ARTICLE

Entosis and apical cell extrusion constitute a
tumor-suppressive mechanism downstream of
Matriptase

Joy Armistead?, Julia Hatzold?, Anna van Roye’, Evelin Fahle!, and Matthias Hammerschmidt*>>@®

The type Il transmembrane serine protease Matriptase 1 (ST14) is commonly known as an oncogene, yet it also plays an
understudied role in suppressing carcinogenesis. This double face is evident in the embryonic epidermis of zebrafish loss-of-
function mutants in the cognate Matriptase inhibitor Haila (Spintla). Mutant embryos display epidermal hyperplasia, but
also apical cell extrusions, during which extruding outer keratinocytes carry out an entosis-like engulfment and entrainment
of underlying basal cells, constituting a tumor-suppressive effect. These counteracting Matriptase effects depend on EGFR and

the newly identified mediator phospholipase D (PLD), which promotes both mTORC1-dependent cell proliferation and
sphingosine-1-phosphate (S1P)-dependent entosis and apical cell extrusion. Accordingly, hypomorphic haila mutants heal
spontaneously, while otherwise lethal haila amorphs are efficiently rescued upon cotreatment with PLD inhibitors and S1P.
Together, our data elucidate the mechanisms underlying the double face of Matriptase function in vivo and reveal the
potential use of combinatorial carcinoma treatments when such double-face mechanisms are involved.

Introduction

Matriptase-1, also named ST14, is a type 2 transmembrane serine
protease that is expressed in most epithelia to regulate their
integrity (List et al., 2009). Its activity is tightly regulated by its
coexpressed cognate transmembrane inhibitor Hail, also named
Spintl. Via its extracellular protease domain, Matriptase is ca-
pable of activating multiple pro-oncogenic signaling pathways,
and levels of both Matriptase and Hail are dysregulated in many
cancers of epithelial origin (Oberst et al., 2002).

Zebrafish at embryonic and larval stages have a bilayered
epidermis composed of an outer layer of peridermal cells and an
inner layer of basal keratinocytes, which are attached to a
basement membrane that separates the epidermis from the
underlying dermis. It is therefore a simple in vivo skin system,
genetically tractable and easily modified by pharmaceuticals.
Zebrafish mutants in the Matriptase inhibitor Haila display
hyper-proliferation of basal keratinocytes at embryonic stages
and disruption of epidermal architecture, including loss of
basement membrane integrity. The relevant pathways activated
by Matriptase are unclear, but, unlike in studied mammalian
systems, they do not seem to involve HGF-cMet signaling
(Carney et al., 2007; Lee et al., 2000). Interestingly, zebrafish
haila mutants before hatching shed epidermal cells into the

chorion (Carney et al., 2007), which led us to question whether
this might contribute to the spontaneous healing of the mutants
and might be a controlled process similar to apical cell extrusion.
To date, apical cell extrusion, a tumor-suppressive process due
to its ability to relieve cells from an over-crowded environment
(Eisenhoffer et al., 2012; Marinari et al., 2012), or to remove
transformed cells from an otherwise normal epithelium
(Slattum et al., 2009), has been mainly studied in cell mono-
layers in vitro. In this context, cells to be extruded signal to their
neighbors via the lipid second messenger sphingosine-1-phos-
phate (SIP), which is sensed by the G-protein-coupled receptor
SIP receptor 2 (Slpr2; Gu et al., 2011). Activation of Slpr2 in
surrounding cells activates a signaling cascade that culminates
in the formation and contraction of an actin-myosin ring around
the base of the extruding cell, squeezing it apically out of the
epithelium without compromising epithelial integrity. In mice,
overexpression of Slpr2 is sufficient to reduce the size and
metastatic potential of orthotopic tumors (Gu et al., 2015).
However, the exact contributions of cell extrusion to tumor
suppression in vivo have not been examined in detail.

Using a chemical inhibitor screen, we uncovered a
Matriptase-Par2b-EGFR-phospholipase D (PLD)-mTOR signaling
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axis responsible for both (oncogenic) hyperproliferation and (tu-
mor-suppressive) cell extrusion in the bilayered epidermis of haila
mutant embryos. We also identified an unexpected mechanism for
the removal of preneopastic cells from the underlying basal layer,
whereby outer peridermal cells engulf basal keratinocytes before
their own extrusion. This engulfment displays characteristics of
entosis, a nonapoptotic “cell-in-cell” death process with tumor-
suppressive potential, which has been largely studied in vitro
but not yet described in the context of apical cell extrusion
(Krishna and Overholtzer, 2016; Overholtzer et al., 2007). Finally,
we show that suppression of SIP signaling and thereby entosis and
apical cell extrusion worsen the Matriptase-mediated preneo-
plastic phenotypes of haila mutants, while their promotion leads
to rapid healing, together strong indicators that entosis and apical
cell extrusion are indeed tumor suppressor mechanisms in this
context.

Results

The skin phenotype of zebrafish haila"??” mutants

heals spontaneously

We and others previously described the haila"??” zebrafish skin
mutant, which contains a viral insertion upstream of the first
coding exon of the Matriptase inhibitor haila, leading to reduced
transcript levels (Carney et al., 2007, Mathias et al., 2007).
During the first days of development, basal keratinocytes in the
epidermis of homozygous mutant embryos exhibit increased
motility and proliferation. In addition, innate immune cells in-
filtrate the epidermis, and transcript levels of the matrix met-
alloprotease gene mmp9 are significantly up-regulated, accompanied
by compromised basement membrane integrity (Carney et al.,
2007; LeBert et al., 2015; Mathias et al., 2007; Schepis et al.,
2018; Fig. 1 I). These defects are all rescued by matriptasela
(matla) knockdown (Carney et al., 2007; Mathias et al., 2007),
indicating that increased Matriptase activity underlies the
phenotype. Interestingly, these skin defects of haila"??” mu-
tants heal spontaneously to a large extent by the fourth day of
development (Fig. 1, A-B’), including a normalization of epi-
dermal BrdU incorporation rates between 48 and 96 h post-
fertilization (hpf; Fig. 1 F, F, and H’). Indeed, haila"?2”
homozygotes are viable (Fig. 1 N) and fertile as adults.

In the course of an N-ethyl-N-nitrosourea mutagenesis
screen for skin mutants (Carney et al., 2010), we recovered
another haila allele, fr26 (hereafter haila6), which contains a
nonsense c.C445T; p.Q149X mutation in exon 3 (Fig. 1, J and K),
leading to a C-terminal truncation of the protein lacking the
Kunitz-like domains that inhibit Matriptase, as well as the
transmembrane domain (Fig. 1 L). Furthermore, quantitative
RT-PCR of 48-hpf cDNA revealed a reduction of haila transcript
levels down to 17% of sibling values, most likely due to nonsense-
mediated decay (Fig. 1 M). Together, this suggests that in con-
trast to haila"??”, which is hypomorphic, the novel hailaf"¢ allele
likely represents a functional null/amorph.

Consistently, hailaf™?® mutants exhibit a similar, but generally
stronger, embryonic skin phenotype (Fig. 1, A-C’), including
higher proliferation rates (Fig. 1, E-H) and mmp9 transcript
levels (Fig. 11), but also a slight developmental delay (Fig. S1, A
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and B), and more pronounced skin inflammation (Fig. S1 C). As
in haila"??” mutants (Carney et al., 2007), epidermal defects are
independent of skin inflammation, as all investigated pheno-
typic traits persisted even after suppression of the myeloid cell
lineage by pu.l morpholino oligonucleotide (MO) injection
(Rhodes et al., 2005; Fig. S1, C-H). However, in contrast to
haila™227 mutants, haila2¢ mutants do not recover (see below),
with even further increased epidermal proliferation rates at 96
hpf compared with 48 hpf (Fig. 1, G, G', and H), and death of
mutants between 4 and 8 d postfertilization (dpf; Fig. 1 N).

Loss of Matriptase inhibition activates a
Par2b-EGFR-PLD-mTORCI signaling cascade

To gain better insights into the relevant molecular pathways
downstream of Matriptase in haila"??”” hypomorphs, we screened
two chemical libraries (Biomol ICCB known bioactives, Enzo
Life Sciences, 472 compounds; Food and Drug Administration-
approved drugs, Enzo Life Sciences, 640 compounds; Wiley et al.,
2017) for small compounds alleviating or enhancing mutant epi-
dermal morphology between 24 and 96 hpf. In addition, mutants
were treated with compounds not included in these libraries, but
formerly reported to normalize skin morphology in other ze-
brafish mutants (Carney et al., 2007; Hatzold et al., 2016; Mathias
et al., 2007; Reischauer et al., 2009). Several compounds led to a
striking phenotypic alleviation, including two whose substrates
had been described previously in the context of Matriptase: the
ErbB2/EGFR inhibitor PD168393 and the mTORCI inhibitor
rapamycin.

Rapamycin has been shown to rescue epithelial carcinogen-
esis in a mouse model of up-regulated Matriptase signaling
(Szabo et al., 2011), while EGFR, which upon increased activity
can also be oncogenic (Zandi et al., 2007), can be constitutively
activated either by Matriptase itself (via proteolytic cleavage in
the EGFR ectodomain; Chen et al., 2008) or by the Matriptase
substrate Par2, a G-protein-coupled receptor (via trans-
activation of EGFR; Ye et al., 2014). Consistently, injection of
zebrafish haila"??” mutants with a par2b MO or treatment of
mutant embryos with PD168393 alleviated the morphological
symptoms (Fig. 2, C, D, and G), attenuated proliferation rates in
the skin (Fig. 2, C'’, D"/, and J), and rescued mmp9 levels (see
Fig. 5), in agreement with recent data obtained by others
(Schepis et al., 2018). A very similar rescue was obtained upon
treatment of mutant embryos with the mTORC1 inhibitor ra-
pamycin (Fig. 2, F, F/, G, and ]). Importantly, untreated
haila"??” mutants displayed elevated activities of the respective
inhibitor substrates, as revealed by increased numbers of
phospho-EGFR (pEGFR)-positive skin cells (Fig. 2, A’, B’, and H)
and increased phosphorylation of the mTORCl downstream
target RPS6 (Fig. 2 I) compared with sibling controls. This in-
dicates that EGFR and mTORC]1 act downstream of Matriptase to
regulate epidermal homeostasis. Furthermore, par2b MO and
PD168393 treatment normalized both pEGFR (Fig. 2, B/, C’, D/,
and H) and pRPSé levels (Fig. 2 I), while rapamycin only rescued
pRPS6 (Fig. 2 1), but not pEGFR levels (Fig. 2, B, F/, and H),
indicating that mTORCI acts downstream of Par2b and EGFR.

But how does EGFR activate mTORCI? Three formerly de-
scribed mediators are the phosphatidylinositol-3-kinase (PI3K)/
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Figure 1. The skin phenotype of zebrafish haila"??” mutants heals spontaneously. (A-D) Bright field images of embryo tails at 48 (A-D) and 96 hpf
(A'-D’). Both the haila"??"7 and the hailaf™¢ alleles show epidermal aggregates at 48 hpf (B and C), but while the haila"??” phenotype has begun to heal
spontaneously by 96 hpf (B’), the hailaf? allele continues to worsen (C’). A morpholino targeting matla rescues the haila™6 phenotype at 48 and 96 hpf (D and
D’). See also Fig. S1. (E-G) Representative maximum intensity projection images of proliferation marker BrdU (red) in the caudal fin fold at 48 hpf (E-G) and 96
hpf (E’-G’). See also Fig. S1. (H) Quantification of cell proliferation in the caudal fin fold of embryos at 48 hpf and 96 hpf, in relation to the total number of
DAPI-positive nuclei. n = 8-20 embryos per condition. (I) Q-RT-PCR of mmp9 at 48 hpf, indicating an increase in transcript levels in the hailaf™® allele compared
with the haila"?? allele. n = 40 pooled embryo tails. (J and K) Sanger sequencing chromatograms of WT (J) and hailaf2¢ (K) genomic DNA, with the nonsense
C > T mutation indicated (*). (L) Schematic of the zebrafish Haila protein and the putative truncated protein produced by the haila/é allele. SP, signal peptide;
M, MANEC (motif at N terminus with eight cysteines) domain; P, PKD (repeats in polycystic kidney disease 1); KD1, Kunitz domain 1; LDL, low density lip-
oprotein receptor class A; KD2, Kunitz domain 2; TM, transmembrane domain. Domains were predicted using National Center for Biotechnology Information’s
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Conserved Domain Database (Marchler-Bauer et al., 2017) and DAS-TM filter (Cserzo et al., 2002). (M) Q-RT-PCR of haila at 48 hpf, demonstrating likely
nonsense-mediated decay of the transcript in both haila mutants. n = 40 pooled embryo tails. (N) Survival curves comparing siblings (black), haila"??7 mutants
(blue) and hailaf™é mutants (red). n = 30 fish. Values represent means + SD. Significances in (H) were determined via a one-way ANOVA and Tukey’s post hoc
test. Different letters indicate statistically significant differences (P < 0.05). Significances in | and M were determined with a two-tailed Student’s t test, *, P <
0.05; **, P < 0.01; ***, P < 0.001. Scale bars, 200 um in A-D and 50 um in E-G.

AKT and Ras/MEK/pERK pathways, both with positive effects,
and the negative regulator AMPK (Davis et al., 2014; Saxton and
Sabatini, 2017; Szabo and Bugge, 2011). However, neither pAKT
nor pERK levels were elevated in haila"??” mutants (Fig. S2, A
and B), and mutant skin defects remained unaltered upon
chemical interferences with any of the three pathways
(Anastasaki et al., 2012; Fig. S2, C-I). As a fourth mechanism,
EGFR has been reported to activate mTORCI by recruitment and
activation of PLD (Slaaby et al., 1998). PLD converts phosphati-
dylcholine to the bioactive signaling lipid and cell membrane
component phosphatidic acid (PA), which binds and activates
mTOR (Ballou et al., 2003; Fang et al., 2001). Strikingly, inhi-
bition of PLD by 5-fluoro-2-indolyl des-chlorohalopemide (FIPI;
Scott et al., 2009), or inhibition of PA production by treatment
with butanol (Siddhanta et al., 2000), strongly alleviated the
morphological skin defects of haila"??” mutants (Fig. 2, E and G)
and normalized keratinocyte proliferation levels (Fig. 2, E'" and J).
Furthermore, PLD inhibition normalized pRPS6 levels (Fig. 2 I),
but had no effect on EGFR activation (Fig. 2, E’ and H), in line
with a function of PLD upstream of mTORC1 and downstream of
Matriptase and EGFR. To provide direct evidence for the latter
notion, we investigated the sub-cellular localization of PA in
basal keratinocytes using transient transgenic expression of a
GFP-tagged PA-binding biosensor (krtl9:EGFP-PASS). As ex-
pected for a positive regulation of PLD and PA by Matriptase,
GFP-PASS was enriched at plasma membranes of hailah?2”
mutants compared with sibling controls (Fig. 2, K, L, and O;
and Fig. S3J), an effect that was abolished upon FIPI applica-
tion and EGFR inhibition with PD168393 (Fig. 2, M-O). To-
gether, these results point to a role of PLD-produced PA in a
linear Par2b-EGFR-PLD-mTORCl pathway to mediate the
Matriptase-1-induced hyperproliferation in the epidermis of
hailaM??” mutant embryos.

Loss of Matriptase inhibition leads to apical cell extrusion of
peridermal and basal keratinocytes

But what contributes to the later spontaneous healing of
haila®??” mutants, and is this effect mediated by the same
pathway? Apoptotic and programmed necrotic cell death seems
unlikely, as in 48 hpf haila"??” mutant embryos, the numbers of
epidermal cells positive after TUNEL, acridine orange staining,
and Sytox staining were as low as in WT siblings (Fig. S3, A-1), in
line with previous reports (Mathias et al., 2007). Interestingly,
however, cells presumably shed from the surface of the skin had
been observed within the perivitelline space of haila"??”mutant
embryos shortly before hatching (36 hpf; Carney et al., 2007).
Cryosections through the skin of Tgq(krt4:GFP);Tg(p63:dsRed)
double transgenic haila"??” embryos revealed that both krt4:
GFP-positive peridermal cells (Fig. 3 B) and pé3:dsRed-positive
basal cells (Fig. 3 C) of the bilayered epidermis protruded from
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the surface. Actin was concentrated below the departing cell,
creating rosettes formed by the neighboring peridermal cells
most likely forming a contractile ring contributing to the apical
displacement of the departing cell (Fig. 3, B-D; and Video 1). This
is characteristic of apical cell extrusion (Rosenblatt et al., 2001),
a tumor-suppressive process occurring in overcrowded and
neoplastic epithelia, including the periderm of zebrafish em-
bryos (Eisenhoffer et al., 2012; Gu et al., 2015; Schepis et al.,
2018).

Apical extrusion of basal keratinocytes involves their
entosis-like engulfment by peridermal cells

Strikingly, extruding basal keratinocytes were always enveloped
by extruding single peridermal cells (Fig. 3, C and E). This in-
gestive cell behavior strongly resembles entosis found in epi-
thelial cancer cell lines, during which an epithelial cell is
engulfed by a neighboring host cell, driven by an active dis-
placement of the “loser” cell into the “winner” cell. Within the
host cell, the engulfed cell either dies via lysosomal-mediated
degradation or remains alive, and sometimes even divides and
eventually escapes the host (Overholtzer et al., 2007; Krishna
and Overholtzer, 2016). In zebrafish haila"??” mutants, injection
of membrane-bound krt4:TomatoCAAX (peridermal cells) and
p63:GFPCAAX (basal cells) indicated that the membrane of the
engulfed basal cell is intact and fully surrounded by a membrane
of the peridermal host cell (Fig. 3 F). Furthermore, labeling of
single basal cells with pé3:lifeact-Ruby at slightly earlier stages of
the engulfment process revealed actin concentration at the rear
of the cell (Fig. 3 G), indicative of its own active participation in
the engulfment process, as described for entosis in vitro (Florey
et al., 2011; Overholtzer et al., 2007; Purvanov et al., 2014).
Pharmacological inhibition of the Matriptase signaling pathway,
as shown to rescue skin morphology of haila mutants (Fig. 2 G),
significantly reduced not only the number of epidermal rosettes
(as indicators of extrusive events; Fig. 3 D), but also the number
of basal cells within such rosettes (Fig. 3 H).

Extruded cells could also be recovered from the incubation
medium. In line with the in vivo data (Fig. 3 H), numbers of
extruded cells in haila"??” mutants were over 25 times increased
compared with WT embryos, while pharmacological inhibition
of the Matriptase signaling pathway significantly reduced the
numbers of extruded cells (Fig. 4 F).

To gain more insight into the fate of entosed basal cells, we
analyzed shed cells from the incubation medium of krt4:GFP;p63:
dsRed haila"??” mutants. 89% of recovered cells were single
peridermal cells (Fig. 4 A), while the remaining 11% were clus-
ters of peridermal cells containing basal keratinocytes. In those,
different patterns of basal cell ingestion were observed, with
clusters containing either single (Fig. 4 B) or multiple basal and
peridermal cells (Fig. 4, C and D), and with basal cells located
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Figure 2. Loss of Matriptase inhibition activates Par2b-EGFR-PLD-mTORC1 pathway. (A-F) Representative bright field images of the caudal fin fold at 48
hpf. haila"?? embryos were treated with vehicle (B), a morpholino targeting par2b (C), or inhibitors of EGFR (PD168393, D), PLD (FIPI, E), or mTORC1 (ra-
pamycin, F). White, gray, and black boxes correspond with the phenotypic classes No phenotype, Moderate, and Severe, respectively, as shown in G. See also
Fig. S2. (A’-F’) Representative images of anti-pEGFR staining (brown) in the caudal fin fold. (A’’~F’") Representative maximum intensity projection images of
BrdU labeling (red) in the caudal fin fold. (G) Distributions of the morphological phenotypes in treated embryos, scored according to severity of the phenotype.
n = 32-50 embryos per condition in two independent experiments. (H) Quantification of the numbers of pEGFR-positive cells in A’=F’, in relation to the total
area of the fin fold. n = 5-9 embryos. (I) Representative immunoblots of pRPS6 levels in par2b morpholino-injected or inhibitor-treated embryos. n = 20 pooled
tails per condition. Quantification below each blot indicates the average ratios of each pRPS6 band, normalized against tubulin and relative to the sibling
control, calculated from at least three independent experiments. (J) Quantification of numbers of BrdU-positive cells in A" ~F'’ relative to the total number of
nuclei. n = 7-15 embryos. (K-N) krt19:EGFP-PASS transient expression to visualize PA localization in basal keratinocytes of control siblings and hailah2217"
mutants. Maximal intensity projections and single planes of boxed regions (insets, same magnification), as used for the determination of relative membrane-
cytoplasm values shown in O. See also Fig. S2 . (0) Quantification of EGFP-PASS localization to lateral membranes. Ratios of fluorescence in the proximity of
the cell membranes versus the cytoplasm were determined as demonstrated in Fig. S2 J. n = 5-8 cells. For quantifications and statistical significances, see
legend of Fig. 1. Scale bars in A-F, 200 pm; in A’-F'’, 50 pm; and in K-N, 10 pm.
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Figure 3. Loss of Matriptase inhibition leads to apical cell extrusion of peridermal and basal keratinocytes, accompanied by engulfment of basal
cells in the epidermis. (A) WT sibling, (B-G) haila"??”mutants at 48 hpf. (A) Transverse cryosection image of regular bilayered epidermis with outer krt4:GFP
peridermal layer labeled in green and p63:dsRed basal keratinocytes in red. (B) Cryosection image of extruding peridermal cell (green) separating from the
surface of the epithelium. Note the F-actin accumulation at the base of the extruding cell (white). Asterisks in B’” indicate nuclei of cells within the plane of the
rest of the epidermis. (C) Cryosection image of extruding basal cell (red), engulfed by overlying peridermal cells (green); white arrow in C indicates F-actin
accumulation (white) at base of engulfed cell (compare with D). Yellow arrows in C’'" indicate peridermal and basal cell nuclei. (D) En face whole-mount image
of an extruding basal cell (red; p63 antibody) in the epidermis, in the center of an F-actin ring (white) formed by surrounding peridermal cells (green). Single
plane image; see also Video 1 for the full z-stack. (E) YZ orthogonal view of confocal z-stack depicting single peridermal cell (green) engulfing a basal ke-
ratinocyte (red; p63 antibody). The krt4:GFP plasmid was injected into fertilized eggs to label single peridermal cells. (F) Live image of embryo injected at the
single-cell stage with krt4:TomatoCAAX and p63:GFPCAAX constructs, showing intact cell membrane of engulfed basal keratinocytes (F’, green), surrounded by
cell membrane of host peridermal cell (F, red, arrow). Arrowhead in F points to cell membrane at the surface of host cell. (G) Live image of embryo injected at
the single-cell stage with p63:lifeact-Ruby (red) construct to label single basal keratinocytes, showing actin accumulating at rear of invading basal cell (G’;
orthogonal view) located within extruding cell cluster (G, en face view). (H) Quantification of rosette-like figures (extrusion events) in median fin folds of
untreated and pharmacologically treated haila"??”mutants. Percentages of rosettes containing (engulfed) basal cells distal of the peridermal rosette (compare
with D) are indicated in red. n = 5-7 embryos per condition in two independent experiments. For quantifications and statistical significances, see legend of
Fig. 1. Scale bars in A and B, 5 um; and in C-G, 10 pum.

either completely within a single peridermal cell (entosed,
Fig. 4 D, arrow) or within the lumen inside spherical clusters
consisting of multiple joined peridermal cells (Fig. 4 D, arrow-
head). The diameter of the entosed bodies was consistent with
the size of intact basal keratinocytes, and nuclei were visible and
intact when stained with the membrane-permeable DNA-
binding dye DRAQS5 (Fig. S3 M). Furthermore, labeling with
Mitotracker deepRed showed that, at least initially, engulfed
basal keratinocytes are alive and metabolically active (Fig. S3 N).
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In cell culture systems, entosed cells are frequently killed by the
host cells in a lysosome-dependent manner (Overholtzer et al.,
2007). A dye exclusion assay using trypan blue to label dead cells
indicated that the majority of cells are alive at the time of ex-
trusion (Fig. S3 J). However, after 16 h in the incubation me-
dium, approximately one third of engulfed basal cells, but not
their host peridermal cells, were Lysotracker positive, pointing
to their lysosomal acidification by the host cell (Fig. 4, G and I).
In contrast, engulfed basal cells still contained within skin
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Figure 4. Inhibition of apical cell extrusion mechanisms also affects entosis. (A-E) Representative examples of live cells recovered from the embryo
medium of krt4:GFP;p63dsRed haila"??7 embryos at 48 hpf, and quantification of their frequency. Note the filopodia extending from the cellin A. In the complex
cluster depicted in D, one basal cell is completely within a peridermal cell (arrow), while a second basal cell (arrowhead) sits in a lumen formed by the joined
peridermal cells. (E) Representative image of a complex peridermal cell cluster lacking basal cells, recovered after overnight treatment with the Rho kinase
inhibitor Rockout. (A) Maximum intensity projection; (B-E) single plane of a z-stack. n = 303 cells/clusters per condition. See also Fig. S3 and Video 2.
(F) Quantification of the number of cells extruded per fish at 48 hpf after blockage of components of the Matriptase pathway. n = 60-88 embryos.
(G-1) Representative live single-plane images of cell clusters stained with Lysotracker (white, arrow in G) to label lysosomal-acidified cytoplasms, either
recovered from the medium after 16 h of incubation (G) or within the skin of haila"??"” embryos (H). () Quantification of Lysotracker-positive engulfed basal
cells on skin surface and in incubation medium. n = 64 basal cells (medium) or 5 embryos (skin surface). (J) Quantification of cells extruded per fish at 48 hpf
after 16 h treatment with indicated drugs known to interfere with apical cell extrusion and entosis. To avoid lethal effects of blebbistatin, extruded cells were
counted after 6 h of treatment. n = 52-79 embryos. (K and L) Quantification of the proportion of recovered clusters from | containing basal cells (K), and of the
average number of basal cells per cluster (L). n = 111-395 cells/clusters. For quantifications and statistical significances, see legend of Fig. 1. Scale bars, 10 pm.

aggregates in vivo were Lysotracker negative (Fig. 4, H and I),
indicating that entotic basal cell death is only initiated after cell
cluster extrusion.

Of the few known molecular regulators driving the initial
engulfment steps of entosis, such as the small GTPase Rho and
nonmuscle myosin I, all are also required for apical cell extru-
sion, largely due to the dependence of both processes on actin-
myosin constrictions (Overholtzer et al., 2007; Purvanov et al.,
2014; Rosenblatt et al., 2001). In contrast, protrusive activity
driven by the small GTPase Cdc42 seems to be specifically re-
quired for apical cell extrusions, but not for entosis (Grieve and
Rabouille, 2014; Durgan et al., 2017). Accordingly, treatment of
haila"??” mutants with the Cdc42 inhibitor ML141 only caused a
reduction of general apical extrusion rates, while the ratio be-
tween extruded peridermal and co-extruded basal cells was not
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significantly altered. In contrast, treatment with the Rho kinase
inhibitor Rockout, the actin polymerization inhibitor cytocha-
lasin D, or the nonmuscle myosin II inhibitor blebbistatin re-
duced the total number of apically extruded cells (Fig. 4 J), as
well as the percentage of clusters containing basal keratinocytes
(Fig. 4 K) and the number of basal keratinocytes per cluster
(Fig. 4 L). Actually, while cell clusters recovered from the me-
dium of untreated haila"??” mutants all contained at least one
basal cell (see above; Fig. 4, C and D), treatment with Rockout,
cytochalasin, or blebbistatin led to the appearance of clusters
containing multiple peridermal but no basal cells (Fig. 4 E). This
indicates that in addition to apical cell extrusions, these drugs
also specifically inhibit the engulfment of basal by peridermal
cells, providing further evidence for the entosis-like nature of
this process. Together, these results indicate that epidermal cells
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of haila"??” mutant embryos undergo trans-layer entosis, and
that peridermal cells and entosed basal keratinocytes are shed
from the skin’s surface. Thus, it appears that elevated
Matriptase-1 activity, in addition to its initial induction of epi-
dermal hyperplasia, via the same pathway also activates apical
extrusion of peridermal and entosed basal keratinocytes as a
tumor-suppressive mechanism underlying the later self-healing
of the haila"??” mutants.

Apical cell extrusion is promoted by Mmp9 and loss of
basement membrane integrity

Even during early developmental stages, outer peridermal cells
are normally attached to each other and to underlying basal cells,
while basal cells are bound to the underlying basement mem-
brane (Carney et al., 2010; Sonawane et al., 2005; Webb et al.,
2007). This suggests that apical cell extrusion and the accom-
panying entosis must involve mechanisms to loosen such cell-
cell and cell-ECM interactions, and that these mechanisms are
enhanced in haila"??” mutants. Binding of basal keratinocytes to
the basement membrane requires a physical interaction between
laminins of the basement membrane and integrin receptors on
the basal side of basal keratinocytes, which secondarily also af-
fects cell-cell adhesiveness between keratinocytes. For the em-
bryonic zebrafish skin, this is exemplified by the compromised
epidermal integrity of zebrafish mutants in the integrin gene
itga3 and the laminin gene lama5 (Carney et al., 2010; Webb et al.,
2007). Indeed, haila"®” mutants display a discontinuous dis-
tribution of laminin underneath the epidermis (Fig. 5, A and B).
Furthermore, haila displays a tight genetic interaction with itga3
and lamab, as revealed by the synergistic enhancement of both
the morphological skin defects and the apical cell extrusion rates
caused by the coinjection of low/sub-phenotypic doses of the
respective MOs (Fig. 5, C-S), whereas full knockdown of lama5
or itga3 alone had no effect on cell extrusion rates (Fig. 5, R and
S). Matriptase could possibly contribute to the loss of laminin-
dependent cell adhesiveness via matrix metalloproteases like
Mmp2 or Mmp9, gelatinases with laminin-5 as a described
substrate (Giannelli et al., 1997; Zhang et al., 1991). Indeed, mmp9
expression is up-regulated in haila mutants (Fig. 1 I) in a Par2b-,
EGFR-, PLD-, and mTORCl-dependent manner (Fig. 5 T), while
treatment with a chemical Mmp9/13 inhibitor led to a significant
reduction in apical cell extrusion rates in haila morphants (Fig. 5
Q and Fig. 6 I) and in embryos coinjected with low amounts of
haila and lama5 MOs or haila and itga3 MOs (Fig. 5, R and S). This
normalization, however, was less pronounced than the effect
caused by injected matla MO (Fig. 5, H, L, and P-S). This suggests
that Matriptase-1 might promote laminin degradation and
thereby apical cell extrusion rates by transcriptional activation
of mmp9 via the Par2b-EGFR-PLD-TORCI pathway, and possibly
also by direct laminin degradation, consistent with former
in vitro data (Tripathi et al., 2011). Our observation that full
lama5 and itga3 morphants/mutants per se (Carney et al., 2010;
Webb et al., 2007) lack apical cell extrusion further indicates that
these mechanisms to destabilize cell adhesiveness are necessary,
but not sufficient, for apical cell extrusion. This points to the
coexistence of additional effectors of Matriptase-1 to induce ap-
ical cell extrusion.
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Entosis, apical cell extrusion, and self-healing in the haila"?2?
mutant are mediated by S1P signaling

Apical cell extrusion has formerly been shown to be driven by
the signaling lipid molecule SIP (Gu et al., 2011; Gu et al., 2015),
which is produced in cellular membranes by sphingosine kina-
ses. Interestingly, it is also known that PA can recruit sphingo-
sine kinase 1 (Sphkl) to cell membranes (Delon et al., 2004),
providing a possible mechanistic link between the Matriptase
mediator PLD and the elevated apical cell extrusion rates. In-
deed, in basal keratinocytes of haila"??” mutants, transiently
expressed, GFP-tagged mouse Sphkl (krt19:EGFP-SphkIWT) dis-
played a more pronounced membranous/cortical localization
than in WT siblings (Fig. 6, C, D, and G). This cortical localization
was dependent upon PA and abolished by treatment with the
PLD inhibitor FIPI (Fig. 6, E and G), whereas treatment with
rapamycin to inhibit mTORC1 did not alter Sphkl localization
(Fig. 6, F and G), pointing to the existence of a branching point in
the Matla-Par2b-EGFR-PLD pathway at the level of the PLD
product PA, with mTORCI and Sphk1 as downstream mediators
that act largely in parallel.

To examine the role of Sphkl-produced S1P in entosis and cell
extrusion, we blocked S1P signaling in haila"??”” mutants, either
by treating them with the chemical Sphk1/2 inhibitor MPAOS, or
by generating double mutants that in addition to Haila lack a
functional SIP receptor Slpr2 (slpr2t?”?; Kupperman et al.,
2000). Indeed, compared with untreated haila"?27 mutants,
MPAOS8-treated single haila"??” mutants and haila"??7;s]prte?”
double mutants at 48 hpf showed a significant reduction of
overall apical cell extrusion rates (Fig. 4 ] and Fig. 6 H), and of
the presence of entosed basal cells within remaining extruded
cell clusters (Fig. 4, K and L). Consistently, in the skin of mutant
embryos in vivo, the number of actin rosettes indicative of ex-
trusive processes was reduced upon MPAOS treatment (Fig. 6,
I-K). Such blockage of entosis and cell extrusion was accompa-
nied by a failure to recover body morphology (Fig. 6, L'-0’; and
Fig. S4, A-D) and to normalize epidermal proliferation rates,
which remained high even at 96 hpf (Fig. 6, L'’-0""" and Q).
Together, this indicates that S1P and its receptor Slpr2 act
downstream of PLD to mediate entosis and apical cell extrusion.
This extrusion machinery preferentially targets proliferative
keratinocytes, leading to a strong reduction in epidermal pro-
liferation rates and to spontaneous healing of the epidermal
defects of haila"??” mutants between the second and fourth day
of development.

Similarly high epidermal proliferation rates and strong
morphological defects of the epidermis at 96 hpf as upon
blockage of SIP signaling were obtained upon long-term treat-
ment of haila"??” mutants with the PLD inhibitor FIPI (Fig. 6,
P-P’"" and Q), despite the alleviation of these defects this
treatment had caused at 48 hpf (Fig. 2). This suggests that
blockage of Matriptase signaling upstream of the branching
point, affecting both the preneoplastic mTORCI and the tumor-
suppressive SIP branch, only leads to a transient alleviation of
epidermal hyperplasia and dysmorphology, possibly because of
predominant suppression of mTORCl-mediated hyperplasia
early, but predominant suppression of entosis and apical cell
extrusions during later stages.
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Figure 5. Apical cell extrusion is promoted by Mmp9 and loss of basement membrane integrity. (A and B) Laminin antibody staining (red) in the caudal
fin fold revealing compromised basement membrane integrity in haila"??’” embryos at 48 hpf. (C) Genetic interaction between lama5 and haila. Sub-phe-
notypic/low doses of single morpholinos had no effect on the morphological phenotype, but combined injection of sub-phenotypic doses recapitulated the
haila epidermal phenotype. n = 99 or 100 embryos per condition. (D) Genetic interaction between itga3 and haila. n = 100 embryos. (E-P) Representative
bright field images of single and combined morpholino injections at 48 hpf. Note that the matla MO fully rescues the epidermal phenotype (H, L, and P).
(Q-S) Quantification of cell extrusions at 48 hpf for the haila morphants (Q) and the genetic interaction between lama5 and haila (R) and itga3 and haila (S).
The cell extrusion phenotype depends in part on Mmp9 and Mmp13, and is fully rescued upon coinjection of the matla morpholino. n = 40-178 embryos.
(T) Q-RT-PCR demonstrating that levels of mmp9 in mutants are reduced upon treatment. n = 40 pooled embryo tails. For quantifications and statistical
significances, see legend of Fig. 1. Scale bars in A and B, 20 um; in E-P, 200 pm.
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Figure 6. Apical cell extrusion and self-healing in the haila"?’” mutant are mediated by S1P signaling. (A-F) Localization of transgene encoded,
transiently expressed, and EGFP-tagged WT mouse Sphkl (krt19:EGFP-Sphk1WT; C~F) and, as negative control, a C-terminally truncated version of Sphkl
lacking the PA-binding site (krt19:EGFP-SphkINT, A and B) in single basal keratinocytes of zebrafish WTs or haila"??7 mutants at 48 hpf. (G) Quantification of
Sphkl cortical localization, determined as the ratio of average cortical fluorescence measured in a radius of 2 um from the cell border, to the average flu-
orescence in the interior of the cell. n = 3-13 cells per condition. (H) Quantification of cell extrusion numbers at 48 hpf upon blockage of S1P signaling, either by
mutation of the slpr2 gene or by sphingosine kinase inhibition (MPAO8), or upon FIPI treatment upstream of the SIP pathway. n = 19-39 embryos.
(1-K) Alternative method of quantification of extruded cell numbers, counting the number of actin rosettes per embryo tail in krt4:lifeact-ruby (white in | and K)
haila morphants upon drug treatment. n = 6-8 embryos. (L-P and L’-P’) Bright field images of embryo tails at 48 hpf and 96 hpf, showing that blockage of cell
extrusion in haila"??”7 mutants, either by sIpr2 mutation or by continual FIPI treatment from 10-96 hpf, leads to worsening of the epithelial phenotype over
time (compare M’ with O’ and P’). See also Fig. S4. (L"’-P"" and L"""-P’"") BrdU (red) incorporations at 96 hpf demonstrate increased proliferation rates upon
blockage of cell extrusion. Double BrdU and p63 (green) labeling reveals proliferating basal keratinocytes (arrowheads in L'"’-P""’). (Q) Quantification of
proliferation rates of basal keratinocytes at 96 hpf after blockage of apical cell extrusion. n = 7-16 embryos. For quantifications and statistical significances, see
legend of Fig. 1. Scale bar in A-F, 10 um; in L-P’, 200 pm; and in J, K, and L'’=P’"’, 50 pm.

Combinatorial PLD inhibition and S1P administration to
reactivate apical cell extrusions can heal the otherwise lethal
amorphic haila %6 allele

Having identified S1P-dependent entosis and apical cell extrusion
as the compensatory, tumor-suppressive side of Matriptase
function accounting for the later self-healing of haila"??” mutants,
we turned back to the amorphic P2i2™ allele, which does not heal
spontaneously and displays persistent epidermal hyperplasia.
Reasoning that this might be due to an imbalance between the
pro-proliferative and tumor-suppressive branches, we tested
whether stronger activation of apical extrusion by treatment with
SIP might be beneficial for haila¢ mutants. Similar to the results
reported above for the weaker haila"??” allele, haila™¢ mutants
treated with FIPI from 24 hpf onwards displayed a strong reduc-
tion in apical cell extrusion at 48 hpf, whereas administration of
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SIP led to a twofold increase (Fig. 6 I and Fig. 7 B), suggesting that
SIP might be able to compensate for the negative, extrusion-
blocking side effects of FIPI. However, former studies had re-
vealed a mitogenic effect of SIP (Zhang et al., 1991), which would
be counterproductive here. And indeed, SIP increased prolifera-
tion rates in both mutant and sibling embryos when applied early
and for 4 d (24-120 hpf). In contrast, no such mitogenic effect was
observed upon shorter/later treatments for 2 d (72-120 hpf; Fig.
S4, E-M). This indicates that proper timing is absolutely crucial
for SIP treatments. Therefore, also taking into account the time
courses of self-healing and FIPI effects in the weak haila"??” allele,
we progressed to a combinatorial treatment regimen, treating
haila™¢ mutants from 24 to 72 hpf with FIPI to attenuate kerati-
nocyte proliferation (compare with Fig. 2 ] for hailah?2?), followed
by administration of SIP from 72 hpf, when haila"??” mutants
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begin to recover, through 120 hpf to promote apical cell extrusion
(Fig. 7, A and B). This extrusion-promoting effect of SIP was most
likely not due to changes in cell-matrix or cell-cell adhesions, as
we did not observe any differences in laminin and E-cadherin a-
bundance and distribution upon SIP treatment from 72-120 hpf
(Fig. S4, N-U). Assessment of embryos at 120 hpf revealed that the
sequential treatment led to a reduction of epidermal proliferation
rates and an efficient rescue of the overall skin morphology to
almost WT conditions, while the effects of single treatments using
the same temporal regimen were rather minor (Fig. 7, C-S).
Furthermore, while untreated and singly treated mutants began
dying shortly after 3 dpf, mutants with the combined treatment
survived to the end of the treatment (5 dpf) and even beyond 8 dpf
(Fig. 7, T and U). Similar treatment regimens using rapamycin and
S1P were less successful (Fig. S5). While rapamycin alone reduced
cell proliferation in haila?¢ mutants (Fig. S5, C, M, and O), long-
term survival of these embryos was impaired (Fig. S5 U), most
likely due to side effects of rapamycin on the development of the
zebrafish embryo, resulting in failed swim bladder formation even
in siblings (data not shown). Of note, in contrast to FIPI and S1P
combinatorial treatments, application of SIP following rapamycin
had no additional negative effect on cell proliferation at 120 hpf
(Fig. S5, C, O, and S) and did not significantly alleviate the de-
velopmental defects or lethality of rapamycin-treated mutants
(Fig. S5, E, G, J, and U), consistent with our proposed mechanistic
model, according to which rapamycin, in contrast to FIPI, does not
compromise endogenous SIP production (Fig. 7 V).

These results indicate that enhancement of apical cell ex-
trusion by SIP administration can compensate for the negative
side effects of FIPI treatment, restoring the balance between the
pro-proliferative and tumor-suppressive branches in the
haila¢ mutant (Fig. 7 V) and resulting in healing of its other-
wise lethal skin phenotype.

Discussion

The type two transmembrane serine protease Matriptase is well-
studied as an oncogene, and dysregulated Matriptase activity is
associated with multiple epithelial cancers (List et al., 2006).
Here, we uncovered a previously undescribed pro-proliferative
Par2b-EGFR-PLD-mTORCI signaling axis downstream of Ma-
triptase. Additionally, we exploited the spontaneous healing of
the zebrafish haila"??” mutant to show that increased Matriptase
activity can also trigger a parallel pathway culminating in the
S1P-mediated tumor-suppressive mechanism of entosis and ap-
ical cell extrusion, revealing a second face for Matriptase. Ac-
cording to the model drawn from our data (Fig. 7 V), these two
counteracting pathways branch downstream of the shared Ma-
triptase mediator PLD, with PA promoting the membrane local-
ization and thereby activation of both mTORC1 and sphingosine
kinase. The relative strengths and timing by which the tumor-
suppressive branch is activated seem to dictate whether or not
the organism recovers.

Matriptase as a tumor suppressor
Analyzing the mechanisms by which Matriptase promotes apical
cell extrusion, we found them to be at least threefold (Fig. 7 V).
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First, apical cell extrusion is promoted by hyperplasia-induced
cell crowding, consistent with the concomitant alleviation of
keratinocyte proliferation and extrusion rates by treating haila
mutants with rapamycin (Fig. 2 J and Fig. 4 F). Second, it is
promoted by matrix metalloprotease-induced detachment of
basal keratinocytes from the underlying basement membrane
(Fig. 5), which also compromises intercellular adhesiveness
among keratinocytes, thereby possibly also promoting the
shedding of outer keratinocytes (Carney et al., 2010). Of note,
this tumor-suppressive effect of Mmp?9 is in seeming contrast to
its oncogenic effect revealed in another zebrafish skin mutant,
where it promotes keratinocyte invasiveness (Hatzold et al.,
2016), pointing to a similar double face of matrix metal-
loproteases as reported here for Matriptase. Finally, the third,
and likely most crucial, mechanism to stimulate apical cell ex-
trusion: Matriptase uses SIP signaling, indicated by the absence
of cell extrusion upon loss of SIP production or signal trans-
duction (Fig. 6 H), and its promotion upon administration of
exogenous SIP (Fig. 7 B). We also elucidated the mechanisms by
which elevated Matriptase activity stimulates SIP signaling,
showing that Sphkl, which catalyzes the phosphorylation of
sphingosine to S1P, displays a PLD-dependent translocation to
cortical regions of haila"??” mutant keratinocytes (Fig. 6, A-G).
This is consistent with reports that membranous PA directly
binds cytoplasmic Sphkl, thereby recruiting it to cell membrane
compartments (Delon et al., 2004). Plasma membrane localiza-
tion of Sphkl in turn would allow the release of SIP into the
extracellular space, where it could act in an autocrine and/or
paracrine manner to facilitate cell extrusion, in agreement with
previous reports of extruding vSrc-transformed cells (Anton
et al., 2018).

Cell extrusion of basal cells in the epithelial bilayer is achieved
via their entosis-like engulfment by surface cells

Apical cell extrusion has previously only been described for cell
monolayers, while here we show that apical extrusion of cells
from lower layers takes place as well, at least within a bilayered
epithelium. Indeed, for tumor suppression, this loss of basal cells
is crucial, as it is the hyperproliferation of such basal cells that
mainly contributes to epidermal hyperplasia (Carney et al.,
2007; Schepis et al., 2018). Strikingly, however, basal cells
were only released from the epithelium when surrounded by
peridermal cells (Figs. 3 and 4), presumably as a means to
maintain epithelial integrity.

Intriguingly, this process of basal cell engulfment strongly
resembles the type IV nonautonomous cell death mechanism
entosis, which was first described in cancer cell lines of epi-
thelial origin (Martins et al., 2017; Overholtzer et al., 2007),
whereas reports of its in vivo occurrence are scarce (Lee et al.,
2019), leaving it largely unclear what role and relevance entosis
has in tissue homeostasis and carcinogenesis. It even remains
uncertain whether entosis constitutes a tumor-suppressive or
tumor-promoting mechanism (Krajcovic et al., 2011; Overholtzer
et al., 2007). In the zebrafish haila mutant, entosis of basal
keratinocytes appears to occur only in combination with apical
cell extrusion and can therefore be regarded as a tumor-
suppressive mechanism. These results could be relevant for
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epidermal phenotype (not shown). For sequential treatments shown in B-U, embryos were treated with FIPI from 24-72 hpf, followed by SIP treatment from
72-120 hpf. Single treatments occurred in the same time frames as in the combinatorial regimen. (B) Quantification of extruded cell numbers at 48 hpf
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following individual drug treatments of siblings and haila?6 mutants from 24 hpf. n = 18-30 embryos per condition. (C) Quantification of BrdU-positive cells at
120 hpfin embryos treated with FIPI and/or S1P. n = 5-11 embryos per condition. (D-K) Bright field images of the fin fold of sibling controls and haila™6 mutants
at 120 hpf after indicated treatments. (L-S) Representative maximum intensity projection images of BrdU incorporation (red) in 120 hpf embryos after indicated
treatments. (T and U) Survival curves of drug-treated embryos. n = 30 fish per condition. For quantifications and statistical significances, see legend of Fig. 1.
Scale bar in D-K, 300 um; in L-S, 50 pm. (V) Model of branched pathway mediating the double face of Matriptase in haila mutant embryos. For details, see text.

carcinogenesis in mammalian tissues of similar structure, such
as the bilayered mammary duct epithelium, which undergoes a
similar process of cell extrusion into the lumen, accompanied by
cell engulfment by neighboring epithelial cells (Monks et al.,
2005, 2008).

Since the molecular mechanisms driving entosis are little
understood, the molecular pathway identified here could open up
new avenues of enquiry. For example, PLD and PA might be
necessary for cell membrane dynamics that take place during
entosis, in line with their formerly described roles during mac-
roautophagy and macropinocytosis in phagocytes (Bohdanowicz
et al., 2013; Dall’Armi et al., 2010). It remains unclear how peri-
dermal cells specifically recognize and target proliferating basal
cells, as indicated by the drop of overall proliferation rates of p63-
positive basal cells as a result of the extrusion process (Fig. 6 Q),
and in contrast to cell competition wherein loser cells have a
proliferative disadvantage (Ellis et al., 2019). Detachment of di-
viding basal cells from the basement membrane, possibly medi-
ated by matrix metalloproteases, might be involved. Another
crucial factor appears to be SIP. For phagocytosis of apoptotic
cells, macrophages and neutrophils rely on “find-me” and “eat-
me” signals expressed by their targets. Intriguingly, SIP is a “find-
me” signal for engulfment by phagocytic cells (Gude et al., 2008).
In line with this role, we found that pharmacological inhibition of
the Slpr2 reduced not only extrusion rates, but also the ratio of
basal cells within the extruded cell clusters (Fig. 4, ] and K). This
suggests that one and the same signaling molecule, SIP, is re-
sponsible for the induction of both the engulfment of basal ker-
atinocytes by overlying peridermal cells and the subsequent
extrusion of the resulting cell clusters. Therefore, SIP can be
considered as a master regulator of this tumor-suppressive
mechanism in the context of a bilayered epithelium.

Implications for potential treatment of Matriptase-dependent
carcinogenesis

Given its up-regulation in many types of epithelial-derived
cancers, it is crucial to unravel the downstream pathways ini-
tiated by Matriptase activity, and to identify druggable targets
therein. Both EGFR and mTORCI inhibitors are well-studied, but
known to have adverse side effects in the long term, especially
when used as monotherapy (Arasada et al., 2014; Choo et al.,
2008; Holcmann and Sibilia, 2015; Huang and Fu, 2015; Martin
et al., 2013; Tsaur et al., 2012). In this vein we found that ra-
pamycin treatment had adverse effects (Fig. S5), despite the fact
that based on our proposed pathway, it would be the most
straightforward treatment, inhibiting cell proliferation without
directly compromising tumor-suppressive entosis and apical cell
extrusion processes (Fig. 7 V). More recently, both PLD (Bruntz
et al., 2014; Henkels et al., 2013; Park et al., 2012; Scott et al.,
2009; Su et al., 2009) and Sphk1/S1P (Dany, 2017; Kunkel et al.,
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2013; Pyne et al.,, 2011) have become the focus of anti-cancer
small-molecule inhibitor development. Our results demon-
strate that combinatorial treatments, which take into account
bifurcations in the signaling pathway, are likely to be far more
effective than monotherapy. This seems to be particularly so
when double-face regulators with both oncogenic and tumor-
suppressive effects are involved, such as Matriptase, for which
we combined blockage of the shared stem of the pathway with a
reactivation of the tumor-suppressive branch. Of note, at the
concentrations and temporal profiles used, the applied compo-
nents (FIPI and SIP) only affected mutants, but not WT fish,
pointing to an absence of adverse side effects. Similar combi-
natorial concepts should also be considered for other oncogenes
associated with tumor-suppressive properties or vice versa
(Avalos et al., 2014; Lebrun, 2012; Loizou et al., 2019; Rada et al.,
2018; Turunen et al., 2017).

Materials and methods

Zebrafish lines

In general, experiments were performed on zebrafish embryos
between 2 and 5 dpf, with homozygous mutants compared with
unaffected sibling controls unless otherwise indicated. Embryos
were kept at 27°C in E3 embryo medium with 2 x 107% meth-
ylene blue (60x stock: 295 mM NaCl, 10 mM KCI, 20 mM CaCl,,
and 20 mM MgSO,), randomly assigned to treatment groups,
and no effort was made to separate embryos by sex. Genotype
was confirmed using genomic DNA and PCR as below, or by
incrossing and subsequent phenotyping. The following zebrafish
lines were used: haila"22’T9 (Amsterdam et al., 2004; Carney
et al., 2007); krt4:GFP9’™9 (periderm labeling; Gong et al.,
2002); tp63:dsRed6T9 (basal cell labeling; construct kindly
provided by S. Rieger, University of Miami, Miami, FL; Lisse
et al,, 2016); slpr2 mutant edg5*?”? (Kupperman et al., 2000);
krt4:lifeact-ruby79 (this study; see below); mpx:GFP™T9 (neu-
trophil labeling; Renshaw et al., 2006); and mpegl.L:mcherry-
Fump2T9 (macrophage labeling; Bernut et al., 2014). The hailaf26
mutant was recovered from an N-ethyl-N-nitrosourea muta-
genesis forward genetics screen performed in the Hammersch-
midt laboratory (Carney et al., 2010). All zebrafish experiments
were approved by the national animal care committees (Land-
esamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-
Westfalen; 8.87-50.10.31.08.129; 84-02.04.2012.A251; City of
Cologne; 576.1.36.6.3.01.10 Be) and the University of Cologne.

Genotyping

The haila"??” mutants were genotyped by PCR using the follow-
ing three primers: genotyping primer haila™?”_1 (5'-CGACGC
TTGTACATCCTGCC-3'), genotyping primer haila"?”_2 (5'-ATT
TCTGAAAACTGGGCCAC-3'), and genotyping primer haila"?2”_3
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(5-GCTAGCTTGCCAAACCTACAGGT-3'). Primers 1 and 3 detected
the mutant allele with a band of 486 base pairs, while primers
1and 2 detected the WT allele with a band of 524 base pairs. The
slpr2™2” mutants were genotyped by PCR using the following
primers: genotyping primer slpr2t¢?”_F (5'-CATTTCATTTGACTC
CTGTCCAGTG-3') and genotyping primer slpr2t”_R (5'-TAG
TATCGGGTGTTGAGGGGC-3') followed by digestion using ApeKI
(NEB), following the protocol detailed by the Zebrafish Interna-
tional Resource Center.

Plasmid constructs and transgenesis

The PA-binding bioprobe GFP-PASS, a kind gift from G. Du
(University of Texas Health Science Center, Houston, TX; Zhang
et al.,, 2014), was used to create krt19:EGFP-PASS using the Tol2 kit
(Kwan et al., 2007). This construct contains the basal cell-specific
krt19 promoter, driving expression of the GFP-tagged PA-binding
domain of Saccharomyces cerevisiae protein Spo20. Additionally, a
nuclear export sequence derived from protein kinase A inhibitor a
is added to prevent the nuclear retention of the probe (Zhang
et al,, 2014). The GFP-PASS bioprobe was cut with EcoRI and
BamHI to release it from the vector and to remove the SV40
polyA sequence, gel-purified (Macheray-Nagel), and ligated
using T4 ligase (NEB) into EcoRl/BamHI-digested middle entry
vector containing a multiple cloning site (pME-MCS). To create
krt19:EGFP-mmSphKIWT and krt19:EGFP-mmSphKINTI, we used
N-terminally GFP-tagged mouse sphingosine kinase WT and de-
letion (NT1, missing the PA-binding domain) constructs, kindly
provided by N. Ktistakis (Babraham Institute, Cambridge, UK;
Delon et al., 2004). Both of the sphingosine kinase constructs were
released from the backbone using Agel and Xbal digestion, gel-
purified, and ligated into Xmal/Xbal-digested middle entry vector.
The basal cell-specific krtl9 promoter has been described previ-
ously (Lee et al., 2014). The krt4:lifeact-ruby construct was also
generated using the Tol2 kit, with the described krt4 promoter
(Gong et al,, 2002). The primers 5'-GGGGACAAGTTTGTACAA
AAAAGCAGGCTCCACCATGGGTGTCGCAGATTTGATC-3' and 5'-
GGGGACCACTTTGTACAAGAAAGCTGGTTAAGCGCCTGTGCT
ATGTC-3' were used to amplify the Lifeact-Ruby cDNA from
plasmid zMPO:Lifeact-Ruby (kind gift from A. Huttenlocher,
University of Wisconsin-Madison, Madison, WI; Yoo et al., 2010)
and cloned into pDONR221 (Invitrogen). The construct was used
to generate the stable transgenic line krt4:lifeact-ruby™™9 by
standard injection and screening procedures. To generate p63:
lifeact-ruby, the p63 promoter was cut from p63:dsred (Lisse et al.,
2016) and ligated into the Xhol/BamHI site of a modified
pT2AL200RI150G vector (Urasaki et al., 2006), in which the EFI:
egfp sequence had been replaced by a multiple cloning site. The
lifeact-ruby sequence was amplified using the primers 5'-GATATC
AGGCTCCACCATGGGTGTCG-3' and 5'-GATATCTTAAGCGCC
TGTGCTATGTC-3’ and inserted into the EcoRV site downstream of
the p63 promoter. To generate p63:GFP-CAAX, a fragment con-
taining the p63 promoter was cut from p63:dsred with Xhol and
BamHI and cloned into the Xhol/BamHI site of p5E-MCS, which
was then used in a Gateway LR reaction with pME-GFP-CAAX
(Tol2 kit), p3E-polyA, and pDestTol2pA2. Final constructs were
injected into 1-2-cell stage fertilized zebrafish embryos at a con-
centration of 12.5-25 ng/ul.
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Morpholinos

MOs were obtained from Gene Tools and diluted in Danieau
buffer before injection of 3 nl into fertilized eggs. Morpholino
sequences and concentrations were as follows: MOIl-spintla
(haila) 5'-ACCCTGAGTAGAGCCAGAGTCATCC-3' (ZFIN: ZDB-
MRPHLNO-071218-5), 20 M (high) or 10 uM (low; Carney et al.,
2007); par2b 5'-GTAGCTCTCGGACACCGCCATATTC-3' (this
paper), 500 pM; MOL-spilb (pu.l) 5'-GATATACTGATACTCCAT
TGGTGGT-3' (ZDB-MRPHLNO-050224-1), 500 pM (Rhodes
et al., 2005); MOl-stl4a (matla) 5'-AACGCATTCCTCCATCCA
TAGGGTC-3' (ZDB-MRPHLNO-071218-1), 66.67 uM (Carney
et al., 2007); MO3-lama5 5'-AACGCTTAGTTGGCACCTTGTTGG
C-3' (ZDB-MRPHLNO-080109-7), 50 pM (high) or 20 pM (low;
Webb et al., 2007); and MO2-itga3b 5'-AGTCAAATGCGCTAA
CTCACCCTGC-3' (ZDB-MRPHLNO-100528-11), 50 uM (high) or
20 uM (low; Carney et al., 2010).

Inhibitors

All inhibitors were obtained from Sigma-Aldrich/Merck with
the exception of MMP9 inhibitor I (Enzo) and MPAOS (Toc-
ris). Stock solutions of drugs were prepared in DMSO, except
for S1P, which was dissolved in methanol. Appropriate dilu-
tions were prepared in E3 embryo medium before application
to the embryos and were renewed each day of the treatment.
Final concentrations were as follows: PD168393, 2.7 pM; FIPI,
100 pM; rapamycin, 1.1 pM; butanol, 0.3%; PIK-90, 5 uM;
wortmannin, 1 pM; PD0325901, 1.5 uM; AICAR, 1.2 pM;
MPAO8, 50 uM (low)-100 pM (high); SIP, 0.2 pg/ml; MMP9
inhibitor I, 20 pM; MMP9/13 inhibitor, 50 uM; camptothecin,
20 nM; Rockout, 60 puM; blebbistatin, 5 pM; cytochalasin D,
2 uM; and ML141, 50 pM. Control embryos were incubated in
vehicle (DMSO or methanol) at the same dilution as the drug-
treated embryos.

Western blot

Protein extracts from tails of 48 hpf embryos prepared in lysis
buffer supplemented with phosphatase and protease inhibitors
(PhosSTOP, cOmplete protease inhibitor cocktail tablets, Roche)
were separated by 9% SDS-PAGE under reducing conditions.
Following transfer to a 0.2-um nitrocellulose membrane
(Amersham Protran), the membrane was blocked in 4% BSA in
TBS-Tween. The primary antibody (rabbit polyclonal anti-
phospho-S6 ribosomal protein Ser240/244, RRID AB_331682,
Cell Signaling Technology, cat. no. 2215; mouse monoclonal anti-
tubulin, RRID AB_477579, Sigma-Aldrich, cat. no. T5168; rabbit
monoclonal anti-phospho-Akt Ser473, RRID AB_2315049, Cell
Signaling Technology, cat. no. 4060; mouse monoclonal anti-
MAP kinase, activated [diphosphorylated ERK1 and 2], RRID
AB_260729, Sigma-Aldrich, cat. no. M9692) was diluted to
1:2,000 or 1:5,000 in blocking buffer and incubated with the
membrane overnight at 4°C. The secondary antibody (goat anti-
rabbit or anti-mouse HRP, RRID AB_2313567 or AB_10015289,
Jackson ImmunoResearch, cat. no. 111-035-003 and 115-035-003)
was diluted to 1:10,000, and the blot was developed using
chemiluminescent substrate (Pierce ECL Western blotting sub-
strate, Thermo Fisher Scientific). Relative protein levels were
determined using Fiji/Image] software (Schindelin et al., 2012).

Journal of Cell Biology
https://doi.org/10.1083/jcb.201905190

14

620z Jequiada( 10 uo 3sanb Aq 4pd 061506102 A0l/5+22Z91/06 1506 | 0Z8/Z/612/4pd-8lonie/qol/Bio-ssaidni//:dny woy pepeojumoq


https://doi.org/10.1083/jcb.201905190

Fluorescent antibody and fluorescent dye staining

Embryos were fixed 2 h to overnight in 4% formaldehyde ti-
trated from paraformaldehyde, washed extensively in PBS-
Triton X-100 (0.5%), blocked in blocking buffer (4% fetal calf
serum and 1% DMSO, in PBS-Triton X-100 0.5%), and incubated
at 4°C with the primary antibody at the following dilutions:
mouse monoclonal anti-P63, 1:500 (RRID AB_10588476, Biocare
Medical, cat. no. CM163C); chicken polyclonal anti-GFP, 1:500
(RRID AB_2534023, Invitrogen, cat. no. A10262); mouse mono-
clonal anti-BrdU (RRID AB_514483, Roche, cat. no. 1170376001)
or rabbit polyclonal anti-BrdU (Abcam, cat. no. 152095), 1:500;
rabbit polyclonal anti-laminin, 1:500 (RRID AB_477163, Sigma-
Aldrich, cat. no. L9393); and mouse monoclonal anti-E-cadherin,
1:200 (RRID AB_397581, BD Biosciences, cat. no. 610182). The
following secondary antibodies were used, all diluted 1:1,000 in
blocking buffer: goat anti-rabbit Alexa Fluor 488 (RRID
AB_143165, cat. no. A11008), goat anti-chicken Alexa Fluor 488
(RRID AB_2534096, cat. no. A11039), goat anti-mouse Cy3 (RRID
AB_2534030, cat. no. A10521), and goat anti-mouse Alexa Fluor
647 (RRID AB_2535804, cat. no. A21235; all Invitrogen).

For labeling f-actin, embryos were incubated for 15 min at
room temperature with Phalloidin-TRITC (Sigma-Aldrich) or
Phalloidin iFluor 647 (Abcam). To visualize nuclei, embryos
were incubated for 15 min in DAPI (Sigma-Aldrich) diluted
1:1,000 in wash buffer, or live extruded cells were treated with
DRAQ5 (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. For labeling of metabolically active mi-
tochondria, MitoTracker Deep Red FM (Invitrogen) was applied
according to the manufacturer’s instructions. For visualization
of lysosomes, LysoTracker Deep Red (Thermo Fisher Scientific)
was diluted to 50 uM and applied to embryos or extruded cells
for 30 min before imaging, as described by the manufacturer.
Acridine Orange (Sigma-Aldrich) was diluted to 0.01 mg/ml in
E3 embryo medium and applied to live embryos for 30 min,
followed by washing with E3 embryo medium. Embryos were
anesthetized with MESAB and imaged live. Embryos exposed to
UV for 10 s, followed by 6 h of recovery time, served as a positive
control for apoptosis. Staining with Sytox AADvanced Dead Cell
Stain Kit (Thermo Fisher Scientific) was performed according to
the manufacturer’s instructions. Exposure to topoisomerase
inhibitor 20 nM camptothecin (Sigma-Aldrich) for 6 h before
imaging served as a positive control. TUNEL assay (In Situ Cell
Death Detection Kit, Roche) was performed on PFA-fixed em-
bryos following the manufacturer’s instructions. Embryos
treated with 300 U/ml DNasel for 10 min before the TUNEL
reaction served as a positive control, while embryos incubated in
label mixture without enzyme served as a negative control.

Images were obtained with a Zeiss LSM 710 or LSM 700
confocal microscope and processed using Fiji software.

Avidin/biotin complex (ABC)/DAB colorimetric

antibody staining

For visualization of skin cells with phosphorylated EGFR, em-
bryos were fixed overnight at 4°C in ethanol-acetic acid-
formaldehyde fixative (40% ethanol, 5% acetic acid, and 10%
formalin), and washed extensively in 0.1% PBS-Tween-20.
Quenching of endogenous peroxidases was achieved by
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incubating the embryos in 3% H,0, for 5 min. Blocking was
performed in blocking buffer (2% BSA, 1% DMSO, in 0.1%
PBS-Tween-20) for at least 2 h, and embryos were incubated in
primary antibody (polyclonal anti-pEGFR [Tyrl068], RRID
AB_2533754, Thermo Fisher Scientific, cat. no. 44-788G) at a 1:
50 dilution overnight at 4°C, and then with a biotinylated goat
anti-rabbit secondary at 1:250 (RRID AB_2313606, Vector Lab-
oratories, cat. no. BA-1000) following extensive washing. ABC
amplification was performed following the manufacturer’s in-
structions (Vectastain Elite ABC Peroxidase kit, Vector Labs),
and embryos were incubated in DAB substrate (Sigma-Aldrich)
and H,0, until development of a signal. Embryos were then
post-fixed in 4% PFA, transferred to methanol, and cleared in
benzyl alcohol/benzyl benzoate (1:2; both Sigma-Aldrich) be-
fore imaging using a Zeiss Axioplan 2 microscope.

Counting of apically extruded cells

In general, zebrafish embryos were manually dechorionated at
24 hpf and placed in 24-well plates in E3 embryo medium con-
taining inhibitors or the appropriately diluted vehicle. Following
overnight (16 h) incubation, E3 embryo medium containing
extruded cells was collected, and the wells were washed once
with E3 embryo medium and collected. The recovered cells were
pelleted in a hanging bucket centrifuge (Hereaus Multifuge X3R)
by centrifugation at 500 x g for 5 min, and the supernatant was
removed. The number of cells was counted using a hemocy-
tometer (Neubauer Improved, Marienfeld), and the total num-
ber of cells per fish over the incubation period of 16 h was
calculated. To distinguish dead from live extruded cells, col-
lected cells were stained with 0.4% trypan blue (Invitrogen)
before counting. For imaging and counting of GFP-positive
peridermal cells and dsRed-positive basal keratinocytes, cells
were collected as above, mounted on a coverslip, and imaged
using a Zeiss LSM 700 confocal microscope.

In situ hybridization (mmp9 probe)

mmp?9 in situ hybridization was performed as previously de-
scribed (Reischauer et al., 2009). Briefly, the following pri-
mers were used to PCR-amplify mmp9 from 48 hpf embryo
cDNA, the product of which was subsequently cloned into
pGEM-T Easy Vector (Promega): forward 5'-GCTGCTCATGAG
TTTGGAC-3'; reverse 5'-CCGAGCTTCTCGATTTTACG-3'. This
mmp9 template was linearized with Ncol (New England Bio-
labs), and digoxigenin-labeled antisense probe was synthe-
sized using the Roche digoxygenin RNA synthesis kit and Sp6
RNA polymerase. The hybridization step occurred at 65°C.
Embryos were transferred to benzyl benzoate/benzyl alcohol
(2:1) and stored at 4°C until imaging.

Quantitative-RT-PCR (Q-RT-PCR)

Total RNA was isolated from amputated tails of zebrafish em-
bryos at 48 and 96 hpf using Trizol (Thermo Fisher Scientific)
following the manufacturer’s instructions, and treated with
DNasel (Roche). First-strand cDNA synthesis was performed
using reverse transcription (Promega). Q-RT-PCR was per-
formed in triplicate with Sybr Select Master Mix (Life Tech-
nologies, Thermo Fisher Scientific) on an ABI-Prism 7500 Fast
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Detect system, and relative expression levels were calculated fol-
lowing the #2Ct method with gapdh as the control gene. Data are
presented as fold change relative to the relevant sibling control and
represent the average of at least three independent experiments
unless otherwise indicated. Primer sequences were as follows:
gapdh forward 5'-CGCTGGCATCTCCCTCAA-3', gapdh reverse 5'-
TCAGCAACACGATGGCTGTAG-3' (Tang et al., 2007), mmp9 for-
ward 5 -TGATGTGCTTGGACCACGTAA-3', mmp9 reverse 5'-ACA
GGAGCACCTTGCCTTTTC-3' (Freisinger and Huttenlocher, 2014),
haila forward 5-GGAGCACAGAGAAGATCCTA-3’, and haila re-
verse 5'-CGTGGAGGTCTATCCTCTACA T-3' (this paper; primers
were designed using sequence NM_213152.1).

Haila sequencing

Sanger sequencing of the haila gene was performed by GATC
(Eurofins) using the following primers: Sequencing primer haila
forward 5’-ATGTAGAGGATAGACCTCCACG-3', and sequencing
primer haila reverse 5'-TACTGGTCACCCACCCTCAT-3' (this

paper).

Microscope image acquisition

All images were acquired at room temperature. Bright field
images of live embryos mounted in 3% methyl cellulose/1x tri-
caine (Sigma-Aldrich) in embryo medium were acquired using a
Leica M165FC stereo microscope with DFC425C camera and
Leica Application Suite V3.8 software. Images of DAB-stained
embryos mounted in benzyl alcohol/benzyl benzoate were ob-
tained with a Zeiss Axiophot microscope, 20x Plan-Neofluar
objective, AxioCam HRc camera, and Axiovision software.
Confocal images of embryos mounted in low-melting-point ag-
arose in E3 embryo medium were obtained using a Zeiss LSM
710 or LSM 700 confocal microscope, 40x/1.1 W Korr LD
C-Apochromat, or 20x/0.8 Plan-Apochromat objective and Zen
2.3 SP1 software. Images were processed using Fiji/Image]
software, including generation of orthogonal projections, max-
imum intensity projections, and adjustment of brightness and
contrast.

Quantification and statistical analysis

Results are presented in figures as the mean, with error bars
indicating SD. Unless otherwise indicated, data are from at least
three independent experiments, and n indicated in figure leg-
ends represents the number of embryos or cells per condition.
Statistical analysis was performed using GraphPad Prism soft-
ware, with statistical significance determined as P < 0.05. For
comparison of multiple groups, one-way ANOVA with posthoc
Tukey's test was used to determine significance. Different letters
above a graph indicate a statistically significant difference; for
results of individual post hoc Tukey’s multiple comparison tests,
please refer to Table S1. For Q-RT-PCR experiments, mutants
were compared with their relevant sibling control using an
unpaired, two-tailed Student’s t test.

Online supplemental material

Fig. S1 shows bright-field images of the lethal haila?¢ phenotype
between 24 and 96 hpf, and shows that the haila/¢ phenotype is
not dependent on inflammation, by impairing formation of the
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myeloid cell lineage using the pu.l MO. Fig. S2 shows Western
blots and bright field images indicating that PI3K/Akt, MEK/
ERK, and Ampk do not contribute to the haila skin phenotype;
and representative confocal images and resultant plot profiles
indicating how EGFP-PASS ratios were calculated. Fig. S3 shows
that cell death does not occur on the surface of the epidermis in
haila"??”7 mutants, using TUNEL, Acridine Orange, and Sytox
staining as different indicators of cell death; cell extrusion
counts in the presence of trypan blue to distinguish live from
dead cells; and DRAQ5 and mitoTracker staining of recovered
extruded cells indicating that the cells are alive and metaboli-
cally active. Fig. S4 shows representative bright field images of
embryos treated with the sphingosine kinase inhibitor MPAOS;
a mitogenic effect of exogenous SIP only when applied for 4 d;
and the absence of an effect of exogenous S1P on cell-matrix or
cell-cell adhesions. Fig. S5 shows alternative rapamycin/S1P
drug treatment regimes, which do not improve long-term sur-
vival despite alleviating proliferation. Video 1 shows a confocal
z-stack of cell extrusion on the surface of a zebrafish embryo.
Video 2 shows a confocal z-stack of a cluster of extruded cells
recovered from the embryo growth medium. Table S1 lists the
results of each Tukey’s multiple comparison test following one-
way ANOVA.
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