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SUMMARY
Geometry is a fundamental attribute of biological systems, and it underlies cell and tissuedynamics. Cell geom-
etry controls cell-cycle progression and mitosis and thus modulates tissue development and homeostasis. In
sharp contrast and despite the extensive characterization of the genetic mechanisms of caspase activation,
we know little about whether and how cell geometry controls apoptosis commitment in developing tissues.
Here, we combined multiscale time-lapse microscopy of developing Drosophila epithelium, quantitative char-
acterization of cell behaviors, and genetic and mechanical perturbations to determine how apoptosis is
controlled during epithelial tissue development. We found that early in cell lives and well before extrusion,
apoptosiscommitment is linked to twodistinctgeometric features:asmall apical areacomparedwithothercells
within the tissueandasmall relativeapical areawith respect to the immediateneighboringcells.Weshowed that
theseglobal and local geometric characteristics are sufficient to recapitulate the tissue-scale apoptotic pattern.
Furthermore, we established that the coupling between these two geometric features and apoptotic cells is
dependent on the Hippo/YAP and Notch pathways. Overall, by exploring the links between cell geometry and
apoptosis commitment, our work provides important insights into the spatial regulation of cell death in tissues
and improves our understanding of the mechanisms that control cell number and tissue size.
INTRODUCTION

In living organisms, the number of cells is regulated by the bal-

ance between cell proliferation and cell loss. The acquisition of

size and shape of developing organisms, as well as adult tissue

homeostasis, relies on this crucial balance.1 In epithelial tissues,

aberrant proliferation can drive tumor growth, whereas exces-

sive cell death can jeopardize their integrity.2,3 Numerous studies

have shown that geometrical factors, including cell size and

shape, are key to regulate cell proliferation and thus tissue devel-

opment and homeostasis.4–7 In sharp contrast, our understand-

ing of how geometrical factors may control cell death is lagging

behind, impeding the integrated analysis of the regulation of cell

number, size, and shape in tissues.

Apoptosis is a major form of programmed cell death during

development. It is a physiological, orderly process involving the

activation of the cysteine-aspartic protease caspase and marked

by cell shrinkage, chromatin condensation, and membrane bleb-

bing.8–10 The signaling pathways controlling apoptosis have been

extensively characterized during development.9,10 Furthermore,

studies in epithelial tissues have defined how caspase activation

leads to the remodeling of the cytoskeleton and cell adhesion to

promote the apical or basal extrusion of apoptotic cells.11–20 As
Current Biology 33, 1–20, No
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such, epithelial apoptosis involves both the apoptotic cell and

its direct surroundings, generating mechanical forces, cell rear-

rangements, or deformations that remodel the apoptotic cell

environment.12–14,16,18,20,21 By doing so, apoptosis can contribute

to fusing cell layers, tissue morphogenesis, and compensatory

cell proliferation,22–29 and it is proposed to modulate tissue

mechanical properties.30 Aside from the signaling pathways

triggering apoptosis, recent studies suggested that epithelial

apoptosis could arise from the biophysical regulation linked to tis-

sue ‘‘crowding’’ and resulting stress. In particular, ectopic me-

chanical compression, local topological defects, and genetically

induced mechanical cell competition have been shown to pro-

mote cell apoptosis.31–37 However, these regulatory mechanisms

have not explained the spatiotemporal distribution of apoptosis

during development. More generally, how biophysical factors

control apoptosis, a key regulator of growth, morphogenesis,

and homeostasis of tissues, remains largely unknown.

To identify the factors controlling epithelial apoptosis in vivo, we

used theDrosophilapupal dorsal thorax, ornotum,asamodel sys-

tem. This monolayered epithelial tissue is formed around 6 h after

pupa formation (hAPF) by the fusionof the twowing imaginal discs

along the dorsal midline38 (Figures 1A and S1A). The pupal notum

is composed of more than 10,000 cells that undergo several
vember 20, 2023 ª 2023 The Authors. Published by Elsevier Inc. 1
C BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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A Figure 1. Spatiotemporal patterns of

apoptosis in the Drosophila notum

(A) Pupal notum labeled by Ecad:GFP at 20 hAPF.

Magenta dashed line: a-p axis. Magenta shaded

domain: a 3-to-4-cell-wide stripe of large and elon-

gated cells forming the midline previously shown to

be highly apoptotic. Magenta dots: macrochaetae.

(B) Time-lapse images of Ecad:GFP showing an

extruding cell (cyan asterisk). Time (h) is set to 0 at

apical extrusion marked by the loss of cell apex

(cyan arrow).

(C) Spatial map of cell extrusions in the notum. Black

dots indicate the positions where extrusions

occurred between 15 and 32 hAPF.

(D) Extrusions shown on a segmented image of

the notum shown in (A) at 13 hAPF, where cells are

color coded according to the number of upcoming

extrusions a cell or its progeny will undergo until

32 hAPF (white: no extrusion, black: at least 3 ex-

trusions). Thick dashed red lines: apoptosis mask

corresponding to regions with higher apoptotic

density between 15 and 30 hAPF. Magenta

dashed line: a-p axis. Magenta dots: macrochaetae.

(E) Time-lapse images of Ecad:3xmKate2 and the

GC3Ai caspase fluorescence reporter prior to and

during cell extrusion. Time (h) is set to 0 at apical

extrusion.

Scale bars: 50 mm (A, C, and D), 5 mm (B and E).

See also Figure S1, Videos S1 and S2, and Table S2.
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morphogenetic movements associated with proliferation and

apoptosis from14hAPFonward.31,32,39–41Assuch, it hasprovided

avaluablemodel toexplore theconserved linksbetweenbiochem-

ical and mechanical factors contributing to cell and tissue dy-

namics.31–33,40,42–48 Here, by combining the time-lapse imaging

of the developing notum with the tracking of tens of thousands of

cells during up to 20 h of development, we characterized the

spatiotemporal patternof apoptosis in this tissue.Byquantitatively

analyzing the lifelongbehaviorof futureapoptotic cells prior tocas-

pase activation, we found that long before their extrusion, these

cells are characterized by two key geometric features: a small api-

cal area comparedwith other cells in the tissue and a small relative

apical area compared with the immediate neighbors. These

distinct features are sufficient to recapitulate the tissue-scale

apoptotic pattern. We then studied each of these size features

and identified twomolecular pathways involved in their respective

regulation. Collectively, our work establishes a tight link between

two geometric features and apoptosis in developing epithelium.
2 Current Biology 33, 1–20, November 20, 2023
RESULTS

Characterization of the
spatiotemporal pattern of apoptosis
in the Drosophila notum
Past studies of apoptosis in the monolay-

ered Drosophila notum often analyzed

a specific and highly apoptotic region of

the tissue, the midline, a 3-to-4-cell-wide

stripe of large and elongated cells along

the anterior-posterior (a-p) tissue axis31–33

(Figure 1A). Unlike what happens in the

other notum regions, caspases are acti-
vated in midline cells prior to any morphogenetic movements

of the pupal notum.47,48 To investigate the factors controlling

life and death decisions at the tissue scale, we first further char-

acterize whether apoptosis is patterned in other regions of the

tissue. We performed time-lapse imaging of the developing

notum using the adherens junction marker Ecadherin:GFP

(Ecad:GFP) from 15 hAPF onward (Figure 1A). Upon the segmen-

tation of thesemovies, we used previously implemented befitting

tools that give us access to large datasets of several tens of

thousands of cell positions, apical geometry, and behaviors, as

well as their contribution to morphogenesis.39 These tools allow

us to track various cell processes, such as cell division, which is

known to be strongly patterned in space and time in the

notum.39,40 In addition, we can track and analyze cell extrusions

(Figure 1B), which often concur with apoptosis in epithelial tis-

sues.2,49 We mapped extrusions in the whole pupal tissue be-

tween 15 and 32 hAPF, corresponding to the tracking of about

23,700 ± 3,000 cells per heminotum over time (N = 5 heminota,
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Figures 1C and 1D; Video S1). We found that about 850 ± 180 ex-

trusions occur per heminotum. Notably and extending our previ-

ous observations,39 these extrusions are spatially patterned

across the tissue, with some regions displaying a high number

of extruding cells and others displaying nearly no cell extrusion

during this time range (Figures 1C and 1D). Using spatial land-

marks on the notum (namely several macrochaetae and the

midline) to register multiple nota from different animals, we veri-

fied that the spatial distribution of extrusion is comparable

among animals (Figure S1B). It is also remarkably symmetric

with respect to the midline (Figures 1C and 1D). Moreover, the

temporal distribution of extrusions is also similar among animals

(Figures S1C and S1D).

Extruding cells can be either alive, which does not rule out

their later death, or in the process of undergoing apoptosis

through caspase activation.2,21,49 To distinguish between

these two cases, we performed time-lapse imaging with the

Ecad:3xmKate2 marker and GC3Ai, a live caspase-activated

fluorescent reporter50 (Figure 1E). Across the entire notum, the

visual inspection of extruding cells revealed that a burst of cas-

pase activity precedes extrusion (n = 96 out of 100 cells in

N = 3 nota) (Figure 1E; Video S2). Using His2B:RFP, we also veri-

fied that extruded cells show chromatin condensation, indicative

of apoptosis (n = 65 out of 65 cells; Figure S1E). In Drosophila,

apoptosis is controlled by the expression of the rpr, hid, and

grim pro-apoptotic genes that act upstream of the inhibitor of

apoptosis proteins, IAP (Diap inDrosophila), and of caspase acti-

vation.9 We found that inhibiting rpr, hid, and grim functions by

RNAi (RHGRNAi)51 led to a drastic reduction in extrusions within

the tissue (11 ± 5 extrusions per heminotum; N = 6). Together,

these data argue that the study of cell extrusions in the notum in-

forms us of the characteristics of apoptotic cells. Overall, these

quantitative characterizations raise the questions of how the

apoptotic regions are determined and how some cells die but

other cells remain within these regions.

Tissue contraction does not correlate with notum
apoptotic pattern
Recent studies have linked tissue compression to the extrusion

of wild-type (WT) cells in a variety of systems, such as cell cul-

tures, developing zebrafish epidermis, and around tumor cells

in the Drosophila notum.31–35 These studies raise the question

of whether endogenous tissue contraction can account for a tis-

sue-scale pattern of apoptosis. During pupametamorphosis, the

notum undergoes tissue deformations that can be characterized

as a combination of isotropic contraction-expansion and aniso-

tropic convergence-extension and that substantially vary over

space and time.39 To explore whether the apoptotic pattern in

the notum could stem from isotropic contraction, we studied

the relative timing of apoptosis and mesoscopic tissue contrac-

tion in various regions of the notum. Apoptosis being spatially

patterned at the tissue scale with some regions harboring a

high number of apoptoses, we first created an archetypal

mask of apoptotic regions using the data from 5 heminota (Fig-

ure 1D). This archetypal mask contains 77% ± 8.8% (N = 5) of

all apoptoses occurring between 15 and 30 hAPF. We could,

therefore, define archetypal apoptotic regions characterized by

a high apoptotic rate, whereas others are nearly devoid of extru-

sion. On segmented Ecad:GFP time-lapse movies, we then
tracked patches of cells corresponding to regions within the

apoptoticmask aswell as regions outside of themask to quantify

their respective areas over time (Figures 2A and S1F). A

decreasing patch area corresponds to patch contraction,

whereas a patch with an increasing area indicates expansion.

We found awide variety of behaviors in the notum: although pos-

terior lateral regions exhibit tissue contraction followed by cell

apoptosis (regions 3 and 4, Figure 2B), other regions such as

the central lateral zone exhibit contractions of similar magnitude

without subsequent cell death (region 6, Figure 2B). Moreover,

apoptosis sometimes precedes tissue contraction, as seen in

the midline (regions 1 and 2, Figure 2B). Overall, tissue contrac-

tion does not always precede or induce apoptosis. This suggests

that tissue physiological contraction by itself cannot explain the

apoptotic pattern observed at the scale of the whole tissue.

Early cell geometric features characterize future
apoptotic cells
Cell apical area can be directly and substantially impacted by

mechanical tissue contraction or expansion. Thus, studies link-

ing tissue contraction to cell apoptosis may indirectly connect

apical size decrease to apoptosis. In addition, seminal work

in individual cells in culture has linked cell fate and cell

spreading.52–55 We, therefore, hypothesized that the apical

size of cells could play a role in the control of physiological

apoptosis in the developing notum. The notum stands as an

excellent system to test this hypothesis, as its epithelial cells

are characterized by a large variety of cell sizes at 13 hAPF (Fig-

ure 3A, left). Moreover, this initial difference in cell size does not

stem from distinct cell-cycle phases since 12 hAPF notum cells

are all in the G2 phase of the cell cycle prior to undergoing suc-

cessive waves of division.38,56–58 Importantly, the last hour of life

of apoptotic cells is characterized by a drastic and rapid

decrease of the cell apex, ultimately leading to extrusion.19

Therefore, to identify possible pre-determining geometric factors

of apoptosis, we decided to study the apical size of future

apoptotic cells throughout their lives prior to this last hour. Here-

inafter, we will refer to this phase as the ‘‘pre-extrusion’’ phase of

cell lives, that is, the phase before cells exhibit any major known

morphological sign of apoptosis.19

To do so, we quantified the apical area of apoptotic and non-

apoptotic cells throughout their lives on segmented Ecad:GFP

movies. The average area of the future apoptotic cells was

measured by averaging their area throughout their lifespan up

to 1 h prior to their extrusion (pre-extrusion phase); for control,

the apical areas of all non-apoptotic cells of the tissue were aver-

aged at the same time points as the apoptotic cells. We found

that the average areas of future apoptotic cells are 38% smaller

than the average notum cell area (Figure 3B). Moreover, the area

distribution of apoptotic cells ismore skewed toward small sizes.

This suggests that cells with small apical areas are more likely to

undergo apoptosis. We, therefore, quantified the probability of a

cell to die as a function of its area, and accordingly, we found that

the probability of becoming apoptotic sharply increases with

decreasing area (Figure 3C). Furthermore, by averaging the cell

area of future apoptotic cells, we found that area is rather steady

prior to the rapid extrusion phase, as cell area only decreased by

11% starting 5 h prior to delamination (Figure S2A). Since cas-

pase activation can be observed to increase 3 h prior to cell
Current Biology 33, 1–20, November 20, 2023 3
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Figure 2. Relative timings of tissue contraction and apoptosis in different regions of the notum

(A) Time-lapse images of an Ecad:GFP notum at 17h30 APF and 29 hAPF. Thick lines indicate six regions in the tissue that were tracked over time, four regions of

the apoptotic mask (red, regions # 1–4) and two regions outside of the apoptotic mask (cyan, regions # 5 and 6).

(B) Graph of the temporal evolution of the rate of apoptosis (black, mean ± SEM) and the region surface area, normalized to its maximum value (color coded as for

the corresponding regions, mean ± SEM), in each of the six regions indicated in (A). A decrease in the region area (such as that in region 2), therefore, indicates

contraction, whereas an increase (such as that in region 5) indicates expansion. N = 4 heminota.

Scale bars: 50 mm.

See also Figure S1 and Table S2.
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extrusion (Figure S2B), we also verified that the apical areas of

future apoptotic cells are significantly smaller than the average

notum cell area prior to caspase activation by removing the

last 3 h of their lives from their time average (Figure S2C). Overall,

during their pre-extrusion phase, future apoptotic cells are char-

acterized by a smaller apical area that modestly decreases over
4 Current Biology 33, 1–20, November 20, 2023
time and that precedes the rapid and drastic apical shrinkage

associated with cell extrusion.

To test whether the observed smaller apices could be a conse-

quence of apoptotic signaling, we inhibited apoptosis by per-

forming a simultaneous local inhibition of the rpr, hid, and grim

genes, which act upstream of caspase, through the clonal
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Figure 3. Future apoptotic cells display early and predic-

tive geometric features

(A) Segmented images of the notum shown in Figure 1A at 13 hAPF

(top) and close-up of the region outlined in blue (bottom) where

cells are color coded according to their apical areas (left) and

relative areas (right).

(B) Distributions of the apical areas of future apoptotic cells

averaged over their pre-extrusion phase (purple, mean ± SEM)

and of the apical areas of all cells of the tissue taken at similar time

points as the apoptotic cells (gray, mean ± SEM). Curves are

smoothed over 3 data points. The area below each curve is one.

n = 4,244 cells from N = 4 heminota. Dashed lines: average values.

Future apoptotic cells are on average 38% smaller than non-

apoptotic cells, p = 3.1 3 10�98, Student’s t test.

(C) Graph of the percentage of cells undergoing apoptosis versus

cell apical areas. Cells whose fate is known are binned depending

on their apical areas averaged over their pre-extrusion phase, and

the ratio of apoptotic cells by the total number of cells is computed

in each bin. The curve is smoothed over 3 points. n = 32,638 cells

from N = 4 heminota.

(D) Graph of the mean relative apical area of apoptotic cells

(orange, mean ± SEM) versus time before their apical extrusion.

Time-evolution curves of single-cell relative areas have been

aligned to their respective times of apical extrusion set to t = 0.

n = 4,465 cells from N = 4 heminota. Horizontal bar: p values of

Student’s t tests comparing the relative area with an average value

of 1 every 15 min, color coded according to the p value (dark or-

ange p < 0.01).

(E) Graph of the percentage of cells undergoing apoptosis versus

cell apical areas (same data as in C) broken down into a family of

curves, one curve for each bin of cell relative apical areas. The

percentage of cells in each bin is indicated. n = 32,638 cells from

N = 4 heminota.

(F) Experimental spatial map of apoptosis in the notum (as in

Figure 1C).

(G–I) Predicted spatial maps of apoptosis using both the cell area

and relative apical area (G, black dots, F1-score = 0.55), the cell

areas only (H, purple dots, F1-score = 0.48), and the cell relative

areas only (I, orange dots, F1-score = 0.38). F1-score for a random

model is equal to 0.14.

Scale bars: 50 mm (A, top, and F–I), 10 mm (A, bottom).

****p<0.0001.

See also Figure S2 and Tables S1 and S2.
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expression of the RHGRNAi in Ecad:GFP tissues. To compare

apical cell size inRHGRNAi and control cells, despite the substan-

tial cell size heterogeneity in the notum, we measured the apical

area of cells in RHGRNAi clones and compared them with that of

the corresponding control cells located symmetrically with

respect to the midline in the same animal (Figure S2D, left). We

found that inhibiting the RHG genes has only a very mild effect

on cell apical area throughout tissue development, with the

average size of RHGRNAi cells being bigger than that of control

cells by 1.9 mm2 at most, corresponding to a modest increase

of 8% during short periods of time (Figure S2D, right). Since

future apoptotic cells are characterized by an average area

38% smaller than that of non-apoptotic cells during their pre-

extrusion phase (Figure 3B), the small apical area of future

apoptotic cells could be a predictive factor of apoptosis rather

than a consequence of the expression of the RHG genes.

The notum displays several regions within which cell area is

locally quite homogeneous (Figure 3A, left). Therefore, in the hy-

pothesis of a regulation of cell death by apical area only, entire

regions of small cells could be primed to commit apoptosis,

thereby potentially jeopardizing tissue integrity. Yet, apoptosis

remains a relatively rare event. We thus decided to investigate

how, among small cells, some are eliminated via apoptosis,

whereas some other cells are not.We, therefore, looked for addi-

tional features that could help distinguish a future apoptotic cell

within its local environment. To do so, we investigated the role

of the relative apical area between a future apoptotic cell and

its immediate neighbors. We defined the relative area as

RðAÞ = Ai=CAjD, namely the apical area of a cell i divided by the

average area of its direct neighbors j, a dimensionless metric

such that RðAÞ< 1 if a cell apex is smaller than the average

apex of its neighbors (Figure 3A, right). Thus, if a future apoptotic

cell has the same apical size as its neighbors during its pre-extru-

sion phase, one expectsRðAÞz1, which is what we observed for

non-apoptotic cells in apoptotic regions (Figure S2E). Strikingly,

we found that, on average, future apoptotic cells are instead

characterized by RðAÞ = 0:87±0:03 (mean ± SEM) during their

pre-extrusion phase, indicating that their apical area is 13%

smaller than the average area of their neighbors (Figure 3D).

Notably, on average, apoptotic cells are smaller than their neigh-

bors several hours before the extrusion phase and caspase acti-

vation (Figures 3D and S2B). We, therefore, conclude that future

apoptotic cells are characterized by two early distinctive fea-

tures: a small area with respect to cells in the tissue and a small

relative area with respect to the immediate neighbors of the

apoptotic cells.

Combination of area and relative area predicts the
apoptotic pattern
To better understand the role of geometric factors in the determi-

nation of cell death, we then explored the respective contribu-

tions of the apical area and relative apical area to apoptosis.

Importantly, given the ordered patterning of cell size in the tissue

and the existence of large regions of cells with similar sizes,

we found that the area and relative area are poorly correlated,

as illustrated by the maps of cell area and cell relative area

that display completely different patterns (Figures 3A and

S2F). This suggests that each quantity could carry different infor-

mation and play different roles at the cell level. To evaluate the
6 Current Biology 33, 1–20, November 20, 2023
relative impacts of these two apical parameters on apoptosis,

we used a multivariate logistic regression (Table S1) that models

the probability to die as a function of these factors. Importantly,

we found that both the area and relative area are associated with

significant non-zero coefficients, which represent their impact on

the probability of apoptosis when the other variable is held con-

stant. Thus, the two parameters independently correlate with the

probability of apoptosis, thereby arguing for distinct roles. This is

confirmed when plotting the variation of the probability to un-

dergo apoptosis as a function of both parameters (Figure 3E):

it shows that ‘‘for a given apical size,’’ the cells that are sur-

rounded by neighbors with bigger apices have a higher probabil-

ity to die than cells that are surrounded by neighbors of similar or

smaller size. Overall, the two distinct cell features we identified,

cell apical area and relative area, both correlate with the proba-

bility of a cell to undergo apoptosis.

Are these features predictive of the spatial pattern of

apoptosis? To answer this question, we developed a prediction

model trained on experimental data. The training and validation

datasets consisted of the cells from 6 developing heminota,

whereas the test dataset contained the cells from 3 other

developing heminota. For each cell, the area and relative area

(averaged over the pre-extrusion phase), aswell as fate, were ex-

tracted. These data were then used to train an adapted k-means

clustering algorithm, which was compared with other types of

models (see details in STAR Methods). We verified that our

best predictive model recapitulates the majority of the apoptotic

pattern in the notum (Figures 3F, 3G, S2G, and S2H). Interest-

ingly, we found that both the area and relative area are needed

to successfully predict the apoptotic pattern, as predictions us-

ing only one of these two features were less accurate

(Figures 3H, 3I, S2I, and S2J). Moreover, only few apoptoses

are predicted in the highly apoptotic anterior midline (Fig-

ure S2K). Since midline cells are characterized by their larger

apices and the specific expression of apoptotic factors very early

in development,48 our finding that the expression of the RHG

genes is not a determinant of the area of future apoptotic cells

is strengthened (Figure S2D). Together, our results indicate

that the two distinct and early size features, namely a small apical

area and a small relative apical area, are predictive of a future

apoptotic fate.

Reduction of cell apical area by cell division is required
for subsequent apoptosis
We next investigated whether apoptosis is controlled by the first

of these two parameters, the apical area. Cell division and

growth are major regulators of cell size. In the pupal notum,

apical cell growth is relatively minor during the cell cycle (Fig-

ure S3A). Consequently, if taken at the same point in their cell cy-

cle, the average cell apical area substantially decreases by

49% ± 0.5% with each division round (Figure S3A; Video S3).

Importantly, we verified that at birth the apical areas of future

apoptotic cells are already significantly smaller than the average

notum cell area (Figure S3B).

We, therefore, decided to study the interplay between cell di-

vision and apoptosis to test whether cell area can directly modu-

late cell apoptosis. First, comparing the spatial patterns of

apoptosis and divisions revealed that apoptosis is sparse in re-

gions where cells divide only once during pupal development;
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more specifically, 75% of the regions of apoptosis overlap with

regions where cells divide 2 times or more (Figures 4A and 4B;

Video S4). Second, we compared the global timings of both

cell processes and found that apoptosis substantially increases

after the first wave of divisions (Figure 4C). Accordingly, we

observed that 88% ± 4.0% (N = 4 heminota) of the apoptotic

cells originated from a dividing cell; this percentage reaches

96% ± 2.6%, if midline cells are excluded. Third, after each divi-

sion round, we characterized the fate and area of the daughter

cells (Figures S3A and S3C). We found that the more a cell has

divided, and thus the smaller its apex, the higher its probability

to undergo apoptosis instead of entering another division (Fig-

ure 4D). These results suggest that cell division promotes subse-

quent apoptosis.

Since at 12 hAPF pupal cells are blocked in G2, we explored

the role of cell division by blocking epithelial divisions with the

overexpression of tribbles (trblOE), an inhibitor of the G2/M tran-

sition of the cell cycle59–61 (Figures 4E and 4I). Decreasing the di-

vision number by trbl overexpression and thus preventing cells

from halving their size led to the almost complete disappearance

of apoptosis. The average apoptosis rate, measured as the num-

ber of apoptoses divided by the initial number of cells, falls to

1.5% ± 0.6% versus 19% ± 2.7% in control notum (Figures 4F

and 4J). Alternatively, we increased proliferation to further

reduce cell apical area by overexpressing CyclinE (CycEOE), a

regulator of the G1/S transition62 (Figures 4G and 4I). CycE over-

expression almost triples the occurrence of cell extrusion, as the

average extrusion rate increases to 63% ± 15% (Figures 4H and

4J). As observed in control condition, most of the extruding cells

exhibited an accumulation of the apoptotic GC3Ai marker upon

CycE overexpression (Figure S3D). Strikingly, this increase in

programmed cell death is global and affects the entire notum,

including the usually non-apoptotic regions of the tissue (Fig-

ure 4H). Notably, our predictive model, trained on the apical

area and the apoptosis of WT tissues, predicts both a global in-

crease in apoptosis in CycEOE tissues and a drastic reduction in

apoptosis in trblOE tissues (Figure S3E). Altogether, we conclude

that, by substantially reducing cell apical area at each division

round, cell division modulates apoptosis.

Cell apical area modulates apoptosis
To further test the impact of cell apical area on apoptosis, we

focused thereafter on the posterior central region of the notum

where a substantial part of apoptoses occurs, thus facilitating

the analysis of the contribution of apical cell size to apoptosis

control. To modulate cell apical area, we used stretchable poly-

dimethylsiloxane (PDMS) membranes to exert uniaxial compac-

tion by around 15% along the medio-lateral axis on developing

nota (Figures 5A and S4A; see STAR Methods for details). The

compaction was gradually applied within 30 min, after which

we studied subsequent tissue dynamics during development.

In this region, as measured through the segmentation and auto-

mated quantification of cell areas prior to and after 30 min of

compaction, we found that cells after compaction had, on

average, an apical area 19%smaller than that of non-compacted

tissues while having a relative area similar to that of non-com-

pacted tissue cells (Figures 5B, 5C, and S4B). If cell apical

area is, indeed, a direct determinant of cell apoptosis, we should

be able to predict an increase in cell apoptosis based on the
compaction-induced variation of cell size. Our predictive model,

applied to the apical size pattern of non-compacted animals, al-

lowed us to estimate that a 19% area change would be associ-

ated with an increase in the rate of apoptosis by 24% ± 3% (Fig-

ure 5D). Furthermore, despite the rather spatially homogeneous

apical size reduction induced by the PDMS compaction, we also

predicted that this apoptosis rate increase would not be spatially

homogeneous. Indeed, the additional apoptoses that are pre-

dicted to be induced by compaction were spatially biased to-

ward apoptotic regions, with 69%± 6.0% of the extra apoptoses

predicted to occur within the apoptotic mask (which represents

48% of the total region analyzed) (Figures 5E and S4C). Experi-

mentally, we observed that compacted pupae show a 22%

higher extrusion rate than non-compacted ones, in good accor-

dance with the increase that we predicted (Figures 5D and S4D).

In both non-compacted and compacted conditions, the percent-

ages of extruding cells accumulating the GC3Ai apoptotic

marker were similar, confirming that the additional extrusions

are associated with apoptosis (Figure S4E). Moreover, the

spatial distribution of apoptosis is not significantly changed by

compaction, with 81% ± 1.8% of apoptoses occurring in the

apoptotic mask in compacted pupae versus 88%± 4.6% in con-

trol ones (Figure 5F). These results confirm that tissue compac-

tion alone is not the main regulator of apoptosis, since a nearly

homogeneous tissue-scale reduction in cell apical sizes drives

a heterogeneous increase in apoptosis, substantially biased to-

ward regions of smaller cells. To further confirm that cell apical

area rather than compaction itself promotes apoptosis, we

also explored the correlation between themagnitude of compac-

tion and death. We found that, although apically larger cells get

more compacted than the smaller ones upon tissue compaction

(Figure 5G), smaller cells still tend to die more than the larger

ones (Figure 5H). Taking our results together, we propose that

the cell apical area is a determinant of the probability for a cell

to undergo apoptosis and, consequently, a relevant parameter

in the shaping of the global apoptotic pattern in the tissue.

Linking cell apical area, cell death, and Hippo/YAP
pathway activity
Having identified the apical area as a regulator of apoptosis, we

then aimed at characterizing the signaling pathways contributing

to this regulation. TheMAPK/ERK (Mitogen-Activated Protein Ki-

nase/Extracellular signal-Regulated Kinase) pathway is known

to regulate apoptosis via the transcriptional regulation of the

pro-apoptotic gene hid.33,63,64 Furthermore, ERK signaling is

involved in cell death associated with genetically induced cell

crowding.32,33 We thus hypothesized that the MAPK/ERK

pathway could be involved in regulating cell death as a function

of apical area. ERK-KTR:GFP reporters have been previously

described to quantify ERK activity.65,66 We developed an ERK-

KTR:GFP reporter expressed under an ubiquitin promoter and

validated the use of this reporter to quantify ERK activity in

Drosophila, measured as the ratio between cytoplasmic and nu-

clear GFP fluorescence (Figures S5A–S5D). However, we found

that ERK activity does not correlate with cell apical area

(Figure S5E).

We then investigated theHippo/YAP (Yorkie, Yki inDrosophila)

pathway, which is involved in mechanosensing,67 in cell prolifer-

ation,68 and in themodulation of apoptosis via the transcriptional
Current Biology 33, 1–20, November 20, 2023 7
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A Figure 4. Coupling between proliferation and apoptosis

(A) Divisions shown on a segmented image of the notum shown in

Figure 1A at 13 hAPF. Cells are color coded depending on the

upcoming number of divisions a cell and its progeny will undergo

during development. Darker shades of green indicate more di-

visions. Magenta dashed line: antero-posterior axis. Magenta dots:

macrochaetae.

(B) Divisions shown on a segmented image of the notum shown in

Figure 1A overlappedwith the binarized extrusionmap of Figure 1D

(black, cells whose progeny or themselves will undergo apoptosis).

Magenta dashed line: a-p axis. Magenta dots: macrochaetae.

(C) Distribution of divisions (green, n = 26,728) and apoptoses

(black, n = 4,468) over developmental time. The area under each

curve is set to one. N = 4 heminota.

(D) Graph of the proportion of cells between 15 and 30 hAPF un-

dergoing either division (green, n = 26,728) or apoptosis (dark gray,

n = 4,468), depending on the division rounds they originate from.

Dots: individual heminota, N = 4.

(E) Divisions shown on a segmented trblOE notum at 15 hAPF. Cells

are color coded depending on the upcoming number of divisions a

cell and its progeny will undergo during development. Darker

shades of green indicate more divisions. Magenta dashed line: a-p

axis. Magenta dots: macrochaetae.

(F) Spatial map of apoptosis in the trblOE notum shown in E. Dots

indicate the locations where apoptoses occurred between 16 and

29 hAPF.

(G) Divisions shown on a segmented CycEOE notum at 15 hAPF.

Cells are color coded depending on the upcoming number of di-

visions a cell and its progeny will undergo during development.

Darker shades of green indicate more divisions. Magenta dashed

line: a-p axis. Magenta dots: macrochaetae.

(H) Spatial map of apoptosis in the CycEOE notum shown in (G).

Dots indicate the locations where apoptoses occurred between 16

and 29 hAPF.

(I) Plot of the division rates in control (gray, N = 4 heminota), trblOE

(brown, N = 6 heminota), and CycEOE (blue, N = 4 heminota) notum

between 16 and 29 hAPF. Log-scale. The division rate is the

number of divisions divided by the initial number of cells. White dot:

average, thick black line: first to third quartiles, dots: individual

heminota. p values: p = 9.53 10�3 (control versus trblOE), p = 0.029

(control vs. CycEOE), p = 9.53 10�3 (CycEOE versus trblOE), Mann-

Whitney U test.

(J) Plot of the apoptosis rates in control (gray, N = 4 heminota),

trblOE (brown, N = 6 heminota), and CycEOE (blue, N = 4 heminota)

notum between 16 and 29 hAPF. Log-scale. Apoptosis rate is the

number of apoptoses divided by the initial number of cells.

White dot: average, thick black line: first to third quartiles, dots:

individual heminota. p values: p = 9.53 10�3 (control versus trblOE),

p = 0.029 (control vs. CycEOE), p = 9.5 3 10�3 (CycEOE versus

trblOE), Mann-Whitney U test.

Scale bars: 50 mm. *p<0.05; **p<0.01; ****p<0.0001.

See also Figure S3, Videos S3 and S4, and Table S2.
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Figure 5. Uniaxial mechanical compaction changes the apoptosis rate.

(A) Schematic representation of the experimental setup. Between 15h30 and 16h30 APF, Ecad:3xGFP pupa without pupal case (brown) were glued on a 150%

pre-stretched PDMS stripe (gray) attached to a custom-made compression device (dark blue). In compacted pupae, the pre-stretched PDMS was progressively

(legend continued on next page)
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control of the expression of the apoptosis inhibitor Diap168–71

and of the microRNA bantam (ban).72 The expressions of the

Diap1 or ban genes can be used as readouts of the Hippo/YAP

signaling pathway activity, and they are measured using two

distinct transgenes: Diap1-nls:GFP73 and ban-nls:GFP,74 which

express nls-GFP under the control of the Diap1 and ban pro-

moters, respectively. Unlike ERK, Hippo/YAP activity scales

with apical cell size43: we recently showed that the intensity of

ban-nls:GFP and of Diap1-nls:GFP positively correlates with

cell apical area in the central posterior region of the notum43

(Figures 6A, S5F, and S5G). Moreover, we found that PDMS-

mediated tissue compaction led to decreased ban-nls:GFP

levels (Figure S4F). This finding suggests that the Hippo/YAP

signaling pathway can be diminished by the reduction in cell api-

cal area induced by tissue compaction. We then sought to test

whether impacting Hippo/YAP activity could disturb the relation-

ship between cell apoptosis and apical size. Ajuba (Jub) is a

regulator of Hippo signaling, whose clustering with the Warts ki-

nase upregulates Yki activity.43,75–77 We, therefore, quantified

the amount of Jub clustering in cells and found that future

apoptotic cells are characterized by a lower clustering of Jub

than their non-apoptotic surrounding cells (Figure 6B), thereby

suggesting a lower Yki activity in future apoptotic cells. In addi-

tion, we locally inhibited Yki activity by the clonal expression of

jubRNAi during pupal development in the central posterior notum

and used the non-clonal symmetric contralateral regions as con-

trol (Figure 6C). We found that jub knockdown enhances

apoptosis, as revealed by the quantification of the number of

extruding cells and the accumulation of the GC3Ai marker (Fig-

ure S5H). Importantly, this effect is not homogeneous but instead

increases with cell apical area (Figure 6D). This is consistent with
released over 30min to carry out a�15%uniaxial compaction (arrow). In non-com

pupae, Ecad:3xGFP signal was then acquired every 5 min until 30 hAPF to record

made in the posterior medial region of the notum (red box, bottom sketch).

(B andC) Distributions of cell apical areas (B,mean ± SEM), and cell relative apical

cells fromN= 3 nota) and non-compacted nota (gray, n = 4,905 cells fromN= 3 no

Dashed lines: average values. Apical area, p = 1.2 3 10�105 and relative area, p

(D) Graph of the fold change in apoptosis rate (mean ± SEM) induced by compac

compacted nota, n = 4,617 cells and compared with the corresponding experime

n = 4,055 cells; same data used for prediction for non-compacted animals). p =

(E) Graph of the predicted fold change in apoptosis rate predicted to occur betw

observed experimental cell apical area reduction, in N = 3 non-compacted anim

dicted without compaction (gray), compaction-induced apoptosis predicted in

apoptosis mask (yellow). The values are normalized by the number of apoptoses

cells.

(F) Apoptosis maps in non-compacted (top) and compacted (bottom) tissues at 2

are color coded according to the upcoming number of apoptoses in their progeny

Magenta dots: macrochaetae.

(G) Boxplot of the cell area relative variations between t = 0 and t = 30 min versus

compacted nota (blue, n = 6,952 cells from N = 3 nota). The box represents the inte

1.5 times the interquartile range. The red line represents the median. Cells are

compacted and compacted in each area bin: 2.0 3 10�8 (10–20 mm2), 2.6 3 10�

(50–60 mm2), Kolmogorov-Smirnov test; p value between the 1st bin (10–20 mm2

Smirnov test.

(H) Boxplot of the apoptosis rates versus cell initial areas (namely before compact

(blue, n = 3,190 cells from N = 3 nota). The box represents the interquartile range

interquartile range. The red line represents the median. p values between non-com

0.32 (40–60 mm2), Kolmogorov-Smirnov test; p value between the 1st bin (0–20

Smirnov test.

Scale bars: 50 mm. NS p R0.05; *p <0.05; ****p <0.0001.

See also Figure S4 and Table S2.
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a model in which the higher Yki activity in large cells would block

their apoptosis. Since the scaling between Hippo/YAP activity

and apical cell size is mediated by the a-Actinin (Actn) that pro-

motes Jub clustering,43 we then further tested the role of this

scaling by compromising it by locally reducing Actn function in

the posterior central notum. We found that, at a given apical

area, apoptosis is also enhanced in ActnRNAi cells; once again,

as in jubRNAi clones, the fold change in apoptosis rate increases

with cell apical size (Figure 6E). Overall, our results indicate that a

low Yki activity, as found in small WT cells, is associated with an

increased probability to undergo apoptosis. Preventing the

scaling between Hippo/YAP activity and apical size by inhibiting

Actn43 impacts the modulation of cell survival by cell apical

area. Together, we conclude that the scaling between cell apical

size and Hippo/YAP signaling can account for the control of

apoptosis by apical size.

Cell relative apical area can impact local apoptosis
Next, we studied the role of cell relative apical area, which is the

second size-related feature of apoptotic cells that is predictive of

epithelial apoptosis. To test whether modulating relative cell size

changes the apoptosis rate,we sought to induce relative size het-

erogeneity in otherwise genetically identical cells. Given that the

Target of Rapamycin (Tor) protein is a key regulator of cell size,78

we created clonal populations of TorRNAi cells in the posterior

medial region of the tissue. As expected, these cells exhibited a

reduction in apical area (Figures S6A and S6B), and we turned

our attention to the first (R1) and second (R2) rows of WT cells

around TorRNAi clones (Figure 7A). R1 cells are in direct contact

with small TorRNAi cells, and we found their relative areas to be

typically bigger than those of R2 cells (Figure 7B, left bar). If a
pacted pupae, the PDMSwas not released. In compacted and non-compacted

the dynamics of the tissue. See also STAR Methods for details. Analyses are

areas (C,mean ± SEM) of cells at 18h15 APF in compacted (dark blue, n = 4,317

ta). Curves are smoothed over 3 points. The area below each curve is set to one.

= 0.94, Student’s t tests.

tion between 18 and 32 hAPF, predicted (blue, prediction made in N = 3 non-

ntal rate) versus experimental fold change (dark blue, N = 3 compacted nota,

0.82, Student’s t test.

een 18 and 32 hAPF following a 19% tissue compaction, corresponding to the

als. For each notum, three categories of apoptosis are shown: apoptosis pre-

the apoptosis mask (blue), or compaction-induced apoptosis outside the

predicted without compaction. From left to right: n = 1,618; 1,393; and 1,606

0 hAPF, with the apoptosis mask outlined by thick dashed red lines. Nota cells

(white: no extrusion, black: at least 3 extrusions). Magenta dashed line: midline.

the initial cell area for non-compacted (gray, n = 8,501 cells in N = 3 nota) and

rquartile range (between the 1st and the 3rd quartile). Each whisker represents

binned in 10-mm2-wide bins between 10 and 60 mm2. p values between non-
31 (20–30 mm2), 1.5 3 10�60 (30–40 mm2), 2.0 3 10�48 (40–50 mm2), 3.6 3 10�9

) and the last bin (50–60 mm2) for compacted cells: 1.2 3 10�40, Kolmogorov-

ion) in non-compacted (gray, n = 4,289 cells in N = 3 nota) and compacted nota

(between the 1st and the 3rd quartile). Each whisker represents 1.5 times the

pacted and compacted in each area bin: 0.033 (0–20 mm2), 0.033 (20–40 mm2),

mm2) and the last bin (40–60 mm2) for compacted cells: 0.033, Kolmogorov-
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Figure 6. Linking Hippo/YAP signaling, apoptosis and apical cell area

(A) Graph of Ban-nls:GFP (green, n = 1,228 cells from N = 2 nota) and Ubi-nls:GFP (gray, n = 1,233 cells from N = 2 nota) signals (mean ± SEM) versus cell apical

area. Cells are binned in 5-mm2-wide bins from 0 to 45 mm2. Data points are from López-Gay et al.43

(legend continued on next page)
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bigger relative area impedes cell death, we expect apoptosis to

be decreased in these WT cells, whereas if R1 and R2 cells

have similar apoptosis rate, it would suggest that the increased

relative area of R1 cells does not impact apoptosis. We found

that, at constant cell size, R1 WT cells have a 20% lower proba-

bility to enter apoptosis, as compared with R2 WT cells (Fig-

ure 7C, left bar), consistent with a role for relative area in modu-

lating apoptosis. We also verified the role of relative area within

the TorRNAi clones: TorRNAi cells on the clone border, in contact

with WT cells, are characterized by smaller relative areas than

TorRNAi cells in the clone bulk (Figure 7B, right bar). As expected,

we find that these border clone cells die significantly more than

the bulk clone cells (Figure 7C, right bar). Overall, these results

suggest that the modulation of cell relative apical area impacts

apoptosis and thus prompted us to explore whether signaling

pathways are involved in this regulation.

Notch signaling is required for the regulation of
apoptosis by the cell relative apical area
To identify the molecular pathways involved in the preferential

death of cells apically smaller than their neighbors, we initially hy-

pothesized that such preferential deathmight relate to a context-

dependent form of cell elimination, which involves comparison

with adjacent cells. As such, it might share characteristics

with contact-dependent cell competition mechanisms.79–84 To

explore this hypothesis, we analyzed the role of the azot gene

that mediates numerous forms of cell competition in the

Drosophila wing imaginal disc and pupal retina, as well as the

adult fly brain and gut.85 We abrogated azot function and studied

the impact on apoptosis in the posterior region of the notum. In

azot tissue, we found that the pattern of apoptosis is preserved

(Figure S6C) and that apoptotic cells are 11% ± 2.6% apically

smaller than their neighbors, comparable to the 12% ± 3.2% dif-

ference seen in control tissues (Figure S6D). Therefore, the loss

of Azot function did not alter the relationship between cell

apoptosis and cell relative area. This finding indicates that the

elimination of cells smaller than their neighbors is not regulated

by Azot. Since the mechanisms of cell competition are very

diverse,79–81,84 our study of azot does not exclude the possibility

that deathmediated by cell relative area is connected to a form of

endogenous cell competition (see also discussion). Yet, it

prompted us to investigate other pathways by which the relative

apical areas of cells could impact their survival.

We decided to test the possible involvement of the Notch

pathway in the regulation of apoptosis by cell relative area. Notch

regulates lateral inhibition, a process driving differential fate
(B) Boxplot of Jub:GFP clustering measured as the ratio between the junctional J

their surrounding non-apoptotic cells. The box represents the interquartile range

interquartile range. The red line represents the median. n = 96 future apoptotic ce

(C) Image of Ecad:3xmKate2 in the posterior medial notum harboring a jubRNA

symmetric control cells. Magenta dashed line: midline.

(D) Graph of the fold change in apoptosis rate between jubRNAi clones and con

n = 1,254 for jubRNAi cells fromN= 4 nota. Log-scale. Error bar: 95%, confidence in

10�16 (20–30 mm2), Fisher test.

(E) Graph of the fold change in apoptosis rate betweenActnRNAi and control (wRNAi

5) and somatic ActnRNAi clones (N = 2 nota); n = 2,729 control cells from pnr-Gal4>

test. p values: 1 (0–10 mm2), 1.4 3 10�3 (10–20 mm2), 1.6 3 10�8 (20–30 mm2), Fi

Scale bars: 10 mm. NS pR0.05; **p <0.01; ****p<0.0001. Clone induction regime

See also Figures S5 and S6, and Table S2.
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decisions between neighboring cells in a large variety of living

systems.86–88 Notch signaling also impacts cell death, promot-

ing either pro-apoptotic or anti-apoptotic activity in a context-

dependent manner.89,90 In addition, Notch signaling correlates

with the cell-cell contact area in in vitro contact assays of pairs

of epithelial cells.91 Nevertheless, its role in the regulation of

cell survival as a function of relative area has not been explored.

To investigate the role of this pathway, we used a temperature-

sensitive Notch allele (Notchts) to specifically block Notch func-

tion during pupal development. Focusing on the posterior medial

region of the notum, we found that the relative apical area of

apoptotic cells is higher in Notchts condition than in control con-

dition, and this is seen throughout their lives, as early as 8 h

before apoptosis (Figure 7D). To verify that cell extrusion in

Notchts tissue is apoptotic, we used the GC3Ai caspase reporter

and found that out of 110 extruding Notchts cells, all exhibited a

burst of caspase activity before their extrusion (Figure S7A;

Video S5A). Importantly, the apoptotic pattern and distribution

of relative areas are identical in control and Notchts conditions

(Figures S7B, S7C, and S7E). In agreement with the reported

binding of Su(H) to the Diap1 promoter,92 we found that the level

of the Diap1-nls:GFP reporter was reduced in NotchRNAi clones,

thereby further confirming a role of Notch signaling in regulating

apoptosis (Figure S7F, left). Furthermore, this regulation is likely

independent of Hippo/YAP signaling, since ban-nls:GFPwas not

affected in NotchRNAi clones (Figure S7F, right) and since jubRNAi

did not impact the preferential death of cells smaller than their

neighbors (Figure S5I). Moreover, and as opposed to jubRNAi

and ActnRNAi, inhibiting Notch function did not significantly

impact the relationship between cell apical area and the

apoptosis probability (Figure S7G). Collectively, these results

indicate that Notch signaling is necessary to ensure the modula-

tion of apoptosis by cell relative apical size.

To regulate death according to relative area, Notch signaling

could either sense the relative cell area or coordinate cell death

between neighboring cells. To explore these two possibilities, we

analyzed the level of a well-established transcriptional Notch re-

porter (NRE-nls:mChFP93) as a function of cell relative apical

area. We found that the level of this Notch reporter does not

correlate with relative area (Figures S7H and S7I). In contrast,

when specifically analyzing future apoptotic cells prior to their

death, we found that the Notch reporter level was slightly lower

in the apoptotic cells than in its neighbor cells, whereas a control

nls:RFP reporter expressed under an ubiquitin promoter accu-

mulated at similar level in the apoptotic cells and its neighbors

(Figures 7E and 7F). Together, this suggests that Notch signaling
ub:GFP signal inside clusters versus outside cluster in future apoptotic and in

(between the 1st and the 3rd quartile). Each whisker represents 1.5 times the

lls and 96 non-apoptotic cells (N = 2 nota). p value: 10�8, Mann-Whitney U test.
i clone (green, marked by Caax:BPF, not shown) as well as the contralateral

tralateral control cells versus cell apical area. n = 1,469 for control cells and

terval (CI), Fisher test. p values: 0.37 (0–10 mm2), 5.63 10�33 (10–20 mm2), 8.23

) cells versus cell apical area. n = 1,767 cells from pnr-Gal4>ActndsRNA nota (N =

wdsRNA nota (N = 5), somaticwRNAi clones (N = 2 nota). Error bar: 95%CI, Fisher

sher test.

s are described in STAR Methods.
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Figure 7. Roles of cell relative area and Notch signaling in apoptosis

(A) Left: close-up of an Ecad:3xGFP notum with a TorRNAi clone (yellow) at 15 hAPF. Right: schematic representation of the same region, with the clone cell

outlines in yellow, first row neighbors (R1) in dark blue, and second row neighbors (R2) in light blue. TorRNAi clones are marked by Caax:BFP (yellow).

(legend continued on next page)
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is differentially activated in cells fated to die due to their relative

size to coordinate the death among neighbor cells. Accordingly,

in Notchts tissue, we noticed the presence of apoptosis clusters

usually not seen in epithelial tissues (Figure 7G; Video S5B).

Notably, this is associated neither with a reduction in cell area,

since the cell areas are larger by 8% in Notchts conditions

(37.3 mm2 in control versus 40 mm2 in Notchts tissues), nor with

a change in relative areas (Figures S7C–S7E). To quantify the

occurrence of clusters, for every apoptosis, we measured sub-

sequent apoptoses occurring in a 5-mm radius (corresponding

approximately to direct neighbors) and 3-h time window around

the initial apoptotic cell. In agreement with a role of Notch in

coordinating cell death depending on cell relative area, we found

that inhibiting Notch leads to a significant increase in the proba-

bility of observing a nearby apoptosis in a 0.5–1.5 h time window

after an apoptosis (Figure 7H). Together, these results uncov-

ered a role of Notch signaling in the regulation of apoptosis by

cell relative apical area, which involves contributing to the local

coordination of apoptosis between neighboring cells, thereby

preventing the occurrence of apoptotic cell clusters.

DISCUSSION

During development and homeostasis, apoptosis plays a crucial

role in defining tissue cell number and architecture, and the

deregulation of apoptosis can lead to severe organ shape de-

fects or diseases.9,10,21,49,80 The genetic and biochemical

regulations contributing to apoptosis have been extensively

described.9,10,94 In addition, numerous studies have delineated

how caspase activation, cell-cell adhesion, and cytoskeleton re-

modeling promote the cell shape changes associated with cell

extrusion in epithelial tissues.11–19 Here, we explored the role

of cell geometry in controlling the spatial pattern of epithelial
(B) Graph of the ratios of the mean relative areas for (i) R1 and R2 control cells nei

cells (1.14 ± 0.03, right). WT cells: n = 1,568 R1 and 1,903 R2 cells.2 TorRNAi clone c

95% CI.

(C) Graph of the ratio of apoptosis rates occurring in (i) R1 and R2 control cells nei

death was found (p = 0.003, likelihood ratio statistic test), and (ii) bulk and border T

was found as well (p = 0.011, likelihood ratio statistic test). See STAR Methods fo

181 bulk cells and 871 border cells n = 10 clones from N = 2 nota. Error bar: 95%

(D) Graph of the relative apical area of apoptotic cells (mean ± SEM) versus time b

control tissues between 16 and 35 hAPF (gray, n = 1,417 cells fromN= 2 nota). Tim

extrusion set to t = 0 and averaged. Horizontal bar: p values of Student’s t tests

white, pR 0.05; light red, p < 0.05, dark red p < 0.01). Logistic regression shows

apoptosis rate in control cells versus a 4.2% increase in Notchts cells: the coeffici

the strength of the relationship between these two factors, is decreased 2-fold w

(E) Graph of the ratios of the NRE-nls:mChFP reporter activity (dark red, n = 24

apoptotic cells and their 72 neighbors from N = 2 nota) in cells neighboring ap

3 h before apoptosis. Horizontal bar: p values of Student’s t tests performed betw

p < 0.01).

(F) Averaged normalized Ubi-nls:RFP (top) and NRE-nls:mChFP (bottom) signals

(n = 531 apoptotic cells, N = 2 nota, and n = 205 apoptotic cells, N = 2 nota, for N

N = 2 nota, and n = 282 apoptotic cells, N = 2 nota for NRE-nls:mChFP and Ubi-nls

value in the central 100 pixels.

(G) Ecad:3xGFP time-lapse images of apoptotic cells in control (top) and Notchts

nota. Cyan asterisks: apoptotic cells. Cyan arrows: position of the extruded cells

(H) Graph of the temporal distribution of neighboring apoptosis following the apop

and control (gray, mean ± SEM, n = 1,328 cells from N = 2 nota). Time is set to 0

detected in a 5 mm2 radius. A significant increase in the probability of a nearby a

Scale bars: 20 mm (A), 5 mm (G). * p <0.05; ** p< 0.01. Clone induction regimes a

See also Figures S6 and S7, Video S5, and Table S2.
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apoptosis during development. By analyzing the apoptotic

pattern at the tissue scale, we uncovered two distinct processes

of geometric control of cell death, both involving cell apical area

but acting at different scales: (1) globally, at the tissue level, re-

gions displaying cells with smaller areas define likely apoptotic

zones and (2) locally, at the cell level, the relative area modulates

the rate of apoptosis, thereby determining probable apoptotic

cells. Thus, our work uncovered a relationship between pro-

grammed cell death and geometry shaping the tissue-scale

apoptotic pattern.

Previous investigations on the regulation of apoptosis by bio-

physical factors have used genetic or mechanical ectopic tissue

compressions to investigate the impact of biophysical factors on

cell death. In particular, tissue contraction, which is linked to dy-

namic changes of cell size, was suggested to drive the apoptosis

ofWT cells.31–33,35We have observed that the physiological con-

tractions of the tissue cannot fully explain the apoptotic pattern.

In accordance with this finding, exerting a homogeneous

compaction on developing pupae resulted in a non-homoge-

neous increase in apoptosis. The important factor is apical cell

size, whose dynamics and relative value compared with the

cell neighbors are distinct in future apoptotic and non-apoptotic

cells early in their lives, hours before apoptosis. In collective as-

semblies of cells in culture, topological defects can locally

specify cell death.34 Here, we found that cells fated to die are

characterized by a smaller area than the other cells in the tissue

and by a relative area smaller than their direct neighbors. Thus,

our work uncovered an additional non-autonomous geometrical

regulation of cell apoptosis in tissue. Overall, by scrutinizing the

correlation among endogenous tissue movements, cell geome-

try, and apoptosis, our findings deepen our understanding of

the link between tissue contraction and apoptosis in developing

tissue and explicitly enunciate how cell area and relative area can
ghboring TorRNAi clones (1.09 ± 0.01, left) and (ii) bulk and border TorRNAi clone

ells: 181 bulk cells and 871 border cells. n = 10 clones fromN=2 nota. Error bar:

ghboring TorRNAi clones (left), where a significant impact of relative area on cell

orRNAi clone cells (right), where a significant impact of relative area on cell death

r statistical analysis. WT cells: 1,568 R1 and 1,903 R2 cells. TorRNAi clone cells:

CI, Fisher test.

efore apical extrusion in Notchts (dark red, n = 1,327 cells from N = 3 nota) and

e evolutions of single cell relative areas have been aligned to their time of apical

performed between Notchts and the control tissues every 15 min (color code:

that a decrease in relative area by 0.1 corresponds to an 8.2% increase in the

ent of correlation between relative apical area and apoptosis, which measures

hen Notch is inhibited (�1.74 in control versus �0.55 in Notchts tissues).

apoptosis and their 100 neighbors, N = 2 nota) and Ubi-nls:RFP (gray, n = 24

optotic cells over the activity of the corresponding apoptotic cells during the

een NRE-nls:mChFP and Ubi-nls:RFP cells every 15 min (color code: dark red

in a 243 24 mm2 region around the future apoptotic cells. Results shown at 3 h

RE-nls:mChFP and Ubi-nls:RFP, respectively) and 1 h (n = 553 apoptotic cells,

:RFP, respectively) before apoptosis. The activity is normalized by the average

(bottom) nota illustrating the presence of clusters of apoptotic cells in Notchts

. Time (h) is set to 0 at the time of apical extrusion.

tosis of a cell inNotchts (dark red, mean ± SEM, n = 2,469 cells from N = 3 nota)

at the time of the apoptosis of the cell of interest. Neighboring apoptosis are

poptosis in the 0.5–1.5 h time window is observed: p = 0.002, Fisher test.

re described in STAR Methods.
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instruct the patterns of tissue apoptosis. Previous studies have

shown that epithelial cell apical geometry is controlled by the

balance between cortical tension and cell-cell adhesion.95 We

envision that the initial pattern of cell geometry within the notum

is dependent on the activity patterns of cortical tension regula-

tors and the expression of cell-cell adhesion molecules. Overall,

the biophysical mechanisms regulating apoptosis can be

influenced by tissue compression,31–33,35 cell topology,34 or

cell area (this study). It will be interesting to investigate in con-

texts where tissue compression has been shown to control cell

death whether area or relative area can also influence cell

apoptosis. We foresee that in the future, it will be crucial to

explore the respective roles of tissue mechanical force and cell

geometry and to determine whether and how local cell-cell inter-

actions could contribute to tissue-scale apoptotic patterns in

other contexts.

Past and recent studies have investigated how cell geometry

correlates to or modulates cell fate acquisition or differentia-

tion,52–55,91,96–99 therefore calling for the characterization of the

link between cell morphology and signaling pathways regulation.

Here, by exploring the role of cell geometry in apoptosis in the

posterior medial region of the tissue, we have found that the

Hippo/YAP and Notch signaling pathways mediate the links be-

tween two geometric properties of epithelial cells and apoptosis.

By building on our previous work showing that apical stress fi-

bers form in response to mechanical stress43 and by analyzing

the role of Ajuba and a-Actinin, we found that in the posterior

central region of the notum, the cell-autonomous control of

apoptosis by cell apical area involves the Hippo/YAP pathway.

We propose that such control is linked to the formation of apical

stress fibers in response to mechanical stress, since a-actinin is

needed for stress fiber formation.43 Although modulating cell

area by adjusting the proliferation rate suggests that cell apical

area can be a determinant of cell death throughout the notum,

we have confined our functional analysis to the posterior central

region where we have previously established a link between

Hippo/YAP signaling and cell area under mechanical stress.

Future mechanistic studies will be needed to comprehend how

small apical area can induce apoptosis in other regions of the

tissue. Notably, since the highly conserved Hippo/YAP pathway

is a critical actor of apoptosis in multiple contexts and a known

effector of mechanical forces or actomyosin organization that

impact cell shape,9,100,101 a similar control of apoptosis by cell

geometry could take place in other tissues. Then, we showed

that the local modulation of apoptosis by relative apical area re-

quires Notch function. Depending on cell types, the Notch

pathway has been found to have pro- or anti-apoptotic activity9;

moreover, previous works have established that Notch signaling

increases with cell contact length in vitro, a scaling that was pro-

posed to entail a regulation of Notch by cell area.91 Here, using a

reporter of Notch transcriptional activity, we observed that future

apoptotic cells, which are smaller than their neighbors, are

characterized by reduced Notch transcriptional activity but that

Notch reporter level does not correlate with the cell relative

area at tissue scale. Therefore, prior to the choice of the

apoptotic cell, the differences in Notch transcriptional output

might be too low to be detected using this reporter, or Notch

signaling is rather acting to prevent the death of larger neighbor

cells once the apoptotic cell has been selected. Interestingly,
recent studies highlighted the various and context-dependent

modes of interplay between Notch and Hippo/YAP signaling in

the control of cell fate decisions.102,103 We found that Hippo/

YAP and Notch signaling pathways have an additional interplay,

as they both modulate cell apoptosis in response to two distinct

geometric characteristics. Last, we envision that Notch and ERK

signaling might cooperate in the local control of apoptosis. We

found that Notch activity prevents the occurrence of clusters of

apoptotic cells dying together by diminishing the probability to

die in the neighbors of an apoptotic cell between 0.5 and 1.5 h

after apoptosis. This timing is consistent with the time window

recently found to correspond to the local and transient restriction

of apoptosis in the neighbors of an apoptotic cell by ERK activa-

tion.104,105 As Notch signaling is differentially activated in the

future apoptotic cell prior to apoptosis, whereas ERK signaling

is triggered in the neighbors of cells upon apoptosis, the Notch

and ERK pathways could, respectively, act prior and after cell

delamination to locally tune apoptosis and avoid the disruption

of tissue integrity. Notch and EGFR (Epidermal Growth Factor

Receptor) have been shown to control cell apoptosis in multiple

developmental contexts.9 It will be relevant to test whether their

interplay stems from a geometric control of cell apoptosis. Over-

all, by delineating the link between the geometrical control of

apoptosis and signaling pathways in developing tissues, our

work enhances the understanding of the mechanisms by which

cell geometry modulates cell fate and dynamics.

Cell apoptosis has been associated with the fundamental pro-

cess of cell competition.79–84 We have established that within re-

gions of small cells, cells that are even smaller than the surround-

ing cells are more likely to be eliminated, thus freeing some

space for larger cells. One can consequently wonder whether

our work uncovers a form of endogenous cell competition linked

to cell apical area and relative area. Cell competition broadly re-

fers to the biological process whereby the death of ‘‘loser’’ cells

by ‘‘winner’’ cells is context dependent, i.e., loser cells are fully

viable if not challenged by the presence of winner cells. The

underlying mechanisms promoting the loser/winner status are

rooted to insufficient extracellular pro-survival factors, commu-

nication via cell-cell contact, or mechanical stress.79–84 In partic-

ular, mechanical cell competition entails the variation of cell

sensitivity in response to cell crowding due to genetic mosai-

cism32,80,81,106; loser cells are more sensitive to mechanical

compaction and are more likely to die due to compressive forces

imposed by surrounding winner cells.32,37,106 Genetic mosai-

cisms for the tumor suppressor Scrib in cell lines, the oncogenic

Ras expression in Drosophila, or megabase genomic rearrange-

ments in human pluripotent stem cells lead to differences in

sensitivity to mechanical compaction and death.32,37,106 Here,

we observed that endogenous cell death is predicted by smaller

area and relative cell area, two processes mediated by the

Hippo/YAP and Notch pathways, respectively. Since the ectopic

genetic modulations of Notch and Hippo/YAP signaling have

been associated with cell competition,107–110 we envision that

our work could concur with our understanding of cell competi-

tion. First, it strengthens the notion that cell crowding can be a

factor contributing to the sensitivity of cells to mechanical

competition induced by genetic mosaicism. Second, by delin-

eating that cells smaller than their neighbors are more likely to

be eliminated, our findings can be framed as a form of
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endogenous ‘‘geometric cell competition,’’ whereby (1) the

smaller area and relative area via Hippo/YAP and Notch path-

ways link to a loser/winner cell status and (2) the death of smaller

cells leavesmore space to bigger ones, which thus become even

larger. Overall, by establishing a critical role for cell geometry in

the control of apoptosis during development, our findings sug-

gest parallel roles of cell geometry in the control of cell competi-

tion and developmental apoptosis.

Tissue development and homeostasis rely on the balance be-

tween proliferation and apoptosis. Numerous works have inves-

tigated the critical role of cell geometry in cell-cycle progression

and cell division orientation to understand the regulation of tissue

size, organization, and shape.4–7 Our work now establishes that

two geometric cell features related to apical size are associated

with apoptosis and are sufficient to recapitulate the apoptotic

pattern in a developing tissue with good accuracy. Interestingly,

apoptosis and proliferation, in turn, modulate cytoskeleton orga-

nization, tissue mechanics, and signaling, which are potent reg-

ulators of cell and tissue geometrical features. Therefore, we

foresee that integrating the role of geometry in the control of

apoptosis and cell division will be instrumental to fully under-

stand how tissue cell number, size, shape, and architecture are

regulated or maintained.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Drosophila: Ubi-Ecad:GFP Oda et al.111 NA

Drosophila: Ecad:GFP Huang et al.112 NA

Drosophila: Ecad:3xGFP Pinheiro et al.113 NA

Drosophila: Ecad:3xmKate2 Pinheiro et al.113 NA

Drosophila: Ecad:3xTagRFP Pinheiro et al.113 NA

Drosophila: sqh:3xGFP Pinheiro et al.113 NA

Drosophila: sqh:mTagRFP Garcia et al.114 NA

Drosophila: jub:GFP Sabino et al.115 BDSC #56806

Drosophila: Ubi-nls:RFP FRT19A Bloomington Drosophila Stock Center BDSC #31416

Drosophila: FRT40A Ubi-nls:GFP Bloomington Drosophila Stock Center BDSC #5189

Drosophila: UAS-CycE18; UAS-CycE Neufeld et al.116; gift from Michel Gho NA

Drosophila: UAS-trbl Grosshans and Wieschaus59 NA

Drosophila: UAS-Diap1 Bloomington Drosophila Stock Center BDSC #6657

Drosophila: UAS-wdsRNA VDRC Stock Center VDRC#33034

Drosophila: UAS-TordsRNA Bloomington Drosophila Stock Center BDSC#34639

Drosophila: UAS-RHGdsRNA Pinheiro et al.113; gift from Marco Milan NA

Drosophila: UAS-ActndsRNA Bloomington Drosophila Stock Center BDSC#34874

Drosophila: UAS-jubdsRNA Bloomington Drosophila Stock Center BDSC#41938

Drosophila: UAS-RasV12 Bloomington Drosophila Stock Center BDSC#64196

Drosophila: UAS-NotchdsRNA Bloomington Drosophila Stock Center BDSC#7078

Drosophila: w117 NA

Drosophila: azotKO Merino et al.85;gift from Eduardo Moreno NA

Drosophila: Nl1N-ts1 Bloomington Drosophila Stock Center BDSC#2533

Drosophila: Ubi-KTR:GFP This study. NA

Drosophila: NRE-nls:mChFP Housden et al.93 NA

Drosophila: ban-nls:GFP Matakastu and Blair74 NA

Drosophila: UAS-GC3Ai Schott et al.50 NA

Drosophila: Diap13.5-GFP Zhang et al.73 NA

Drosophila: Diap14.3-GFP Zhang et al.73 NA

Drosophila: Ubi-His2B:RFP Bosveld et al.42 NA

Drosophila: Ubi-PH:GFP Gift from F. Pichaud NA

Drosophila: hs-flp Bloomington Drosophila Stock Center BDSC#8862

Drosophila: Act>CD2>Gal4, UAS-Caax:tBFP Lopez et al.43 NA

Drosophila: Act-Gal4 Bloomington Drosophila Stock Center BDSC#3954

Drosophila: Pnr-Gal4 Bloomington Drosophila Stock Center BDSC#29650

Drosophila: tub-GAL80ts Bloomington Drosophila Stock Center BDSC#7017

Drosophila: Ubi-2xpMagHigh1:AD di Pietro et al.117 BDSC#94197

Drosophila: Ubi-Gal4DBD:2xnMagHigh1 di Pietro et al.117 BDSC#94198

Chemicals

DPBS PAN Biotech Cat#P04-36010P

Triton Sigma-Aldrich Cat#9002-93-1

PFA 16% Aqueouse SOL Electron Microscopy Science Cat#15710

DAPI Sigma-Aldrich Cat#D9542
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-dpERK Cell Signaling Cat#4370

Chicken anti-GFP Abcam Cat#13970

Donkey anti-rabbit Cy3 Jackson Immunoresearch Cat#711-165-152

Donkey anti-chicken Alexa488 Jackson Immunoresearch Cat#703-545-155

Software and algorithms

Fiji http://fiji.sc SCR_002285

MetaMorph Microscopy Automation

and Image Analysis Software

Molecular devices

http://www.moleculardevices.com/Products/

Software/Meta-Imaging-Series/MetaMorph.html

SCR_002368

ZEN Digital Imaging for Light Microscopy Zeiss

http://www.zeiss.com/microscopy/en_us/products/

microscope-software/zen.html#introduction

SCR_013672

Matlab Mathworks

http://www.mathworks.com/products/matlab/

SCR_001622

ll

Please cite this article in press as: Cachoux et al., Epithelial apoptotic pattern emerges from global and local regulation by cell apical area, Current
Biology (2023), https://doi.org/10.1016/j.cub.2023.09.049

Article
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to, and will be fulfilled by the lead contact, Yohanns

Bellaı̈che (yohanns.bellaiche@curie.fr).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability

d All original microscopy data reported in this paper will be shared by the lead contact upon request.

d This paper report original codes available from the lead contact upon request.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly husbandry and stocks
Flies were grown on standard cornmeal/yeast food at 18�C or 25�C, and experiments were performed at 25� unless otherwise spec-

ified. Drosophila melanogaster stocks used in this study and associated references are listed in the key resources table.

METHOD DETAILS

Genetics
Genotypes used in each figure panel are listed in Table S2. Loss-of-function and gain-of-function experiments were carried out using

the Gal4/UAS system utilizing the temperature sensitive Gal80ts.118,119 To tune the transcriptional activity of the Act-GAL4 drivers,

animals were raised at 18�C and incubated at 29�C before mounting at head eversion (12 hAPF) for 4 h (UAS-CycE) or 24 h (UAS-

trbl). For clonal loss-of-function analyses the FLP/FRT flip-out system was employed using the Act>CD2>Gal4, UAS-Caax:tBFP

line to express Gal4 and labelled the clones by membrane localized BFP.120,121 Larvae were raised at 25�C, somatic clones were

induced in the third instar larval stage by heat shock at 37�C for 10 min (UAS-RasV12, UAS-NotchdsRNA, UAS-TordsRNA, UAS-

diap1, UAS-RHGdsRNA) or 20min (UAS-jubdsRNA,UAS-ActndsRNA) and then incubated at 29�C for 24 h (UAS-RasV12, UAS-NotchdsRNA,

UAS-TordsRNA ) or 48 h (UAS-trbl, UAS-RHGdsRNA,UAS-jubdsRNA,UAS-ActndsRNA) before mounting. To tune Notch activity, Notchts

animal were raised at 18�C, and Notchts/Y male pupae were selected and then shifted to 29�C 3 hours prior to imaging. Upon imag-

ing, quantitative analyses were performed in pupa that exhibited an absence of external sensory organs confirming the loss of Notch

activity.122 Analysis of Caspase activation in Notchts context was done using the ShineGal4 (ubi-Gal4MagHigh) system117 to drive the

GC3Ai Caspase activity reporter: animals were raised in the dark and exposed to daylight 1 day before mounting.
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Generation of ERK KTR:GFP transgenic reporter
The Ubi-KTR:GFP reporter was generated by cloning the KTR:GFP sequence65 in a modified pUbi vector123 using SLIC.124 All em-

bryo transgenesis injections were performed by Bestgene and transgeneswere confirmed by PCR and sequencing. Detailed plasmid

maps and their DNA sequences are available upon request.

Pupa and adult mounting and imaging
Pupal notum dissection, fixation, staining, and imaging

Upon removal of the pupal case, pupae were glued on their dorsal side to a 20 mm glass bottom microwell dish (MatTek Life Sci-

ences) using heptane glue.125 Pupal nota were then dissected, fixed and stained into MatTek glass bottom dish. Briefly, the nota

were dissected in PBS, fixed in 4% formaldehyde solution, permeabilised/washed in PBT 0.4% triton, stained with primary antibody

solution washed and then stained with secondary antibody solution. Primary antibodies used: rabbit anti-dpERK (Cell signalling,

#4370, 1/100), chicken anti-GFP (Abcam, #13970, 1/500). Secondary antibodies used: donkey anti-rabbit Cy3 and donkey anti-

chicken Alexa488 (Jackson Immunoresearch). Dissected nota were mounted in 80% glycerol with n-propyl galate with DAPI

(Sigma-Aldrich). They were imaged using an inverted confocal spinning disk Carl Zeiss microscope using 40x/1.4 OIL DIC H/N2

PL FLUOR and sCMOS camera (Orca Flash4, Hamamatsu). Images shown are maximal (dpERK and DAPI) or average (KTR:GFP)

z-projections.

Time-lapse live imaging

Notum live imaging was performed as described previously.40,113 Pupae were collected at the white pupae stage (0 hAPF) and

mounted after head eversion (12 hAPF). Samples were imaged with an inverted confocal spinning disk Carl Zeiss or Nikon micro-

scopes using 40x/1.4 OIL DIC H/N2 PL FLUOR, 60x/1.4 OIL PL APO, 63x/1.4 OIL DICII PL APO VC objectives and a sCMOS camera

(Orca Flash4, Hamamatsu). Unless otherwise stated, all movies were acquired at 29�C using tile imaging (6 to 10 tiled positions), z

stacks (0.5 mm/slice over 12.5 or 13.5 mm), every 5 min using autofocus. The autofocus was performed using the Ecad fluorescent

signal.

Compaction of Drosophila notum and imaging

White pupae (0 hAPF) were collected with a wet paintbrush and placed on double-side tape with a coverslip on top of the pupae to

flatten the notum and ease the later compaction. In parallel, a 3.5 by 1 cm polydimethylsiloxane (PDMS – from Gel Pack: Gel Film

PF_60_x4) stripe was attached to a custom-made compaction device and pre-stretched to 150%.43,126 After 15h30 to 16h30 of

development at 25�C, the pupal cases were fully removed and the flattened pupae were carefully grabbed by the head with a plastic

tip to be glued, with heptane glue, on the pre-stretched PDMS. For live-imaging, the compaction device was fixed to the stage of an

inverted confocal spinning disk Nikon microscope and pupae were imaged at 25�C with an 40x NA 0.95 Air dry PL APO objective. In

the case of compacted pupae, using the micrometric screw of the compaction device, the pre-stretched PDMS was progressively

released over 30minutes to carry out a�15%uniaxial compaction. At each step, a confocal z stack (15 slices, 0.5mm/slice) was taken

to follow the tissue dynamics during compaction. Then, image acquisition was performed until 30 hAPF by acquiring z stacks

(15 slices, 0.5mm/slice) every 5 min with autofocus performed using the Ecad fluorescent signal.

Prediction model
Design and training of a prediction model

To build a prediction model, segmented data from 6 developing heminota were used as a training and validation dataset. The pre-

diction dataset consisted in the data from 3 heminota. Cells whose future fate was known were selected, and their area and relative

area were averaged over their pre-extrusion phases, to avoid the bias induced by the drastic cell shape changes happening at the

end of a cell life. For each cell, these average geometrical features were normalized and the Euclidian distance to mean values was

computed to detect and remove the 0.5% outliers. Using this data, we constructed a k-means clustering-inspired prediction model.

To create clusters, initial values were chosen using the k-means++ algorithm.127 The clusters were then optimized through an iter-

ative process so as to get clusters with a constant number of cells ncluster. For each cluster, the rate of apoptotic cells was calculated.

The optimal size of clusters ncluster and prediction threshold pthresh were estimated using a grid search and k-fold cross-validation with

5 subsets. The F1-score was used as a scoring metrics as it is more appropriate when working with imbalanced datasets. Additional

model types were tested: the random forest and logistic regression from the scikit-learnmachine learning library in Python. Bothwere

less successful than the clustering model (F1-scores: clustering model, 0.55; random forest, 0.50; logistic regression, 0.39; random

model, 0.14).

Prediction steps using the clustering prediction model

In the prediction phase, the data from segmented nota is pre-processed similarly to that of the training dataset (the area and relative

area are averaged over the cell pre-extrusion phase and normalized with the same normalization parameters as the training data).

Each cell is then assigned to its closest cluster depending on its geometrical features and is attributed the corresponding apoptosis

rate. Cells whose apoptosis rate is higher than the threshold pthresh are predicted to die.

Prediction of the impact of tissue compaction on cell apoptosis

To test how experimental tissue compaction would impact the apoptosis rate, we extracted the segmented data from 3 non-com-

pacted nota. This data was pre-processed as in the standard prediction phase (averaged and normalized), except that the average

apical area of each cell was decreased by 19% before normalization. The average relative apical areas were kept unchanged. We

then ran the clustering prediction model on this compacted cell data to obtain predicted apoptosis over the scutellum.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Quantifications of tissue dynamics
Unless otherwise stated, all images andmovies aremaximal z-projections. Movies were restored and projected using theCARE deep

neural network.128

Spatial and temporal registration of time-lapse movies

Between 14-17 hAPF the presumptive neck-thorax boundary, the macrochaetae of the notum and the a-p axis provide reproducible

spatial landmarks easily identifiable using apical junction markers such as Ecad:3xGFP. We used their positions before 18 hAPF to

register all time-lapse movies in space. To register time-lapse movies in time, the maximum of the tissue rotation rate in a reference

window was used as described in 39,40. To correct for the difference in developmental time between 25�C and 29�C, a correction

factor of 1.11 was applied to data acquired at 29�C to match the 25�C timing. Note that each experimental condition was compared

to a control condition acquired at the same temperature, so this correction factor does not impact any of our conclusions. Experi-

mental conditions and their associated controls were analysed over the largest developmental time window that was common to

all the corresponding animals.

Segmentation and tracking

Cell apical junction labelled by Ecad fluorescent signal were segmented using our own segmentation software based on watershed

and on the StarDist deep neural network129 as described in 117. Cell tracking was performed using MATLAB and C++ codes as pre-

viously described39,40 to identify cell divisions and extrusions. We thereby obtained cell apical area at a given timepoint in a given

image using MATLAB function ‘‘regionprops’’ (image processing toolbox) that extracts the number of pixels within each segmented

cell (as well as many other geometric features). Our cell tracking software then enabled to follow individual cells and their geometric

features, extracted as described above, over time. For clonal analysis the tissue contralateral regions which are symmetric with

respect to the midline to clones of interest were used as control. These contralateral regions were rigorously defined based on

the positions of the macrochaetae and midline. The contralateral symmetric regions were defined at the first frame of the movies,

then the corresponding cells were tracked over time.

Apoptosis mask

To create amask of apoptosis at the notum scale, we used the grey level maps of the offspring apoptotic rates (as shown in Figure 1C)

for 5 heminota, taken at the same time points. Three masks were created, at 15 hAPF, 17h30 APF and 20 hAPF, to adapt for movies

with different starting times. The grey level maps were binarized and a Gaussian blur was applied using Fiji with a sigma (radius) of

5 pixels. The maps were then rescaled so that the origin and spatial landmarks of all maps would match.39 The 5 rescaled maps were

superimposed on one another, and the resulting map was blurred (Gaussian blur with a sigma of 20 pixels) to visualize the coarse-

grained regions of apoptosis. The boundaries between regions were then drawn manually.

Fold-change in apoptosis rate

The fold-change in apoptosis rate between two conditions (compacted versus non-compacted tissues, or mutant versus control)

was calculated as the ratio of the apoptosis rates of these two conditions: (apoptosis rate in compacted)/(apoptosis rate in non-com-

pacted) or (apoptosis rate in mutant)/(apoptosis rate in control), respectively.

Apoptosis clusters

To quantify the occurrence of apoptosis clusters, movies were segmented and tracked as described above. For every apoptosis, we

then registered all the subsequent apoptosis occurring in a 5 mm-radius circular region around the apoptotic cell. We listed the

elapsed times between the initial apoptosis and the subsequent neighboring ones. These elapsed times were concatenated for

all the animals. Finally, the probability density estimate of elapsed times between neighboring apoptosis was calculated using the

kernel smoothing ksdensity() MATLAB function with a restriction to positive values.

Measurements of tissue physiological contraction

To measure tissue contraction, tissue regions were segmented and the groups of cells making up each of these regions were then

tracked over time as described above. A region area was measured as the sum of the areas of the segmented cells making up this

region at each time step and then smoothed using a moving average. The moving average was performed over 2h-wide sliding time

windows, with a 96%-overlap between successive time windows so that the time step between two windows is the same as the

movie time frame. Finally, the smoothed region area was then normalized so that its maximum value over time equals one.

Measurement of area variation

The area variation is measured as the ratio between the initial area and the final one. To assess the variations of area during the 30min

where a compaction is artificially applied, in compacted, or not, in non-compacted, we are calculating as following: (final area – initial

area)/initial area.

Quantification of fluorescent reporter
KTR:GFP fluorescent reporter and GC3Ai fluorescent sensor

All images and movies of the KTR:GFP reporter and GC3Ai sensor average z-projections of 20x0.5mm slices containing (centred on)

nucleus plane are shown. To quantify Caspase activity in cells, we first average theGC3Ai sensor intensity in the cell region defined by

cell segmentation at each time point. The GC3Ai intensity over time was smoothed using a moving median over 2 successive time

frames; the differential of this GC3Ai signal was then used as a proxy for Caspase activity,104 and calculated as the signal difference

between successive frames. To quantify the apical area and relative apical area of cells expressing the KTR:GFP reporter, manual
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segmentation was performed using Fiji. Cells were segmented in their apical plane over several time points corresponding to half an

hour, then these values were averaged. To quantify ERK activity in cells, at each time, we located the centre of the cell nuclei. At each

z stack, a nucleus mask was defined, consisting in a 7 pixel-diameter circle centred on the nucleus centre. ERK activity was calcu-

lated as the ratio between cytoplasmic and nuclear ERK signals.65 Nuclear ERK was calculated as the average ERK signal of all the

pixels in the nucleus mask in the first 4 z-stacks on which the nucleus is clearly visible. Cytoplasmic ERK was calculated in the same

manner in the 4 z stacks directly above the nucleus, just before the nucleus is visible.

ban-nls:GFP and Diap1-nls:GFP reporter

To quantify ban-nls:GFP in compacted and non-compacted tissue, ban-nls:GFP fluorescence quantifications were performed at

20h30 APF on maximum z-projections (15x0.5mm slices) located around the nucleus position. Then, the posterior medial notum re-

gion of each pupa was divided in 9 boxes to allow the comparison of similar region between compacted and non-compacted pupae.

Upon segmentation of the nucleus using Fiji Trainable Weka segmentation,130 the fluorescence intensity of the nucleus of each cell

was measured in each box and compared between the two conditions.

To quantify ban-nls:GFP and Diap1-nls:GFP signal intensities in wRNAi and NotchRNAi clones marked by the accumulation of

Caax:BFP, clone outlines and the midline position were manually drawn in Fiji on each nota at 24–26 hAPF. Symmetric contralateral

regions were then automatically determined using a custom-made Fiji plugin that exclude overlapping control and clonal regions.

Average intensities were then determined in each clone and contralateral regions using Fiji Measure function. Average intensity within

wRNAi andNotchRNAi clones were normalized by the average intensity in the corresponding symmetric contralateral region. Clones of

less than 6 cells were excluded to ensure sufficient reduction of protein function upon RNAi induction.

NRE-nls:mCherryFP and Ubi-nls:RFP reporters

To quantify NRE-nls:mCherryFP and Ubi-nls:RFP fluorescence intensities in notum cells, quantifications were performed at 26 hAPF

on maximum z-projections located around the nucleus position. We located the centre of the cell nuclei and averaged reporter in-

tensity in a 8 pixel-diameter circle centred on the nucleus centre. Notch activity was then normalized using a min-max normalization

on the 0.1 and 99.9 percentiles; i.e., the reporter signal intensity corresponding to these percentiles were set to 0 and 1 respectively.

To quantify cell relative apical area, we used our automated segmentation pipeline (see Segmentation and Tracking above).

Jub clustering in non-apoptotic and future apoptotic cells

To determine the ratio of Jub integrated intensity in clusters relative to the one elsewhere along the junction (ratioin/out of cluster),

z-stack of single cells expressing Jub:GFP were sum-projected using Ecad:3xmKate2 signal (5 z-slices centred around the AJs

and corresponding to 2 mm). Three fluorescent intensity measurements were then performed: (i) The mean fluorescent intensity in

cluster (Ic): Clusters were automatically identified using the Fiji FindFoci plugin131 using the following parameters: background:3;

search:0.2; search method: Fraction of peak – background; peak:0.2; maximum peaks:50; fraction:0.50; minimumsize:5. The result-

ing mask was used to measure the intensity in each cluster (Ic) and the area occupied by each cluster (Ac); (ii) The total integrated

intensity along the AJ, (Iaj): the AJ cell contour was selected using Fiji segmented line tool and used to measure (Iaj) and the total area

of the cell junction (Aaj) and; (iii) The fluorescent background intensity (Ib) was measured by selecting the apical medial region of the

cells and measuring the average intensity level. The signal in cluster was defined asincluster =

P

each cluster

ððIc� IbÞ�AcÞ

ðIaj� IbÞ�Aaj and the signal on the

junction as outcluster = 1 � incluster :The ratioin/out of cluster as incluster

outcluster
. Measurements were performed in the posterior medial domain

of the tissue where aSF form. Measurements were made in future apoptotic cells 3h prior to their extrusion and in surrounding non-

apoptotic at the same time point.

Statistics
Sample sizes vary in each experiment and animal samples were randomly selected within a given genotype for subsequent analyses.

Experiments were repeated at least twice. Only animals correctly mounted for microscopy and without developmental delay were

included in the analyses. The numbers of analysed animals and cells are indicated in the figures or their legends. For all graphs,

each error bar/error area represents the standard error to the mean (SEM), unless specified otherwise. The statistical tests used

to assess significance are stated in the figure legends or in the main text. Statistical analyses were performed using MATLAB and

p values are given with a 5%-level of significance. To compare the time-evolutions of relative apical areas of apoptotic cells between

two conditions or with an average at 1, time-evolutions of cells were first synchronized to their time of death and averaged, then, a

two-sample Student’s t-test was performed every 15 minutes and the associated p value was plotted as a horizontal bar on top of

each graph (white: pR0.05, light color: p<0.05 and dark color: p<0.01; dark color: same as the corresponding plot average line, light

color: color of the SEM range). Comparison of two distributions were performed using a two-sample Student’s t-test, Mann-Whitney

U-test or Kolmogorov-Smirnov test as indicated in the figure legends. The Student’s t-test was used for samples larger than 100 data

points132,133; for such large samples, the normality assumption becomes unnecessary thanks to the Central Limit Theorem.134 In Fig-

ure 5D, SEM for the experimental ratio in apoptosis rates between compacted and non-compacted pupae was calculated by using

statistics of Bernoulli distributions. The probability to undergo apoptosis for compacted and non-compacted pupae (pc and pnc,

respectively) is first estimated using the ratios of cells that underwent apoptosis (n) over the total number of cells (N): p = n/N.

Then, given the large size of our samples (Nc = 4055 and Nnc = 4617), the distribution of error around p can be approximated by a

normal distribution (central limit theorem) and the SEM can be estimated by s = (p(1-p)/N)1/2 for each group (compacted and non-

compacted). Then, to estimate the SEM of the ratio pc/pnc, since we also have s/p << 1 in each group, one can make a Taylor
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expansion at first order, which leads the SEMestimate for the ratio sn/nc = pc/pnc [((1-pc)/(Nc pc))
1/2 + ((1-pnc)/(Nncpnc))

1/2]. In Figure 7C,

to determinewhether the difference in relative area between either (i) R1 and R2 (their ‘‘R1/R2’’ ratio of mean relative area being 1.09 ±

0.01) or (ii) TorRNAi bulk and border cells (their ‘‘bulk/border’’ ratio of mean relative area being 1.14 ± 0.03) had an impact on cell

apoptosis regardless of any differences in areas between either (i) R1 and R2 (their ‘‘R1/R2’’ ratio of mean areas being 1.09 ±

0.03 or (ii) between TorRNAi bulk and border cells (their ‘‘bulk/border’’ ratio of mean areas being 1.01 ± 0.05), two statistical logistic

models were performed for each dataset (i.e., comparison R1 vs R2, and TorRNAi bulk vs border), one with area only, and one with

area and relative area. A likelihood ratio statistic was then used to compare the models and determine whether relative area had sig-

nificant impact on apoptosis. In Figure 7H, probability density of subsequent apoptosis times inNotchts tissueswere performed using

a Fisher test.
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