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SUMMARY

During early embryonic development, cells are
organized as cohesive epithelial sheets that are
continuously growing and remodeled without losing
their integrity, giving rise to a wide array of tissue
shapes. Here, using live imaging in chick embryo,
we investigate how epithelial cells rearrange during
gastrulation. We find that cell division is a major
rearrangement driver that powers dramatic epithelial
cell intercalation events. We show that these cell
division-mediated intercalations, which represent
the majority of epithelial rearrangements within the
early embryo, are absolutely necessary for the spatial
patterning of gastrulation movements. Furthermore,
we demonstrate that these intercalation events result
from overall low cortical actomyosin accumulation
within the epithelial cells of the embryo, which en-
ables dividing cells to remodel junctions in their vi-
cinity. These findings uncover a role for cell division
as coordinator of epithelial growth and remodeling
that might underlie various developmental, homeo-
static, or pathological processes in amniotes.

INTRODUCTION

During embryonic development, gastrulation is the first major

morphogenetic event that leads to the formation of the three

embryonic layers (i.e. ectoderm, mesoderm, and endoderm). In

chick, gastrulation involves large-scale cellular movements, tak-

ing place within the single-celled layer epithelial embryo. These

cell movements, first described in 1929 (Gräper, 1929; Wetzel,

1929), were named ‘‘Polonaise movements’’ due to their resem-

blance to a Polish dance choreography: upon incubation, within

the flat epiblast disk, two counter-rotational flows of cells merge

at the posterior end of the embryonic disk to form the primitive

streak (i.e. the site of mesendoderm formation and future midline

of the embryo). More recently, it has been shown that the prim-

itive streak progressively forms and elongates through cell shape

changes, mediolateral intercalation, and ingression of epithelial

cells at the posterior margin of the epiblast (Rozbicki et al.,

2015; Voiculescu et al., 2007, 2014). Although such cell-cell
Develop
interactions have been elegantly demonstrated to drive streak

elongation, they do not provide, on their own, a plausible expla-

nation for the circular flows of cells concomitantly observed in

the epiblast. In their models, Voiculescu et al. and Rozbicki

et al. propose that the cell displacements induced by shape

changes, ingressions, and intercalations at the streak are ‘‘prop-

agated’’ throughout the epiblast. These peculiar cell movements

taking place in the epithelial embryo, where cells are connected

by adherens junctions, pose a conceptual problem: How can

movements be propagated within the rapidly growing epiblast

without disrupting the epithelial integrity of the embryo? Do cells

rearrange within the epiblast or exhibit specific behaviors partici-

pating in the spatial patterning of gastrulation movements? If so,

what are the underlying cellular and molecular mechanisms?

Epithelial rearrangement events havebeenextensively charac-

terized in invertebrates, particularly Drosophila. In this model, a

number of stereotyped key events (for review see Guillot and

Lecuit, 2013a), have been identified. During germband elonga-

tion in Drosophila, an ordered process of cell intercalation such

as T1 processes (involving four cells) (Bertet et al., 2004), and

the formation/resolution of rosettes (involving five cells or more)

(Blankenship et al., 2006) underlies the elongation of the embryo:

epithelial cells undergo planar polarized remodeling of junctions

driven by a myosin-dependent junction shortening in one plane,

followed by lengthening in the perpendicular plane. Epithelial

cells have also been shown to rearrange through T2 processes,

during which junctions are removed by a cell extrusion mecha-

nism, as observed in theDrosophila notum (Marinari et al., 2012).

During all the aforementioned processes, cells do not divide.

Theprocessofcell divisionhasbeenshown toplay important roles

in epithelial tissue morphogenesis in zebrafish and Drosophila,

in particular throughpolarizedorientation,which canbe instructed

by signaling pathways (Baena-López et al., 2005; Gong et al.,

2004; Saburi et al., 2008; for review see Morin and Bellaı̈che,

2011) or in response to mechanical stress (Campinho et al.,

2013; LeGoff et al., 2013; Mao et al., 2013; Wyatt et al., 2015).

However, cell division itself does not directly promote rearrange-

ments of epithelial cells: upon cell division, it has been reported

that daughter cells almost always share a common interface

and do not intercalate between their neighbors (Bischoff and

Cseresnyés, 2009; Gibson et al., 2006). Aside from the addition

ofanovel cell-cell junctionat the interfacebetween the twodaugh-

ters, the overall junctional organization and, therefore, the epithe-

lial topology remain globally unchanged. This is exemplified by

numerous clonal analyses performed in Drosophila whereby
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clonal descendants remain compact and do not disperse within

the epithelial tissue (Knox and Brown, 2002). Recently, the mech-

anisms underlying the formation of a new daughter-daughter cell

junction have been brought to light. Studies performed in the

Drosophilaearlyembryonicandpupal notumepitheliahaveshown

that cell division can be regarded as a multicellular process

involving not only a dividing cell but also its immediate neighbors.

Thesestudies showthat ascytokinesis takesplace, thecontractile

tension exerted by the cytokinetic ring of a dividing cell is resisted

by its neighbors (actomyosin-based cortical tension). This ratio

of forces at the site of cytokinesis ultimately results in local adhe-

sion disengagement of the dividing cell with its neighbor, the

annealing of the two daughter membranes, and the subsequent

formation of a new daughter-daughter cell junction (Founounou

et al., 2013; Guillot and Lecuit, 2013a; Herszterg et al., 2013).

Theobservation thatcell divisiondoesnotdirectlypromoteepithe-

lial cell rearrangements does not appear to be confined to

Drosophila epithelia but can also be observed in the developing

epithelia ofCaenorhabditis elegans, zebrafish, and Xenopus (Har-

rell and Goldstein, 2011; Kieserman et al., 2008; Olivier et al.,

2010), and has been implied to be a conserved feature among

Metazoa (Gibson et al., 2006). Recently, cell division has been

observed tobeassociatedwith cell dispersal in themouseureteric

bud (Packard et al., 2013) and with rearrangements duringmouse

limb ectoderm morphogenesis (Lau et al., 2015). These studies

have observed that in mouse, daughter cells do not necessarily

share a common interface, questioning the universality of a

daughter-daughter cell junction formation upon epithelial cell divi-

sion in Metazoa. However, these studies did not examine the role

of cell division in cell-cell intercalations and in overall epithelial

morphogenesis. It thus remains unaddressed whether cell divi-

sion acts as a regulatory mechanism in epithelial rearrangements

and in epithelial morphogenesis in general, or whether these

rearrangements associated with cell division are only incidental.

Importantly, theseobservationsbeg thequestionof theunderlying

molecular mechanisms that would allow dividing cells to promote

rearrangements, as opposed to what has been observed in

epithelia of Drosophila, C. elegans, zebrafish, and Xenopus.

Here, we investigate the cellular mechanisms underlying the

spatial patterning of gastrulation movements in chick and the

role of cell division in this process. The early chick embryo

develops as a flat, highly proliferative epithelial disk that can be

easily live-imaged for long periods of time; it is thus an excel-

lent system to study dynamic epithelial rearrangements in an

amniote system. Using this model, we find that cell division pro-

motes dramatic rearrangements of epithelial cells, and show that

these rearrangements play a critical role in the spatial patterning

of gastrulation movements; furthermore, we bring evidence that

cell-cell intercalations induced by division are the consequence

of an interplay between the actomyosin cytoskeleton of dividing

cells and the cortical actomyosin of their immediate neighbors,

which enables dividing cells to remodel junctions in their vicinity.

RESULTS

Cell Division Is a Major Epithelial Rearrangement Driver
during Gastrulation
Previous studies focused on the cellular events driving primitive

streak formation. Here, we decided to investigate whether cells
250 Developmental Cell 36, 249–261, February 8, 2016 ª2016 Elsevi
of the epiblast away from the presumptive primitive streak, which

actually display the rotational movements, exhibit specific be-

haviors that could play a role in the spatial patterning of these

characteristic movements. To visualize gastrulation movements

as they are taking place, we electroporated stage X chick em-

bryos (Eyal Giladi-Kochav staging system, 0 hr of incubation)

with a GFP reporter gene and followed the behavior of electropo-

rated cells at stage 3 (Hamburger and Hamilton staging system,

around 12–15 hr of incubation) using the EC culture system

(Chapman et al., 2001) and confocal microscopy (103 objective,

Figure 1A and Movie S1). Using high-resolution (403 objective)

confocal microscopy, we unexpectedly observed that at around

stage 3, as gastrulation movements are taking place, most

daughter cells rapidly separate from each other in regions

away from the primitive streak (Figure 1B and Movie S1). This

observation is in sharp contrast to what has been previously

observed in other epithelia (e.g. in Drosophila,C. elegans, zebra-

fish, and Xenopus embryos), where daughter cells almost always

remain in contact (Bischoff and Cseresnyés, 2009; Campinho

et al., 2013; Gibson et al., 2006; Harrell and Goldstein, 2011; Kie-

serman et al., 2008). Since epiblast cells are connected by adhe-

rens junctions of E-cadherin, we reasoned that neighboring cells

must intercalate in between daughter cells to maintain epithelial

integrity. To verify this, we live-imaged transgenic chicken em-

bryos expressing a membrane-bound GFP (memGFP) (Rozbicki

et al., 2015) to reveal all cell boundaries within the epiblast from

stage X until stage 3+. Large epithelial regions (approximately

5,000–10,000 cells, 1 mm2), anterior and lateral to the primitive

streak-forming region (at approximately 500 mm distance),

were imaged and analyzed (see Figure 1C and Movie S2). Inter-

estingly, we found that at stage X, following cell division, most

daughter cells remain in direct contact for at least 30 min after

cytokinesis has been completed (90%, n = 738, 7 embryos;

Figures 1D and 1E, and Movie S2). However, as gastrulation

movements take place, epithelial cells in contact with a mitotic

cell increasingly intercalate in between daughter cells (within

30 min after cytokinesis has completed), reaching 90% of inter-

calations at stage 3 (n = 530, 5 embryos; referred to as cytoki-

nesis-mediated intercalation [CMI]; Figures 1D, 1F, 1G, and

Movies S1 and S2). In addition to neighboring cells intercalating

in between daughter cells, we noticed that daughter cells them-

selves also intercalate in between their neighbors (referred as

daughter cell-associated intercalation [DCAI]; Figure 1F, and

Movies S1 and S2). Notably, as observed for CMI, most division

events promoted DCAI (93%).

We next sought to quantify the proportion of cell division-

mediated intercalations (including both CMI and DCAI) in relation

to other epithelial cell rearrangement events. This was done by

analyzing the evolution of every junction within a given region

of memGFP transgenic embryos, over a 1-hr period at stage 3,

as gastrulation movements are taking place (n = 1,150 junctions

analyzed, 5 embryos; for explanation of how junction states were

assigned, see Experimental Procedures and Movie S3). We

found that 63% of cell-cell junctions did not remodel (i.e. did

not undergo any transitions; referred to as ‘‘stable’’); only 13%

of junctions remodeled without involving cell division (i.e. T1

or T2 processes; referred to as ‘‘T processes’’), whereas 24%

of junctions remodeled involving a cell division event (cytoki-

nesis-mediated transitions 11%, and daughter cell-associated
er Inc.



Figure 1. Cell Division Drives Epithelial Cell

Intercalation

(A) Maximum projection of time series from a 3-hr

time-lapse experiment of a chick embryo electro-

porated with a GFP reporter gene, showing the

counter-rotational movements of epiblast cells at

stage 3+. The primitive streak is indicated by a red

dotted line.

(B) Time series in a region away from the primitive

streak equivalent to the boxed region in (A)

showing that upon cell division, daughter cells

(white arrows) separate away from each other (red

arrows).

(C) Dorsal view of a stage 3 memGFP transgenic

chicken embryo acquired at 103 with the tiling/

stitching module of the confocal microscope.

The dotted white boxes depict the regions

analyzed in (D); the primitive streak is indicated by

a red dotted line.

(D) Percentage of daughter cell separation

following cell division between stage X and 3+. Cell

separation was scored every 2 hr; n = 2,997;

7 embryos. Error bars represent SEM.

(E and F) Time series of a stage X (E) and stage 3 (F)

memGFP transgenic chick embryo highlighting the

fate of a dividing cell (in red) and its immediate

neighbors (in blue). At stage X (E), daughter cells do

not rearrange.

(G) Image of a memGFP transgenic chick em-

bryo from a time-lapse experiment highlighting

daughter cells (colored cells) that have rearranged

within 30 min after cell division.

Scale bar represents 200 mm in (A), 500 mm in (C),

and 10 mm in (B), (E), (F) and (G). See also Movies

S1 and S2.
transitions 13%; Figures 2D, 2D0, 2F, and Movie S3). Thus, cell

division-mediated intercalations account for the vast majority

of junctional remodeling events occurring in the highly prolifer-

ating epiblast, away from the primitive streak and as gastrulation

movements take place.

Cell Division-Mediated Intercalations Are Necessary for
the Spatial Patterning of Gastrulation Movements
We next investigated the potential role of cell division-mediated

intercalations in contributing to the spatial patterning of gastrula-

tion movements. Previous studies have shown that inhibition of

cell division strongly affects cell movements during chick gastru-

lation, a phenotype attributed to a failure of the embryonic tissue

to expand through an increase in cell number (Cui et al., 2005). In

light of our findings, we decided to re-investigate the effect of

the inhibition of cell division on the gastrulation movements

and, importantly, on cell rearrangements. In control GFP electro-

porated embryos, the two counter-rotational flows of cells

continuously take place (Figures 2A–2C and 2A0–2C0; Movie

S1). However, upon aphidicolin exposure, a potent DNA poly-

merase inhibitor that indirectly prevents cell division uniformly

within the epithelial embryo, movements still occurred but the

typical circular pattern was rapidly impaired. At the concentra-

tion we used, aphidicolin induced an 80% decrease in cell divi-
Develop
sion compared with control embryos (as counted per number

of dividing cells/mm2 per hour, n = 2,140 cells, 4 embryos; see

Experimental Procedures for details). Importantly, cells did

not display symmetrical rotational movements but instead

converged toward the primitive streak (Figures 2G–2I and 2G0–
2I0; Movie S4), confirming previous observations (Cui et al.,

2005). These results suggest that cell division does not act as

a driving force of gastrulation movements but rather appears

to be important for their spatial patterning. We therefore

analyzed cell-cell junctions over time in aphidicolin-treated

memGFP transgenic embryos to gain insights into the cell rear-

rangements taking place when cell division is abrogated. Not

surprisingly, in this condition cell division-mediated intercalation

events were almost completely abrogated (1%) (Figures 2J, 2J0,
and 2F; Movie S3). Importantly, 89% of epithelial junctions were

stable while only 10% of junctions exhibited cell division-inde-

pendent rearrangements (T processes) (n = 832 junctions, 4 em-

bryos). Thus, inhibition of cell division ‘‘stabilized’’ epithelial

organization over time, which resulted in few cell rearrangements

compared with control embryos (Figures 2E, 2E0, 2K, and 2K0;
Movie S3). Of note, very similar results were obtained using

aminopterin, a different compound causing cell division inhibi-

tion (89% decrease in cell division, as counted per number of

dividing cells/mm2 per hour; n = 1,500 cells, 3 embryos) through
mental Cell 36, 249–261, February 8, 2016 ª2016 Elsevier Inc. 251



Figure 2. Cell Division Events and Their Associated Rearrangements Are Necessary for the Spatial Patterning of Gastrulation Movements

(A–C) Maximum projection of time series from a time-lapse experiment of a wild-type GFP electroporated embryo. The last ten time points have been pseudo-

colored in red. (A0–C0) Cartoon depicting the trajectories of a few cells, the position of the primitive streak is indicated by a red dotted line.

(D) First time point of a 1-hr time-lapse experiment of a memGFP wild-type embryo, showing the region used for junction transition analyses in (D0). (D0) Cartoon
schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (D). ‘‘Stable’’ junctions, CMI transitions, DCAI, transitions, and ‘‘T’’

transitions are shown in gray, light blue, dark blue, and orange, respectively (see Experimental Procedures and Movie S3, for explanation on junction state

assignment); cells that will divide are colored in red.

(E) Time series of a wild-type memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to reveal changes

in cell organization between t0 (E) and t + 100 min (E0). Note that in wild-type embryos the cells disperse widely.

(F) Quantifications of the relative proportion of Stable, CMI, DCAI, and T-process transitions in wild-type, aphidicolin-treated, and aminopterin-treated embryos.

Error bars represent SEM.

(G–I) Maximum projection of time series from a time-lapse experiment of an aphidicolin-treated and GFP electroporated embryo. Color scheme as in (A)–(C).

(G0–I0) Cartoon depicting the trajectories of a few cells. Color scheme as in (A0)–(C0).
(J) First time point of a 1-hr time-lapse experiment of a memGFP aphidicolin-treated embryo, showing the region used for junction transition analyses in (J0). (J0)
Cartoon schematizing transitions that each cell-cell junction will undergo over 1 hr in the region boxed in (J). The same color code used in (D) is applied.

(K) Time series of an aphidicolin-treated memGFP embryo on which stripes of cells and their progeny have been artificially labeled (in blue, green, and red) to

reveal changes in cell organization between t0 (K) and t + 100 min (K0). Note that the cellular organization remains almost unchanged.

Error bars represent SEMwith c2 test p value between bars, ****p < 0.0001. Scale bar represents 200 mm in (A)–(C) and (G)–(I), and 10 mm in (D)–(E) and (J)–(K). See

also Figure S1, and Movies S3 and S4.
thymidylate depletion (Figures 2F and S1). Taken together, these

data demonstrate that cell division acts as a powerful and major

epithelial cell remodeling driver that enables the continuous cell

rearrangements necessary to spatially pattern movements dur-

ing gastrulation.

Cell Division Actively Promotes Epithelial
Rearrangements
It has recently been described that primitive streak formation

that is driven by cell intercalation and ingression is accompanied

by the appearance of local directed strains within the epiblast

(Rozbicki et al., 2015). Because in other systems directed strains

have been shown to orient cell division to relieve tension within

epithelial tissue (Campinho et al., 2013; LeGoff et al., 2013;
252 Developmental Cell 36, 249–261, February 8, 2016 ª2016 Elsevi
Mao et al., 2013; Wyatt et al., 2015), we sought to determine

whether daughter cell separation could also be a tension-

relieving mechanism and, therefore, a passive consequence of

external forces arising from the primitive streak-forming region.

First, we determined the timing of daughter cell separation rela-

tive to initiation of gastrulation movements. We found that the

onset of daughter cell separation preceded by a few hours the

appearance of local movements within the epiblast (Figure 1D).

Therefore it is very unlikely that local directed strains induced

by the primitive streak-forming region could account for the

initiation of daughter cell separation. Second, if daughter cell

separation is a consequence of external forces at work within

the epiblast, then orientation of cell division (and subsequent in-

tercalations) should be aligned with local tissue movements, as
er Inc.



Figure 3. Cell Division Actively Promotes

Epithelial Rearrangements

(A) Dorsal view of a stage 3 memGFP transgenic

chicken embryo acquired at 103 with the tiling/

stitching module of the confocal microscope. The

white box depicts the location of regions analyzed,

as shown in (B); the primitive streak is indicated by

a red dotted line.

(B) Maximum-intensity projection of time points of a

1-hr time-lapse experiment in a region lateral to the

primitive streakasshown in (A).Red linespoint at cell

divisions that lead to daughter cell juxtaposition, and

green lines to daughter cells that separate fromeach

other. Projection of the memGFP signal allows the

visualization of the global tissue movement.

(C) Quantification of cell division orientation

normalized to local tissue movement (red arrow).

Note that no specific alignment of cell division with

tissue flow can be observed (c2 test, p = 0.85).

(D) Dorsal view of a stage 3 memGFP transgenic

chicken embryo acquired at 103 with the tiling/

stitching module of the confocal microscope. The

white circle depicts a region that was laser isolated;

the primitive streak is indicated by a red dotted line.

(E) Maximum-intensity projection of time points of a 1-hr time-lapse experiment of the laser-isolated region shown in (D). Red lines point at cell divisions that lead

to daughter cell juxtaposition, green lines to daughter cells that separate from each other. Projection of the memGFP signal allows visualization of the global

tissue movement. Note that tissue flow is normal outside of the isolated region but abrogated in the isolated region.

(F) Quantifications of the proportion of daughter cell separation in control and laser-isolated epithelial regions (light gray: separated daughter cells; dark gray:

daughter cells in contact). Two-way ANOVA test showed no significant difference (ns). Error bars represent SEM

Scale bar represents 500 mm in (A) and (D), 200 mm in (B), and 100 mm in (E). See also Movie S5.
observed in other systems (Campinho et al., 2013; LeGoff et al.,

2013; Mao et al., 2013; Wyatt et al., 2015). We therefore quanti-

fied the orientation of cell division in regions of the epiblast away

from the primitive streak-forming region and normalized the an-

gles of cell division with respect to the local tissue flow.We could

not find any sign of alignment of cell division orientation with the

local tissue flow, which appeared largely isotropic (Figures 3A–

3C and Movie S2; n = 390 cells, 3 embryos, c2 test p = 0.85),

further supporting that external forces do not act to promote

daughter cell separation. Finally, to functionally address whether

external forces act to separate daughter cells upon division,

we used UV laser microdissection in stage 3 embryos to

isolate epithelial regions of the epiblast, thereby alleviating these

regions from primitive streak-induced external forces. Laser

microdissection efficiently resulted in isolation of epithelial re-

gions (about 1,000 cells) from the rest of the embryo, which

were then analyzed for 1 hr using live imaging microscopy (Fig-

ures 3D and 3E; Movie S5). Whereas tissue flow was close to

normal outside the isolated regions (i.e. cells displayed rotational

movement), tissue flow within isolated regions was abrogated,

demonstrating that such isolated regions behave independently

of the rest of the embryo and, therefore, independently of local

directed strains arising from the primitive streak-forming region.

Importantly, in these isolated regions the proportion of daughter

cell separation showed no significant differences compared with

stage 3 control embryos (Figure 3F; n = 182, 4 embryos). Alto-

gether, these results demonstrate that cell division-mediated

rearrangements arise from an active process and are not the

consequence of external mechanical stimuli. Moreover, these

results suggest that such cell behavior is an inherent property

of the epithelial embryonic tissue at this stage.
Develop
Spatiotemporal Characterization of Cell
Division-Mediated Intercalations
Next, we investigated how cell division-mediated intercalations

are spatiotemporally controlled. Because cell division promotes

cellular rearrangements at stage 3 but not at stage X, compari-

son between these stages can provide clues for mechanisms

underlying cell division-mediated intercalations. We used high-

resolution 4D (x, y, z, t), two-photon live imaging microscopy

on memGFP transgenic embryos to capture a dividing cell and

its neighbors in both space and time. At stage 3, we observed

that cell division-mediated intercalation is a multistep process:

First, as the dividing cell rounds up apically, neighboring cells

become dramatically deformed and concomitantly establish

novel contacts basally. Second, as the cytokinetic ring contracts

from basal to apical, the contact between the dividing cell and its

neighbors is carried along; Third, this novel cell contact finally ex-

pands into a stable cell-cell junction in the plane of the epithelium

(Figures S2A, S2A0, and S2A00). In contrast, at stage X, as cells

round up and start dividing, neighbors undergo only very local

deformations and stable contacts between originally distant

neighbors is not observed basally; instead a daughter-daughter

cell junction forms almost immediately (Figures S2B, S2B0, and
S2B00). Furthermore, analysis of junctions at stage X revealed

that the epithelium is very ‘‘stable’’ (92%) with few T processes,

CMI, and DCAI (5%, 2%, and 1%, respectively; n = 551, 2 em-

bryos) (Figure S2C). These observations suggest that at stage

3 the dividing cells are able to dramatically deform and displace

neighbors, eventually bringing them into contact between

daughter cells, whereas at stage X cells divide in a highly stable

epithelium that might prevent dividing cells from rearranging

junctions in their vicinity.
mental Cell 36, 249–261, February 8, 2016 ª2016 Elsevier Inc. 253



Figure 4. E-Cadherin, F-Actin, and pMyosin

Localization and Myosin Dynamics before

and during Gastrulation Movements

(A and B) Transverse cryosections of stage 3 (A)

and stage X (B) embryos stained with phalloidin

(A and B), pMyosin (A0 and B0), and E-cadherin

(A00 and B00) antibodies. (A%) and (B%) show the

merged pictures. Arrows point to F-Actin and

pMyosin accumulation.

(C–J) Confocal ortho-slices of stage 3 (C–F)

and stage X (G–J) whole-mount embryos stained

with phalloidin, pMyosin, and E-cadherin anti-

bodies. Arrows indicate F-actin and pMyosin

accumulation, asterisks show free-contact cell

interfaces, and arrowheads indicate basal E-cad-

herin junctions.

(K) Left panel: Time series of a GFP-Myosin elec-

troporated cell showing localization at the cortex

and the cytokinetic furrow in a stage 3 embryo.

Right panel: Example of images used for GFP-

Myosin (heatmap color code) FRAP experiments,

showing the region used for FRAP (arrowhead) of

epithelial cells in stage X and stage 3 embryos.

(L) Left panel: FRAP curves of cortical GFP-Myosin

in stage X (red) and stage 3 (blue) embryos. Errors

bars indicate SEM; n = 30 and n = 61 for stage X

and stage 3, respectively. Right panel: Common

plot of mobile fraction for all FRAP experiments

done at stages X and 3; associated average

numbers of the mobile fraction of each fitted

curve and statistical significance between the two

stages were obtained by a Mann-Whitney test,

****p < 10�5.

Scale bar represents 10 mm. See also Figures

S2–S4.
Differences in F-Actin and Myosin Localization and
Dynamics Underlie Cell Division-Mediated
Rearrangements
For dividing cells tomechanically deform neighbors and displace

them, we reasoned that non-dividing epithelial cells must exhibit

relatively low cortical rigidity (allowing neighbor deformation) as

well as low cell-cell junction stability (allowing planar displace-

ment through junction exchange). Because, at the molecular

level, both low cortical rigidity and low E-cadherin junction stabil-

ity have been linked to high actomyosin cytoskeleton turnover

(Sheikh et al., 1997; Cavey and Lecuit, 2009; Cavey et al.,

2008; Engl et al., 2014; Wu et al., 2014), we decided to first

check for differences in E-cadherin, F-actin, and phosphorylated

myosin II (pMyosin) protein localization between stage X and

stage 3 epithelia, in dividing cells and their neighbors.

Immunofluorescence on transverse sections at stage 3

showed that E-cadherin in chick epiblast cells was distributed

along the entire apico-basolateral extent of non-dividing epithe-

lial cells; F-actin localized also along the apico-basolateral

cortex of epithelial cells, whereas pMyosin was predominantly

enriched apically (Figures 4A–4A%; see also Figure S4 for quan-

tifications of fluorescence intensity profile). Whole-mount stain-
254 Developmental Cell 36, 249–261, February 8, 2016 ª2016 Elsevier Inc.
ings on fixed embryos showed that,

as observed in 4D live imaging experi-

ments, when cells enter division a long

E-cadherin-positive cell interface be-
tween seemingly distant neighbors (as observed apically) can

already be seen basally (Figures 4C–4F, white arrowheads; see

also Figures S3A–S3L; n = 11 out of 11 cells, 3 embryos). In

contrast, examination at stage X, when cell division does not

promote epithelial cell intercalation, revealed interesting differ-

ences. Whereas E-cadherin was also found along the whole

basolateral extent of epithelial cells, pMyosin and F-actin

showed greater accumulation along the basolateral cortex of

epithelial cells (Figures 4B–4B%, white arrowheads; see also

Figure S4 for quantifications of fluorescence intensity profile).

Whole-mount stainings on fixed specimens showed that as cells

entered division, neighboring cells in contact with the dividing

cell exhibited a dramatic accumulation of actin and myosin spe-

cifically at the basolateral side (Figures 4G–4J, white arrows; see

also Figures S3M–S3X; n = 9 out of 10 cells, 3 embryos). This

accumulation of actin and myosin in neighbors seemed to pre-

vent the formation of a stable basolateral contact between

distant neighbors (as observed in stage 3 embryos) since

contact-free cell interfaces (devoid of E-cadherin staining)

could be concomitantly observed directly beneath the dividing

cells (white arrows and asterisks in Figures 4H–4J; see also

Figures S3M–S3X). Such observations are reminiscent of the



Figure 5. Calyculin A and Jasplakinolide

Treatment Induces Basolateral Accumu-

lation of Myosin in Cells Neighboring a

Dividing Cell

(A and B) Transverse cryosections of calyculin

A-treated (A) and jasplakinolide-treated (B) em-

bryos stained with phalloidin (A and B), pMyosin

(A0 and B0), and E-cadherin (A00 and B00) antibodies.
(A%) and (B%) show the merged pictures. Arrows

point to F-Actin and pMyosin accumulation.

(C) Left panel: FRAP curves of cortical GFP-Myosin

in jasplakinolide-treated (yellow) and calyculin

A-treated (green) embryos. Errors bars indicate

SEM; n = 16 and n = 11 for jasplakinolide and

calyculin A, respectively. Stage X (red) and stage 3

(blue) GFP-Myosin FRAP profiles have been added

for reference. Right panel: Common plot of mobile

fraction for all FRAP experiments and statistical

significance between the different conditions ob-

tained by a Mann-Whitney test. ns, not significant;

*p < 0.05.

(D–K) Confocal ortho-slices of calyculin A (D–G)

and jasplakinolide (H–K) whole-mount embryos

stained with phalloidin, pMyosin, and E-cadherin

antibodies. Asterisks show contact-free cell in-

terfaces (E-cadherin free) andwhite arrows point at

pMyosin and F-actin basolateral accumulation.

See also Figures S4 and S5.
mechanisms observed in epithelial cells of the Drosophila notum

(Founounou et al., 2013; Herszterg et al., 2013), and adhesion

disengagement in the Drosophila embryo (Guillot and Lecuit,

2013b) during the generation of a daughter-daughter cell inter-

face, although in chick myosin accumulation and adhesion

disengagement of the dividing cell with its neighbor does not

take place apically but basolaterally.

We furthermore checked whether differences in actomyosin

dynamics between these two stages might underlie cell divi-

sion-mediated rearrangements. We used fluorescence recovery

after photobleaching (FRAP) to quantitatively measure Myosin

dynamics at the cortex of epithelial cells at stage 3, when cells

exhibit cell division-mediated rearrangements, and at stage X,

when cells do not undergo cell division-mediated intercalations,

and checked for notable differences. To this end, we electropo-

rated a GFP protein fused to the chicken myosin light chain 2

protein (GFP-Myosin), which localized predominantly to the cell

cortex and to the actomyosin ring as cells divided (Figure 4K,

left panel). GFP-Myosin did not interfere with cell division nor

normal embryonic development after 24 hr (data not shown),

strongly arguing that the GFP-Myosin fusion protein does not

interfere with endogenous myosin and that it can be used to

monitor its dynamics. By performing FRAP on cortical GFP-

Myosin of randomly chosen non-dividing cells (Figure 4K, right

panel), we found that GFP-Myosin dynamics were different be-

tween stage X and stage 3. At stage X, when cells do not undergo

cell division-mediated intercalations, the mobile fraction was

much lower (43%, n = 30) than in epithelial cells of stage 3 em-

bryos (62%, n = 61) (Figure 4L). Thus, these results show that

myosin stability at the cortex is significantly lower in epithelial

cells of stage 3 embryos compared with stage X. Altogether,

these results show that differences in cortical actin and pMyosin
Develop
localized accumulation, and at least in myosin dynamics, under-

lie cell division-mediated rearrangements.

Increasing F-Actin and Myosin Stability Impairs Cell
Division-Mediated Rearrangements
We finally functionally tested whether such observed differences

in actomyosin cytoskeleton between stages X and 3 might regu-

late cell division-mediated intercalations. To this end we took

advantage of two compounds, the F-actin stabilizing peptide

jasplakinolide (Bubb et al., 1994), and the myosin II phosphatase

inhibitor calyculin A (Ishihara et al., 1989), which allowed us to

uniformly increase actomyosin stability in all epithelial cells of

stage 3 embryos. Both compounds induced F-actin and myosin

enrichment at the cortex of epithelial cells as shown on trans-

verse sections (Figures 5A–5A% and 5B–5B%, white arrows;

see also Figure S4 for quantifications of fluorescence intensity

profile) and whole-mount embryos (Figures S5A–S5I). Moreover,

FRAP experiments on GFP-Myosin electroporated embryos at

stage 3 showed that in the presence of jasplakinolide and

calyculin A, the mobile fraction was much lower (49%, n = 16

and 47%, n = 11, respectively) than in stage 3 control embryos

(Figure 5C). These results confirmed that in these drug-treated

embryos myosin stability at the cortex was dramatically

increased, resembling dynamics observed in stage X embryos.

Notably, we noted an increased co-localization of F-actin with

E-cadherin at cell junctions, in agreement with higher junction

stability (Figure S6). We next examined the localization of these

proteins in dividing cells and their immediate neighbors (Figures

5D–5K). We found that as cells divided in embryos treated

with calyculin A or jasplakinolide, a dramatic accumulation of

pMyosin and F-actin in neighbors was found along the basolat-

eral extent of neighbors, directly beneath the dividing cells
mental Cell 36, 249–261, February 8, 2016 ª2016 Elsevier Inc. 255



Figure 6. Actin and Myosin Dynamics Control Cell Division-Mediated Intercalation

(A–D) Time series of a memGFP transgenic embryo treated with: the myosin phosphatase inhibitor calyculin A (A) or the F-actin stabilizer jasplakinolide (C) with

corresponding kymograph (B and D) of the region boxed in (A) and (C), revealing the relationship between daughter cells at every time point of the movie.

(E and F) Time series of a RhoA/GFP electroporated embryo and incubated with the Cell Mask membrane dye (red) with corresponding kymograph (F) of the

region boxed in (E).

(G and H) Time series of memGFP transgenic embryo with corresponding kymograph (H) of the region boxed in (G).

(I and J) Time series of a GFP electroporated embryo and incubated with the Cell Mask membrane dye (red) with corresponding kymograph (J) of the region

boxed in (I).

(legend continued on next page)
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(Figures 5E–5G and 5I–5K, white arrows; n = 7/9 cells, 3 embryos

and 9/13 cells, 3 embryos for jasplakinolide and calyculin A,

respectively). Moreover, contact-free cell interfaces, devoid of

E-cadherin immunostaining, were observed to be associated

with these cortical accumulations of F-actin and pMyosin (Fig-

ures 5E–5G and 5I–5K, white asterisks). These results show

that increasing myosin and F-actin stability in epithelial cells

prevents the dividing cell from bringing distant neighbors into

contact, a situation strikingly reminiscent of cell divisions in

stage X embryos, when rearrangement of daughter cells does

not take place.

We thus decided to observe the effect of increasing actomy-

osin stability on epithelial cell rearrangements using live imaging

microscopy. To this end, we live-imaged embryos incubated

with calyculin A or jasplakinolide, which allows uniform perturba-

tion of pMyosin and F-actin turnover within the epithelial embryo

(Figures 6A–6D). Notably, at the concentrations we used, neither

jasplakinolide nor calyculin A induced a remarkable decrease in

cell division (6% decrease for both jasplakinolide and calyculin A

compared with control embryos, as counted per number of

dividing cells/mm2 per hour; n = 1,100 cells, 4 embryos and n =

1,111 cells, 3 embryos, respectively). In addition, we electropo-

rated RhoA, which enables stabilization of the actomyosin

cytoskeleton in a more selective way due to the mosaic overex-

pression resulting from the electroporation method (Figures 6E,

6F, and S5J–S5S), therefore allowing us to monitor the behavior

of wild-type dividing cells next to RhoA-overexpressing cells

(Figures 6E–6E00). In embryos treated with calyculin A and jaspla-

kinolide, and in RhoA-electroporated embryos, separation of

daughter cells was greatly affected, with 85% (n = 181, 3 em-

bryos), 69% (n = 129; 3 embryos), and 80% (n = 205, 4 embryos)

of daughter cells remaining in contact for at least 30 min after

cytokinesis was complete (Figures 6A–6F [white arrows], and

6K; Movie S6), versus 10% in control memGFP transgenic

embryos (n = 530, 5 embryos) and 12% in GFP electroporated

embryos (n = 239, 6 embryos) (Figures 6G–6K). Moreover, anal-

ysis of cell-cell junctions over time revealed that CMI, DCAI, and

T processes were largely affected in calyculin A-treated (87% of

‘‘stable’’ junctions, 2% CMI, 4% DCAI, and 7% T processes;

n = 385 junctions analyzed, 3 embryos) and jasplakinolide-

treated (85% ‘‘stable’’ junctions, 3% CMI, 7% DCAI, and 5%

T processes; n = 568 junctions analyzed, 3 embryos) embryos

(Figure 6L; see also Figure S7). These results show that calyculin

A and jasplakinolide treatments dramatically increase cell-cell

junction stability. Strikingly, the behavior of cell-cell junctions

under these conditions resembles the behavior of junctions of

a stage X embryo, during which epithelial cells exhibit increased

actomyosin levels and cell division does not promote cell rear-

rangements. Altogether, these results show that increasing acto-

myosin cytoskeleton stability dramatically increases junctional

stability over time and prevents dividing cells from remodeling
(K) Quantification of the proportion of cells exhibiting a daughter-daughter cell jun

ANOVA test p value between bars. ****p < 0.0001.

(L) Quantifications of the relative proportion of stable junctions and CMI, DCAI, an

embryos. Error bars represent SEM with c2 test p value between bars. ****p < 0.

Arrowheads point to a novel junction between initially distant neighbors, arrows p

cell and its resulting daughter cells.

Scale bar represents 10 mm. See also Figures S5–S7 and Movie S6.

Develop
nearby junctions, consequently impairing cell division-mediated

rearrangements.

DISCUSSION

This study has identified that epithelial rearrangementsmediated

by cell division underlie the spatial patterning of gastrulation

movements in chick. As cells divide and dramatically change

shape throughout the epithelial embryo, they bring originally

distant cells (their immediate neighbors) into contact, thereby

promoting intercalation events. The interplay between the

actomyosin of dividing cells and the actomyosin of neighboring

non-dividing cells prevents rearrangements at stage X before

the onset of gastrulation movements, whereas it favors cell divi-

sion-mediated rearrangements as gastrulation movements take

place. Because cells continuously (although asynchronously)

divide within the epithelial embryo, cells constantly rearrange,

allowing the generation of properly patterned gastrulation move-

ments (Figure 7).

Cell Division as an Epithelial Cell Rearrangement Driver
As mentioned above, a direct role for cell division in promoting

epithelial cell rearrangements has not been reported to date

in Drosophila, C. elegans, Danio rerio, and Xenopus models.

Indeed it has been implied that the generation of a common

cell-cell interface between daughter cells might be a conserved

feature among Metazoa (Gibson et al., 2006). Luminal mitosis

has been observed to be associated with cell dispersal in the

mouse ureteric bud (Packard et al., 2013), and more recently

cell division has been observed to be associated with rear-

rangements during mouse limb ectoderm morphogenesis (Lau

et al., 2015), challenging the view that daughter cells do not

rearrange upon division. While these studies did not examine

the role of cell division in cell-cell intercalation and its effect on

epithelial morphogenesis, our findings showing that cell division

is required for the generation of gastrulationmovements leads us

to propose that the formation of new cell-cell contacts following

cell division might be a broad regulatory mechanism in epithe-

liummorphogenesis. The observations that cell division appears

to be associated with epithelial cell rearrangements in other

amniote epithelia is intriguing and shows that special attention

should be given to the role of cell division in promoting cell

rearrangements, as it is very likely that cell division-mediated in-

tercalations in general might underlie various morphogenetic

processes in a number of different epithelial tissues in develop-

mental, homeostatic, or pathological contexts.

Role of Cell Division-Mediated Rearrangements in the
Generation of Gastrulation Movements
Previous studies have shown that a combination of cell shape

changes, mediolateral intercalation, and ingression events at
ction in all aforementioned conditions. Error bars represent SEM with two-way

d T transitions in wild-type (WT), calyculin A-treated, and jasplakinolide-treated

0001.

oint to a daughter-daughter cell junction, and red asterisks indicate a dividing
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Figure 7. Model for the Role and Control of

Cell Division during Gastrulation

Upper: At stage X, before gastrulation movements

initiate, epithelial cells divide (red arrows) without

promoting rearrangements, epithelial cells exhibit

higher actomyosin accumulation: the dividing cell

induces very local deformation of neighbors (light

blue arrow) 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.

Middle: At stage 3, as gastrulation movements are

taking place, cell division promotes epithelial cell

rearrangements. Epithelial cells exhibit lower

actomyosin accumulation, enabling dividing cells

(red arrows) to deform and displace neighbors

(light blue arrow), bringing them in between the

resulting daughters. Lower: In the absence of cell

division, epithelial stability is increased as cell di-

vision-mediated rearrangements do not take

place. Epithelial cells are likely pulled (red arrows)

toward the primitive streak, where intercalation/

ingression events take place (Rozbicki et al., 2015;

Voiculescu et al., 2007, 2014).
the posterior marginal zone of the early embryo drive primitive

streak formation and elongation (Rozbicki et al., 2015; Voicu-

lescu et al., 2007, 2014). Such cell interactions have been

proposed to be the driving force of gastrulation movements

whereby the rotational movements would ensue as ‘‘propaga-

tion’’ of the cell displacements taking place at the site of primitive

streak formation. However, whether specific cell behaviors take

place in the epithelial embryo to ensure proper patterning of

gastrulation movements has remained unaddressed. In the

present study, we focused on such specific cellular behaviors.

Our data show that cell divisions and associated cell rearrange-

ments are required for the proper spatial patterning of gastrula-

tion movements but that they do not drive the movement itself.

When cell division-mediated rearrangements are inhibited (aphi-

dicolin and aminopterin treatments), cell movements can still be

observed but the spatial pattern is changed: cells do not display

the two symmetrical whorls but instead converge directly toward

the primitive streak. An attractive hypothesis is that cell division,

through constant cell rearrangements, allows epithelial cells to

accommodate (through constant and isotropic stress relaxation)

the forces generated by cell-cell interactions taking place at the

primitive streak (Rozbicki et al., 2015; Voiculescu et al., 2007,

2014), whereas in the absence of cell division the whole epithelial

sheet, being greatly stabilized, appears to be consequently

pulled toward the primitive streak ‘‘as a whole’’ by these same

forces (Figure 7), although this remains to be experimentally

demonstrated. Interestingly, orientation of cell division is not

aligned with tissue 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 primi-

tive streak-forming region. Therefore, the effect of cell division

on global tissue flow cannot solely be explained by a tension-

induced stress-relieving mechanism. It is possible, however,

that cell division by promoting constant rearrangements might

act by modulating the mechanical properties of the epithelial

tissue (e.g. fluidization of the tissue). In the future, it will be partic-
258 Developmental Cell 36, 249–261, February 8, 2016 ª2016 Elsevi
ularly interesting to test whether a combination of changes in

mechanical properties of the epiblast and local directed strains

induced by the primitive streak-forming region could explain

large-scale tissue movements observed during gastrulation.

Molecular Mechanisms Underlying Cell
Division-Mediated Rearrangements
We also investigated how cell division-mediated intercalations

are controlled at the molecular level. We find, similar to what

has been described in several Drosophila epithelia, that cell divi-

sion in the early chick epiblast can be regarded as a multicellular

process whereby immediate neighbors at stage X play a role in

the formation of daughter-daughter cell junctions; however, as

gastrulation movements take place in chick, cell division leads

to an opposite outcome (i.e. cell intercalation, Figure 7).We iden-

tified two specific behaviors: intercalation of neighboring cells

between daughter cells (CMI) and intercalation of daughter cells

between neighbors (DCAI), which consequently lead to dramatic

rearrangements in the vicinity of a dividing cell. Interestingly,

although CMI implies the addition of a novel junction through

cytokinesis, it is somehow similar to T1 and rosette processes

described in Drosophila (Bertet et al., 2004; Blankenship et al.,

2006), as a myosin-based contraction (cytokinetic ring in CMI

and planar junction shortening in T1/rosette processes) brings

into contact originally distant cells. However, we show that in

chick, intercalation initiates basally, expands apically, and even-

tually occurs in the plane of the epithelium. It has been shown in

other systems that cadherin engagement triggers contact stabi-

lization and expansion through activation of the Rac1 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., 2007). These data, together with our

results, are in support of basal engagement of E-cadherin be-

tween originally distant neighbors as a critical step in the forma-

tion of a stable novel junction, and thereby in cell intercalation

events. In turn, the mechanisms underlying DCAI are less clear,
er Inc.



as no specific myosin enrichments could be observed in neigh-

bors (data not shown) that could explain active intercalation

of daughter cells, as observed in T1 processes in Drosophila. It

is possible that DCAI might be a passive consequence of cell

division, in a local environment that is permissive to rearrange-

ments or in an active process whereby daughter cells transiently

acquire an ‘‘intra-epithelial’’ motility.

At the molecular level, comparison between stage X and

stage 3 embryos indicated the actomyosin cytoskeleton in

non-dividing cells as a regulator of these behaviors. Strikingly,

in stage X embryos when cell division does not drive rearrange-

ments, actin and myosin accumulate basolaterally in immediate

neighbors of a dividing cell, formation of a novel contact (be-

tween distant neighbors) does not take place, and adhesion

disengagement between the dividing cells and its neighbors

can even be observed. A similar phenomenon has been

observed in the Drosophila embryo and pupal notum during

the formation of the daughter-daughter cell interface (Founou-

nou et al., 2013; Guillot and Lecuit, 2013b; Herszterg et al.,

2013), although in chick actomyosin accumulation and adhesion

disengagement occur along the basolateral interface. From our

analysis, the major difference between the embryonic and pupal

notum epithelia in Drosophila and the early chick embryonic

epithelium is that E-cadherin can be found basolaterally in chick

epithelial cells. It is thus possible that since myosin and actin do

not accumulate basolaterally in epithelial cells of stage 3 em-

bryos, as a dividing cell rounds up, contracts, and splits, it can

freely deform and displace its immediate and adherent neigh-

bors, bringing them into contact without resistance. We finally

demonstrate the functional relevance of actin and myosin in

this process by increasing cortical actomyosin accumulation

uniformly in the epiblast using jasplakinolide and calyculin A, or

specifically in neighboring cells using RhoA. Such accumulation

of actomyosin at the cortex impairs the formation of novel

contacts basally and subsequent cell division-mediated rear-

rangements normally taking place at stage 3, recapitulating

situations and behaviors observed at stage X. Taken together,

our results provide a mechanistic framework for understanding

how cell division can lead to different remodeling outcomes

within an epithelial tissue, and how it affects its morphogenesis

on the mesoscopic scale.
EXPERIMENTAL PROCEDURES

Embryo Culture, Imaging, and Laser Dissection

Fertilized chicken eggs were ordered from a commercial source (EARL Mori-

zeau) and memGFP transgenic chicken eggs were generously provided by

Dr. Feifei Song, Dr. Adrian Sherman, and Dr. Helen Sang from the Roslin Insti-

tute. Eggswere collectedat stageXandcultured using amodified versionof the

EC culture system (Chapman et al., 2001) until stage 3+ and transferred into

glass-bottom Petri dishes (Mattek) with semisolid albumin/agarose (0.2%) for

imaging, with or without drugs: aphidicolin (30–50 mm), aminopterin (100 mm),

jasplakinolide (10 mm) and calyculin A (0.1 mM). Embryos were then imaged at

38�C using an inverted confocal microscope (Zeiss LSM 700 and LSM 880)

or a two-photon microscope (Zeiss, NLO LSM 7MP) coupled to a Chameleon

Ti/Saph laser (Coherent) at 840 nm wavelength using 103, 403, or 633 long-

distance objectives. The tiling/stitching feature of the Zen software (Zeiss)

was used to acquire large embryonic regions (about 1mm2/5,000–10,000 cells)

with a 403 objective. Laser microdissections were performed using a 355-nm

pulsed laser (35%–50% power), a UGA-42 module from Rapp Optoelectronic

coupled to a Zeiss LSM 880 and a 103 objective.
Develop
Image Analysis and Quantification

Images were analyzed using ImageJ and Imaris (Bitplane) software. All quan-

tifications were performed manually on registered movies (Thévenaz et al.,

1998) by visual inspection, following cells or junctions across time. For all ex-

periments, daughter cells were scored as separated when they did not share a

common interface 30 min after the completion of cytokinesis. Quantifications

of daughter cell separation at stage X were performed during the first 3 hr of

development and within 3 hr after exposure to the drugs in stage 3 embryos.

For cell-cell junction analysis, 1-hr-long movies were analyzed; regions were

randomly chosen but the number of cell divisions per total number of junctions

analyzed within these regions was kept constant, except for aphidicolin- and

aminopterin-treated embryos in which cell division was largely inhibited. Junc-

tions were classified into four different states, based on whether the cell-cell

junction exhibited neighbor exchange: Stable: pair of neighbors remained

unchanged; T transition: T1 or T2 process (i.e. cell division-independent

neighbor exchange); CMI transition: dividing cell-neighbor junction involved

in an intercalation event between daughter cells; DCAI transition: T1 process

involving a daughter cell (seeMovie S3). The rate of cell division in drug-treated

embryos was measured by counting the number of dividing cells per mm2 per

hour, normalized to stage 3 embryo rates.

FRAP Experiments

For FRAP experiments, embryos were electroporated with GFP-Myosin at

stage X and then incubated for 5 hr until a clear cortical GFP-Myosin signal

could be visualized. For stage 3, the same embryos for which FRAP was

performed at stage X were kept incubated overnight for a total incubation

time of 14 hr. The GFP-Myosin signal did not show any significant difference

in intensity between both stages, and identical photobleaching and imaging

conditions were used. A 10 3 10-pixel cortical region was photobleached

using a 488-nm laser at 100% (pixel dwell time of 100 ms for ten iterations).

Cells were then imaged every 1.5 s for at least 250 s using a Zeiss LSM 700

confocal and a 403 objective. All quantifications were performed in Fiji.

Images were adjusted for xy drift with the plugin: ‘‘Linear Stack Alignment

with SIFT’’ using a translational transformation. ROIs within the bleached

and non-bleached areas were then manually selected to compensate for

acquisition bleach and 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 electroporated with RhoA/GFP (a kind gift from Gojun Sheng)

or GFP only, in custom-made electroporation chambers using a NEPA21

(Sonidel) electroporator with two poring pulses of 15 V, 5 ms delay, and three

transfer pulses of 10 V, 50 ms delay. Electroporated embryos were incubated

with Cell Mask Deep Red (Invitrogen) prior to live imaging experiments. In brief,

0.5 ml of Cell Mask Deep Red stock solution (5 mg/ml in DMSO) was diluted in

250 ml of Hank’s balanced salt solution; 50 ml of this dilutionwas then deposited

on the ventral side of the embryo and incubated for 15 min prior to imaging.

For antibody stainings, embryos were incubated with Phalloidin-Alexa 488

(1:100; Molecular Probes), antibodies against E-cadherin (1:500, BD Science),

pMyosinII (1:50; Cell Signaling), and Hoechst (1:1000, Molecular Probes) over-

night, washed for 24 hr, incubated overnight with Alexa-coupled secondary

antibodies, and washed for 24 hr. All incubation and washes were performed

in PBS/BSA 0.2%, Triton 0.1%/SDS 0.02%. Embryos were then mounted be-

tween slides, coverslipped, and imaged using a Zeiss LSM 700 or LSM 880.
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tographischen Untersuchungen, kontrolliert durch vitale Farbmarkierung und

verglichen mit der Entwicklung anderer Wirbeltiere. Dev. Genes Evol. 116,

382–429.
260 Developmental Cell 36, 249–261, February 8, 2016 ª2016 Elsevi
Guillot, C., and Lecuit, T. (2013a). Mechanics of epithelial tissue homeostasis

and morphogenesis. Science 340, 1185–1189.

Guillot, C., and Lecuit, T. (2013b). Adhesion disengagement uncouples

intrinsic and extrinsic forces to drive cytokinesis in epithelial tissues. Dev.

Cell 24, 227–241.

Harrell, J.R., and Goldstein, B. (2011). Internalization of multiple cells during

C. elegans gastrulation depends on common cytoskeletal mechanisms but

different cell polarity and cell fate regulators. Dev. Biol. 350, 1–12.

Herszterg, S., Leibfried, A., Bosveld, F., Martin, C., and Bellaiche, Y. (2013).

Interplay between the dividing cell and its neighbors regulates adherens junc-

tion formation during cytokinesis in epithelial tissue. Dev. Cell 24, 256–270.

Ishihara, H., Martin, B.L., Brautigan, D.L., Karaki, H., Ozaki, H., Kato, Y.,

Fusetani, N., Watabe, S., Hashimoto, K., and Uemura, D. (1989). Calyculin A

and okadaic acid: inhibitors of protein phosphatase activity. Biochem.

Biophys. Res. Commun. 159, 871–877.

Kieserman, E.K., Glotzer, M., and Wallingford, J.B. (2008). Developmental

regulation of central spindle assembly and cytokinesis during vertebrate

embryogenesis. Curr. Biol. 18, 116–123.

Knox, A.L., and Brown, N.H. (2002). Rap1 GTPase regulation of adherens

junction positioning and cell adhesion. Science 295, 1285–1288.

Lau, K., Tao, H., Liu, H., Wen, J., Sturgeon, K., Sorfazlian, N., Lazic, S.,

Burrows, J.T.A., Wong, M.D., Li, D., et al. (2015). Anisotropic stress orients

remodelling of mammalian limb bud ectoderm. Nat. Cell Biol. 17, 569–579.

LeGoff, L., Rouault, H., and Lecuit, T. (2013). A global pattern of mechanical

stress polarizes cell divisions and cell shape in the growing Drosophila wing

disc. Development 140, 4051–4059.

Mao, Y., Tournier, A.L., Hoppe, A., Kester, L., Thompson, B.J., and Tapon, N.

(2013). Differential proliferation rates generate patterns of mechanical tension

that orient tissue growth. EMBO J. 32, 2790–2803.

Marinari, E., Mehonic, A., Curran, S., Gale, J., Duke, T., and Baum, B. (2012).

Live-cell delamination counterbalances epithelial growth to limit tissue over-

crowding. Nature 484, 542–545.

Morin, X., and Bellaı̈che, Y. (2011). Mitotic spindle orientation in asymmetric

and symmetric cell divisions during animal development. Dev. Cell 21,

102–119.

Nakagawa, M., Fukata, M., Yamaga, M., Itoh, N., and Kaibuchi, K. (2001).

Recruitment and activation of Rac1 by the formation of E-cadherin-mediated

cell-cell adhesion sites. J. Cell Sci. 114, 1829–1838.

Noren, N.K., Niessen, C.M., Gumbiner, B.M., andBurridge, K. (2001). Cadherin

engagement regulates Rho family GTPases. J. Biol. Chem. 276, 33305–33308.

Olivier, N., Luengo-Oroz, M.A., Duloquin, L., Faure, E., Savy, T., Veilleux, I.,
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