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Abstract

Apoptosis plays a crucial role in clearing old or critically compromised cells, and actively maintains epithelial homeostasis
and epithelial morphogenesis during embryo development. But how is the apoptotic signaling pathway able to orchestrate
such complex and dynamic multi-cellular morphological events at the tissue scale? In this review we collected the most
updated knowledge regarding how apoptosis controls different cytoskeletal components. We describe how apoptosis can
control epithelial homeostasis though epithelial extrusion, a highly orchestrated process based on high- order actomyosin
structures and on the coordination between the apoptotic and the neighboring cells. Finally, we describe how the synergy
among forces generated by multiple apoptotic cells can shape epithelia in embryo development.
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Introduction

Multiple mechanisms of cell death have been described, from
accidental, such as necrosis, to programmed, such as apop-
tosis, including unconventional types of cell death, such as
pyroptosis [1]. Apoptosis is currently the most investigated
cell death mechanism, playing crucial roles in the develop-
ment and tissue homeostasis, as well as in defence from
pathogens. It was first defined in 1972 by Kerr, Wyllie, and
Currie [2], although some signs of the existence of this pro-
cess had been reported by Karl Vogt and Walther Flemming
in the nineteenth century [3]. Since then, apoptosis has been
investigated extensively, providing a detailed picture of the
signaling pathways involved, the morphological cell events,
as well as its role in development and tissue homeostasis.
The most general definition of apoptosis is an energy-
dependent, irreversible and highly coordinated program that
leads to dying cells being dismantled without releasing the
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cytoplasm content, or the organelles and nucleus, into the
extracellular space. Various stimuli can trigger apoptosis
and are transduced by the intrinsic, extrinsic and perforin/
granzyme-dependent pathways. All the apoptotic pathways
converge in caspases-3 and -7 activation, which leads to the
execution phase of apoptosis [4]. Caspases are proteases that
cleave specifically after an aspartate, which coevolve with
their targets and triggered their activation, inactivation or
change of function [5]. There are several recognized targets of
caspases in human cells and their cleavage is involved in most
of the molecular and morphologic events related to apoptosis.
The morphological events associated with apoptosis were
identified in the original studies. However, their complexity,
regulation and implications in development and tissue homeo-
stasis have only been investigated recently. This review reports
on the most recent knowledge of the features and regulation of
apoptotic morphological events. The focus is on their role in
embryo development and in epithelial extrusion, the latter being
fundamental in the maintenance of epithelial homeostasis.

Cell morphological changes
during apoptosis
One distinctive feature of apoptosis, compared to passive

cell death, is the execution of energy-consuming mechanical
processes, such as shrinking of the cell, blebbing, nuclear
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fragmentation and formation of apoptotic bodies [6]. The
efficiency of these processes is critical for dismantling the
apoptotic cell without loss of cytoplasm content in the extra-
cellular space.

Cell shrinkage

Apoptotic cells show a significant loss of cell size, termed as
cell shrinkage, which can vary between 15 and 85% depend-
ing on the cell type and on the experimental approach used to
detect it [7]. Although cell shrinkage is one of the most stud-
ied morphological changes of the apoptotic cell, there is still
no standard explanation. Dehydration affects several systems
and can be determined by K* or C1~ efflux [8, 9], cytoplasm
acidification [10], efflux of small organic osmolytes, such
as taurine [11], and by water exit through aquaporins [12].
However, it cannot be ruled out that some apoptotic bodies
are released before the final cell disassembly, thereby causing
a temporary reduction in volume [7, 13].

Cell blebbing

Blebbing is one of the most specific hallmarks of apoptosis
[6]. During this process, acto-myosin contraction leads to
detachment of the plasma membrane from the actin cortex,
generating weak spots. In each spot, hydrostatic pressure leads
to the formation of a protrusion with a spherical morphology
(i.e., bleb) which contains cytosol or organelles. This phase of
apoptosis is associated with a significant increase in phospho-
rylation of the myosin light chain subunit that eventually leads
to an increase in myosin heavy chain activity. The consequent
massive actomyosin contraction causes the detachment of the
cell from the substrate, acquisition of a spherical morphology,
and formation of a great number of blebs on the entire surface
of the apoptotic cell [14]. Blebs are highly dynamic protru-
sions that continuously expand and retract.

Blebs are formed during the entire execution phase of
apoptosis until cell dismantling into apoptotic bodies. There
are two main phases: initially only small cell surface bulges
form; while in the later stage, larger dynamic blebs appear
that contain fragments of organelles [15].

The function of plasma membrane blebbing during apop-
tosis is not clear. Although it may simply be a by-product
of massive myosin contraction leading to substrate detach-
ment and the formation of apoptotic bodies, a recent report
showed that during blebbing, a damage-associated molecular
signature is released. Following such molecular cues, profes-
sional phagocytic cells can be attracted to the apoptotic site
and contribute to clearing the apoptotic bodies [16].
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Other cell protrusions

Although blebs are by far the most frequent type of pro-
trusions found in apoptotic cells, other types of protrusion
have been described in specific cell types [17]. Microtu-
bule spikes were observed in A431 epithelial cells as long
microtubule-rich rigid protrusions forming 1 h after classical
blebbing. These structures form independently of myosin
contraction, and instead exploit the polymerization of micro-
tubules [18]. Apoptopodia are protrusions corresponding to
the stage preceding the release of apoptotic bodies. They are
string-like structures connecting the future apoptotic bodies
to the rest of the cell [19]. Beaded apoptopodia are another
type of apoptopodia-like protrusions recently observed in
apoptotic human THP-1 monocytic cells and primary human
monocytes. These long and thin protrusions segment and
form a long chain of blebs that then disassemble into apop-
totic bodies [20].

Apoptotic bodies

The last stage of apoptosis coincides with the most dramatic
morphological event: cell body disassembly into several
apoptotic bodies [17]. These membrane-bound vesicles
contain cytoplasm, organelles and nuclear fragments and
are released from the dying cell into the extracellular space.
Among the different types of extracellular vesicles, apop-
totic bodies are the largest (typically 1-5 pm in diameter)
and can be easily separated from cultured cells, tissues and
blood-derived samples [21]. Their main function is to sub-
divide the apoptotic cell body into several parts that can
then be phagocytosed by other cells. For this reason, apop-
totic bodies emit “eat-me” signals that facilitate the inter-
action and subsequent phagocytosis [22]. Apoptotic body
clearance needs to be efficient for tissue homeostasis to take
place: if their phagocytosis fails, they undergo secondary
necrosis which then causes inflammation and tissue dam-
age [23].

Despite the importance of apoptotic bodies in the clear-
ance of apoptotic cells, the mechanism leading to their
formation still remains unclear. Whereas in beaded apopto-
podia, an abscission process has been proposed to explain
fragmentation in multiple vesicles [20], non-cell autono-
mous mechanisms have been suggested to explain apoptotic
body separation, such has shear stress [19] or forces gener-
ated by neighboring cells in compact tissues as in epithelia
[24]. However, such mechanisms are restricted to specific
contexts and do not seem to justify the robustness and uni-
versality of cell body fragmentation in apoptotic bodies dur-
ing apoptosis.
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The role and regulation of cytoskeleton
during apoptosis

In animal cells, the cytoskeleton is the main structure
involved in the generation of mechanical forces. However,
the various components of cytoskeleton play different roles
in apoptosis (Fig. 1).

Intermediate filaments

Intermediate filaments are disassembled, relieving cells from
their structural constraints. Keratin 18 is typically expressed
in epithelial cells and is cleaved by caspases in two sites,
causing the dismantling of the keratin 18 cytoskeleton
and the formation of several aggregates devoid of struc-
tural functions [25]. In mesenchymal cells, caspases also
cleave vimentin, causing disassembly of vimentin cytoskel-
eton in later phases of apoptosis, coinciding with nuclear

fragmentation [26]. Nuclear lamin is also cleaved by cas-
pases and such cleavage is required for nuclear shrinking
and chromatin condensation [27].

Microtubules

Despite an initial disassembly, the microtubule cytoskel-
eton plays a crucial role in several specific events during
apoptosis. Its disassembly is triggered by caspase-mediated
cleavage of proteins composing the centriole, followed by
destabilization of this structure preventing de novo microtu-
bule polymerization [28]. However, before cell body disas-
sembly into apoptotic bodies, the microtubule cytoskeleton
is re-formed beneath the plasma membrane in the apoptotic
microtubule network (AMN) [29]. During this phase, the
organization of the microtubule does not depend on con-
ventional gamma-tubulin ring complex nucleation. AMN
maintains membrane integrity, specifically by determining a
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Fig.1 Cytoskeleton rearrangements during apoptosis. This figure
shows how the three types of cytoskeleton are reorganized during
apoptosis and their functional role in such process. The actomyo-
sin cytoskeleton starts an intense contractile activity which leads to
plasma-membrane blebbing and nuclear fragmentation. The interme-

diate filament cytoskeleton is completely disassembled. The microtu-
bule cytoskeleton is initially disassembled due to proteolysis of cen-
triole. It then reassembles itself in the apoptotic microtubule network
(AMN), which protects plasma membrane proteins from caspase pro-
teolytic activity
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caspase-free zone that protects transmembrane proteins from
proteolytic cleavage. According to this interpretation, AMN
is necessary to preserve plasma membrane functionality and
to prevent the early occurrence of secondary necrosis [30].
In addition, non-centrosomal bundles of densely packed,
dynamic microtubules have been observed and described
in the cytoplasm of apoptotic cells. These bundles carry
condensed chromatin toward the cell surface, mediate chro-
matin condensation in blebs, and sustain the formation of
microtubule-spikes [18].

Acto-myosin

The dominant cytoskeleton component in the morphological
events observed during apoptosis is the actomyosin cytoskel-
eton. During apoptosis, the actomyosin cytoskeleton actively
rearranges cell morphology, causing nuclear fragmentation,
membrane blebbing and apoptotic bodies [16, 28, 31]. The
actomyosin cytoskeleton is involved in nuclear fragmenta-
tion in combination with nuclear lamina degradation. In
fact, cleavage of the nuclear lamins A/C and B1 weakens
the nuclear envelope, which is then crushed by actomyosin
contraction [32]. Blebs emerge on the cellular surface via
the detachment of the plasma membrane from the cortical
cytoskeletal network. Once detached, the plasma membrane
rapidly expands sustained by the high hydrostatic pressure
generated by the massive actomyosin contraction occur-
ring during apoptosis [33]. Non-muscular myosin activity
is regulated by phosphorylation of the myosin light chain
(MLC) subunit that in turn activates the ATPase activity
of the heavy subunit. In the execution phase of apoptosis,
a sharp increase in MLC phosphorylation leads to an acute
activation of actomyosin cytoskeleton contraction [14].

Regulation of acto-myosin contraction

Several molecular regulators are involved in the increase in
MLC phosphorylation. The members of the Rho-activated
kinase (RaK) family, such as Rho-associated protein kinase
1 (ROCK1), myotonic dystrophy kinase-related CDC42-
binding kinase alpha (MRCKa) and MRCKS, are all kinases
that are able to phosphorylate and activate MLC [31, 34, 35].
RaKs are large multidomain proteins, whose kinase activ-
ity is restricted in time and space thanks to the presence of
inhibitory and localizing domains, respectively. Caspases
release their full kinase activity by cleavage and separation
from the inhibitory and localization domains [34, 36]. As a
result of such constitutive activation, MLC pools beneath the
plasma membrane are acutely phosphorylated, causing corti-
cal acto-myosin contraction and plasma membrane blebbing.
Interfering with this regulation, by inhibiting either RaKs or
myosin ATPase activity, blocks membrane blebbing, nuclear
disintegration and the formation apoptotic bodies [16, 31, 32].
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RaKs are not the only enzymes controlling the acto-myo-
sin contraction during apoptosis. Myosin light chain kinase
(MLCK) is another MLC kinase not belonging to the RaK
family but activated by ROCK through phosphorylation.
Interestingly, MLCK can also be activated by caspase-medi-
ated proteolytic cleavage, and its pharmacological inhibition
prevents plasma membrane blebbing [14].

Furthermore, the phosphorylation of MLC during apopto-
sis can also be promoted by inhibition of the negative regu-
lators, such as MLC phosphatase. Constitutively activated
RaKs phosphorylate myosin phosphatase by targeting subu-
nit 1 (MYPT1) on threonine 696. This causes its dissocia-
tion from MLC, thus further sustaining its phosphorylation.
MYPTI itself is a substrate of caspase-mediate cleavage,
which irreversibly prevents its phosphatase activity [37].

The morphological events observed during apoptosis
rely on the integrity and functionality of the actomyosin
cytoskeleton. However, this assumption does not mean that
in certain models and in the final stages of cell disintegra-
tion, the actomyosin cytoskeleton is not also disassembled.
For instance, it has been reported that actin is cleaved by
caspases thereby causing actomyosin cytoskeleton disman-
tling in neutrophils and in myofibroblasts [38, 39]. However,
in most of the other cellular systems, actin shows resist-
ance to caspase-mediated degradation. Although a defini-
tive explanation of such actin resistance to caspase-mediated
proteolysis is still lacking, it has been proposed that in most
cell types there are certain factors preventing caspases from
reaching the cleavage site on actin [40].

The role of epithelial extrusion in tissue
homeostasis

Through exposure to the external environment, epithelial cell
layers are constantly subjected to a wide spectrum of harm-
ful physical, chemical and biological agents. Consequently,
they evolved with a very fast turnover, so as to eliminate cells
before the accumulation of damage has a negative impact on
the barrier function or leads to the development of cancer.

Both cell division and the removal of dying cells within
the epithelial layer are challenging: (1) both events have to
avoid the formation of gaps that would undermine the barrier
function; (2) each epithelial cell is connected to neighboring
cells and to the basal membrane by multiple cell adhesions;
and (3) cell division and cell death have to be balanced to
maintain epithelial functionality.

The maintenance of cell-cell contacts is so critical that
epithelial cells have evolved different modalities of cell divi-
sion depending on the aspect ratio, e.g., columnar vs cuboi-
dal [41]. Consequently, epithelial cell division is carried out
by maintaining cell-cell adhesions with their neighbors and
by forming new cell—cell adhesions in the interface between
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the two daughter cells during cytokinetic ring constriction
[42].

Likewise, elderly or critically damaged cells are elimi-
nated from the epithelial layer, while maintaining epithelial
structure and integrity. This coordinated process of elimina-
tion is universally defined as epithelial extrusion. Different
modalities of epithelial extrusion have been described, such
as apical (when cells are extruded from the apical side and
expelled in the external environment), basal (when cells are
extruded toward the basal membrane and may be eaten by
other cells), lateral (when cells are enveloped by neighbors
and apoptotic corps are extruded laterally) [43], apoptotic
(when apoptosis is part of the extrusion process) or live
(when cells are extruded when they are still alive and may
undergo anoikis, a specialized type of apoptosis caused by
the absence of adhesion) [44]. The mechanism of cell extru-
sion selected by the epithelial cell depends on several fac-
tors, such as the type of extrusion stimulation, the level of
cell density, the number of layers, the type of epithelium,
organ, organism, stage of development, and the presence of
topological defects [45-47].

Irrespectively of the triggering event and the means by
which it occurs, epithelial extrusion must respect some basic
rules: (1) elimination of the dying cell has to be carried
out without the formation of a gap; (2) extrusion relies on
the execution of potent and highly dynamic morphological
changes; (3) it depends on cooperation between the dying
cell and its neighbors. These features make epithelial extru-
sion one of the most interesting examples of the emerging
properties of epithelial communities, where coordination
among cells is fundamental to carry out the safe elimina-
tion of dying or excessive numbers of cells.

In cancer, this homeostatic equilibrium is disrupted and
an increasing amount of evidence shows that oncogenic
transformation hijacks the epithelial extrusion machinery
promoting abnormal growth [44]. The expression of mutated
K-Ras (G12V) in the MDCK epithelial layer promotes live
basal epithelial extrusion, via autophagic degradation of
S1P [48]. In another model, the colorectal adenocarcinoma
Caco-2 cell line, the expression of mutated H-Ras (G12V)
promotes an incomplete form of apical extrusion where the
extruded cells remain alive and loosely attached to the apical
side of the epithelium [49]. Both these mechanisms can lead
to an ectopic proliferation of oncogenic transformed cells
and the invasion of the neighboring tissues.

Cytoskeletal rearrangements
in the apoptotic epithelial extrusion

Apoptotic epithelial extrusion exploits the mechanical
forces exerted by the actomyosin cytoskeleton in both the
extruding cells and the neighbors (Fig. 2a). Inhibition of

actomyosin contraction in the epithelium can completely
block the extrusion process [34]. Even though the com-
plexity of actomyosin cytoskeleton rearrangements in epi-
thelial extrusion is not clear, recent reports have shed light
on a number of factors [34, 50-52].

Epithelial extrusion is highly coordinated over time and
can be subdivided into three phases.

(1) Cell-autonomous phase The apoptotic cell exerts
potent actomyosin activity and drives apical contractil-
ity through the assembly of an extrusion apical actin ring
(EAAR). This first phase was recently revealed by two
reports definitively proving that the apoptotic cell itself
does not act as a passive player in epithelial extrusion,
but instead plays a crucial role in the generation of forces
[34, 50]. The first morphological event is a rapid burst of
contraction of the apoptotic cell that pulls cell-cell borders
toward the centre and squeezes its own nucleus [34]. This
event is the result of a general, constitutive and irreversible
activation of non-muscular myosin that eventually leads to
the assembly of an EAAR [34, 50].

The stages of EAAR formation are well characterized.
The first event is the thickening and contraction of lat-
eral cortical actin at the apical side of the cell. After a
few minutes, some patches of cortical actin, character-
ized by increased thickness, emerge and then are pulled
toward the center. Once the actin patches reach the centre
of the cell, they coalesce and form a mature EAAR. This
structure is like a highly dynamic donut-like assembly of
actin filaments and non-muscular myosin, with a prede-
fined 2-pm diameter. Despite being at the center of the
cell, the EAAR is structurally connected with cell-cell
or cell-matrix adhesions, through several actin bundles.
Mechanically, the EAAR acts as a generator of centripetal
forces that continuously pull the actin filaments that make
up the bundles (Fig. 2b).

EAAR itself is a dynamic structure, continuously regen-
erated by actin filaments of bundles that are integrated into
the EAAR structure, as proven by FRAP experiments [34].
The role of cell-cell or cell-matrix adhesions, which are
mechanically connected with the actomyosin cytoskeleton,
is crucial. The EAAR pulls all the associated actin bundles
that are gradually shortened, also dragging the focal adhe-
sion to which they are connected [34]. The pulling action
of the EAAR restricts the apical side of the apoptotic cell,
which is compensated by the migration of the apical side
of the neighboring cells, which becomes elongated toward
the apoptotic cell itself [50]. In addition, while it is becom-
ing smaller in diameter, the apical surface of the apoptotic
cell, which has no cell—cell or cell-matrix adhesions, starts
to dynamically produce blebs, some of which also contain
part of the nucleus [34].

(2) Closure of the basal surface The basal surface is
closed in a coordinated fashion between the apoptotic cell
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Fig.2 The phases of apoptotic epithelial extrusion. a Epithelial extru-
sion is a dynamic and highly coordinated process involving both
the apoptotic cell and its neighbors. (I) It starts from the commit-
ment to apoptosis from an epithelial cell. (I) The first morphologi-
cal event is the contraction of the apical actomyosin belt. (III) Sev-
eral patches of polymerized actin become visible and (IV) eventually
coalesce into an extrusion apical actin ring (EAAR). (V) The basal
actomyosin ring, formed by the apoptotic cell itself and by its neigh-
bors, contracts until the apoptotic cell no longer has contact with the
basal membrane. (VI) Junctions between the neighboring cells are
established while the extruding cell is moved upwards until (VII) its

and the neighbors. While in the cell-autonomous phase,
neighboring cells are passive characters guided by the forces
generated by the apoptotic cell; in this second phase, they
play a crucial role in the final removal of dying cells, as well
as in gap closure and maintenance of the epithelial barrier.

The main morphological event in this phase is the forma-
tion of a multicellular actomyosin ring at the basal surface
of the neighboring cells that gradually restricts itself until
it completely occupies the basal area previously occupied
by the apoptotic cell [24] (Fig. 2c). Actomyosin activity is
required in neighboring cells to assemble the actomyosin
ring and for the execution of epithelial extrusion [24]. Inter-
estingly, an actomyosin ring is assembled at the basal side
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complete expulsion. This stepwise process has three main phases: (1)
apical contraction, (2) basal contraction, (3) establishment of new lat-
eral cell junctions among neighbors. b Representation of the EAAR
as an apical actomyosin ring, pulling several acto-myosin cables in a
centripetal fashion. ¢ The basal actomyosin ring is composed of the
acto-myosin cytoskeleton from the apoptotic cell itself and from the
neighbors. To close the basal side, the dying cell and its neighbors
must coordinate with each other. d Once the basal side is closed, the
extruding cell has to be expelled from the apical side as well. Simul-
taneously, new adhesions among the neighboring cells have to be
established to complete the gap closure

also in the extruding cell itself, suggesting that the extruding
cell also plays a role in this phase [24, 34, 50].

(3) Completion of extrusion The final step consists in
the expulsion of the dying cell and in the establishment
of novel adhesions between neighboring cells, closing the
gap at the apical side as well (Fig. 2a). This third phase has
been investigated the least. Once the basal side closure has
been completed, neighboring cells possibly continue their
mechanical role by squeezing the dying cell toward the api-
cal side. Simultaneously, neighboring cells come in contact
with their respective lateral surface where they can estab-
lish new cell-cell adhesions (Fig. 2d). The importance of
this third phase is proven by silencing or genetic ablation
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of E-Cadherin, the main mediator of anchoring junctions
in epithelia [52]. Reduction or elimination of E-Cadherin
expression can completely abrogate gap closure, causing
leakiness in the epithelial layer, letting pathogens get in,
and inflaming the underlying tissue [51].

The molecular mechanisms controlling
apoptotic epithelial extrusion

Signal transduction within the apoptotic cell, among the
neighboring cells, as well as signal communication between
apoptotic and neighboring cells has a crucial role in coordi-
nating cell extrusion.

Epithelial extrusion can be induced through both intrin-
sic (e.g., by exposing the cells to etoposide, a topoisomer-
ase II inhibitor) and extrinsic (e.g., by treating cells with
TNF-related apoptosis-inducing ligand (TRAIL) in combi-
nation with the protein synthesis inhibitor cycloheximide)
apoptotic pathways [53]. Other stimuli known to induce
apoptotic epithelial extrusion are growth factor depriva-
tion [34] and topological defects [47]. Epithelial extrusion

A Intracellular signalling

induced through the intrinsic pathways requires mitochon-
drial membrane permeabilization, since both Bcl-2 over-
expression and Bax and Bak knockdown are able to block
the extrusion process. However, since these signaling
proteins are not involved in the extrinsic pathway, nei-
ther over-expression of Bcl-2 nor Bax/Bak knockdown are
able to impede extrusion induced by extrinsic apoptosis
stimuli [53]. Also the pro-apoptotic, Bcl-2 family member,
tBid, is involved in epithelial extrusion, since its inhibi-
tion blocks apoptotic epithelial extrusion due to growth
factor deprivation [34]. Both extrinsic and intrinsic path-
ways converge in the apoptotic execution pathway, which
represents the signaling backbone of epithelial extrusion
(Fig. 3a). Accordingly, inhibition of caspases with zVAD-
FMK completely abrogates apoptotic epithelial extrusion,
causing intra-epithelial secondary necrosis [34, 47, 53].
Once activated, caspases are responsible for triggering all
the cell-autonomous morphological events observed during
epithelial extrusion. Caspase-3 activates, through proteolytic
cleavage, the myosin regulators of the RaK family, such as
ROCK1, MRCKa and MRCKS [31, 34, 35] (Fig. 3a). The
proteolytic activation of these three proteins induces EAAR

B Intercellular signalling

Extrinsic pathway

J

Active
Caspase-3/7

Active

MRCK/ROCK

Neighbor
JoqybBraN

muscular
myosin
0

/

Neighbor

Apoptotic

Non-
muscular

Fig.3 Signaling mechanisms involved in the execution of apoptotic
epithelial extrusion. a Epithelial extrusion can be activated by both
extrinsic and intrinsic pathways of apoptosis that converge in the acti-
vation of executioner caspases 3 and 7. Proteolytic activation of Rho-
activates kinases (RaKs) such as ROCK1 or MRCKa leads to hyper-
phosphorylation of the regulatory subunit of myosin. The subsequent
hypercontraction of the actomyosin cytoskeleton is responsible for
the cell-autonomous morphological events observed during epithelial
extrusion. b Coordination between the dying cell and its neighbors is

fundamental for the successful execution of epithelial extrusion. Two
pathways appear to be able to communicate the apoptotic status to
the neighbors. Forces generated by hypercontractility of actomyosin
cytoskeleton are transmitted to the neighboring cells through cell—cell
junctions and activate contractility in neighboring cells by means of
Coronin-1B. The apoptotic cell is also able to communicate its sta-
tus by producing S1P which is detected by S1P2 receptor on neigh-
boring cells, which in turn activate actomyosin contraction though
P115GEF, RhoA and ROCK
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assembly and is necessary for successfully executing epithe-
lial extrusion [34, 51, 52].

ROCKI1 or MRCKa inhibition or knockdown blocks epi-
thelial extrusion in several cell types, forcing the dying cells
to complete apoptosis in the epithelium and then causing the
accumulation of apoptotic remains in the interstitial space
[34]. Conversely, the expression of a cleaved form of these
kinases induces EAAR assembly end epithelial extrusion
[34, 51, 52]. Less explored, but potentially relevant in the
context of myosin activation during epithelial extrusion, is
the caspase-dependent activation of MLCK [54] and inacti-
vation of MYPT1 [37].

Successful accomplishment of epithelial extrusion strictly
relies on the coordination between the apoptotic cell and the
neighbors. When looking for signaling cues allowing such
communication, Rosenblatt and colleagues found that the
apoptotic cell produces and secretes Sphingosine-1-phos-
phate (S1P) that binds to a G-protein-coupled receptor, S1P
receptor 2 (S1P2), on the neighboring cells [55] (Fig. 3b).
Indeed, disrupting this signal by Sphingosine kinase (SphK)
inhibitors, silencing of S1P2 or neutralizing S1P with an
inhibitor, blocks epithelial extrusion and produces holes in
the epithelial layer [55]. To induce apical extrusion, the dying
cell must produce S1P at the basal side. Rosenblatt and col-
leagues found that adenomatous polyposis coli (APC) is key
to correctly localizing S1P production, and APC knockdown
is sufficient to invert the direction of extrusion [56].

However, there is still no direct explanation of how S1P
can be produced and localized specifically at the basolateral
membrane of the extruding cells. Possible hypotheses regard
a specific localization of SphK1 or SphK2, local inhibition
of S1P phosphatases or localized activation/expression of
S1P membrane transporters [57]. Further studies are needed
to clarify this point.

Once the presence of an apoptotic cell has been detected,
the neighboring cells have to reorganize their own actomyosin
cytoskeleton to form a basal ring that gradually closes the basal
surface of the extruding cell. Rosenblatt and colleagues found
that S1P2 in neighboring cells binds S1P and then activates Rho
via p115 RhoGEF, thereby inducing acto-myosin recruitment
and contraction at baso-lateral intracellular junctions [58].

Interestingly, the regulation of microtubule dynamics
plays a crucial role in localizing p115 RhoGEEF at the basal
side in both the dying cell and in the neighbors (Fig. 3b).
Microtubules show a reorientation toward the basal side
during apical epithelial extrusion and their disruption with
nocodazole or taxol is sufficient to promote basal cell extru-
sion [58]. Although microtubule dynamics seems to play a
role in both the extruding and the neighboring cells, mosaic
silencing of the microtubule regulator APC shows that APC
controls apical extrusion in a cell-autonomous fashion [56].

Yap and colleagues proposed a model based on mechano-
sensing through E-Cadherin in adherent junctions [52]. The
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extruding cell and the neighbors are mechanically connected
through E-cadherin, which transmits the forces generated by
hypercontraction of actomyosin cytoskeleton in the apop-
totic cell. In fact, knockdown of E-cadherin hampers epithe-
lial extrusion [52, 55]. E-cadherin adhesions under mechani-
cal tension attract coronin 1B (CorolB) which reorganizes
actin filaments into co-aligned perijunctional bundles, rich
in non-muscular myosin and which can contract the extrud-
ing cell (Fig. 3b). In the absence of CorolB, neighboring
cells fail to recruit co-aligned perijunctional bundles and
as a consequence are unable to form an extrusion ring [52].

In summary, there are currently two different mechanisms
that explain the communication needed to coordinate the
apoptotic extruding cell with its neighbors: one based on
S1P localized secretion and the other on E-cadherin-medi-
ated mechanosensing. Although there are no specific studies
investigating whether these two mechanisms can coexist, the
complex coordination among the extruding and neighboring
cells likely requires multiple and redundant signals, includ-
ing others yet to be discovered.

Recently, using the Drosophila pupal notum, Moreno
et al. showed that tissue compaction induces apoptotic cell
extrusion through the downregulation of EGFR/ERK path-
way and upregulation of the pro-apoptotic protein Hid [59].
Therefore, the mechanosensing through EGFR/ERK could
also contribute to the process of apoptotic cell extrusion,
although the mechanism modulating EGFR/ERK pathway
by mechanical stress is not known [59].

Although apoptotic extrusion is proving to be a highly
coordinated and efficient process, not all the apoptotic
epithelial cells are efficiently extruded and followed by a
neighbor-mediated gap closure. Interestingly, some of the
apoptotic cells can continue apoptosis until they are frag-
mented into apoptotic bodies within the epithelium [34].
This phenomenon is probably explained by communication
defects between the apoptotic and neighboring cells, faults
in the organization of the actomyosin cytoskeleton, topo-
logical defects, or an excessive number of apoptotic events.
The latter is likely the case with TNF treatment on intesti-
nal epithelial cells leading to simultaneous and massive cell
death and formation of large gaps in the epithelial layer.
This extreme situation is probably due to the high number
of apoptotic cells which goes over the minimum number of
healthy neighbors needed to extrude the dying cells and to
repair the gap [60].

Apoptotic contractility in development
and tissue homeostasis

Apoptosis is fundamental in the maintenance of tissue
homeostasis by eliminating old or damaged cells. There
are also several examples of apoptosis playing a part in
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organ or organism development. One clear case is the cavi-
tation of terminal end buds in mammary gland growth:
during puberty or pregnancy, terminal end buds grow in
the breast fat tissue as a compact mass of cells, which
are then reduced to a bilayer by apoptosis [61]. Several
massive apoptotic events take place in embryo develop-
ment, such as removing cells from the inner cell mass in
blastocysts, removing cells between the fingers and toes,
removing chondrocytes during ossification, or removing
neurons which are in excess or inappropriately connected
[62]. However, in all these phenomena, apoptosis has only
a passive role, by eliminating certain groups of cells and
leaving space for other cells or leaving a cavity.

Apoptosis has recently been shown to have an active
role in shaping tissues and organs by means of its intrin-
sic contractile ability [5]. Two prototypical examples are
dorsal closure in the embryo [63] and fold formation in
the developing leg [64]. Dorsal closure is a fundamental
process in the final phases of Drosophila embryo morpho-
genesis. It is characterized by the gradual closure of an
eye-shaped dorsal gap temporarily occupied by the amni-
oserosa, an extra-embryonic tissue, by means of the migra-
tion of two lateral epithelial cell sheets. The mechanical
forces required for this closure are partly generated by a
collective actomyosin ring at the migration edge and partly
by the amnioserosa itself. During dorsal closure, a subset
of amnioserosa cells undergoes apical constriction, fol-
lowed by basal extrusion, while neighboring cells acquire
a “rosette” morphology, which is a typical consequence of
epithelial extrusion [63].

The sum of multiple extrusion events generates tension
in the amnioserosa tissue which eventually stretches the
edges of the two lateral epithelial sheets thus contributing
in their reciprocal migration. The importance of apopto-
sis in dorsal closure has been experimentally proven by
reducing apoptosis, which slows down the migration of
epithelial cells, or by promoting apoptosis, which acceler-
ates migration. Other experiments with laser ablation of
amnioserosa cells demonstrated that at least one-third of
the force necessary for dorsal closure derives from apop-
tosis [63].

Epithelium folding is observed in both vertebrates and
invertebrates, and can generate three-dimensional struc-
tures from simple two-dimensional epithelial sheets [65].
In Drosophila developing leg, epithelium folding enables
leg segmentation along with the definition of the site
where the future leg-joint will develop. In this model, the
apico-basal forces required for epithelium folding are gen-
erated through apoptosis of some of the epithelial cells.
In fact, circumferential rings of cells in the site of the
upcoming epithelial folding undergo apoptosis in a coor-
dinated fashion. Apoptotic cells then activate a transient
contraction process applied to apico-basal acto-myosin

cables, which pulls the apical part of the cell toward the
basal side. As a result of this potent apico-basal myosin
contraction, apoptotic cells induce an increase in tissue
tension in the neighboring cell, which eventually results
in epithelium folding [64].

Conclusions

A prerequisite for pluricellular organisms is the ability to
accurately remove elderly, overnumbered or critically dam-
aged cells. Apoptosis is one of the various types of pro-
grammed cell death [48] that plays a key role in both embryo
development and tissue homeostasis in adulthood. Although
the pathways and mechanisms involved have been studied
for around 50 years, only recently has its morphogenetic role
been investigated.

Apoptosis directly controls several types of cytoskeletal
proteins thereby promoting degradation in intermediate
filaments; disassembly and reorganization in microtubules;
and hyperactivation in the acto-myosin cytoskeleton. Since
apoptotic pathways regulate the cytoskeleton, they can con-
trol cell shape by promoting plasma-membrane blebbing,
nuclear fragmentation and apoptotic body formation. At the
tissue scale, the mechanical force generated by the apoptotic
cell can influence and modify surrounding cells or tissues,
playing a major role in epithelial homeostasis or in shaping
embryos.

However, there are several aspects regarding the morpho-
logical role of apoptosis that are still not understood. For
example, the contribution of the actomyosin cytoskeleton
or microtubules in apoptotic body fragmentation has never
been clarified nor has how the gap is closed at the apical
side during epithelial extrusion or how neighboring cells
establish new adhesion. Finally, how epithelial communities
are able to sense the extrusion events and compensate them
with new cell division would contribute to understanding
how epithelial homeostasis is maintained over time. Fur-
ther studies are, thus, required to investigate the complexity
and the dynamics of the morphological process observed in
apoptotic cells and their impact on the tissue scale.
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