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Abstract

Epithelial tissues robustly respond to internal and external stressors via dynamic cellular
rearrangements. Cell extrusion acts as a key regulator of epithelial homeostasis by removing
apoptotic cells, orchestrating morphogenesis, and mediating competitive cellular battles during
tumorigenesis. Here, we delineate the diverse functions of cell extrusion during development and
disease. We emphasize the expanding role for apoptotic cell extrusion in exerting morphogenetic
forces, as well as the strong intersection of cell extrusion with cell competition, a homeostatic
mechanism that eliminates aberrant or unfit cells. While cell competition and extrusion can exert
potent, tumor-suppressive effects, dysregulation of either critical homeostatic program can fuel
cancer progression.

A Force for Good: Cell Extrusion in Development and Tissue Homeostasis

Complex cell rearrangements are required for shaping tissue and organ structures in normal
development. During such processes, cell extrusion actively regulates development and
enforces homeostasis by expelling cells from crowded regions, initiating cell differentiation
and epithelial-mesenchymal transitions (EMTSs), and exerting physical, morphogenetic
forces.

Cell Extrusion Relieves Overcrowded Tissues

Epithelia can remove surplus cells from overcrowded regions by extruding live or dying
cells. Crowding-induced cell extrusion occurs in diverse tissues and cell cultures, including
human colon epithelia (Eisenhoffer et al., 2012), zebrafish epidermis (Eisenhoffer et al.,
2012), the Drosophila pupal notum (Levayer et al., 2016; Marinari et al., 2012), and Madin-
Darby canine kidney (MDCK) monolayers (Eisenhoffer et al., 2012). Importantly,
modulating cell growth and density is sufficient to alter extrusion rates (Marinari et al.,
2012), suggesting that overcrowding-induced mechanical forces trigger extrusion. In
crowded regions, stochastic cell anisotropy may promote topological rearrangements of cell-
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cell boundaries to promote extrusion, as geometrically induced topological defects are
sufficient to extrude MDCK cells (Saw et al., 2017).

Live cell extrusion in MDCK monolayers or zebrafish epidermis requires the stretch-
activated channel Piezol (Eisenhoffer et al., 2012; Gudipaty et al., 2017). Interestingly,
Piezol also regulates cell division, as mechanically stretching MDCK cells at low cell
density triggers Piezol-dependent mitosis (Gudipaty et al., 2017). Thus, Piezol acts as a
mechanosensor and master regulator of epithelial homeostasis by balancing cell extrusion
with proliferation. Crowding-induced extrusion also requires sphingosine kinase to produce
the bioactive lipid sphingosine-1-phosphate (S1P) in extruding cells, which signals to
neighbors through S1P, and p115 RhoGEF to form and contract a multicellular actomyosin
ring (Gu et al., 2011; Rosenblatt et al., 2001; Slattum et al., 2009) (Figure 1).

Notably, although blocking crowding-induced extrusion can cause atypical cellular
accumulations (such as in S1P,-deficient zebrafish; Gu et al., 2015), organismal-wide
consequences of preventing crowding-induced extrusion reported thus far appear relatively
mild; for example, blocking midline notum extrusion merely caused wider adult thorax
midlines (Levayer et al., 2016). The most compelling case for a key role for live cell
extrusion in maintaining organismal homeostasis is in mouse secondary palate development
and fusion (Kim et al., 2015): here, cell extrusion and death were observed in vivoand in
explants, and blocking cationic mechanosensitive channels with gadolinium prevented
palatal shelf fusion in explants (although a direct role for Piezol and cell extrusion /n vivo
remains to be demonstrated). Nevertheless, the conservation of crowding-induced extrusion
between diverse tissues and cell cultures implies that such extrusion is important for stressed
epithelia and thus likely confers organismal benefits.

Cell Extrusion Couples Cell Location with Cell Fate

Cell extrusion impacts development not only by altering cell position but also by
determining cell fate. This is best illustrated by Drosophila neurogenesis, where neural
precursor cells delami-nate from an epithelium as neuroblasts (NBs) prior to initiating
neurogenic divisions (Figure 2) (reviewed in Doe, 2017; Homem and Knoblich, 2012). Here,
NB gene expression is linked to extrusion timing (Skeath and Carroll, 1992); for example,
the key determinant Inscuteable becomes apically localized during the delamination process
(Schaefer et al., 2000). Blocking neuroepithelial cell delamination by overexpressing the
Notch intracellular domain compromises neurogenesis and is lethal (Lieber et al., 1993;
Struhl et al., 1993). Critically, the NB derives its polarity from the original epithelia, an
inheritance that determines NB daughter cell fate via asymmetric segregation of polarized
protein determinants (Schober et al., 1999; Wodarz et al., 1999); uncoordinated NB
extrusion would presumably alter NB polarity and derail subsequent neurogenesis. Thus,
proper NB extrusion and polarity inheritance enables a cascade of polarized NB divisions
and proper fate decisions.

NB delamination is driven by a pulsatile, actomyosin network localized apically in NB
precursors, with Rho signaling important for medial myosin accumulation (An et al., 2017).
This is in contrast to the removal of apoptotic or live cells by non-autonomous Rho signaling
and multicellular actomyosin ring assembly (Figure 1). However, apoptotic cells also require
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autonomous actomyosin force, and a cortical, actomyosin ring formed in dying cells is
required for neighboring cells to form rosettes around apoptotic cells prior to assembling the
multicellular actomyosin ring (Kuipers et al., 2014; Rosenblatt et al., 2001).

Conceptually similar to NB delamination, embryonic neural crest cell (NCC) morphogenesis
in vertebrates involves NCC delamination from the dorsal neural epithelia followed by a
characteristic EMT (reviewed in Thiery et al., 2009); cell extrusion failure is thus predicted
to block neural crest dispersal, colonization of distal organs, and development. Actomyosin
and Rho signaling are again important for orchestrating extrusion, with RhoB required in
chick NCC delamination (Liu and Jessell, 1998) and Rho-associated protein kinase (ROCK)
and myosin required for zebrafish NCC delamination (Berndt et al., 2008).

Lung development provides a final, intriguing example of extrusion influencing cell fate.
Lung neuroendocrine progenitors are selected from bronchial epithelia by an extrusive event,
with random cell subpopulations extruding and undertaking an EMT-like migration before
settling at lung branch points as committed neuroendocrine progenitors (Kuo and Krasnow,
2015). Cell extrusion thus appears situated as a key mechanism for initiating migration and
differentiation during development.

Cell Extrusion Generates Morphogenetic Forces

Although developmental apoptosis is best known for its role in sculpting tissues, as in digit
separation, the extrusion of apoptotic cells itself can exert mechanical, morphogenetic
forces. Below we outline three examples from Drosophila: dorsal closure, leg folding, and
epidermal cell replacement during metamorphosis.

Apoptotic, extrusive morphogenetic forces were first reported /in vivo for Drosophila dorsal
closure. During dorsal closure, the amnioserosa contracts to promote fusion of adjacent
lateral epidermal layers. Here, 10%-20% of amnioserosa cells undergo apoptosis and
extrude basally prior to closure completion (Reed et al., 2004; Toyama et al., 2008).
Interestingly, genetically inhibiting or enhancing apoptosis delays or accelerates dorsal
closure, respectively, with one-third of mechanical forces attributed to apoptosis (Toyama et
al., 2008). In a morphologically similar scenario, mouse neural tube closure requires
apoptosis, although causal roles for apoptotic force transmission and cell extrusion remain
unproven (Yamaguchi et al., 2011). Intriguingly, in addition to observing caspase-activated
dying neural tube cells, the authors also observed caspase-activated cells dynamically
moving about prior to extruding; these “active” extruded cells would be likely candidates for
transmitting force to the closing neural tube (Yamaguchi et al., 2011).

Extruding apoptotic cells also facilitate epithelial folding in Drosophila leg-joint
development (Monier et al., 2015). Here, sharp discontinuities in Decapentaplegic (Dpp, a
transforming growth factor p [TGF-B]/BMP homolog) activity trigger apoptosis and
extrusion, with Dpp!W cells killed and extruded (Adachi-Yamada et al., 1999; Manjon et al.,
2007). Crucially, apoptotic cell extrusion occurs at the center of the epithelial fold
corresponding to the presumptive leg-joint regions. Live imaging confirmed that apoptotic
cells exert a transient, pulling force on the apical surface of surrounding cells to cause
epithelial folding (Figure 3) (Monier et al., 2015). Interestingly, sharp boundaries of Dpp are
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also sufficient to trigger live cell extrusion in the Drosophila wing disc (Gibson and
Perrimon, 2005; Shen and Dahmann, 2005).

A final example of apoptotic cell extrusion driving morphogenesis occurs during Drosophila
metamorphosis, where pupal epidermal cells termed histoblasts replace larval epidermal
cells (LECs) (Madhavan and Madhavan, 1980). LECs predominantly extrude at the interface
with histoblasts via an apical actomyosin ring and by reducing E-cadherin (E-cad); basally
extruded LECs are subsequently removed by hemocytes (Drosophila macrophages)
(Nakajima et al., 2011; Ninov et al., 2007; Teng et al., 2017). LECs and histoblasts closely
cooperate during tissue remodeling, as histoblast proliferation is required for LEC extrusion,
and LEC extrusion is necessary for histoblast proliferation (Nakajima et al., 2011; Ninov et
al., 2007). LEC extrusion may drive histoblast expansion mechanically, as extruding LECs
deform surrounding histoblasts (Teng et al., 2017). Unexpectedly, blocking LEC death
delayed LEC extrusion and also caused A/stoblast extrusion and death (Ninov et al., 2007),
suggestive of competitive interactions between LECs and histo-blasts. This complex
interplay of death, extrusion, and proliferation between separate cell populations underscores
the key role of cell-cell communication and competitive interactions in tissue homeostasis.

Cell Competition and the Active Extrusion of Aberrant Cells

Cell competition is a conserved cell-elimination mechanism that functions through short-
range cell-cell interactions whereby “winner” cells eliminate neighboring “loser” cells
defective in some capacity, such as protein biogenesis, growth potential, or aberrant polarity
(Amoyel and Bach, 2014; Baker, 2017; Claveria and Torres, 2016; de Beco et al., 2012;
Maruyama and Fujita, 2017; Merino et al., 2016; Morata and Ballesteros-Arias, 2015;
Tamori and Deng, 2011). Cell competition enables epithelia to actively eliminate emergent
oncogenic cells as an endogenous tumor-suppression mechanism. Notably, loser cell
extrusion occurs across diverse genetic contexts that trigger competitive interactions,
including cells expressing oncogenic Src, Ras, or Myc, or in cells suffering from altered
apicobasal polarity. Fly, vertebrate, and cell culture studies indicate key roles for junctional
remodeling and autonomous actomyosin accumulation in competition-mediated cell
extrusion, as well as the unexpected adaptation of axon-guidance signaling systems
upstream of cytoskeletal and junctional changes in extruding epithelial cells.

Competition-Mediated Cell Extrusion in Drosophila

Loser cell extrusion was initially considered to be a passive consequence of apoptosis
following deficient Dpp transduction (Moreno et al., 2002). It has been shown that cell
extrusion is important for cell competition-based elimination of Minute (ribosomal protein
mutants) or Myc!oW |osers, with extrusion following apoptosis and preceding corpse
clearance by hemocytes (Lolo et al., 2012; Moreno et al., 2002), although cell engulfment
also contributes to Minute elimination (Li and Baker, 2007). As in many cases of
competition-driven cell elimination, c-Jun N-terminal kinase (JNK) signaling is paramount
(Eisenhoffer et al., 2012; Igaki et al., 2009; Moreno and Basler, 2004; Moreno et al., 2002;
Ohsawa et al., 2011; Vaughen and Igaki, 2016; Yamamoto et al., 2017); for example, dMyc
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loser extrusion is blocked by impairing JINK (Moreno and Basler, 2004), as is apoptotic
MDCK cell extrusion (Eisenhoffer et al., 2012).

However, not all competition-mediated cell extrusion is passive, as first suggested by studies
of the Src inhibitor C-terminal Src kinase (dCsk). While mutating dCsk disinhibits Src and
causes hyperproliferation (Read et al., 2004; Stewart et al., 2003), clones of cells depleted
for dCsk are exterminated and extruded basally, selectively at the interface with wild-type
(WT) cells (Vidal et al., 2006, 2010). dCsk mutant cells alter junctional components such as
E-cad and p120-catenin and upregulate JNK signaling and matrix metalloproteinases at the
boundary with WT cells, boundary phenomena the authors also found in human squamous
cell carcinoma (Vidal et al., 2010). Intriguingly, universally halving E-cad or p120-catenin
blocked dCsk cell extrusion and migration, suggesting that differential levels of junctional
components (high in WT cells, low in dCsk) are essential for competition-driven extrusion.
This is striking given E-cad’s critical role in transmitting force during apoptotic cell
extrusion (Grieve and Rabouille, 2014; Lubkov and Bar-Sagi, 2014), in part by recruiting the
actin-binding protein Coronin 1B to zonula adherens to generate an autonomous,
actomyosin force (Michael et al., 2016). Alongside force transmission, cell-junction
rearrangements following altered E-cad expression or localization can also alter epithelial
cell morphology (reviewed in Gumbiner, 1996), potentially leading to extrusion and EMT, as
later discussed.

Could cell extrusion be a double-edged sword wielded by cell competition, capable of both
helping or harming the host? An insightful example is the competitive elimination of cells
mutant for scribble (scrib), a conserved apicobasal polarity gene. While tissues entirely
mutant for scrib develop into massive tumors (Bilder et al., 2000), the coexistence of WT
cells in the tissue restrains scrib proliferation and eliminates scrib cells via autonomous and
non-autonomous JNK activity (Brumby and Richardson, 2003; Igaki et al., 2009; Ohsawa et
al., 2011). Like dCsk cells, live scrib cells in eye disc epithelia are mainly extruded basally
and subsequently undergo apoptosis, as scrib cells accumulate basally following cell-
autonomous apoptosis inhibition (Nakajima et al., 2013; Vaughen and Igaki, 2016).
Importantly, blocking scrib cell extrusion resulted in intraepithelial tumors (Figure 4b).
While scrib basal extrusion is tumor suppressive, hyperactivating scrib cell extrusion drove
aberrant apical extrusion and lethal, luminal tumors (Figure 4c) (Vaughen and Igaki, 2016),
underscoring that balanced extrusion rates are critical for homeostasis. This strongly
parallels recent findings from scrib-RNAJ experiments in wing discs, where scrit’P cells
selectively overgrow when extruded apically at tumor “hotspots” characterized by dense,
basal extracellular matrix (Tamori et al., 2016). Thus, luminal scrib tumors can avoid
engulfment by neighboring cells (Ohsawa et al., 2011) or circulating hemocytes (Pastor-
Pareja et al., 2008) while simultaneously capitalizing on endogenous JAK/STAT signaling at
hotspots (Tamori et al., 2016). In turn, extruded cells may fuel non-autonomous growth of
local tissue, as in Wingless (a Wnt homolog) produced by extruded cells harboring unstable
genomes (Dekanty et al., 2012).

Surprisingly, Slit-Roundabout (Robo) signaling executes scrib cell extrusion downstream of
JNK signaling, echoing Slit-Robo’s established role in cell-cell repulsion during axon
guidance. Here, autocrine Slit ligands bind to Robo2 receptors presented on scrib cells,
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triggering autonomous upregulation of the actin-nucleator Enabled/Vasp (Ena), actomyosin
accumulation, E-cad disruption, and then cell extrusion (Figure 4) (Vaughen and lIgaki,
2016). Intriguingly, a recent screen identified different “axon-guidance” molecules, Sas-
PTP10D, as critical mediators of scrib cell recognition and elimination (Yamamoto et al.,
2017). Cell-cell communication mechanisms may therefore be broadly conserved between
neuroepithelial progeny, with typically repulsive axon-guidance genes functioning in
epithelia to extrude aberrant cells. Indeed, alongside Slit-Robo, ephrin-A-EphA2 signaling
repels and extrudes Ras¥2Z cells in MDCK monolayers and wing discs (Porazinski et al.,
2016), and repulsive Semaphorin-Plexin signaling removes damaged cells by basal extrusion
during JNK-dependent wound healing in wing discs (Yoo et al., 2016). As JNK signaling is
required for diverse phenomena that include cell extrusion, such as cell competition and
wound healing, downstream signals like Slit-Robo and subsequent junctional dissolution
may more broadly mediate cell extrusion and regulate epithelial homeostasis.

Competition-Mediated Cell Extrusion in Vertebrates and Cell Cultures

Competitive cell elimination also occurs in vertebrates in many contexts, including mouse
hematopoietic stem cell competition (Bondar and Medzhitov, 2010) and mouse epiblast
development (Claveria et al., 2013). However, the bulk of cell competition studies extending
fly findings have been undertaken in MDCK monolayers or in zebrafish epidermis.

Striking parallels to Drosophila cell competition emerged from analysis of scrit"C MDCK
cells: only when surrounded by normal, WT cells do scrit®P cells undergo apoptosis and
extrude apically (Norman et al., 2012). scrit/C MDCK cells also mislocalized E-cad,
similar to scrib mutant cells in Drosophila epithelia (Vaughen and lgaki, 2016). In addition
to altered E-cad, scrit’C cell extrusion and death was dependent on ROCK’s activation of
p38 and p53 (Wagstaff et al., 2016); notably, ROCK is also involved in apoptotic cell
extrusion (Rosenblatt et al., 2001). Together, these studies indicate that extrusion plays an
important role in scrib cell competition in both flies and mammalian cell cultures.
Unfortunately, /n vivo analysis of scrib cell competition in other organisms is missing.

Interestingly, scrit’® MDCK cells are also sensitive to mechanical compaction (Wagstaff et
al., 2016), hinting that mechanical state or sensitivity may be an index for cellular fitness.
Growth differences can generate mechanical stress in and around fast-growing winners,
leading to cell competition (Lee and Morishita, 2017; Mao et al., 2013; Shraiman, 2005;
Vincent et al., 2013). Cell mixing and mechanical competition play key roles in Myc-based
competition in the Drosophila pupal notum (Levayer et al., 2015). Moreover, notum clones
expressing oncogenic RasY2Z can compress neighboring WT tissue and induce ectopic
extrusion up to three cell diameters away (Levayer et al., 2016), further supporting a role for
mechanical stress in cell competition and extrusion.

Alongside scrit’P, cell competition triggered by oncogenic RasVZZ occurs in MDCK
cocultures with WT cells (Hogan et al., 2009). RasY%Z cells apically extrude (while alive)
when surrounded by WT cells (Hogan et al., 2009) in a process dependent on autonomous
ROCK activation and actomyosin accumulation. E-cad again plays a critical role in
mediating RasV2Z cell extrusion, with E-cad required in neighbor cells to extrude RasVZ2
cells (Hogan et al., 2009). Remarkably, Ras¥2 cell competition also involves the S1P-S1P,
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extrusion pathway, and S1P, is required in WT cells to extrude Ras¥Z? cells. While S1P is
also required, it is not produced by WT epithelial cells or extruding cells, as in apoptotic or
live cell extrusion (Figure 1); instead, S1P is required in culture serum for RasVZZ cell
extrusion, and would thus presumably be derived from some other source /n vivo, such as
endothelial cells or erythrocytes (Yamamoto et al., 2016). Importantly, ~80% of Ras"2Z cell
clones are apically extruded/extruding in mouse intestine (Kon et al., 2017), suggesting that
competition-mediated extrusion may play an important role /in vivo. Supporting this, in the
mouse hair follicle stem cell niche, activation of oncogenic HRas in specific clones triggers
a competition-like interaction wherein WT cells ultimately surround and expel oncogenic
outgrowths into the dermis (Brown et al., 2017).

Last, like oncogenic Ras, oncogenic Src cells are apically extruded independent of cell death
in MDCK monolayers and the zebrafish embryonic enveloping layer (Kajita et al., 2010,
2014). Notably, p-catenin, which complexes with E-cad, was mislocalized basally in Src-
activated MDCK cells in a myosin-dependent manner (Kajita et al., 2010), suggesting that
junctional changes occur downstream of autonomous actomyosin activity in loser, extruding
cells. During oncogenic Src cell extrusion, WT cells also accumulate the actin-binding
protein filaminA and, interestingly, the intermediate filament vimentin (Kajita et al., 2014),
which is often used as a marker for EMT.

A Force for Evil: Cell Extrusion in Disease

Just as cell competition can suppress or fuel cancers (Enomoto et al., 2015; Moreno, 2008;
Ohsawa et al., 2014; Slattum and Rosenblatt, 2014), cell extrusion can exert positive or
negative effects on organismal health. Dysregulated cell extrusion adversely impacts
epithelia homeostasis through two main pathologies, tumorigenesis and bacterial invasion.
As recent reviews have highlighted the role of cell extrusion in barrier function against
pathogens (Gu and Rosenblatt, 2012; Gudipaty and Rosenblatt, 2017), we will focus more
on the intersection of competition-mediated cell extrusion with cancer, including the critical
role for the direction of cell extrusion as well as overlap between extrusion genes and
signaling pathways with anoikis resistance, EMT, and human cancers.

Pathogenic Hijacking of Intestinal Cell Extrusion

Intestinal epithelia undergo extensive cell extrusion at villi tips (“shedding”) (Creamer et al.,
1961) yet still provide critical barriers against external pathogens. As noted recently
(Williams et al., 2015), remarkably little has been uncovered about homeo-static intestinal
extrusion, including whether apoptosis precedes or follows extrusion. Nonetheless, most
extruding human small intestine cells are caspase positive, and neighboring cells upregulate
phosphorylated myaosin light chain (Bullen et al., 2006), reminiscent of the multicellular
actomyosin ring that accumulates around extruding apoptotic cells (Rosenblatt et al., 2001).
Intriguingly, small intestine cell extrusion at the villi tip triggered neighboring cell extrusion
in 15% of cases, suggesting non-autonomous mechanical forces may also be at play in gut
homeostasis (Guan et al., 2011).

Bacterial infection stimulates gut shedding and stem cell proliferation from flies to
mammals, indicating that intestinal cell extrusion is also a defense mechanism (Jiang et al.,
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2009; Vodovar et al., 2005). For example, in flies challenged with infection, INK-activated
enterocytes rapidly delaminate and undergo anoikis (Buchon et al., 2010). However,
pathogenic bacteria can hijack intestinal extrusion to promote their dissemination and
invasion into underlying tissues. For example, L/steria monocytogenes specifically invades
epithelia by attaching to E-cad that is transiently exposed during cell extrusion (Pentecost et
al., 2006). Sa/monella hijack cell extrusion differently, with an invasive Salmonella subtype
actually stimulating apical extrusion, host cell apoptosis, and release of the bacteria into the
lumen (Knodler et al., 2010), which was proposed to license secondary-site infection and
host-to-host transmission. Conversely, Neisseria gonorrhoeae actively suppresses intestinal
cell extrusion to prevent the removal of infected cells by gut shedding (Muenzner et al.,
2005). Thus, for intestinal homeostasis and pathogen defense, failure to extrude and excess
extrusion are equally problematic; the same is true for a different stressor, cancer.

Competition-Mediated Cell Extrusion and Cancer

How does cell extrusion intersect with cell competition and cancer? On the one hand,
extrusion of a tumor cell can facilitate dissemination and metastasis, which is a primary
cause of death in cancer. On the other hand, failure to properly dispose of oncogenic cells is
potentially fatal, from adversely impacting the host tissue and/or from triggering a systemic,
pathological muscle wasting termed cachexia, which accounts for a substantial (~20%)
amount of cancer-associated deaths (Fearon et al., 2013). For example, in Drosophila,
transplanted scrib (Figueroa-Clarevega and Bilder, 2015) or gut-activated Yorkie (Yap/Taz
homolog) (Kwon et al., 2015) tumors systemically impair insulin signaling to drive organ
ismal wasting in a non-autonomous, cachexia-like process. Persistence of extrusion-
defective cancer cells may thus adversely impact distant organs and health via a non-
autonomous and systemic cachexic wasting. Alternatively, extrusion failure could also
permit unremoved dying cells to act as “oncogenic niches” (Enomoto et al., 2015), fueling
non-autonomous tissue overgrowth analogous to “undead” cells, which secrete cytokines
and growth factors and disrupt epithelial homeostasis (Huh et al., 2004; Pérez-Garijo et al.,
2004; Ryoo et al., 2004).

Notably, although tumorigenesis stemming from altered competition-mediated cell extrusion
has been demonstrated in Drosophila (Tamori et al., 2016; Vaughen and Igaki, 2016), other
evidence linking competition-mediated cell extrusion to tumorigenesis remains sparse.
Given cancer’s heterogeneous nature (Marusyk et al., 2012), cell competition and cell
extrusion are expected to play important roles. Indeed, cell competition by itself has been
linked to human tumorigenesis: human cancer cell lines undergo Myc-based cell
competition (Di Giacomo et al., 2017), and cell competition was proposed to explain human
skin cancer size and mutational distribution (Lynch et al., 2017). Moreover, in mice, Notch-
inhibited esophageal progenitor cells outcompete neighboring cells through cell divisions
favoring winner renewal and loser differentiation (Alcolea et al., 2014). Importantly,
although the resulting esophagi composed entirely of Notch-inhibited winner cells are
morphologically normal, they are primed for tumorigenesis and permit p53-stabilized
overgrowths (Alcolea et al., 2014). Although these examples did not monitor cell extrusion,
observations of cell extrusion during the competitive removal of oncogenic cells in mouse
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hair follicles (Brown et al., 2017) and intestines (Kon et al., 2017) make more plausible a
role for vertebrate competition-mediated cell extrusion in tumorigenesis.

Direction of Cell Extrusion Determines Cancer Cell Fate

While the active extrusion of scrib cells by Slit-Robo signaling was essential for preventing
tumorigenesis (Vaughen and Igaki, 2016), hyperactivating Slit-Robo signaling was similarly
fatal due to excessive, apical extrusion into the lumen (Figure 4), where scrib cells evade
engulfment (Ohsawa et al., 2011) and can survive on endogenous cytokine signaling (Tamori
et al., 2016). Thus, the direction of cell extrusion can determine tumor fate, as was shown for
RasY22 cell competition in MDCK monolayers: here, apical extrusion promotes cell death,
while basal extrusion is characterized by cellular protrusions that could facilitate metastatic
invasion (reviewed in Slattum and Rosenblatt, 2014). Notably, the directionality of tumor-
suppressive cell extrusion is reversed between Drosophilaimaginal discs and vertebrate
epithelia (Figure 5). In Drosophila imaginal epithelia (which form monolayer sacs), basally
extruded cells undergo apoptosis and/or are removed by hemocytes, but apically extruded
cells can survive as luminal tumorous masses. Conversely, in vertebrate epithelia such as
intestines, apical extrusion is thought to sequester and eliminate cells, while basal extrusion
may promote invasion of underlying tissue and then secondary metastases. In either case,
cells lacking proper “directionality” (such as polarity-defective scrib cells) may be more
susceptible to erroneously extruding in a direction beneficial to the cancer and detrimental to
the host.

Future work will likely illuminate clearer roles for extrusion direction in other, in vivo
cancer models. For example, it was recently demonstrated that human pancreatic cancer
cells lack S1P2 and are incapable of apical extrusion, instead utilizing basal extrusion to
proliferate and metastasize; notably, rescuing S1P2 expression in pancreatic tumor cells
prevented orthotopically transplanted metastasis (and decreased tumor size) in nude mice
(Gu et al., 2015).

Could distinct molecular mechanisms govern the direction and outcome of tumor cell
extrusion? In MDCK and zebrafish epidermis, p115 RhoGEF has an essential role in
determining apical versus basal extrusion (Slattum et al., 2009). When targeted to the
basolateral cell surface by microtubules, p115 RhoGEF recruits and contracts the
actomyosin ring at baso-lateral intracellular junctions, leading to apical extrusion of
apoptotic cells (Figure 1). Disrupting p115 RhoGEF’s basolateral targeting results in
actomyaosin contraction at the apical surface and erroneous, basal extrusion. Notably,
basolateral targeting of microtubules is controlled by adenomatous polyposis coli, a
conserved tumor suppressor (Marshall et al., 2011). Intriguingly, the Drosophila homolog of
p115 RhoGEF, RhoGEF2, also controls extrusion direction /n vivo: scrib cell elimination via
basal extrusion in wing discs depends on RhoGEF2, with RAoGEF2XP causing aberrant
apical extrusion and tumor survival in permissive microenvironments (Tamori et al., 2016).

Alongside microenvironments rich in survival factors, other mechanisms can permit
extruded tumor cells to survive anoikis (reviewed in Buchheit et al., 2014). One intriguing
escape route from anoikis is by activating autophagy to survive via cellular self-
cannibalization (Fung et al., 2008). Notably, autophagy biases Ras"?Z cell extrusion basally
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in MDCK monolayers through direct degradation of S1P (Slattum et al., 2014), hinting that
cell-extrusion machinery and anoikis survival are likely coupled. Coupling extrusion to
anoikis survival is plausible given the role of cell extrusion in developmental processes such
as NB delamination or neural crest EMT, where cells must necessarily avoid anoikis to
generate daughter cells or migrate, respectively. Indeed, another common feature of cell
extrusion, dysregulated E-cad or p120-catenin, is linked to anoikis resistance in mouse
tumor models of mammary carcinomas (Derksen et al., 2006; Schackmann et al., 2013). A
last, notable example linking extrusion to anoikis survival is the oncogenic upregulation of
ERBB2 (EGFR family member), which promotes anoikis resistance (Haenssen et al., 2010)
but also apical extrusion and luminal overgrowth in three-dimensional organotypic human
mammary cultures (Leung and Brugge, 2012). Certain cancers may thus hijack these
developmental mechanisms, coupling cell extrusion with anoikis resistance to permit
survival and then invasion.

Cell Extrusion May Facilitate EMT

An intriguing hypothesis linking extrusion to cancer is that extrusion may facilitate EMT, as
suggested by similar players involved in both dynamic processes (Table 1). Conceptually, for
an epithelial cell to become mesenchymal and migratory, coupling of extrusion and EMT
machinery could be a parsimonious biological solution to the challenge of leaving an
epithelium and switching to mesenchymal fate. While evidence directly linking cell
extrusion to EMT is currently sparse, overlap between signaling pathways (TGF-B/INK),
junctional remodeling (E-cad downregulation), and cytoskeletal changes (actomyosin
contractility) suggests that cell extrusion could prime a cell toward EMT, provided that
anoikis is avoided.

One key inducer of EMT during development and disease is TGF-B (reviewed in Thiery et
al., 2009; Xu et al., 2009), a signaling pathway that also features prominently during
Drosophila developmental to orchestrate cell movements, including cell extrusion. Along
with Dpp boundaries triggering apoptotic cell-extrusive forces during leg folding or
extrusion from wing discs, Dpp also regulates timely dorsal closure and epidermal cell
replacement, morphogenetic events dependent on cell extrusion. In epidermal cell
replacement, LEC-produced Dpp prevents LECs’ premature extrusion while facilitating
histoblast migration by reducing E-cad (Ninov et al., 2010). During dorsal closure, Dpp is
required for amnioserosa cell apical constriction and extrusion (Fernandez et al., 2007).

Alongside TGF-B, JNK signaling plays a key role in cell motility and is required in certain
instances of cell extrusion and EMT. For example, INK is required for apoptotic cell
extrusion (Eisenhoffer et al., 2012), tumorigenic dCsk (Vidal et al., 2006) and scrib cell
extrusion (Vaughen and lgaki, 2016), and also acts upstream of TGF-p/Dpp in extrusion-
mediated dorsal closure (Riesgo-Escovar et al., 1996) (Riesgo-Escovar and Hafen, 1997).
JNK signaling is also strongly linked to regulating TGF-p-induced EMT and cell motility
(Xu et al., 2009). For example, the EMT triggered by TGF-p requires JNK signaling in
mouse tracheal epithelial cells (Melden et al., 2011) and in mouse keratinocytes (Santibanez,
2006), with TGF-B1 activating JNK upstream of E-cad mislocalization. Notably, TGF-f can
directly activate JNK through TRAF6 binding to TGF-p receptors (Sorrentino et al., 2008;
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Yamashita et al., 2008), and TRAFEXC blocked EMT in mouse mammary cell lines
(Yamashita et al., 2008). Moreover, in human A549 lung cancer cell lines, EMT following
radiation (Jung et al., 2007) or TGF-B1 stimulation is JNK dependent (Chen et al., 2013).
Lastly, INK is essential for the cooperative metastasis of scrib/RasV22 tumors in Drosophila
(Igaki et al., 2006). Thus, JNK is a versatile regulator of cell movement that broadly
regulates extrusion and EMT through diverse mechanisms. However, depending on the
context, JINK may instead promote anoikis and death rather than metastasis, as recently
demonstrated for murine kidney epithelial cells /in vitro and removal of mammary duct
epithelia /n vivo (Girnius and Davis, 2017).

JNK activation and downstream cell-junction rearrangements such as E-cad mislocalization
occur both during EMT and during cell extrusion. In scrib cell extrusion, INK-activated Slit-
Robo2-Ena signaling mislocalized E-cad, and ectopic Robo2-Ena was sufficient to disrupt
E-cad and extrude cells (Vaughen and Igaki, 2016; J.V. and T.1., unpublished data). In a
notable parallel, Slit2-Robol activation in both human colorectal carcinoma lines and human
embryonic kidney cells downregulated E-cad to license EMT, and higher Slit2-Robol
protein levels were associated with worse metastasis and poorer survival in colorectal
patients (Zhou et al., 2011). Moreover, in cell culture, scribXP itself triggered EMT-like
behaviors by disrupting E-cad (Qin et al., 2005) and by upregulating Snail, a TGF-p target
and key EMT gene (Zhou et al., 2016). Alongside junctional remodeling, EMT and cell
extrusion necessitate cytoskeletal rearrangements, which are both broadly characterized by
increased contractility (Thiery et al., 2009; Xu et al., 2009), such as in the cases of
oncogenic scrib (Vaughen and Igaki, 2016) or RasY“2 cell extrusion (Hogan et al., 2009).

One apparent distinction between EMT and cell extrusion is that the networks of
transcription factors (TFs) that are central to most EMTS are not yet clearly implicated in
extrusion. During EMT, the basic-helix-loop-helix TF Twist and the zingfinger TF Snail
constitute the core EMT machinery that directly represses epithelial genes (i.e., Snail
binding to E-cad’s promoter) while promoting mesenchymal gene transcription (Thiery et
al., 2009; Xu et al., 2009). Tantalizingly, these canonical EMT factors also play roles in
extrusion-like processes. Apical constriction of ventral cells during Drosophila gastrulation
is driven by Twist and Snail, with Snail acting to initiate pulsatile contractions driven by an
actomyosin network, and Twist acting to stabilize the network in its constricted state (Martin
et al., 2009) while also recruiting RhoGEF2 via its target T48 (Kolsch et al., 2007). Rho
signaling, which determined extrusion direction in flies (Tamori et al., 2016) and MDCK
cells (Slattum et al., 2009), also governs actin dynamics during EMT migration (Thiery et
al., 2009; Xu et al., 2009). Moreover, apical constriction and invagination in gastrulation
precede a conserved EMT that gives rise to mesoderm in a Snail-dependent manner (Carver
et al., 2001; Kalluri and Wein berg, 2009; Thiery et al., 2009; Xu et al., 2009), suggestive of
coupling between extrusive-like forces and EMT during development.

This tight relationship between extrusion and developmental programs such as
differentiation (NB extrusion and division) or EMT (neural crest extrusion and migration)
implies that cancers could recapitulate extrusion-initiated developmental mechanisms to
potentiate invasion and proliferation. Indeed, the recent discovery that neuroendocrine lung
progenitors extrude and migrate during development provides a new hypothesis for why
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small-cell lung carcinomas initiated by these cells are highly metastatic and thus particularly
deadly: reactivation of a developmental extrusion and subsequent EMT-like migration
program is one of the plausible mechanisms underlying this carcinoma’s metastatic
tendencies (Kuo and Krasnow, 2015). If extruded cells can indeed undergo EMT, then
dysregulated cell extrusion has the potential to trigger the manifold consequences of EMT,
including metastasis (Thiery et al., 2009), chemotherapy resistance (Fischer et al., 2015),
and a reversion to stem cell-like fates (Mani et al., 2008) or the generation of cancer stem
cells (Morel et al., 2008).

Cell-Extrusion Genes Are Strongly Implicated in Human Cancers

Cell-extrusion genes maintain epithelial homeostasis and could enable EMT, and there is
accordingly mounting evidence linking dysregulation of these genes to cancers. For
example, Slit-Robo signaling, which ievicts tumorigenic cells from epithelia but can also
generate lumen tumors upon hyperactivation and excess cell extrusion (Figure 4) (Vaughen
and lgaki, 2016), is both inactivated or activated in many human cancers, including
epithelial lung and colon cancers (reviewed in Ballard and Hinck, 2012). Though increasing
evidence implicates axon guidance genes in human cancers, the current explanation for this
predominantly focuses on angiogenic axon-guidance signaling nurturing tumor survival
(Chédotal et al., 2005; Surawska et al., 2004). However, the loss or gain of extrusion
capability may also contribute to axon-guidance genes’ complex roles in cancer etiology.
Indeed, other axon-guidance genes have been linked to metastasis, including Sema3E-
Plexin-D1 facilitating metastasis in cancer line xenografts (Casazza et al., 2010),
mammalian Ena isoforms mediating invadopodia formation and basement membrane
degradation (Philippar et al., 2008), and Plexin-B1 enabling breast cancer metastasis upon
ERBB?2 activation (Worzfeld et al., 2012), which is of particular interest given ERBB2’s role
in extrusion (Leung and Brugge, 2012) and anoikis resistance (Haenssen et al., 2010).

Other cell-extrusion genes intersect with cancer. For example, S1P, the key ligand mediating
apoptotic and live cell extrusion, is strongly linked to cancers (reviewed in Ogretmen and
Hannun, 2004; Pyne and Pyne, 2010). Though S1P’s role in cancer is multifaceted, the
cancer field has mainly explored roles for cer-amide signaling and an inflammatory
response; we suggest that dysregulated cell extrusion should also be considered, especially
considering the elegant report demonstrating the S1P receptor’s key role in cancer cell
extrusion and metastasis (Gu et al., 2015). Intriguingly, S1P is reported to trigger EMT in
certain human hepatocellular carcinoma (Zeng et al., 2016) and lung cancer lines (Milara et
al., 2012), and S1P was upregulated in patients with idiopathic pulmonary fibrosis, a disease
characterized by frequent EMT (Milara et al., 2012); this further hints at the possibility of
extrusion-EMT coupling in cancer. Last, Piezol, the master regulator of live cell extrusion,
is mutated or misex-pressed in colorectal, gastric, and thyroid cancers (Gudipaty et al.,
2017), and Piezol promoted the invasion of gastric cancer cells /n vitro (Yang et al., 2014).
Thus, genes regulating developmental and homeostatic cell extrusion may broadly be
important players in pathological cell extrusion during tumorigenesis.
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Conclusions and Outstanding Questions

Cell extrusion is a potent mechanism for maintaining epithelial homeostasis when
confronted with internal or external stressors. Both live and apoptotic cell extrusion can
sculpt tissues during morphogenesis, and cell extrusion protects tissues from emergent
oncogenic cells by eliminating them into the extracellular void. Despite intensive study,
many fascinating questions concerning cell extrusion remain. First, although key molecular
mechanisms of cell extrusion have been identified, it is unclear how cadherin-based
mechanotransduction and/or junctional rearrangements, autonomous actomyosin activity,
and/or Piezol cooperate with the S1P-S1P, pathway and non-autonomous actomyaosin ring
assembly. Moreover, whether extrusion mechanisms found in cell culture are fully relevant
to /in vivo scenarios awaits further corroboration, although the general conservation of S1P-
S1P,-Rho and Piezol signaling appears promising. Second, for mechanical competition and
subsequent cell extrusion, it would be interesting to test if loser cell extrusion relays
mechanical signals back to the epithelia to influence winner cell behavior, as in the
mechanical influence of apoptotic extrusion on tissue development. Conversely, during
crowding-induced extrusion, what prevents extruding cells from transmitting force to the
underlying tissue and affecting tissue morphology? Third, organismal defects associated
with blocking crowding-induced extrusion or apoptotic cell extrusion are relatively subtle;
are there more consequential developmental or long-term defects that occur when these
homeostatic programs are perturbed, as strongly hinted at by explant studies of palate fusion
(Kim et al., 2015)?

Cancers often exploit developmental mechanisms such as junctional rearrangements, EMT,
or proliferation to enable tumor growth or metastasis. Joining cancer’s developmental-
hijacking toolkit is cell extrusion, another key mechanism for cell rearrangement that can
eliminate, or disseminate, dangerous oncogenic cells. Balanced, properly directed extrusion
is critical for cancer cell outcomes and organismal fate, as demonstrated by cell competition
studies of conserved tumor suppressors in Drosgphila. Moreover, cancers may spread by
extrusion-initiated programs that couple cell extrusion with anoikis resistance and EMT, as
in development. While studies in cell culture systems have largely supported these findings,
evidence for competition-mediated cell extrusion regulating cancers has not yet been
reported outside of Drosophila. Although mouse colon RasV22 cells are apically extruded,
and MDCK RasVZ2 cells undergo competition-based extrusion, the link between such
extrusion and tumorigenesis remains to be demonstrated /n vivo. Nonetheless, we have every
expectation that, as in Drosophila, cell extrusion will continue to be at the fore of epithelial
cell homeostasis, a simple but powerful force for combatting the cellular stressors of the
dynamic biological world.
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Figure 1. Model for Apoptotic and Live Cell Extrusion
(A) In response to apoptotic stress, cells undergoing apoptosis produce sphingosine-1-

phosphate (S1P) via sphingosine kinase (SphK), which binds to the S1P receptor (S1P,) in
neighboring cells. S1P, activates Rho signaling through p115 RhoGEF recruited basally by
microtubules, triggering basal actomyosin contraction and subsequent apical extrusion of the
dying cell. For simplicity, the autonomous actomyosin force also required for apoptotic cell

extrusion has been omitted (see text).

(B) In response to crowding stress, Piezol is activated, which triggers live cell extrusion.
S1P-Rho signaling is again required for extrusion, but how and if Piezol cooperates with

S1P-Rho signaling remains unclear.
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Figure 2. Cell Extrusion Coupled to Drosophila Neuroblast Division and Differentiation
Proper extrusion of Drosophilaneuroblasts (NBs) enables asymmetric NB divisions,

daughter cell fate decision, and correct neurogenesis. Bazooka (PAR3, Baz) localizes
apically in the mother epithelium, a polarity that critically is inherited by extruding NBs.
During NB delamination, Inscuteable (Insc) is expressed, localizes apically, and recruits
Pins. During mitotic division, several proteins (including Numb) localize to the basal cortex.
This correct, asymmetric segregation of key proteins governs daughter cell fates and
generates a new neuroblast and a ganglion mother cell (GMC), which produces neurons and
glia.
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Apoptotic stimuli

Figure 3. Leg Folding by Extruding, Apoptotic Cell Forces
During Drosophila leg-joint development, extruding apoptotic cells (blue) pull their

neighbors toward the basal side at the presumptive joint area by accumulating myosin Il
along their apical-basal axis. Neighboring cells accumulate myosin Il at their apical surface,
which triggers apical constriction and subsequent fold formation.
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Figure 4. Tumor Cell Extrusion through Slit-Robo2-Ena Signaling in Cell Competition
(A) Polarity-deficient loser scrib cells (blue loser cells) are predominantly extruded basally

from Drosophila epithelial tissue when confronted with wild-type, winner cells (orange
winner cells). In polarity-deficient cells, JINK signaling activates Slit-Robo2-Ena signaling,
which dysregulates E-cadherin to drive basal extrusion.

(B) In the absence of Slit-Robo2-Ena signaling, polarity-deficient loser cells (blue) escape
from extrusion and overgrow in the epithelial tissue.

(C) Hyperactivation of Slit-Robo2-Ena signaling results in hyperextrusion and luminal
tumors.
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Figure 5. Extrusion Direction Impacts Cancer Cell Outcome
Epithelial tissues (orange) remove either live or dying cells (blue) in response to crowding or

apoptotic stimuli, respectively. Epithelial tissues also eliminate oncogenic cells (blue)
through cell competition. Although in most cases, apically extruded cells eventually die by
anoikis, anoikis-resistant cells can cause luminal overgrowths in Drosophila. (top). In
Drosophila, basally extruded cells undergo apoptotic cell death (A), while basally extruded
cells in vertebrates can cause invasion and secondary metastasis (B).
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