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Abstract

Epithelial cell death is highly prevalent during development and tissue homeostasis.
While we have a rather good understanding of the molecular regulators of programmed
cell death, especially for apoptosis, we still fail to predict when, where, how many and
which specific cells will die in a tissue. This likely relies on the much more complex
picture of apoptosis regulation in a tissular and epithelial context, which entails cell
autonomous but also non-cell autonomous factors, diverse feedback and multiple
layers of regulation of the commitment to apoptosis. In this review, we illustrate this
complexity of epithelial apoptosis regulation by describing these different layers of
control, all demonstrating that local cell death probability is a complex emerging
feature. We first focus on non-cell autonomous factors that can locally modulate the
rate of cell death, including cell competition, mechanical input and geometry as well as
systemic effects. We then describe the multiple feedback mechanisms generated by
cell death itself. We also outline the multiple layers of regulation of epithelial cell death,
including the coordination of extrusion and regulation occurring downstream of effector
caspases. Eventually, we propose a roadmap to reach a more predictive

understanding of cell death regulation in an epithelial context.

Keywords: apoptosis, epithelium, cell competition, mechanics, caspases, cell

extrusion, modelling, system biology

Approximate words number: 12,500


mailto:romain.levayer@pasteur.fr

37

38
39

40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

Introduction

Epithelia, the most common tissues in Metazoans, are the first line of defence against
the environment and are instrumental in compartmentalising physiological functions in
multicellular organisms. They are composed of tightly adherent cells forming a
mechanically resistant and impermeable boundary thanks to the polarised organisation
of cell-cell junctions. Yet, this barrier function must accommodate a certain level of
plasticity required during organ morphogenesis, growth, tissue turnover or
regeneration. This involves a high level of cell elimination through apoptosis, the most
common form of programmed cell death. Accordingly, apoptosis is highly prevalent
during embryogenesis and is essential for growth and morphogenesis through the
generation of pulling forces to fuse[1] or bend tissues[2], to locally modulate tissue
growth[3], or to promote the disassembly of transient scaffolding tissues[1, 4].
Furthermore, epithelial apoptosis is also essential to buffer developmental
fluctuations[5, 6] and correct putative developmental errors[7-9]. In adult tissues,
epithelial cell death can occur at very high rates in organs undergoing fast turnover,
such as the gut where billions of enterocytes die on a daily basis[10]. Alternatively,
biased wild type cell elimination can promote cancer progression by promoting the
expansion of cancerous clones[5, 11-14].

All these contexts require tight regulation of the number and the localisation of dying
cells. Moreover, which specific cell will die in a region will directly influence clonal
evolution, and as such the genetic make-up of the final tissue and putative pathological
evolution. Thus, understanding what regulates epithelial morphogenesis, homeostasis
and clonal evolution directly relies on our capacity to build a quantitative and predictive
understanding of epithelial cell death. What is then regulating the precise localisation,
number, and selection of specific cells which will die in a tissue?

Work over the last thirty years has provided a wealth of data regarding the molecular
regulation of apoptosis. Since the identification of Caspases in C. elegans[15], the
pathway regulating programmed cell death and more specifically apoptosis has been
intensively studied in cell culture and in vivo, illustrating the conservation of the
caspases as core regulators[16] (Figure 1). Caspase proteases exist in the form of
inactive pro-proteins, which upon cleavage become active and cleave hundreds of
proteins in the cell, triggering the characteristic morphological features of apoptosis

and engagement in cell death[17]. Several routes can lead to caspase activation,
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especially in mammals, including the intrinsic and extrinsic pathways (Figure 1). The
intrinsic pathway, which is more widely conserved, centres on mitochondrial outer
membrane permeabilization (MOMP)[18], the occurrence of which is controlled by the
balance of pro- and anti-apoptotic BCL-2 family proteins. Pro-apoptotic BCL-2 proteins
stimulate oligomerisation of BAK and BAX at the mitochondrial membrane[19],
promoting the formation of pores in the outer membrane which release cytochrome c
and SMAC/DIABLO proteins[20]. Cytochrome ¢ combines with APAF-1 to form the
apoptosome complex[21], recruiting and cleaving Caspase-9, which in turn cleaves
and activates effector caspases (Caspase-3 and 7)[22]. In parallel, SMAC/DIABLO
proteins released from mitochondria inhibit IAP (Inhibitor of Apoptosis)[20], enhancing
caspase activation by releasing the inhibition of Caspase-9 and effector caspases.
Alternatively, the extrinsic pathway is driven by the activation of death receptors at the
plasma membrane by death-inducing ligands (TNF: Tumor Necrosis Factor, TRAIL:
Tumor necrosis factor-related apoptosis-inducing ligand)[23]. This promotes the
processing of Caspase-8/10, which will then activate effector caspases while
promoting MOMP through the activation of BID[24, 25]. In Drosophila, stress or
developmentally regulated signals leading to tissue patterning can locally upregulate
the pro-apoptotic genes hid (head involution defective), reaper, or grim, which promote
the degradation and inhibition of the apoptosis inhibitor Diap1[26], hence leading to
activation of Dronc (Drosophila Caspase-9)[27] and effector caspase activation
(primarily Drice and Dcpl)[16, 28, 29] (Figure 1). Further molecular details can be
found in many reviews[16, 30].

Considering the detailed molecular characterisation and the high relevance for
physiology and pathologies, there have been many attempts to dissect in a predictive
manner the engagement in apoptosis[31-34]. However, these were mostly performed
in cell culture and applied in a single-cell centric manner which may not apply in the
context of a tissue or an epithelium. To our knowledge such methodology has not been
applied yet in vivo or in a tissular context and we are still far from having a complete
understanding of the factors that control cell death quantitatively in tissues. What are
then the shortcomings and difficulties associated with the prediction of cell death in
vivo and in epithelia?

In this review, we would like to illustrate the different layers of complexity that can
modulate apoptosis engagement in epithelial cells, especially relative to apoptosis

studies in single cells. We present a collection of recent studies illustrating the
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complexity of cell death regulation in an epithelial context, which all argue that the local
rate of cell death in an epithelium is a complex emerging feature of diverse feedback
encompassing several epistatic layers of regulation. We will first focus on the multiple
non-cell autonomous contributions that can directly modulate the probability of cell
elimination, including contact-dependent communication, mechanical stress, tissue
geometry and systemic controls. We will then illustrate the numerous feedback
mechanisms triggered by apoptosis itself, directly affecting the local rate of elimination
at different spatial and temporal scales. We will also discuss novel emerging
complexity in the decision step downstream of effector caspase activation as well as
the regulation of epithelial cell extrusion. Finally, we will provide a tentative roadmap
of the combination of novel approaches which may help to get closer to a predictive

understanding of epithelial cell death.

1. Collective effects and non-cell autonomous factors

Epithelial cell death relies not only on cell-autonomous factors, but also on the cell
microenvironment, which includes the status of neighbouring cells, the mechanical
state of the tissue, local 3D shape and systemic factors. In this section we will illustrate

the influence of these external factors on epithelial cell death (Figure 2).

1.1 Cell competition and tissue heterogeneity

One of the best illustrations of non-cell autonomous regulation of cell death is the
process of cell competition. Cell competition is a context-dependent elimination leading
to the expulsion/cell death of miss-specified or suboptimal cells from a tissue[35-40].
Cell competition was initially described in Drosophila using Minute[41], a group of
dominant mutations which affect the speed of development, shown later to target
various ribosome subunits[42]. While Minute/+ (heterozygous) tissues have no obvious
developmental defects, Minute/+ clones generated in a WT (wild type) background in
the wing imaginal disc (the wing primordium) systematically disappeared from growing
tissues and could not be recovered at adult stage[41]. This effect relies on close-range
interactions between Minute heterozygous mutant and WT cells[41, 43], and
specifically on the elimination of Minute clones during larval stage by apoptosis of
mutant cells contacting WT cells[44, 45]. Later, a similar mechanism was shown to

promote the elimination of WT cells when neighbouring cells with additional copies of
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the oncogene Myc[5, 11], a process named by opposition “supercompetition” (mutant
cells outcompeting WT cells). Since then, the number of genetic contexts and tissues
in which cell competition was observed has steadily increased[35-40]. Overall, three
main categories of cell elimination mechanisms were proposed, some based on direct
ligand-receptor interaction at the interface between the two populations, some based
on diffusive factors that can directly modulate cell survival, and lastly mechanisms
based on the mechanical stress generated by the mixing of two cell populations[38,
46].

Few transmembrane proteins were associated with cell competition, including Flower,
which can directly modulate cell survival at the interface between cells expressing
different isoforms both in flies and mice[47, 48]. Alternatively, the ligand and receptor
Sas and PTP10D were shown to accumulate specifically at the interface between WT
cells and cells mutant for apico-basal polarity genes in Drosophila imaginal discs[49],
promoting mutant cell elimination by downregulating the EGFR/ERK pathway.
Similarly, local misspecification of cells by altering morphogen gradients and position
information[8, 44, 50-53] or by modulating key transcription factors or epigenetic
factors modulating cell identity[54, 55] triggers cell elimination by local activation of the
JNK pathway specifically at the interface between the two populations[51, 52, 55]. In
all these mechanisms, the probability of cell elimination should be directly influenced
by the surface of contact between the two cell types. This was indeed confirmed by
live imaging and calculation of cell death probability in the context of Myc and Minute-
dependent competition[45, 56], where cells proportionally sharing more contact and for
longer time scales with the other cell types are more likely to die. In this framework,
the tissue mechanical properties and the local affinity between the two cell populations
(regulated by cell-cell adhesion and tension) will directly influence cell death probability
mostly through the modification of the contact surface[39, 57].

While the examples above are based on direct interactions between the two cell types,
other mechanisms were proposed to rely on the context-dependent diffusion of pro-
apoptotic factors. This includes the secretion of the protease ModSP by high-Myc cells,
which locally processes and activates the Toll ligand Spatzle and promotes low-Myc
cell elimination by activating the NF-kB pathway and pro-apoptotic genes[58, 59].
Alternatively, cell elimination was also proposed to rely on the local depletion of pro-
survival factors by more competitive cells, such as the morphogen Dpp[44], or the
downregulation of Wnt signaling by the secretion of the Wnt inhibitor Notum near Wnt

5
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super-activated cells[13, 14, 53] (although Notum rather promotes cell differentiation
in mammalian gut[13, 14]). While the exact range of action and diffusion were not
necessarily analysed in all these contexts, they all seem to generate a quite local effect
(over the diameter of a few cells), which should also be influenced by the shape of the
interface and clone size[60].

Overall, these studies illustrate that the probability of cell elimination relies not only on
cell-autonomous factors, but also on the genotype of the neighbouring cells as well as

the surface of contact between the two populations (Figure 2A).

1.2 Tissue density and cell shape

In a homotypic environment, epithelial cell death will also be directly influenced by the
local tissue organisation, including local mechanical properties and cell shape[61]
(Figure 2B). Cell density has long been known to influence epithelial cell survival
through various pathways, including the Hippo/YAP/TAZ [62, 63], TGF- [64], or
EGFR/ERK pathways[65, 66], whose downregulation at high density promote cell
death. Similarly, MDCK (Madin-Darby Canine Kidney) cell crowding induced by
stretchable PDMS substrate relaxation is sufficient to promote cell extrusion through
the stretch-sensitive channel Piezo and calcium release, which then promotes cell
death by anoikis[67] (the apoptotic process triggered by detachment from the
extracellular matrix[68]). Alternatively, the local increase of cell density through ectopic
growth or tissue movement also promotes cell extrusion and caspase activation in the
Drosophila pupal notum (a single layer epithelium in the pupal thorax)[66, 69, 70].
Further discussion on the relevant mechanical/geometrical parameters causative to
cell death can be found elsewhere [39, 61].

What are then the key parameters that can locally modulate cell density and cell
survival? Local cell proliferation will directly influence local density and pressure and
modulate cell survival (Figure 2B bottom left). Differential growth was proposed to
generate local pressure in solid-like tissue[71] and can promote the elimination of WT
cells near oncogenic clones (fast-growing and apoptosis-resistant) in the context of
mechanical cell competition[66, 70]. Similarly, the relationship between cell
density/pressure and proliferation/survival will also directly set the homeostatic density
of the tissue, the value where proliferation is perfectly balanced by cell elimination[72].
Mixing populations with different homeostatic densities/pressures can have dramatic

effects and lead to complete elimination of the population with the lowest homeostatic
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density[72]. This was very well illustrated in the context of MDCK scribble KD cell
elimination by WT cells[57, 73, 74], where p53 expression in the mutant cells reduces
their homeostatic density[73], leading to their rapid elimination upon progressive
compaction driven by WT cell proliferation[57, 73, 74]. Alternatively, cell compaction
can be driven by modulation of the mechanical properties of the boundaries (Figure
2B top left and right). Increased boundary tension can lead to a local increase of
pressure, as depicted by the Young-Laplace law which describes the relationship
between curvature, line tension and local pressure between two fluids [39, 75]. This
mechanism helps to segregate misspecified cells in the wing imaginal disc which
accumulate actomyosin at their boundaries [54], similar to the segregation of lineages
by compartment boundaries [76], and can also trigger cell elimination for small
clones[54]. Alternatively, modulation of bulk tension in a subpopulation of cells will also
lead to local modulation of cell shape and crowding, either by a relative increase in
tension or by releasing tension in the neighbouring cells (Figure 2B top right). This
occurs for instance upon activation of some oncogenes in clones which directly
modulate cell mechanical properties and relative tension[77, 78]. Finally, local cell
density/pressure can be directly affected by collective migration and relative cell
movements (Figure 2B bottom right). The compaction and elimination of scribble KD
MDCK cells is enhanced by convergent migration of the WT cells toward the mutant
cells[73] through the secretion of the chemoattractant FGF21[79]. Similar collective
movements are also driven by waves of ERK [80] or calcium [81] near Ras-active cells
or apoptotic cells and directly promote their extrusion. In a homotypic context,
spontaneous local increases of pressure can occur through topological defects and
misalignment of cells [82]. These so-called +1/2 defects (or comet-like defects), initially
described in liquid crystals, also appear spontaneously in MDCK cells and promote cell
death through the local increase of pressure, YAP nuclear exclusion and caspase
activation.

Thus, local tissue density/pressure are complex features influenced by the distribution
of cell proliferation and growth, relative mechanical properties, boundary conditions
and collective movements which will all influence the rate and distribution of epithelial

cell death.

1.3 3D shape and curvature
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We have focused so far on 2D cell shape and local density, however recent studies
also outlined a strong influence of tissue curvature on tissue homeostasis (Figure 2C).
For instance, epithelial cells cultured in curved alginate tubes revealed a high
probability of cell extrusion toward the basal side in convex regions[83], while MDCK
cells cultured on curved PDMS have a higher thickness and low YAP in valleys[84]
(hence potentially sensitising cells to death). Similarly, a higher rate of MDCK cell
extrusion and death was also reported in concave regions of curved PDMS substrates,
driven by a local increase of basal hydrostatic pressure, cell detachment and
downregulation of the pro-survival kinases FAK and Akt[85]. Similar to local tissue
density, curvature can by influenced by multiple factors emerging from local and tissue-
wide properties, including fold formation driven by local apical tension increase[86],
buckling driven by tissue flow or growth[87, 88], folds driven by local modulation of
ECM attachment[89, 90], differential stiffness of ECM and tissue[91, 92], and curvature
imposed by the rigid external boundaries of the embryo[93, 94], all potentially

influencing curvature, extrusion and cell death.

1.4 Systemic control of the susceptibility to cell death

As well as local modulators of the spatiotemporal distribution of cell death, systemic
factors can also be essential for precise temporal control of cell death or the global
modulation of apoptosis rate. Circulating hormones have long been known to directly
impact cell survival and apoptosis, especially during metamorphosis in Insects and
Amphibians. Holometabola insects dramatically remodel their larval tissue during
metamorphosis which usually involves extensive apoptosis. These processes are
controlled and timed by pulses of the steroid hormone Ecdysone, secreted by the
prothoracic glands (Figure 2D), which triggers organ disassembly mostly through the
upregulation of the pro-apoptotic genes hid and reaper[95]. While this time-controlled
full depletion of organs is not necessarily the most relevant for the topic of this review,
previous work also suggested that subtle variations of ecdysone levels can sensitise
cells to apoptosis at late L3 larval stage in Drosophila, most likely through the
upregulation of core pro-apoptotic regulators such as Dronc (Caspase-9), Dark (Apafl)
and Drice (Caspase-3)[96]. This suggests that global levels of apoptosis and the
probability to enter apoptosis following a local stress can be adjusted at the systemic
levels. This was also illustrated through other circulating hormones, which can for

instance modulate the elimination of clones during cell competition. High insulin levels
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can prevent the elimination of Scribble mutant cells from the Drosophila eye disc by
promoting mTor signaling and blocking apoptosis[97]. Similarly, larvae nutrition can
directly modulate cell competition [43, 45] which may be related to a global modulation
of apoptosis susceptibility. Alternatively, free circulating Eiger (the Drosophila
orthologue of TNF-a, Tumor Necrosis Factor alpha) secreted from the fat body can
trigger JNK activation and elimination of Scribble mutant in the wing disc[98]. This is
permitted by the mislocalization of the receptor Grindenwald to the basal side in the
Scribble mutant cells, allowing its activation by basally located Eiger, while Eiger
binding to Grindelwald is limited in WT cells due to Grindelwald’s apical localisation
[98] (Figure 2D). While this was not yet formally explored, modulation of the basal
levels of circulating Eiger may also affect global susceptibility to apoptosis even in WT
cells, similar to the impact of TNF-a on local inflammation and local rate of cell
death[99].

Overall, multiple systemic inputs can link environmental stress, development stage and
aging to the global modulation of apoptosis susceptibility. While this will not change
the spatial pattern of cell elimination, it is likely to impact the timing as well as the global

rate of epithelial cell death.

2. The contribution of feedback triggered by cell death

We have considered so far systemic and local effects which modulate cell death.
However, cell death events also trigger diverse feedback mechanisms, which operate

across different scales in space and time and will influence the rate of cell elimination.

2.1 Negative feedback — Dying cells protecting their neighbours

Perhaps the most widely studied and understood responses to cell death events are
those promoting survival and proliferation of the neighbouring cells. Such mechanisms
are vital for ensuring the sealing and the homeostatic size of epithelia. Apoptosis-
induced proliferation (AiP; also called compensatory proliferation) is the phenomenon
by which cell proliferation is promoted near dying cells. While this was primarily
described in the case of massive cell death and regeneration or upon perturbation of
apoptosis completion[100, 101], a more recent report clearly demonstrated a

correlation between single apoptotic events and local increases of proliferation[102].
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However, AIP will not be covered in this section, which rather focusses on how death
events influence apoptosis itself.

Recent studies have outlined the pro-survival effect of dying cells on their neighbours.
These modes of non-autonomous negative feedback include the activation of pro-
survival EGFR/ERK signalling in the neighbours of dying cells, which is crucial for the
maintenance of epithelial sealing and tissue integrity. Single cell extrusion from the
Drosophila pupal notum triggers a pulse of ERK signalling in the direct neighbouring
cells, which downregulates caspases and reduces their death probability for roughly
one hour[103]. Depletion of EGFR abolished these ERK pulses, removing the local
death inhibition and allowing for aberrant clustered cell death which compromised
tissue sealing. Gagliardi et al. similarly described the occurrence of pro-survival waves
of ERK and Akt activation propagating from death events in monolayers of cultured
epithelial cells (MDCK and MCF10a cells) which buffer down cell death[104]. These
waves were dependent on the presence of matrix metalloproteinases (MMPS) in the
dying cells, and EGFR in the surviving neighbours, suggesting that dying cells activate
enzymes to cleave growth factor pro-ligands which then bind EGFR in the neighbours.
In this context, the EGFR-dependent pro-survival pulses spread and persist over a
larger scale in space and time (3 cell rows; 3-4 hours) compared to the Drosophila
pupal notum (1 cell row, 1 hour). Such non-autonomous protection from death has also
been described in Hela cells, in which apoptotic stress triggered secretion of the FGF2
growth factor, stimulating MEK-ERK signalling in neighbouring cells which upregulates
pro-survival BCL-2 proteins[105]. This upregulation persisted for at least 2 days hence
generating longer-term apoptosis protection. Interestingly, apoptotic stress could still
activate this protection despite deletion of the MOMP regulators BAK and BAX,
suggesting that caspase activation and cell death is not required for this negative
feedback. Finally, long-term apoptotic inhibition was also described in the Drosophila
wing disc. Expression of either pro-apoptotic genes hid or reaper, or exposure of the
whole tissue to ionizing radiation (IR), upregulated the pro-survival microRNA bantam
non-cell autonomously, protecting cells from apoptosis by further insult with IR[106].
This non-autonomous protection was dependent on caspase activation in the dying
cells, and propagated through tie, the Drosophila homolog of the mammalian
Angiopoietin receptor. Together, these results indicate that dying cells promote the

survival of their neighbours through growth factor receptor signalling in various model
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systems, with the feedback extending to different spatiotemporal scales depending on

the context (Figure 3).

2.2 Acquired resistance to apoptotic stimuli and memory effect

In addition to non-cell autonomous effects which protect neighbouring cells, previous
exposure to apoptotic stimuli can also inhibit later cell death cell-autonomously.
Accordingly, the 10-30% of MCF10A cells surviving a first exposure to TRAIL showed
transient resistance to a second dose of the ligand 24 hours later[107]. This acquired
resistance was also observed after TRAIL treatment combined with death inhibition
using a caspase inhibitor, showing that it was not dependent on the release of factors
from dying neighbours. Molecularly, this transient phenotype is mediated by the
reduced ability of ligand-bound death receptors to form intracellular signalling
complexes, impairing downstream MOMP and caspase cleavage. Glioblastoma (GBM)
cell lines can also acquire resistance to TRAIL-induced apoptosis after long-term
culturing with the ligand through the downregulation of death receptor proteins,
upregulation of pro-survival BCL-2 proteins, and alteration of inflammatory
signalling[108]. Together these results demonstrate that cells which survive a past
extrinsic apoptosis stimulus can acquire resistance to further insult via several

transcriptional and signal transduction alterations.

2.3 Positive feedback — Cell death spreading and amplifying

In contrast with mechanisms of apoptosis-induced survival, in certain contexts dying
cells non-autonomously promote the elimination of others, allowing death to propagate
across tissues. Death propagation in waves was mostly described for other types of
cell death, including ferroptosis (an iron-dependent mode of intrinsic cell death distinct
from apoptosis) and necroptosis (a formed of programmed necrosis) [109-112].
However, long distance propagation of apoptosis has also been described in certain
conditions. Widespread induction of apoptosis in one compartment of the Drosophila
wing disc by locally expressing the Ricin toxin, PTEN or a repressor of translation has
been associated with ectopic apoptosis in the neighbouring compartment[113, 114].
Similarly, expression of the pro-apoptotic genes hid or reaper in one compartment was
accompanied by increased ectopic death in the adjacent compartment, here named
apoptosis-induced apoptosis (AiA)[115]. AiA was also observed when hid and reaper
were combined with the caspase inhibitor p35, thus blocking downstream cell death

11
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and generating so-called ‘undead cells’. In this context, AiA is mediated by the
secretion of the TNF orthologue Eiger by the undead cells, which activates JNK and
apoptosis at long distance. However, later work did not observe ectopic JNK activation
in the adjacent compartment, suggesting that Eiger function in AIA might be
indirect[116]. The production of ROS triggered by apoptosis and JNK activation,
leading to increased oxidative stress in the neighbouring compartment, could be an
alternative regulator of AiA, though this has not yet been formally tested to our
knowledge[116]. Similarly, Vascular smooth muscle cells (VSMCs) in culture treated
concomitantly with drugs stimulating both intrinsic and extrinsic apoptosis pathways
rapidly underwent cell death, and were shown to secrete multiple soluble cytokines
promoting further apoptosis in adjacent cells[117]. However, when apoptosis of
VSMCs was triggered in vivo in the arteries of mice, release of the same key cytokines
rather promoted cell proliferation, highlighting the context-dependent effect of this
feedback. Overall, these studies outline the existence of several propagation

mechanisms that depend on the context and the level of death induction.

2.4 Local feedback and emerging rate of cell death

We have described different pro-survival and pro-death feedback mechanisms acting
on very different temporal and spatial scales (one cell to a full tissue, one hour to
several days), prompting the question of how these different scales impact the final
rate and distribution of cell elimination. This can be conceptualised by comparing the
intrinsic rate of cell death, a combinatorial effect of various cell-autonomous
parameters, and the emerging rate of cell death at the tissue level after integration of
feedback[103, 104]. We previously explored theoretically the impact of the duration of
negative feedback on cell death rate and demonstrated that the effect is highest in the
case of long feedback duration and high intrinsic rates of cell elimination[103] (Figure
3). Intuitively, the spread of feedback in time and space defines a spatiotemporal
volume around the dying cell, in which cell death is blocked. This will have a
neglectable effect if death events are sufficiently sparse in time and space (low intrinsic
rate) and a strong impact if many cell deaths should occur in the refractory volume
(high intrinsic rate). While this was never explored theoretically, the integration of
various positive and negative feedback modes at different spatial and temporal scales
may have the capacity to generate complex spatiotemporal patterns of cell elimination,

such as oscillatory eliminations, wave propagations or even Turing-like patterns.
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3. Commitment to cell death is a multi-layered decision process

In addition to the various non-autonomous factors which influence a cell’s propensity
to die at a given moment, the decision-making process which takes place within the
cell is also complex and multi-layered. While engagement in apoptosis can be
considered as a simple binary switch between surviving or dying, the point of
irreversible commitment remains poorly characterised and may be highly context-
dependent. We will outline in this section the relevant layers of decision-making that
were characterised in epithelial cells.

3.1 Decision-making downstream of caspases

The core apoptosis signalling pathways, both extrinsic and intrinsic, culminate in the
activation of the effector caspases, which was for a long time considered a point-of-
no-return in the apoptotic cascade[118]. However, this paradigm has been challenged
by the discovery that the effector caspases have numerous functions which are
independent from their role in triggering death[119] and the widespread survival from
transient effector caspase activation during development[70, 103, 120]. Here we will
describe the evidence supporting the existence of this new layer of decision-making

downstream of caspases.

3.1.1 Non-apoptotic functions of caspases

Many members of the caspase family are known to perform functions outside the scope
of cell death, and some such as Caspase-1 are generally considered as inflammatory
rather than apoptotic[121]. However, the finding that the most downstream apoptotic
caspases, often referred to as the executioner caspases (Caspase-3 and Caspase-7
in mammals), have functions entirely separate from stimulating death, was more
surprising. Early examples of such findings were primarily focussed on differentiation.
During the terminal differentiation of rodent lens fibres in vitro and human epidermal
keratinocytes ex vivo, caspase activation is required for de-nucleation of cells but does
not result in their elimination[122, 123]. Furthermore, Caspase-3 activation is required
for morphological changes during the differentiation of non-epithelial cell types such as
erythroids and skeletal muscle cells[124, 125]. Since these discoveries, new non-

apoptotic functions of effector caspases are being characterised regularly in diverse
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systems and processes (more exhaustive details can be found elsewhere [119, 126-
128]). These include roles for Caspase-3 in morphogenesis of excretory systems such
as the ureter in mouse [129] and the Malpighian tubules in Drosophila[130],
endocytosis regulation and morphogenesis in Drosophila trachea[131], a contribution
of low basal levels of effector caspase activity to proliferation regulation in the
Drosophila wing disc[132], and the inhibition of cell migration and invasive behaviour
[133] triggered by irradiation, chromosome instability and long term JNK activation in
the Drosophila wing disc[134, 135].

3.1.2 Widespread survival from caspase activation

Given that active effector caspases do not always trigger death and can have functions
independently of apoptosis, one key question to address is how widespread such non-
apoptotic caspase activation is during normal development. The CasExpress tool is
activated following cleavage by effector caspases, and persistently labels the cell and
its progeny, allowing lineage tracing of all cells which have switched on effector
caspase at some point in their lifetime [120, 136]. This tool revealed that the majority
of cells which make up the body of the adult Drosophila are derived from cells which
have activated caspase during their lifetime, with some differences between organs
(e.g.: high in oviduct and low in the central brain and nerve cord). These patterns of
caspase survival may simply represent the different levels of caspase activity in
different tissues, or different levels of tolerance/survival to caspase activation. It is also
unclear at this stage whether they reflect systemic and low basal levels of caspase
activity, which might be related to non-apoptotic functions, or survival from sporadic
and acute caspase activation. Nonetheless, more recent work clearly demonstrated
that a large proportion of cells in the wing imaginal disc were marked with CasExpress
following transient pro-apoptotic stress (irradiation, heat stress, or apoptotic gene
induction), demonstrating that cells can survive acute caspase activation in vivo[137].
Indeed, reversal of a seemingly late apoptotic state has been observed in HeLa and
NIH T3T cells and termed ‘anastasis’[138]. A fraction of cells exposed to ethanol can
survive after removal of the stress despite clear morphological signs of late-apoptosis
stages, including Caspase-3 cleavage, translocation of lipids to the outer leaflet of the
plasma membrane, membrane blebbing and DNA damage. These surviving cells
displayed some persisting phenotypic and genetic alterations, namely unrepaired DNA

damage, as well as transcriptional upregulation of several pro-survival genes. Probing
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the transcriptional state of anastatic cells revealed that their recovery from a late
apoptotic phenotype involves first prioritising re-entry to the cell cycle and proliferation,
and then gaining increased migratory capacity[139]. Together these results suggest
that cells which return from a late-stage apoptotic phenotype may acquire oncogenic
potential.

3.2 ldentifying decision points downstream of pro-apoptotic signals

The same apoptotic stress will not always trigger death in all cells, leading to a
phenomenon named fractional killing[107]. Similarly, cells activating effector caspase
will not necessarily die (see previous section). Therefore the question remains: is an
individual cell’'s apoptotic potential determined by its capacity to activate caspase, its
likelihood to survive a given level of caspase activity, or a combination of the two?
Furthermore, identifying how these thresholds/potentials are established and
modulated is key to understanding how a cell makes the decision to die or survive.

In mammalian cells, live imaging of cytochrome c release[18] and FRET sensors of
effector caspase activity[140] suggested early on that MOMP and caspase activation
are fast and all-or nothing processes. This is in sharp contrast with inherent variability
of the timing of apoptosis induction between cells upon TRAIL exposure, which can
range from 40 minutes to more than 12 hours [140, 141]. The timing of apoptosis is
however strongly correlated between daughter cells for a given period of time, which
was explained by the similarity of protein concentration following cell division which will
progressively fade away due to protein turnover[34, 142]. While the regulation of this
timing is most likely multifactorial and hard to predict, it amounts to different speed of
activation of Caspase-8, which leads to apoptosis once passing a well-defined
threshold of rate of activation and duration[34, 141, 143]. Altogether, these studies
suggest that the key death decision point mostly resides upstream of MOMP[31].
However, just like effector caspase activation, MOMP can also be survived with
oncogenic consequences. Various mammalian cell types treated with apoptosis-
inducing actinomycin D or UV irradiation can undergo incomplete MOMP (also referred
to as partial or minority MOMP) visualised by the persistence of some intact
mitochondria[144]. Minority MOMP leads to sub-lethal effector caspase activity which
causes DNA damage through activation of the CAD DNase enzyme, a downstream
target of Caspase-3 [145], promoting oncogenic transformation and tumorigenesis.
Furthermore, release of sublethal levels of cytochrome ¢ during minority MOMP has
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been shown to reprogramme translation independently of caspase, promoting a
‘persister phenotype’ in which cells gain heightened metastatic potential and drug
resistance[146], hence promoting oncogenic transformation.

Widespread MOMP triggers extensive effector caspase activation leading to apoptosis,
while minority MOMP causes sub-lethal effector caspase activation and cell
survival[145], suggesting the existence of an effector caspase activity threshold at
which a cell commits to die. Such a threshold may explain the existence of multiple
non-apoptotic functions of effector caspases (see above). Accordingly, mutation of one
of the effector caspases in Drosophila wing discs can modulate the sensitivity to
radiation indicating a threshold effect [147], however this work did not assess caspase
threshold and apoptosis engagement at the single cell level. Moreover, recent results
guestioned the existence of a well-defined threshold of effector caspase activity. Direct
optogenetic activation of Caspase-3 in HelLa cells combined with a live sensor of
effector caspase activity indicated that neither the rate, peak level nor cumulative
amount of total effector caspase activation were sufficient to predict whether cell death
will occur[148]. These results suggest that unknown factors can modulate the response
to effector caspase activation and that there is no unique caspase threshold associated
with apoptosis engagement.

To conclude, these studies illustrate that individual cells within a seemingly
homogenous population can vary in their likelihood to undergo MOMP, likelihood to
activate initiator and effector caspases and sensitivity to a given value of caspase

activity, all of which will influence the probability of apoptosis.

3.3 Cell death and extrusion

Epithelial cell elimination must be orchestrated to protect the integrity and sealing of
the tissue. Thus, commitment to cell death is inextricably linked with extrusion, the
series of remodelling steps expelling the cell from the tissue layer[149-151]. Extrusion
itself is also related to commitment to apoptosis through the process of anoikis[68],
which promotes apoptosis upon ECM detachment by the reduction of FAK activation.
As commitment to cell death in epithelia is closely related to engagement in extrusion,
it is key to investigate the relationship between caspase activity and cell extrusion.
Both intrinsic and extrinsic apoptotic pathways drive cell extrusion in MDCK cells, with
caspase activation required to trigger the contractile force which removes the cell from
the layer[152]. Actomyosin contractility can also be directly regulated by the cleavage
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of caspase substrates, including the activation of ROCK by cleavage[153], or the
activation of MRCK which is required for actomyosin cable formation and
extrusion[154]. Spontaneous extrusion in MDCK cells driven by topological defects is
also preceded by caspase activation and is inhibited by a pan-caspase inhibitor[82]. In
Drosophila, effector caspase activation precedes cell extrusion and their inhibition
blocks extrusion in many epithelia, including the amnioserosa cells in the embryo[1],
in the pupal leg[2], the pupal notum[70] or the larval epidermal cells in the
abdomen[155]. In the pupal notum, effector caspase activation promotes cell extrusion
and apical constriction through the depletion of microtubules[156]. Together, these
results argue that in these epithelial contexts, cell extrusion is a caspase-dependent
event which precedes the completion of apoptosis. Of note, these results do not
exclude a contribution of anoikis to apoptosis progression and completion.

However, in other systems the series of events linking death with extrusion is not so
clear. MDCK cell extrusion driven by crowding does not require caspase activation and
is not inhibited by Bcl2 over-expression, and as such was called “live extrusion”[157].
Previous reports also suggested that live extrusion could occur in the Drosophila pupal
notum upon cell compaction[69], however later studies rather suggested that the vast
majority of extrusions in the pupal notum are caspase-dependent[66, 70, 103, 156,
158, 159]. This however is not exclusive with cells being still alive while extruding.
Accordingly, a recent report proposed that ROS and superoxide anions promote
caspase activation and cell extrusion in the pupal notum, but that H202 tends on the
contrary to delay the completion of apoptosis and cell fragmentation[159]. Further work
will be necessary to better understand the relationship between progression in
extrusion, caspases and apoptosis engagement.

In the context of live extrusion, cell death is a consequence of extrusion and anoikis.
While the role of caspases in intestinal cell shedding was long debated[160], it was
recently shown that Caspase-3/7 double knockout in the intestinal epithelial cells of
mice does not affect gut homeostasis and cell shedding from the tip of the villus[161],
where apoptosis-induced extrusion is compensated by increased live-cell extrusion.
Furthermore, cells which are normally eliminated by a caspase-dependent process in
C.elegans can still be shed in mutants lacking all four caspase genes through
downregulation of cell-adhesion molecules[162]. Together, these findings suggest that
the dependence on caspase for extrusion is tissue- and context-specific and highly
plastic. Yet, the role of caspase in extrusion can dramatically change the identification
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of the key predicting parameters regulating epithelial cell death. In the context of live
extrusion followed by anoikis, it should mostly rely on core cellular and mechanical
parameters regulating extrusion. In the context of caspase-dependent extrusion, it will
be set by parameters regulating caspase activation and the downstream steps leading
to extrusion progression and apoptosis commitment. These opposing results may
explain why caspase activity has a varying predictive value for death/survival decisions
in different systems, which should be higher in the context of caspase-dependent

extrusion.

To conclude, while we now have a far better understanding of the subtleties in the
apoptotic signalling pathways, confidently defining a point-of-no-return in commitment
to cell death remains a very challenging question. Multiple commitment points will
emerge depending on the cellular and stress context, from MOMP induction to
uncharacterised decisions downstream of effector caspases, and engagement in cell

extrusion.

4. A roadmap to reach a predictive understanding of epithelial cell death

We have illustrated so far the multiple layers of regulation at the cellular and tissular
scales which complexify our understanding of epithelial cell death. What are then the
ongoing methodologies and approaches that could help us to better integrate these
layers of regulation and have a more quantitative understanding of epithelial cell
death?

4.1 Modelling apoptosis at the single cell level

The best quantitative understanding of the cell death decision was obtained at the
single cell level using extensive modelling of the apoptotic pathway with Ordinary
Differential Equations (ODE)[31, 163-165]. While these approaches integrate a large
number of inputs and rates which are not necessarily known experimentally, they
helped to define key features of the apoptosis decision and its dynamics. This includes
its binary nature and the “all-or-nothing” switch occurring downstream of MOMP [18],
as well as the rapid cleavage of targets of effector caspases after their activation [140],
all recapitulated in different models [33, 166-168]. Alternatively, combining quantitative
live-imaging and modelling has helped to define conditions allowing sublethal
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activation of effector caspases and partial substrate cleavage. For instance, models of
TRAIL-induced apoptosis suggested that high effector caspase turnover through
protein degradation combined with low XIAP1 concentration and high Bcl2 could lead
to transient and partial cleavage of effector caspase targets, which was confirmed
experimentally by perturbation of the proteasome and Bcl2 overexpression[33].
Alternatively, other models suggested that high XIAP1 concentrations can promote
sublethal effector caspase activation by slowing down the rate of target cleavage,
which was also confirmed experimentally in HelLa cells[166]. ODE combined with
Bayesian approaches can also help to discriminate between different apoptotic
network architecture and the one most likely to explain the experimentally observed
dynamics[169]. Finally, probabilistic models integrating random fluctuations of
threshold can help to analyse the impact of cell-to-cell heterogeneity and temporal
fluctuations on death probability[170].

4.2 Integrating collective effects and feedback

We have so far described modelling approaches focusing on the biochemical reactions
regulating apoptosis at the single cell level. This signalling complexity must also be
integrated with the regulation of cell extrusion and the role of mechanical inputs and
shape as well as the multiple layers of feedback. Cell-based modelling has been widely
used to describe the impact of mechanics on tissue dynamics, shape and cell
behaviour (Figure 4). This includes vertex models, which can recapitulate the evolution
of epithelial cell shape in 2D or 3D by simulating the displacement over time of vertices
(the points of intersection of intercellular junctions). This type of model is generated by
minimizing an energy function influenced by line tension (a product of cortical tension
and cell-cell adhesion) and cell apical area compressibility, and can also integrate the
impact of growth and the local modulation of mechanical parameters[171-173]. Vertex
models have been successfully used to study the regulation of cell extrusion or the
impact of mechanical stress on cell death[54, 69, 156, 174-176]. While they did not
include explicit relationships between the regulation of apoptosis, caspases and cell
extrusion, they could be directly included in the model by implementing feedback
between cell shape, caspase activity and in return the modulation of key mechanical
parameters promoting cell extrusion. Accordingly, hybrid vertex models have been
previously developed to integrate the impact of various signalling pathways on cell
differentiation, stem cell activation and cell mechanics[177-180]. Alternatively, cellular
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Potts models were also widely used to describe the evolution of epithelial cell
shape[181]. A Cellular Potts model simulates cells using a lattice of pixels whose
evolution over time is influenced by the minimisation of an energy function set by the
relative affinity between cells and a compressibility term. Similar to vertex models,
cellular Potts models have already been combined with the simulation of various
biochemical reactions[182-184]. Cellular Potts models have also been used to
investigate the impact of mechanics on cell extrusion and tissue multilayering[185],
and can successfully recapitulate the dynamics of elimination of scribble KD MDCK
cells by WT cells during mechanical cell competition, confirming that lower homeostatic
density and lower stiffness are sufficient to recapitulate cell elimination[57]. This last
example is the perfect illustration of how cell-based models combined with quantitative
datasets can reveal emerging properties at the population level that will directly
influence the rate of cell death, notably here the role of homeostatic density. Combining
these cell-based models with simulations of the dynamics of all -or parts- of the
apoptotic pathway as well as relevant spatio-temporal feedback and cell-cell
interaction could help in the near future to explore the relationship between local stress,
cellular neighbourhood, caspase activity, cell extrusion and emerging rate and
distribution of cell elimination (Figure 4). This task could be progressively
democratised thanks to the numerous libraries allowing user-friendly implementation
of Potts and vertex models combined with ODEs[186-188].

4.3 Identifying new relevant modes of feedback and predictive parameters

While these approaches outline emerging properties coming from mechanical inputs
as well as biochemical reactions, they require prior knowledge on the relevant
signalling cascades, relationships between cell shape and signalling as well as
relevant spatiotemporal feedback. ldentification of novel feedback and non-cell
autonomous factors regulating epithelial cell death requires large datasets with
extensive characterisation of the number and the distribution of dying cells through
long-term live imaging. The detection of cell death events can rapidly become an
important bottleneck for this type of analysis. This may rapidly be solved thanks to the
recent development of methods to automatise cell death detection through deep
learning. These have been successfully applied in vivo in Drosophila epithelia to detect

extrusion through fluorescent live imaging[189], in cell culture using transmission light
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microscopy [190, 191], and to discriminate between various types of cell death through
live imaging and immunostainings [192, 193].

Feedback and spatial coordination can then be revealed from the spatio-temporal
distributions of cell death using point pattern analysis, which can outline biases in
distributions compared to a so-called Poisson process (where every event is
independent in time and space). These include local and transient clustering or
dispersive effects [103, 180, 194], as well as putative coupling between cellular
events[180, 195]. Alternatively, network representation of cell-cell interactions and
tissue architecture can help to reduce the dimensionality of the imaging dataset, while
encapsulating information about cell geometry and distances[196]. This can be used
to apply graph theory to reveal new cell-cell interactions, as previously applied to study
the interactions between bacterial populations[197]. The combination of graph theory
with machine learning in Graph Neural Networks can also be used to infer new
interactions between cells, and was successfully applied to mouse epidermis movies
to reveal coupling between cell delamination/differentiation and a local and transient
upregulation of cell division, as well as negative feedback between delamination
events[198]. More generally, interpretable deep-learning approaches can help to
outline new rules and reveal parameters predictive of cell death engagement[199,
200]. For instance, unsupervised machine learning applied to movies of cell
competition between scribble KD and WT MDCK cells outlined again the key role of
local cell density in the commitment to cell death[200], in agreement with previous
experimental and theoretical works[57, 73, 74]. While the predictive features may be
hard to interpret biologically, these approaches can be used to identify critical time-
periods at which decisions are starting to be made as well as minimal features sufficient
to reach a good level of prediction.

Eventually, the predictions from modelling and machine learning can be directly tested
by quantitative perturbations using drugs, mutants or RNAIi. More recently, the
development of optogenetic tools allowing quantitative and spatio-temporal control of
caspase activity by blue light exposure opens new possibilities, which will surely be
instrumental to dissect the decision steps leading to apoptosis engagement as well as

putative spatio-temporal couplings [103, 148, 201, 202] (Figure 4).
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Figure legends

Figure 1: Simplified apoptotic pathway in mammals and Drosophila

A: apoptotic pathway in mammals decomposed in intrinsic pathway (left) and extrinsic
pathway (right). For the intrinsic pathway, the balance between pro and anti-apoptotic
Bcl2 family member regulates the oligomerisation of BAX and BAK at the mitochondrial
membrane. Mitochondrial Outer Membrane Permeabilization (MOMP) will then lead to
Cytochrome-c release, which promotes the formation of the apoptosome by Apafl, and
the activation of Caspase-9. XIAPs inhibition by SMAC/ARTS/HTRAZ2 proteins permit
the activation of Caspase-9 and effector Caspases. The extrinsic pathway is initiated
by death ligands binding to FADD receptors, leading to Caspase-8 activation which
promotes BAK/BAX activation by BID as well as direct activation of Caspase-3 and 7.
B: Apoptotic pathway in Drosophila. The colour code gives the correspondences
between fly and mammalian regulators when they exist. Apoptotic stimuli lead to the
upregulation of the apoptotic genes hid, grim or reaper, whose association with
mitochondria is required for the degradation and inhibition of Diapl, an inhibitor of
Dronc (Caspase 9) and effector caspases (mostly Drice and Dcpl). Dronc activation
is also promoted by the activation of Dark and the apoptosome.

Figure 2: Non-cell autonomous factors modulating epithelial cell death

A: Apoptosis (red cell) promoted by cell competition at the interface between two
populations. Cell death can be triggered either by receptor (dark blue) ligand (orange)
interactions at the interface, or through the local secretion of pro-apoptotic factors (dark
blue circles). B: Different mechanisms that can lead to local increase of cell density
and/or pressure and/or reduction of tension, which will locally promote epithelial cell
extrusion and cell death. The dark green cells in the center are the compacted
population, red cells are apoptotic cells. The four black squares on the side illustrate
different modes of compaction (dark green ellipsoids are the compacted portions of the
tissue, light green the non-compacted populations). Local compaction can be driven
by an increase of interfacial tension which applies a local pressure on the dark green

cell population (top left), by a relative decrease of tension in the neighbouring cells (top

32



1250
1251
1252
1253
1254
1255
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283

right), a relative increase of growth rate at the periphery (through cell division or
changes of cell volume, bottom left), or through collective migration and convergent
movements (bottom right). C: Modulation of cell extrusion and cell death by local tissue
curvature. Valley regions (concave) are associated with higher cell height, lower YAP
activity and potentially more extrusions. D: Influence of circulating hormones on the
global susceptibility to cell death in the wing disc (center, bottom view is a cross section
with peripodal cells at the top and wing proper at the bottom). The top left organ is the
larval brain, the top right organ is the fat body. Ecdysone secreted from Prothoracic
Glands (PG) near the larval brain can directly bind to its receptor in cell nucleus
(bottom, EcR) and sensitise cells to apoptosis (pink cell). Similarly, Eiger/TNF-a is
secreted by fat body and can promote polarity mutant cell death (dark red cell) through
the binding to the miss localised receptor Grindelwald on the basal side (purple,
bottom).

Figure 3. Local feedback mechanisms impact the global rate of death.

Cells dying in an epithelium (red) triggering the transient protection of their neighbours
(orange). An inhibitory signal which diffuses over a short distance in space and time
will transiently protect direct neighbours while allowing death in cells further away or at
later timepoints (left). If the signal spreads far in space and persists in time, more
neighbours will be protected for a longer time (right). Bottom graph: Emerging rate of
cell death (y-axis) as a function of the duration and spatial spread of the inhibitory
feedback (x-axis) when death probability follows a Poisson process with a given rate
(“intrinsic rate of cell death”). The emerging rate of cell death (intrinsic rate + feedback)
exponentially decreases with the duration/spread of the feedback. This inhibitory effect
is much more significant in conditions of high intrinsic rate of cell death (red curve)
compared to moderate (orange curve) and low rates (green curve) where the feedback

has little impact on cell death. Based on simulations performed in [103]

Figure 4. A roadmap for building a more systematic and predictive
understanding of epithelial cell death.

Conceptual framework that could help to reach a more predictive understanding of

epithelial cell death. Top left: snapshot of a pupal notum in Drosophila with machine
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learning-based detection of cell death (yellow), cell division (magenta) and sensory
organs (blue) (adapted from [189]), and a segmented notum (right) illustrating the need
of computer-assisted event recognition for high throughput analysis of epithelial cell
death. Top right: network representation of the tissue and extraction of new feedbacks
and relevant parameters by deep-learning. Parameters extracted from these two
approaches can be used to feed ODEs of various signaling pathways including
regulators of apoptosis (green), which can be included in cell-based models (vertex or
Potts model). The predictions of the emerging rate and distribution of cell death can be
tested by quantitative perturbations of the system using drug, genetic perturbations or

optogenetics.
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