRhoA which enables actomyosin
cytoskeleton stabilizatiomn a more selective way due tbe mosaic overexpression resulting from ¢h
electroporation metho(Figure 6EF and Figure S5JS), therefore allowingo monitor the behavior of WT

dividing cells next to RhoA overexpressing cé€lsgure @&- (). In both embryos treated with Calyculin A,
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Jasplakinolide anith RhoA electroporated embryaseparation of dauger cells was greatly affectealith 85%
(n=181, 3 embryo$, 69% (n= 129; 3embryo$ and 80%(n=205, 4 embryos)f dawghter cells remaining in
contactfor at least 30 min after cytokinesis has compl¢kegure 6AF, white arrowsgK and movieS6), vs.
10% in control memGFPtransgenicembryos(n=53Q 5 embryos)and 12% in GFP electroporated embryos
(n=239 6 embryos) Figure6G-J, and6K). Moreover, aalysis ofcell-cell junctiors over timerevealed that
CMI, DCAI and Tprocessesverelargely affectedin Calyculin A (87% of 3V W Diin€ibns 2% CMI; 4%
DCAIl and 7% T processes=385 junctiongnalyzed 3embryo3d and Jasplakinolidé85 3V W DjEn€tibins

3% CMI; 7% DCAI and 5% T processes=568 junctionsnalyzed 3 embryo3 treated embryo@~igure 6L,
see also Figure?. These results show th@alyculin A and Jgplakinolide treatmestdramaticély increase
cell-cell junction stability Strikingly, the behavior ofcell-cell junctions inthese conditionsesembleghe
behaviorof junctions of astage Xembryq during which epithelial cells exhibimcreased actomyosin levels
and cell divisiondoes not promote cell rearrangementaltogether these results show that increasing
actomyosincytoskeletonstability dramatically increasgunctional stability over timeand prevents dividing

cellsfrom remodelinghearbyjunctions consequentlympairing cell division mediated rearrangements.

Discussion

This studyhasidentified that epithelial rearrangemenimediated by cell divisionnderle the spatial
patterning ofgastrulation movements in chicks cells divideanddramaticallychange shapthroughout the
epithelial embryotheybringoriginally distant cellstheirimmediate neighbors) into contattiereby promoting
intercalation eventsThe interplg between the actomyosin of dividing cedisd the actomyosin of neighlirg
nontdividing cellsprevents rearrangements sthge Xbefore theonset of gastrulation movementgereas it
favorscell division mediatedearrangemestas gastrulation movemestiake placeBecause cells continuously
(although asynchronously) divide within the epithelial embrgells constanly rearrange allowing the

generation opropety patternedgastrulation movementgigure 7)
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Cell division as anepithelial cell rearrangement driver

As mentioned above directrole for cell dvision in promotingepithelialcell rearrangementsas not
been reportetb datein Drosophila,C.elegans, Danioario and Xenopsi models Indeed it has beemplied
that the generation of a common eadll interface between daughter cells mightbenserved feature between
Metazoan(Gibson et al., 2006} uminal mitosis has been observed to be associated with cell dispersal in the
mouse ureteric bu(Packard et al., 2013and more recent]yell division haseenobserved to be associated
with rearrangementguringmouselimb ectoderm morphogenegisau et al., 2015)challenging the view that
daughter cells do not rearrange upon divisidhile these studies did not exae therole of cell division in
cell-cell intercalation and its effect on epithelial morphogenesis findings showing that cell division is
required forthe generatiomf gastrulation movementsads us to propose that the formation of new -@elll
contacs following cell division might be a broadregulatory mechanism in epithelium morphogenéebise
observation that celldivision appears to be associated with epithelial cell rearrangements imothete
epitheliais intriguing and shows that special attention should be givéretmle ofcell division inpromoting
cell rearrangementss it isvery likely that cell division mediated intercalations in general might underlie
various morphogenetigrocesses in a number of different epithelial tissues in developmental, homeostatic or

pathological contexts.

Role of cell division mediated rearrangements in the generation of gastrulation movements

Previous studies have showhata combinatiorof cel shape changesjediolateraintercalationand
ingressioneventsat the posterior marginal zord the early embrydarive primitive streak formation and
elongation(Rozbicki et al., 2015; Voiculescu et al., 2007, 20B4kch cell interactionbave been proposed to
be the drivingforce of gastrulation movements arldat the rotational movementsould ensueas a
Joropagation of thecell displacemersttaking place at the site of primitive streak formatidowever whether
specific cell behaviors take place in the epithelial embrgmsnre proper patterning of gastrulation movements

had remained unaddressdd.the present studye focusedn such specificellular behaviorsOur data show
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that cell divisios and associated cell rearrangements are required for the proper spatehipgttof
gastrulation movements but th#tey do not drive the movement itselWhen cell division mediated
rearangements anmhibited (Aphidicolin and Aminopterin treatmenisjell movementsan still be observed
butthespatialpatternis changedcells do not display the two symmetrical whorls but instead convbreetly
towards the primitive strealn attractive hypothesis is that cell divisjdhroughconstantell rearrangements,
allows epithelial cells to accommoddtaroughconstant and @tropic stress relaxatiorthe forces generated

by cell-cell interactions taking placat the primitive streaRozbicki et al., 2015; Voiculescu et al., 2007,
2014) whereasn absence of cell division the whole epithelial shbeinggreatlystabilized appears tde
consequenthpulled towards the primitive streaRDV D ZlbyRh@ddsameforces(Figurer); although this
remains to be experimentally demonstrataterestingly, orientation of cell division is not aligned widsue

flow and UV-laser isolation of epithelial regions shows that daughter cell separation appears to be independent
of the local directed strains arising from the primitive streak forming region. Therefore the effect of cell division
on global tissueléw cannot slely be explained by a tensionduced stresselieving mechanismit is however
possible that cell divisiotby promoting constant rearrangensentight actby modulating the mechanical
properties of the epithelial tiss¢e.g.fluidization ofthe tissue)In the future, it will be particularly interesting

to test whethea combinationof changs in mechanical prope#ds of the epiblast and local directed strains
induced by the primitive stredlrming region could explain large scale tissue emens observed during

gastrulation.

Molecular mechanisms underlying cell division mediated rearrangements

We also investigated how cell division mediated intercala@oecontrolledat the molecular leveWWe
find, similar to what sbeendescribedn severalDrosophilaepithelig that cell division inthe early chick
epiblastcan be regarded asmulticellularprocessn whichimmediateneighbors astage Xplay a role inthe
formation of daughtedaughter cell junctionhowever as gastrulatioomovements take plada chick, cell

division leads to an opposite outcomé.e. cell intercalationFigure7). We identified twospecificbehaviors
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intercalation of neighboring cells between daughter ¢€ldI) and intercalation of daughter cells between

neighbors(DCAI) which consequently lead to dramatic rearrangements in the vicinity of a dividing cell.

Interestingly although CMI implieghe addition of a novel junction througitokinesisit is somehowsimilar

to T1and rosett@rocesses describeddrosophila(Bertet et al., 2004; Blankenship et 2006)asa myosin

basedcontraction (cytokinetic ring in CMI anglanarjunction shortening in Ttosetteprocesses) brings in

contact originally distant cellslowever we show that in chickntercalationnitiates basally,expandsapically

and eventuallyoccursin the plane of theepithelium.It has been shown in other systethat Cadherin

engagement triggers contact stabilization and expansion through actwhtimRacl and Arp2/3 complex

(Betson et al., 2002; Nakagawa et al., 2001; Noren et al., 2001; Perez et al., 2008; Verma et al., 2004; Yamada

and Nelson, 2007; Yamazaki et al., 200Vhese datatogether with our resultgre in support obasal

engagement of £adherin between originally distant neighbassa critical stejn the formation of a stable

novel junction and therebwy cell intercalation eventsn turn, he mechanisms underlyingda\l are less clear

as no specific myosin enrichments could be observed in neighbors (data not shown) that could explain active

intercalationof daughter cellsas observed in T1 processedrosophila It is possible that BAI might bea

passiveconsequence of cell division, &nlocal environment thas permissive to rearrangemepisan active

SURFHVV LQ ZKLFK GDXJKWHU FHBSVWKHDQUVDOH PWO/\LOEWXLUH DQ LQWUD
At the molecular level, amparison betweeistage Xand 3 embryos poted at the actomyosin

cytoskeletorin nondividing cellsas a regulator of these behavidBsrikingly, in stage Xembryos when cell

division does not drive rearrangemeraistin and myosin accumulate basolateradllymmediate neighbors of

a dividing cell,formation of a novel conta¢between distant neighbors) does not take place and adhesion

disengagemeriietween the dividing cells anid$ neighborcaneven beobserved. A similar phenomenon has

been observed ithe Drosophilaembryo andpupal notumduring the formation of daughtelaughter cell

interface (Founounou et al., 2013; Guillot and Lecuit, 2013b; Herszterg et al., 20dl8iugh in chick

actomyosin accumulation and adhesion disengagemcentalong the basolateral inteca From our analysis,

the major difference betwedhe embryonic and pupal notuapitheliain Drosophilaandthe earlychick
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embryonic epitheliunis thatE-Cadherincan be found basolaterally in chick epithelial cells. It is thus possible
that since myosi and actin do not accumulate basolatgnal epithelial cells ostage 3 embrygssadividing

cell rounds up, contracts and spljtg¢ canfreely deform and displadés immediate and adhereneighbors
bringing them into contact withouesistanceWe finally demonstrate the functional relevance of actin and
myosin in this processby increasingcortical actomyosinaccumulationuniformly in the epiblastusing
Jasplakinolideand Calyculin A or specifically in neighboring cellasing RhoA Suchaccumulationof
actomyosirat the cortexmpairsthe formation of novel contacts basally and subseqeghdivision mediated
rearrangementsormally taking place at stage Becapitulatingsituations and behaviombserved at stage.

Taken together our results providenachanisticaframework for understanding how cell division can lead to
differentremodelingoutcome within an epithelial tissue and how it impacts its morphogenesis at a mesoscopic

scale.
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Experimental Procedures

Embryo culture, imaging and laser dissection
Fertilized chicken eggs were ordered from commercial source (EARL Morizeau) and memGFP transgenic
chicken eggs were generousgiypvided by Dr. Feifei Song, Dxdrian Sherman and Dr. Helen Samgih the
Roslin Institute in Edinburgh, Scotland). Eggs were collected at Xtagel cultured using modifiedversion
of theEC culturesystem(Chapman et al., 2001ntil stage 3and transferred into bottom glass Petri dish
(Mattek inc.) with semi solid albumen/agar@g®e2%)for imaging,with or without drugs: Aphidicolin (30
50 M), Aminopterin (100M), Jasplakinolide (18) and CalyculinA (0.1 ). Embryos were then imaged
at 38 degreessing an inverted confocal microscope (Zeiss LSM &@® LSM880) or a 2photon Microscope
(Zeiss, NNO LSM 7MP) coupled to a Chameleon Ti/Sdaber (Coherent inc.} 840nm wavelength using
10x,40X or 63X long distance objective3he tiling/stitching feature of the Zen software (Zesay used to
acquirelarge embryonic regions (about 1rfiB00G-10000 cellsyvith a 40x objectiveLaser microdissections
were performed using a 3% pulsed laser (35%0% power)a UGA-42 module from Rapp Optoeleatric

coupled to a Zeiss LSM 8&hda 10x objective.

Image analysisand quantifications
Images were analyzed using ImageJ and Imaris (Bitplane) softwares. All quantifications were performed
manually on registrated movi€Ehévenaz et al., 1998) visual inspectionfollowing cells or junctions
across timeFor all expemments,daughter cells were scored as separated when they did not share a common
interface 30min after the completion of cytokineQsantifications of daughter cell separation at stage X
were performed during the first 3 hours of developnagiwithin 3 hours after exposure to the driurgs
stage 3 embryog-or celtcell junctionanalysis, 1 hodlong movies were angted; regionsvererandanly
chosen but the number of cell division patal number of junctions analyzedthin these regionwas kept
constant, except for Aphidicolin and Aminopterin treated embryos in which cell divisiolargat/

inhibited.Junctions were classifiedto four different states, based ohether the ceiltell junction exhibited
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neighbor exchang&table: pair of neighberemained unchanged;tfansition: T1 or TZrocess (i.ecell
division-independent neighbor exchaig€MI transition:dividing celkneighbor junctionnvolved inan
intercalation event between daughter cells; DCAI transition: ®tgss involving a daughter cediee Movie
S3.The rate of cell division idrugtreated embryoseremeasured by counting the number of dividing cell

per mnt and per hounormalized tcstage 3 embryosates

FRAP experiments
For FRAP experiments, embryos wezlectroporated with GFRlyosinat stage X and then incubated for 5h
until clear cortical GFRMyosin signal could be visualized. For stage 3, the same embryos where FRAP was
performed astage Xwere kept incubated overnight for a total incubation timedbt The GFRMyosin
signal did not show any significant difference in intensity between both siagedentical photobleaching
and imaging conditions were us&&l10x10 pixelscortical regionwvasphotobleabedusinga 488nm laser at
100%(pixel dwell time of 100 for 10 iterations Cells were then imaged every 1.5s for at least 250s using
a Zeiss LSM700 confocal and a 40x objecti&k quantifications were performed in Fiji. Images were
DGMXVWHG IRU [\ GULIW ZLWK WKH SOXJLQ °3/LQHDU 6WDFN $OLJQPHQW ZLV
transformation. ROIs within the bleached and within-bteached areas were then manually selecteddier or
to compensate for acquisition blead to normalize the values. The curve fitting of the data was done using

a custom made plugin in Matlab (MathWorks). Final plots were done using Prism (GraphPad Software).

Chick Embryo Electroporation and Immunofluorescence

Embryos were electroporatedth RhoA/GFP (kind gift from Gojun Sheng) or GFP ontycustom
made electroporation chambers using a NEPA21 (Sonidel) electroporator with 2 poring pulses of 15V, 5ms
delay, and 3 transfer pulses of 10Vdelay Electroporated embryos were incubated with Cell Mask

Deep Red (Invitrogen) prior to live imaging experimetsefly, 0.5 of Cell Mask Deep Red stock solution

(5mg.mttin DMSO) was diluted in 258 of HBSS; 50ul of this dilution was then deposited on the ventral
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side of the embryo @aincubatedor 15min prior to imagingFor antibody stainings, embryos were incubated
with Phalloidin Alexa 488(1/100, Molecular Probes), antibodies agakifx&tadherin(1/500, BD science),
pMyosinll (1/50, Cell signaling), and Hoechst (1/1000, Molecular Pratne=night, washed 24h, incubated
overnight with Alexacoupled secondary antibodiasd washed 24l incubation and washes were
performed in(PBS/BSA 0.2%, Triton 0,1% / SDS 0,02%)mbryos were then mounted between slide and

coverslip and imagedsing a Zeiss LSM700r LSM88Q
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Figure Legends

Figure 1. Cell division drives epithelial cell intercalation.

(A) Maximum projectiorof time series frona 3-hourtime-lapseexperimenbf a chick embryo electroporated
with a GFP reporter genshowing the counter rotational movements of epiblast aesage 3;tthe

primitive streak is indicated by a red dotted line

(B) Time seriesn a region away from the primitive séile equivalent to the boxed region(A) showing that
upon cell divisiondaughtercells (white arrow)separate away from each otlexd arrow)

(C) Dorsal view of a stage3 memGFP transgenic chicken embryo acquired with a 10x and the tiling/stitching
module of the confocal microscope. The dotted white boxes depict thesagalgzed in (D)

(D) Percentagef daughter cell separation following cell division betwstage Xand 3+.Cell separation

was scored every 2 hours, n=299&nibryos.

(E andF) Time serie®f astage X(E) and stage &) memGFP transgenic chick embiyghlightingthe fate
of a dividingcell (in red) and its immediate neighbors (in blu&) stage X(E) daughter cells doot

rearrange.

(G) Image ofamemGFP transgenic chick embryo frortirae-lapseexperiment highlighting daughter cells
(colored cells) that have rearranged within 30min after cell division.

Scale bar is 208nin (A), 500n in (C)and10RMnin (B and EF). See alsdviovies S1 and S2.

Figure 2. Cell divisionevents and their associated rearrangementse necessary for thespatial

patterning of gastrulation movemaents.

(A-C) Maximum projection of time series frontime-lapseexperiment of a WT GFP electroporated embryo.

The last ten time points have been psecolored in redthe position of the primitive streak is indicated by a

red dotted line $Y &DUWRRQ GHSLFWLQJ WKH WUDMHFWRULHYV RI D IHZ FHOOV
(D) First time poinof a 1hourtime-lapseexperiment o memGFPWT embryq showing the region used for

junction transition analyses in). O &DUWRRQ VFKHPDWL]LQ JcalVjubt@iilW LRQV WKDW HDFK
undergo over 1h in the region boxedh ( 36 W [uic@oHs CMI andDCAI 3 7 transitionsare shown in

grey, light blue, dark blue aratange respectivelysee experimental proceduaed movie S3, for

explanation on junction state assignmemglls that will divide are colored in red.

(E) Time series of & T memGFP embryo on which stripes of cells and their progeny have been artificially

labelled (in blue, green and red) to reveanges in cebbrganization between (tOE) and t+100mink

Notethat in WT embryos cedldisperse widely.

(F) Quantifications of the relative proportion of Stable, CPIGAI and Tprocessefransitionsn WT,

Aphidicolin and Aminopterin treated embryos.
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(G-I) Maximum projection of time series fromtiee-lapseexperiment ofan Aphidicolin treated anGFP

electroporated embry¢Glf &DUWRRQ GHSLFWLQJ WKH WUDMHFWRULHYV RI D IHZ FHOC
(J) First time point ofa 1hourtime-lapseexperimens of amemGFPWT embryq showing the region used for

junction transition analyses in{f1JY &DUWRRQ VFKHPDWL]LQ JcalVjubt@Q VW LRQV WKDW HDFK
undergo over 1h in the region boxedJdh The same color code used(D) is applied

(K) Time series of mAphidicolin treatednemGFP embryo on whidtripes of cells and their progeny have

been artificially labelled (in blue, gen and redp revealchanges in celbrganizatiorbetween tqK) and

t+100min (. 1 1 Bdavtke cellular organization remains almasthangedError bars represent SEM with

F testp-value between bars <0.0001*) .

Scale baris 208n in (A to C, Dto F) and 10Fn in (Gto J). See also Figure SMovies S3and S4

Figure 3. Cell division actively promotes epithelial rearrangements

(A) Dorsal view of a stage3 memGFP transgenic chicken embryo acquired with a 10x and the tiling/stitching
module of the confocal microscope. The white box dspinet location ofegionsanalyzed, as shown in (B).

(B) Maximum intensity projectioof time pints of a 1 hour time lapse experiment in a region lateral to the
primitive streak as shown in (AlRed lines point &cell divisions which lead to daughter cell juxtaposition,

green lines to daughter celhat separate from each othrojection of thenemGFP signal allows the
visualization of the global tissue movement.

(C) Quantificationof cell division orientation normalized to local tissue movement (red arrow). Note that no
specific alignment of cell division with tissue flow can be obse(Wdest, pvalue= 0.85.

(D) Dorsal view of a stage3 memGFP transgenic chicken embryo acquired with a 10x and the tiling/stitching
module of the confocal microscope. The dotted wtiiiele depick aregionthat was laseisolated.

(E) Maximum intensityprojectionof time points of a 1 hour time lapse experiment of the {ss¢ated

region shown in (E)Red lines point &cell divisiors which lead to daughter cell juxtaposition, green lines
daughter cells that separate from each other. Projection of the memGFP signal allow the visualization of the
global tissue movement. Note that tissue flow is normal outside of the isolated regatmdyatted in the

isolated region.

(F) Quantifications of the proportion of daughter cell separatia@ontrol and laseisolated epithelial regions
(light grey: separated daughter cells; dark grey: daughter cells in contact). 2 way ANOVA test showed no
significant difference (ns).

Scale bar is 508n in (A and D and200 Rn in (B) and 100Mn in (E). See also Movie S5.
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Figure 4. E-Cadherin, F-actin and pMyosin localization andmyosin dynamics before and during
gastrulation movements

(A and B) Transverseryosectionf stage3 (A) andstage X(B) embryos stained witRhalloidin (A andB),
pMyosin $&nd % B-Qdlherin($ ‘andB ") antibodies $° DQG % Y VK®RctMeKH PHUJH
(C-J) Confocal ortheslicesof stage3 (C-F) and stag&X (G-J) whole mount embryos stained wigthalloidin
pMyosin ande-Cadherinantibodies Arrows point at Factin andoMyosin accumulation, asteriskbow free
contact cell interfaces, arrowheads poirhadalE-Cadherinunctions.

(K) Left panelitime series of &FP-Myosin electroporated cell showing localizat@ithe cortex and at the
cytokinetic furrow in astage 3 embrydRight panelExample of images used for GIWyosin (heatmap color
code)FRAP experiments, showing the region used for FRAP (arrowhafag})ithelial cellsn stage X and 3
embryos.

(L) Left panel FRAP curves of cortical GFR-Myosinin stage X(red)and stage3 (blue) embryasrors bars
indicateSEM, n= 30 and Bfor stage Xand stage 3, respectiveRight panel:Common plot of mobile
fraction for all FRAP experiments doneséiige Xand 3;associated average numbers of the mobile fraction
of each fitted curve and statistical significance between the two sthggsed by a Mann Whitney t tept,
value < 1 *).

Scale bar is 1@n. See also Figure S2, S3 and S4.

Figure 5. Calyculin A and Jasplakinolide treatment induce basolateral accumulation of myosin in cells
neighboring a dividing cell.

(A and B) Transverse cigsectionsof Calyculin A (A) and Jasplakinolide (B) treated embryos stained with
Phalloidin (A and B) pMyosin $1 D QG % #-Cade@n $’and %Y DQWLBRLGDYWG %Y VKRZ WKH
mergel pictures.

(C) Left panel: FRAP curves of cortical GFRMyosinin Jasplakinolide (yellowand Calyculin A treated
embryoserrors bars indicate SEM, n$ and 1 for Jasplakinolide and Calyculin A, respectivebyage X
and Stage 3 GFRlyosin FRAP profiles have been added for refereRoght panel: Common plot of mobile
fraction for all FRAPexperimentand statistical significance between thferent condition®btained by a
Mann Whitney t testns, not significantp-value<0.05(*).

(D-K) Confocal ortheslicesof Calyculin A (GF) and Jasplakinolide (@) whole mount embryos stained
with Phalloidin, pMyosin ande-Cadherinantibodies. Agerisk show contaetree cell interfacesH-Cadherin
free)andwhite arrows point gbMyosin and Factinbasolaterahccumulation.

Seealso Figure S4nd S5
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Figure 6. Actin and myosin dynamicscontrol cell division mediated intercalation.

(A-D) Time series oamemGFP transgenembryotreated withthe myosin phosphatase inhibitor Calyculin
A (A) or the Factin stabilizer Jasplakinolide (C) with corresponding Kymograph (B, D) of the region boxed
in (A, C) revealing the relationship between daughter cells at every time point of the movie.

(E and F) Time series of a RhoA/GF&lectroporated embryand incubated witkhe Cell Maskmembrane
dye (red)with correspondindgKymograph (F) of the region boxéual (E).

(G and H) Time series of memGFP transgenic embmyitn corresponding Kymograph (H) of the region
boxedin (G).

(I and J) Time series of &FP electroporated embrgmd incubated witthe Cell Maskmembrane dyéred)
with correspondingymograph (J) of the region boxeu(l).

(K) Quantification of the proportion of cells exhibiting a daugitarghter cell junction irall
aforementionedonditions Error bars represent SEM with 2 way ANOVA testglue between bars <0.0001
(FFF)

(L) Quantifications of the relative proportion of Stajuiections CMI, DCAI and T transitions in WT,
Calyculin A and Jasplakinolide treated embryos. Error bars represent SENFwatip-value between bars
<0.0001(****)

Arrowheads point at a novel junction between initially distant neighbors, arrows pokaglaterdaughter
cell junction and red asterisks indicate a dividing cell and its resulting daughteBcalks bar is 18n. See
also Figure S5, S6, S7 and Movie S6.

Figure 7. Model for the role and control of cell divisionduring gastrulation.

Higher panel atstage X before gastrulation movements initiate epithel@lsadivide without promoting
rearrangements; epithelial cells exhibit higher actomyasoumuluationthe dividing cell induces very local
deformation of neighbors; as they resist deformation and exhibit high junctional stability (double arrows in
blue), these cells consequently fail to move in between daughters and intercalation does not take place.
Mid dle Panel a stage 3as gastrulton movements are taking place, cell division promotes epithelial cell
rearrangements; epithelial cells exhibit lower actomyastumulatiorenabling aviding cellsto deformand
displaceneighbors (lighblue arrow) bringing themn between the resulting daughtdrewer panel: In

absence of cell division, epithelial stability is increased as cell division mediated rearrangements do not take
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place; @ithelial cellsare likelypulled (red arrowsYowards the primitive streak, where

intercalation/ingression events take pléiRezbicki et al., 2015; Voiculescu et al., 2007, 2007)
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Supplementd Fiqures

Figure S1, related to Figure 2 The cell division inhibitor Aminopterin impairs gastrulation
movements and cell rearrangements

(A-C) Maximum pojection of time serieBom a timelapse experiment of a GFP electroporated
embryo treated with the cell division inhibitor Aminopterin. The last ten time points have been
pseudecolored in red(A §C Y Cartoon depicting the trajectories of a few cells shown-{D)A

The positim of the primitive streak is indicated by a red dotted liD¢ Hirst time point ofa

1lhour timelapseexperimeng of an Aminopterin treated embryshowing the region used for



junction transition analgs in ' ‘@artoon schematizing transitionsatteach ceitell

junction will undergo over 1hs explained in the legend of FigureZK.and E { Time series of

an Aminopterin treated embryo on which stripes of cells have been artificially labelled (in blue,
green and red) to reveal the effect on ogjlanization between (tQ) and t+100mir(E . Note

thatin Aminopterintreated embryqgghe cellularorganization remains almost unchangéer
100min






Figure S2, related to figure 4. Spatiotemporal characterization of cell division mediated
intercalations at stage 3 and daughtedaughter cell junction formation at stage X.

(A and B) Time series oW T stage 3 (A) and stage X (B) memGFP transgenic embryo acquired
with a 2photon microseope at three differentgositions: sulapical AB P HGL D %dhd
basal (A" % A dividing cell andits neighbors have been highlighted in red and blue
respectivelyAt stage 3 (A) , athe cell rounds ymeighbors first establish a novel contact
EDVDOO\ $11 pragidsseK apicklly, @s cytokinesis proceeds and eventually expands in
the plane of the epitheliunwhereas at stage X (B) intercalation never takes place haSadlie

bar is 10/n.

(C) Quantifications of the relative proportion of stable, Cytokinesis Mediated Intercalations
(CMI), Daughter Cell Associated Intercalations (DCAI) and T processes in stage X and stage 3
memGFP embryos.

Scale bar is 1€n.



Figure S3, related to Figure4. Basolateral accumulation of Factin and pMyosin in cells
neighboring a dividing cell at stage X.

(A-X) Confocal ortheslicesof stage 3 (AL) and stage X (MX) whole mount embryos stained
with Phaloidin, pMyosinand ECadherin antibodies showing dividing cells and their neighbors
at different steps of the division process. White arrows pointaatif and pMyosin
accumulation, asterisks show freentact cell interfaces and arrowheads point at basal E
cadherin ginctions.






Figure S4, Figure S4, related to Figure 4 and faMyosin and Factin show differenintensity
profile along the apicobasal axis between Stage X, Calyculin A and Jasplakinolide treated
embryos and Stage 3 embryos.
(A-' $97 DQG'$TT,PPXQRIOXRUHVFHQFH XSDRVIQD AMPREGLQ $
&DGKHULQYT $EODWLERGLHVQ D WWERARH] ; BDO\FXOL-@BIWUHDW
and Jasplakinolide treated{D11 HPEU\R
$TIMT9 ) O X RelntevidityHp@okle of Phalloidin (green), pMyosin (red) an@&dherin
(blue) along the apico basal axis of e&ll interfaces (n=7 junctions per condition). Gzl
interfaces with different lengths were linearly normalised and the obtained clexes w
smoothened using a 2nd order polynomial Savi@kyay filter. Note that in stage 3 embryos,
pMyosin and Factin are mostly expressed apically rather thamlaterallycontrary to stage X,
Calyculin A and Jasplakinolide treated embryos.



Figure S5, related to Figure4 and 5 Jasplakinolide, Calyculin A treatment and RhoA/GFP
electroporation lead to an increase in Myosin andF-actin levels

(A-D) Immunofluorescencef acontrol (A-C), Jasplakinolide (EF) and Calyculin A (H) treated
embryousingPhalloidinto reveal Factin (greenpnd Myosin llantibody(red)and Hoechst in
(white). Heat map®f Phalloidin $9 ' ahfl Myosin % T ( {staifhgswhere low levels
correspond to black and high levels to whiNete how both stainings stv overall increased
levels in Jasplakinolide and Calyculin A conditio@L) Immunofluorescencef aGFP(J, K,



L) or RhoA/GFP(M, N, O) electroporate@mbryousingPhalloidinin blueand Myosin I
antibodyin redand GFP antibody in greeiote the increased levels of Myosinll an@étin

within the RhoA/GFP electroporated area

(P-S) Higher magnification of a RhoA electroporated region, highlighting increased actomyosin
levels in immediate neighbors (Rhg/of a dividing cell (RhoA/GF®). GFP is in gren, Factin

in red myosin in blueand Hoechst invhite. Arrowheads highlight junctions with increased

levels of Factin and Myosin Il. Scale bar is H.



Figure S5, related to Figure 6 Jasplakinolideand Calyculin A treatmentsincreaseE-
Cadherin and F-actin association.
(A-C) Immunofluorescence using®adherin antibodyred) and Phalloidin(greer) in a control
$ -DVSODNLQROLGH % DQG &DO\FXO LHQ BK U WD HDW IHFED WR
boxed area in (AC). Arrowheals point at increased-€adherin and factin association at cell
cell junctionsin cells neighboring a dividing cetbmpared to control (arrow). Scale bar isfi0



Figure S7, related to figure 6 Jasplakinolide and Calyculin A treatments stabilize epithelial

organization

(A and B)First time point ofa 1hour timdapseexperimers of memGFPembryos treated with
Jasplakinolidg¢A) and Calyculin A (B), showing the region used for junction transition analyses

LQ $Y1 DQG %1 $7 %7 &DUWRRQ VFK H&lwtionv@lundety® Q VLW LF
over 1h in the region boxed in (A, B) respectively. Same aadeas inFigure 2F is used.



Supplementd Movies Legends

Movie S1 Daughter cells separate upon division as gastrulation movements take place,
related to Figure 1.

Left Panel:3h timelapse experiment of a stage 3+ G&lBctroporated chick embryo, using a 10x
objective on a confocal microscope, revealing the symmetrical and rotational flow of cells.
Middle panel: 25minute timelapse experiment of a GFP electroporated chickrgmbsing a

40x objective

Right panel: 3@minute timelapse experiment of a staganemGFP transgenic chick embryo,
using a 40x objective; cells undergoing division are ps@adiared at the beginning and at the
end of the movie to reveal cell intercaait between daughter cells within 30min.

Movie S2 Cell division progressively promote rearrangements between stage X and 3,
related to Figure 1.

15t segmen{0-6s): Movies on the right show regions typically acquired and analyzetemGFP
stage X(upper panel) and stage 3 embryos (lower paMayies were acquiredith a40x

objective and the tiling stitching module of the confocal microsclopageson the leftshow the
position ofthe movies acquired relative to rest of the embryo (acquiredawlix and the tiling
stitching module of the confocal microscope). Colored lines denote cell divisions and their
orientation (red lines point a cell divisions which lead to daughter cell juxtaposition, green lines
to daughter cells that separate from eaitier). The last image of the movies is a maximum
intensity projection highlighting global tissue flow (memGFP signal) and cell divisions that took
place during the 1h time lapse.

2"d segment (80s):60-minute timelapse experiment of a stageaXd 3memGFP transgenic

chick embryo using a 40x objective, in which a dividing cell and its neighbors have been
highlighted in red and blue respectivelyhe memGFP signal is inverted and shown in black.
Note that at stage X upon cell division cells do not regeahereas at stage 3, light blue

colored neighbors intercalate between daughter cells (CMI) and daughter cells intercalate
between deep blue colored neighbors (DCAI)

Movie S3. Junctional remodeling and cell rearrangements in Control and Aphidicolin

treated embryos, related to Figure 2.

15tsegmen{0-8s). illustration of junction state assignment (CMI transitions, DCA\I, transitions, T
transitions, and stable). Note that a minimum number of junctions have been annotated for
clarity. On this movie 2CMI5DCAI, 1 T1 events are annotatetiereasl6 junction remain

stable.

24 segment&-149: Example of a timé¢apse experiment of @ontroland aphidicolin treated
memGFP transgenic embryo used to characterize the evolution of eacéllgelhction in the

boxed region (in red) over the course of Miote that in Aphidicbn, cells only undergo T1



(junction remodeling independent of cell division) and T2 (extrusion from the epithelial sheet)
transitions as cells do not divide.

34 segment (144s):Time-lapseexperiment of a WT memGFP transgenic chick embryo using a
40x objective. Stripes of cells and their progeny have been artificially labeled (red, green and
blue) at the beginning of the movie and tracked for i6Gmreveal the effect of cell
rearrangemes on cell organization. Note thattime control, after 100nin the striped pattern is

not recognizable, as cells have widely dispersed whereas in aphidicolin treated ahdbryos
striped pattern is almost unchanged, revealing the dramatic effect ofvisthilion cell
rearrangements.

Movie $A. Cell movements inAphidicolin treated embryos, related to Figure 2.

3h timelapse experiment of an Aphidicolin treated, GFP electroporated chick embryo between
stage HH3 and HH4 using a 10x objective. 1h aftebdgnning of the movie the Polonaise
movements become disrupted and cells move towards the primitive streak of the embryo.

Movie Sb. Isolation of epithelial region using laser microdissection, related to Figure 3.

Time lapse experiment showitasermicro-dissection of an epithelial region lateral to the
primitive streak of a memGFP stage 3 emhagd subsequent imagingV- microdissection as

well as imaging were performed using a 10x objectBaored lines denote cell divisions (red

lines point acell divisions which lead to daughter cell juxtaposition, green lines to daughter cells
that separate from each oth&he last image of the movie is a maximum intensity projection
highlighting global tissue flow (memGFP signal) and cell divisions th&t ptecce during the 1h

time lapse.Scale bar is 10&n.

Movie $6. Increased myosin and Factin stability prevents cell division mediated
rearrangements, related to Figure 6.

Time-lapse experiments of Calyculk(left panel), Jasplakinolide (middle pangbated
memGFP transgenic chick embryarsd Rhé electroporated embryo (right papeell divisions
using a 40x objective. Neighbors of dividing cell (red asterisk) fail to intercalate between the
resulting daughters and a daugkdaughter cell junctionorms.
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