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Foxo3-mediated physiological cell
competition ensures robust tissue
patterning throughout vertebrate
development

KanakoMatsumoto 1,2,6, YukiAkieda 1,6, YukinariHaraoka 1,NaokiHirono 3,
Hiroshi Sasaki 3 & Tohru Ishitani 1,2,4,5

Unfit cells with defective signalling or gene expression are eliminated through
competition with neighbouring cells. However, physiological roles and
mechanisms of cell competition in vertebrates remain unclear. In addition,
universal mechanisms regulating diverse cell competition are unknown. Using
zebrafish imaging,we reveal that cell competition ensures robust patterningof
the spinal cord and muscle through elimination of cells with unfit sonic
hedgehog activity, driven by cadherin-mediated communication between
unfit and neighbouring fit cells and subsequent activation of the Smad-Foxo3-
reactive oxygen species axis. We identify Foxo3 as a common marker of loser
cells in various types of cell competition in zebrafish and mice. Foxo3-
mediated physiological cell competition is required for eliminating various
naturally generated unfit cells and for the consequent precise patterning
during zebrafish embryogenesis and organogenesis. Given the implication of
Foxo3 downregulation in age-related diseases, cell competition may be a
defence system to prevent abnormalities throughout development and adult
homeostasis.

Animal development is highly reproducible and repeatedly generates
tissues and organs with the same function. An appropriate number of
cells with specific functionsmust be located at the correct positions to
construct functional tissues andorgans. Such spatial cell arrangements
are regulated by genetic information and the corresponding bio-
chemical signals1,2. However, dynamicmorphogenesis, including active
rapid cell proliferation andmigrationduringdevelopment,may induce
replication errors and cellular signalling perturbations, generating
unfit cells indeveloping tissues. Recent advances in single-cell analyses
have revealed frequent generation of cells with somatic mutations or

chromosome segregation errors during normal human and mouse
embryogenesis3–6. Our zebrafish imaging analysis also showed fre-
quent occurrence of unfit cellswith abnormalWnt/β-catenin activity in
normal embryos7. Considering the fact that developing animals
achieve reproducible construction of functional tissues and organs,
they must possess systems to overcome the generation of such unfit
cells. However, themechanisms underlying robust tissue development
are not completely understood.

Cell competition may support conquering unfit cell appearance
during early embryogenesis. Cell competition is a cell–cell interactive
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process for removing less fit viable cells, which was discovered in
Drosophila8,9. Unfit cells with relatively low Myc expression, Yap
activity, or mitochondrial defects spontaneously arise during early
mouse embryogenesis; however, these cells are eliminated through
competitive communication with neighbouring normal cells10–12. Fur-
thermore, cell competition corrects the noisy Wnt/β-catenin mor-
phogen gradient, which patterns the zebrafish embryonic
anterior–posterior axis, by eliminating cells with abnormally high or
lowWnt/β-catenin7. Notably, inhibition of cell competition induces the
accumulation of Wnt-unfit cells, thereby disturbing embryonic
patterning7. Therefore, cell competition-mediated elimination of unfit
cells ensures robust early embryogenesis. However, the roles and
mechanisms of cell competition during later developmental stages,
such as organogenesis, remain unclear.

Various factors, such as cells with abnormal Myc, Yap, Wnt/β-
catenin, and Ras activity, drive cell competition and mutations in
ribosomal protein genes (collectively termed ‘Minute’) promote
competitive interactions with neighbouring normal cells7,8,10–15.
Because different abnormalities can stimulate distinct signalling and
gene expression pathways, unfit cells with different anomalies are
eliminated throughdistinctmechanisms. Recent studies onDrosophila
have revealed shared mechanisms of cell competition. For example,
activation of Flower-Azot signalling16,17, Toll receptor signalling18,19, and
autophagy20 is commonly involved in Myc- and Minute-induced cell
competition. However, these mechanisms do not always function in
other competition contexts17,21. Thus, the universal machinery reg-
ulating diverse cell competition types remains unknown. Moreover,
most studies on cell competition have been conducted using genetic
models that rely on the overexpression or mutation of specific genes.
Consequently, the understanding of ‘physiological cell competition’,
especially in vertebrates, remains elusive.

In this study, we explored the role of physiological cell competi-
tion and the universal machinery involved in vertebrate development
using zebrafish imaging. We discovered cell competition-mediated
correction of sonic hedgehog (Shh) morphogen gradients as pre-
viously unidentified roles of physiological cell competition during
organogenesis and deciphered that Cadherin-Smad-Foxo3-reactive
oxygen species (ROS) signalling mediates this cell competition.
Moreover, we identified Foxo3 as an evolutionally conserved universal
marker of unfit cells eliminatedby various vertebrate cell competitions
driven by Wnt, Shh, Ras, Myc, Yap, and ribosomal proteins. By ana-
lysing Foxo3 expression and function, we found that physiological cell
competition-mediated elimination of endogenous unfit cells is essen-
tial in precise embryogenesis and organogenesis in vertebrates.

Results
Apoptosis supports precise neural and muscle patterning
Weexamined the effects of apoptosis inhibition on the spinal cord and
muscle development in zebrafish to elucidate the role of cell
competition-mediated apoptotic elimination of unfit cells during
organogenesis. In the vertebrate spinal cord, various neural progenitor
cells (e.g. p0, pMN, and floor plate), distinguished by specific tran-
scription factors (dbx1b,olig2, and foxa2, respectively)22–26, formstripe-
like patterns along the dorso-ventral (DV) axis (Fig. 1a, b). In zebrafish
muscle primordia, slow muscle precursors are at the periphery of the
somites, whereas fast muscle precursors are located on the medial
side27. Muscle pioneer cells are adjacent to the notochord28 (Fig. 1c,
Supplementary Fig. 1a). Inhibiting apoptosis by overexpressing bcl2a
mRNA, which encodes an anti-apoptotic protein, induced ectopic
expression of the intermediate neural marker dbx1b and the ventral
neural markers olig2 and foxa2 in the ventral and dorsal areas,
respectively (Fig. 1b). Abnormal reduction in the expression of these
markers was also observed (Fig. 1b). In the muscle primordium, the
precise induction of fast and slow muscle fibres and muscle pioneer
cells was disturbed, and some of these were mislocated (Fig. 1d–f).

Consistent with this abnormal neural and muscle patterning, some
apoptosis-inhibited larvae exhibited abnormal morphogenesis (Sup-
plementary Fig. 1b), and even morphologically normal larvae showed
poor locomotion (Supplementary Fig. 1c). We also generated a trans-
genic zebrafish line carrying HS:GFP-zBcl2a, which inhibited apoptosis
in a heat shock-dependentmanner (Supplementary Fig. 1d) to examine
the role of apoptotic elimination during organogenesis. Blocking
apoptosis during organogenesis also induced distortion in organ pat-
terning (Supplementary Fig. 1e, f), suggesting that apoptosis is
required for precise spinal cord and muscle patterning.

Shh-unfit cells undergo apoptotic elimination
Shhmorphogen signalling forms an activity gradient along the DV axis
and specifies the distinct fate of each cell in a signalling activity-
dependent manner in the developing spinal cord and muscle pri-
mordia (Fig. 2a)28–31. Therefore, we hypothesised that apoptosis elim-
inates abnormal cells with unfit Shh-activity during neural and muscle
development. To test this hypothesis, we visualised Shh signalling in
the Tg(8xGBS:d2EGFP) zebrafish line, which expresses destabilised
enhanced green fluorescent protein (d2EGFP) upon activating the Gli
transcription factor family downstream of Shh signalling32 (Fig. 2b).
Unfit cellswith abnormally high or low Shh signalling activity appeared
spontaneously in the Shh activity-low (dorsal) or Shh activity-high
(ventral) regions of the spinal cord andmuscle primordia, respectively
(Fig. 2c, d). The number of unfit cells varied between larvae (left graphs
in Fig. 2e, f), suggesting that the appearance of these cells is not part of
the developmental programme but is the result of an error in the
programme. In addition, 38% of unfit cells (n = 11/29) in the spinal cord
and 31% of unfit cells (n = 10/32) in the muscle were active caspase-3-
positive (Fig. 2c, d), suggesting that they undergo apoptosis. More-
over, apoptosis inhibition through blc2a overexpression blocked the
elimination of Shh-unfit cells and enhanced their accumulation
(Fig. 2c–f). These data indicate that the apoptotic elimination of Shh-
unfit cells is necessary for robust Shh morphogen gradient formation
and precise neural and muscle patterning.

Substantial difference in Shh-activity triggers apoptosis
We artificially introduced Shh-unfit cells expressing fluorescent pro-
teins (e.g. mKO2 or GFP) into the zebrafish spinal cord and muscle
primordia by injecting heat-shock-driven expression plasmids to
confirm that developing organs possess a system for eliminating cells
with unfit Shh activity through apoptosis. A low-dose injection of the
plasmids induced a mosaic distribution of fluorescent cells sur-
rounded by normal cells (Fig. 3a). Shh-hyperactivated cells expressing
constitutively active mutants of the Shh receptor Smoothened
(SmoCA) and Shh-inactivated cells expressing the Shh negative reg-
ulator Ptch1 activated caspase-3, which gradually disappeared via DNA
fragmentation. In contrast, cells expressing only mKO2 survived
(Fig. 3b, c; Supplementary Fig. 2a–c, Supplementary Movie 1, 2). Bcl2a
co-expression prevented the elimination of SmoCA-expressing cells
(Supplementary Fig. 2a, b). Thus, developing organs can eliminate
spontaneously appeared and artificially introduced Shh-defective
cells. Furthermore, mosaically introduced SmoCA-expressing (Shh-
high) cells or Ptch1-overexpressing (Shh-low) cells efficiently activated
caspase-3 in the Shh signalling-low dorsal and signalling-high ventral
regions, respectively (Fig. 3d, e). These results suggest that a sub-
stantial difference in Shh activity between unfit and neighbouring
normal cells triggers apoptosis. Forced activation of Shh signalling
through SmoCA expression or forced inactivation of Shh signalling via
treatment with the Shh signalling inhibitor cylopamine33 in whole tis-
sues (Supplementary Fig. 2d, e) hindered the elimination of Shh-high
and Shh-low cells, respectively (Supplementary Fig. 2f, g). These
results indicate that a large difference in Shh signalling activity
between unfit cells and neighbouring fit cells is essential to trigger the
apoptosis of unfit cells. Intriguingly, when SmoCA-expressing (Shh-
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Fig. 1 | Apoptosis is essential for precise spinal cord and muscle patterning.
a Schematic illustrationof the expression patterns of dbx1b (a p0neural progenitor
marker), olig2 (a pMN neural progenitor marker), and foxa2 (a floor plate pro-
genitor marker) in the spinal cord. b Inhibiting apoptosis distorts dorso-ventral
(DV) patterning in the spinal cord. The panels show whole-mount in situ hybridi-
sation of dbx1b, olig2, and foxa2 in wild-type (uninjected), injected control (GFP
mRNA-injected) and apoptosis-inhibited (bcl2amRNA-injected) 24 h post-
fertilisation (hpf) larvae. In abnormal larvae, dbx1b, olig2, and foxa2 were ectopi-
cally activated or inactivated in discontinuous regions. The bottom graph shows
the percentages of larvae with normal or abnormal expression patterns in unin-
jected, GFP mRNA- or bcl2a mRNA-injected (apoptosis-inhibited) larvae. Scale
bar = 100μm. The chi-square test was used for statistical analysis. c Schematic

illustration of muscle cell pattern. The labels (1) and (2) in (d–f) correspond to the
images of sections indicated as (1) and (2) in (c). d–f Apoptosis inhibition distorts
gene expression patterns in the muscle primordia. The panels show whole-mount
immunostaining for fastmyosin (F310, fastmuscle cells) (d), slowmyosin (F59, slow
muscle cells) (e), and muscle pioneer (4D9, muscle pioneer cells) (f), respectively
(magenta). In abnormal larvae, fast myosin, slow myosin, and muscle pioneer
proteins are ectopically expressed or are absent. Scale bar = 100 μm. Bar plots on
the right show the mean+ SEM of abnormal gene expressing-cell numbers in wild-
type (uninjected) and apoptosis-inhibited (bcl2a mRNA-injected) larvae. An
unpaired two-tailed t-test was used for the statistical analysis. Source data are
provided as a Source Data file.
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high) cells were clonally induced on the dorsal side of the spinal cord,
those at the edge of the clone, surrounded by normal cells, underwent
apoptosis efficiently (Supplementary Fig. 2h, i). However, the apop-
tosis efficiency in these cells decreased as the proportion of SmoCA
cells in the surrounding adjacent cell population increased, and
SmoCA cells inside the clone did not die (Supplementary Fig. 2h, i).
These results indicate thatmerely being adjacent to cellswith different
Shh signalling activity is not enough to induce apoptosis of unfit cells
but being surrounded by cells with different signalling activity (being a

minority in the population) is necessary for the induction of death in
unfit cells. Notably, mosaic introduction of cells overexpressing the
transcription factor Gli1 or the dominant negative form of the Gli3
transcription factor (Gli3R), which positively or negatively regulate
Shh-target genes, respectively, could not activate caspase-3 (Fig. 3b).
As Smo and Ptch1 are transmembrane proteins, whereas Gli1 and Gli3
are signalling mediators that act in the cytoplasm and nucleus, the
abnormal activity of Shh signalling at themembrane appears to trigger
the elimination of unfit cells.
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N-cadherin mediates the sensing of unfit cells
We then explored the mechanisms underlying the elimination of unfit
cells. In early embryos, Wnt/β-catenin signalling post-translationally
stabilises E-cadherin, shaping a membrane E-cadherin protein level
gradient. Spontaneously emerging Wnt/β-catenin-unfit cells alter
E-cadherin levels, leading to a substantial difference in membrane
cadherin levels (cadherin imbalance) between unfit and neighbouring
normal cells. This cadherin imbalance stimulates the apoptosis of unfit
cells through TGF-β-type Smad activation, ROS production, and Bcl2
protein reduction7. We hypothesised that a similar Cadherin-Smad-
ROS-Bcl2 system might also be involved in eliminating Shh-unfit cells.
N-cadherin (Cdh2) forms a dorsal-to-ventral gradient that inversely
correlates with Shh signalling in the developing spinal cord34 (Fig. 4a).
Nevertheless, the molecular relationship between N-cadherin and Shh
signalling remains unclear. Remarkably, forced activation of Shh sig-
nalling by injecting SmoCA mRNA or inactivation of Shh signalling by
cyclopamine treatment decreased or increased the levels of
N-cadherin protein, respectively (Fig. 4b; Supplementary Fig. 3a).
Mosaic introduction of Shh-unfit cells overexpressing SmoCA or Ptch1
decreased or increased membrane N-cadherin protein levels, respec-
tively (Fig. 4c). In contrast, neither forced activation nor inhibition of
Shh activity affected n-cadherin mRNA levels (Supplementary
Fig. 3b, c). In addition, unfit-Shh activity did not change n-cadherin
mRNA levels (Supplementary Fig. 3d). These findings suggest that Shh
signalling negatively regulates N-cadherin levels post-translationally.
The mosaic introduction of Gli1 or Gli3R did not affect N-cadherin
levels (Fig. 4c), suggesting that Shh signalling controls N-cadherin
levels through the Ptch1 and Smo receptors but not through tran-
scription factors (Fig. 4d). Unfit Shh activity-induced cadherin imbal-
ance is possibly involved in the sensing of unfit cells. Consistent with
this notion, partial N-cadherin knockdown through injecting
n-cadherin antisense morpholino (MO), which blocks N-cadherin
expression34,35 (Supplementary Fig. 3e), reduced apoptotic elimina-
tion of Shh-high and -low cells (Fig. 4e, f). Moreover, mosaically
introduced N-cadherin-overexpressing cells efficiently activated
caspase-3 in the N-cadherin-low ventral region (Fig. 4g), indicating that
cadherin imbalance sufficiently induces apoptosis. Importantly, partial
knockdown of N-cadherin induced unfit cells with ectopic activation
and inhibition of olig2 expression in the developing spinal cord (Sup-
plementary Fig. 3f), which indicates that N-cadherin mediates the
elimination of naturally generated unfit cells. Besides N-cadherin,
Cdh11 is also expressed in the developing spinal cord34,36. Partial Cdh11
knockdown through injecting cdh11MO34 did not affect the apoptotic
elimination of Shh-unfit cells (Supplementary Fig. 3h). These results
indicate that the difference in membrane N-cadherin levels between
unfit and neighbouring fit cells is involved in the sensing of Shh-
unfit cells.

Smad-ROS pathway mediates the killing of Shh-unfit cells
We then examined the involvement of Smad-ROS signalling in the
elimination of Shh-unfit cells. SBE-Luc, which expresses luciferase in
response to TGF-β-type Smad-dependent signalling, was activated in
Shh-high and -low cells in the spinal cord (Fig. 5a) and muscles (Sup-
plementary Fig. 4a). Mosaically introduced N-cadherin-overexpressing
cells also activated SBE-Luc (Supplementary Fig. 4b), which indicates
that TGF-β-type Smad signalling mediates the killing of unfit cells
downstream of cadherin. Inhibiting TGF-β-type Smad signalling by co-
expression of Smad3b dominant-negative mutants (Smad3bDN) in
unfit cells or injecting smad4a MO37 reduced the apoptosis of unfit
cells (Fig. 5b, c; Supplementary Fig. 4c, d). Mosaically introduced Shh-
high and -low cells triggered DNA oxidation in the spinal cord (Fig. 5d)
and muscles (Supplementary Fig. 4e). Treatment with N-acetyl-l-
cysteine (NAC), a ROS scavenger, prevented cell oxidation (Supple-
mentary Fig. 4f) and cell elimination (Fig. 5e, f; Supplementary Fig. 4g),
demonstrating that the Smad-ROS pathway mediates the elimination

of unfit cells (Fig. 5g). Moreover, knockdown of Smad signalling with
low dose of smad4aMO induced unfit cells with ectopic activation and
inhibition of olig2 expression in the developing spinal cord (Supple-
mentary Fig. 3f), whereas it did not affect the width of olig2-expressing
area (Supplementary Fig. 3g). These results suggest that Smad signal-
ling mediates the elimination of unfit cells under physiological con-
ditions. In addition, Bcl2 overexpression prevented apoptosis
(Fig. 5h, i), suggesting that Bcl2 is involved in the elimination of Shh-
unfit cells. Our data collectively demonstrate that cadherin-mediated
communication between Shh-unfit and neighbouring fit cells induces
apoptosis in unfit cells by activating the Smad-ROS-Bcl2 axis.

Foxo3b is a common mediator of cell competition
We have elucidated that the Cadherin-Smad-ROS-Bcl2 pathway is used
in cell competition-mediated elimination of Wnt- and Shh-unfit cells,
indicating a common molecular mechanism underlying cell competi-
tion. In a previous RNA-seq analysis (GSE133526), we identified foxo3b,
sesn3, lnx1, and tcima as genes specifically upregulated in unfit cells
with abnormally highWnt/β-catenin-activity7 (Supplementary Table 1).
These four genes were upregulated in Wnt/β-catenin-high unfit cells
and Wnt/β-catenin-low, Shh-high, and Shh-low unfit cells (Fig. 6a, b;
Supplementary Fig. 5a, b), which indicates that these genes may be
common regulators of the elimination of unfit cells. foxo3b encodes a
transcription factor38,39, and a Foxo3 target gene sesn340 is also upre-
gulated in unfit cells. In addition, a reanalysis of gene set enrichment
data in unfit cells (Mosaic β-catCA) compared to control cells (Ubi-
quitous β-catCA) (GSE133526)7 revealed that upregulation of
apoptosis-related gene set including puma and apaf1, which are target
genes of Foxo341–46, was detected in unfit cells (Supplementary
Fig. 5c–e; Supplementary Table 2). Therefore, we hypothesised that
Foxo3b transcriptional activity may play an essential role in the
behaviour of unfit cells. Introduction of the dominant-negativemutant
of foxo3b (Foxo3bDN) into Wnt- and Shh-defective cells significantly
blocked their apoptotic elimination (Supplementary Fig. 6a, b), which
suggests that foxo3b is essential for their elimination. We also gener-
ated foxo3b knockout (KO) zebrafish (hereinafter called ‘foxo3b-/-‘)
using genomeediting (Supplementary Fig. 6c, d). In foxo3b-/-mutant, a
4283 bp region, including foxo3b exon 1 and 2, was deleted; however,
we confirmed that this deletion didnot affect the expression of foxo3b-
neighbouring genes (Supplementary Fig. 6e). As expected, elimination
of Wnt- and Shh-unfit cells was blocked in this mutant (Fig. 6c, d).
Mosaic introduction of cells expressing a constitutively active Smad3b
mutant (Smad3bCA) sufficiently induced foxo3b upregulation (Sup-
plementary Fig. 5f). Consistent with the above findings, Smad3bDN co-
expression blocked the foxo3b upregulation in Shh-unfit cells (Sup-
plementary Fig. 5f), which suggests that foxo3b is transcriptionally
upregulated downstream of Smad activation. In contrast, ROS inhibi-
tion via NAC treatment did not block foxo3b upregulation (Supple-
mentary Fig. 5f), but introduction of Foxo3bDN prevented DNA
oxidation in Shh-defective cells (Supplementary Fig. 6f). These results
suggest that Foxo3b mediates Smad-induced ROS production. To
confirm that foxo3b transcriptional upregulation occurs upstream of
apoptosis induction, we examined the relationship between foxo3b
and apoptosis inducers, including Puma (p53 upregulated apoptosis
inducer)41–43 and Caspase-8 (the initiator caspase in extrinsic
apoptosis)47,48. The mRNA levels of puma were elevated in both β-
catCA-expressing (Wnt-high) and Foxo3-hyperactivated cells expres-
sing constitutively active mutants of Foxo3 (Foxo3CA)49,50 (Supple-
mentary Fig. 7a), which suggests that puma is upregulated
downstream of Foxo3 in unfit cells. Consistent with this, artificially
introduced Puma and Caspase-8 efficiently induced apoptosis (Sup-
plementary Fig. 7b), but did not lead to foxo3b upregulation (Supple-
mentary Fig. 7c). Furthermore, inhibiting apoptosis through bcl2a did
not impair foxo3b upregulation in β-catCA cells (Supplementary
Fig. 7c, d). These results indicate that foxo3b is activated upstream of
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apoptosis induction in unfit cells. Thus, Shh- and Wnt-defective cells
are eliminated by activating the Smad-Foxo3-ROS axis.

Next, we examined how foxo3b transcription is activated in unfit
cells. Because Foxo3 binds to its own promoter and stimulates its
expression via a positive auto-regulatory feedback loop in a human cell
line51, we tested the possibility that Foxo3 itself may be involved in

foxo3b transcription in unfit cells. Mosaic introduction of cells-
overexpressing wild-type Foxo3 activated endogenous foxo3b
expression and apoptosis, and mosaic cells-expressing Foxo3CA acti-
vated them more strongly (Supplementary Fig. 8a, b). Thus, not only
TGF-β-type Smad signalling but also Foxo3 activation can stimulate
foxo3b expression. Considering these findings together with those of a
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previous studywherein Foxo3 andTGF-β-type Smadswere reported to
form oligomers to control gene expression in the nucleus52, raised the
possibility that Foxo3 and TGF-β-type Smads might cooperate to
activate foxo3b expression in the elimination of unfit cells. Consistent
with this notion, both Smad2 and Foxo3 were found to be localised in
the nucleus of Wnt/β-catenin-high unfit cells, but not in control cells
(Supplementary Fig. 8c). Introduction of Foxo3bDN prevented the
nuclear translocation of Smad2 in Wnt/β-catenin-high unfit cells
(Supplementary Fig. 8d). In addition, mosaic introduction of Foxo3CA
stimulated the nuclear localisation of Smad2 (Supplementary Fig. 8d).
Thus, Smads and Foxo3 translocate to the nucleus depending on each
other’s activity in unfit cells. It is likely that downstream of commu-
nication between unfit and fit cells, Smads and Foxo3 are activated, co-
translocate into the nucleus, and cooperatively activate the tran-
scription of foxo3b in unfit cells. This foxo3b expression may enhance
Foxo3 activity via a positive feedback loop and consequently activate
the expression of apoptosis inducers, such as puma (Fig. 6e).

foxo3b-mediated elimination of unfit cells is essential for precise
development
Because unfit cells with abnormalWnt/β-catenin, Shh activity, or dbx1b
expression spontaneously appear during embryogenesis and organo-
genesis, we also confirmed that foxo3b expression was upregulated in
naturally generated Wnt-, Shh-, or dbx1b-unfit cells (Supplementary
Fig. 9a–c). We generated transgenic zebrafish Tg(foxo3b:GFP) and
Tg(foxo3b:mCherry), which expresses GFP or mCherry in cells
expressing endogenous foxo3b to further examine foxo3b-positive
unfit cells during development (Supplementary Fig. 9d, e). foxo3b-
positive cells appeared spontaneously in early embryos (Supplemen-
tary Fig. 9f; Supplementary Movie 3) and in the developing spinal cord
and muscle primordia (Supplementary Fig. 9g). The number and
position of foxo3b-positive cells varied among the individuals
(Supplementary Fig. 9f, g), indicating that foxo3b upregulation is not
pre-programmed. Moreover, some foxo3b-positive cells activated
caspase-3 (Supplementary Fig. 9f, g; Supplementary Movie 3), and the
inhibition of apoptosis-induced foxo3b-positive cell accumulation
(Supplementary Fig. 9h). These results suggest that the foxo3b
reporter zebrafsih can be used to visualise naturally emerging unfit
cells which are eliminated through cell competition.

To evaluate the Foxo3b function under physiological conditions,
we inhibited Foxo3b using foxo3bDN mRNA. Overexpression of fox-
o3bDN did not affect the expression patterns of Wnt morphogen in
early embryos and Shh morphogen in developing organs (Supple-
mentary Fig. 10a, b), whereas it induced accumulation of Wnt
signalling-unfit cells (Supplementary Fig. 10c) and ectopic activationor
inactivation of a Wnt signalling-target posterior gene cdx453 (Supple-
mentary Fig. 10d) in early embryos, accumulation of Shh signalling-
unfit cells (Supplementary Fig. 10e) and ectopic olig2 activation or
inactivation (Supplementary Fig. 10f) in the developing spinal cord,
abnormal fast muscle formation (Supplementary Fig. 10g), abnormal

larval morphogenesis (Supplementary Fig. 10h), and poor locomotion
(Supplementary Fig. 10i). These results suggest that Foxo3b activity is
required for the elimination of unfit cells with abnormal morphogen
signalling activity and precise morphogenesis. To further confirm
physiological Foxo3b function, we generated a foxo3b KO zebrafish by
optimising the CRISPR/Cas9-mediated genome editing system54–56

(Supplementary Fig. 11a).Wedesigned four short guideRNAs (sgRNAs)
and confirmed that injection of these four sgRNAs, but not of a single
sgRNA, induced deletion of the foxo3b gene efficiently in F0 genera-
tion (hereinafter, referred to as ‘foxo3b KO’). As a control, we injected
four sgRNAs targeting luciferase, which did not result in any pheno-
typic abnormalities, to ensure that injection of sgRNAs and Cas9 mix
had no side effects (Supplementary Fig. 11a–c). As expected, foxo3bKO
yielded similar results to those obtained with foxo3bDN-mediated
inhibition (Fig. 6f–j; Supplementary Fig. 11b, c), suggesting that foxo3b
upregulation in unfit cells is essential for their elimination and precise
tissue patterning (Fig. 6k).

Foxo3 is a universal marker of cell competition
Inmice and zebrafish, Ras-hyperactivated cells are physically extruded
from the epithelia through competitive communication with neigh-
bouring normal cells15,57 and cells expressing high levels ofMyc protein
kill neighbouring normal cells7,10,58. ‘Minute cell competition’, which is
the most well-documented example of cell competition in Drosophila
and drives competitive communication between wild-type and ribo-
somal protein gene rps3-mutated cells (‘Minute’ cells) and consequent
apoptotic elimination of mutated cells8, can also occur in zebrafish
(Fig. 7a, b). Surprisingly, foxo3b was upregulated in Minute cells
enclosed with normal cells (Fig. 7c), Ras-hyperactivated cells sur-
rounded by normal cells (Fig. 7d) and normal cells neighbouring Myc-
high cells (Fig. 7e), all of which are ‘loser cells’ in cell competition.
These results indicate that foxo3b is a commonmarker of loser cells in
zebrafish competition.

We next examined whether Foxo3 is a cell competition marker in
mice. Zebrafish have two duplicated foxo3 copies (foxo3a and foxo3b),
whereas mice only have one (Foxo3). Previous phylogenetic and
functional analyses revealed that zebrafish foxo3b is highly ortholo-
gous to mouse Foxo339,59,60. Therefore, we re-analysed the single-cell
RNA-seq data of mouse loser cells in post-implantation epiblasts
(accession number E-MTAB-80-640)12. The presumptive loser cells
expressed Foxo3 (Supplementary Fig. 12a, b). We also examined Foxo3
expression in loser cells with low nuclear YAP levels, which trigger
competitive communication with neighbouring normal cells in the
mouse pre-implantation epiblast11. Apoptosis inhibition through Z-
VAD-FMK treatment increased the number of nuclear YAP-low loser
cells in mouse epiblasts (Fig. 7f; Supplementary Fig. 12c–e). Foxo3
expression levels were low in nuclear YAP-low cells within DMSO-
treated epiblasts, but in Z-VAD-FMK-treated epiblasts, Foxo3 expres-
sion levels in nuclear YAP-low loser cells increased, supporting our
hypothesis that Foxo3 is upregulated in loser cells (Fig. 7f;

Fig. 4 | N-cadherin mediates the sensing of unfit cells. a N-cadherin/Cdh2 levels
inversely correlate with Shh activity. Representative images show whole-mount
immunostaining for N-cadherin (grey). Scale bar = 10μm. b Activating Shh signal-
ling reduces N-cadherin levels. Shh-activated larvae were prepared by injecting
SmoCA mRNA. Scale bar = 10μm. The mean + SEM of N-cadherin intensity of each
larva is graphed. An unpaired two-tailed t-test was used for the statistical analysis.
c Mosaic introduction of SmoCA- or Ptch1-expressing cells altered endogenous
N-cadherin levels. Confocal images show whole-mount immunostaining for
N-cadherin (green) and mosaic expression of mKO2 alone or with SmoCA, Ptch1,
Gli1, or Gli3R (magenta). The fluorescence intensity of intercellular N-cadherin
staining between mKO2+ cells and neighbouring wild-type cells was normalised to
the intercellularfluorescence intensity betweenwild-type cells. Eachdot represents
anmKO2+ cell. Two-tailed one-wayANOVAwasused.d Schematic illustration of the

Shh signalling pathway and N-cadherin regulation. e, f Partial N-cadherin knock-
down by injecting low-dose n-cadherin oligo morpholino (MO) blocks SmoCA- (e)
or Ptch1- (f) -expressing cell elimination. Scale bar = 10μm. The graphs on the right
show the mean + SEM of mKO2+ (SmoCA, Ptch1) and caspase-3-active cell fre-
quencies. An unpaired two-tailed t-test was used for the statistical analysis. g Cells
causing excess noise in N-cadherin-gradients efficiently underwent apoptosis.
Confocal images show whole-mount immunostaining of mosaically introduced N-
cadherin-overexpressing cells (magenta) and active caspase-3 (grey). Scale bar =
10μm.Themiddle panel showsmaps ofN-cadherin cells artificially introduced into
the spinal cord. The right graph indicates themean + SEM ofmKO2+ and caspase-3-
active cell frequencies within a divided range along the DV axis. Source data are
provided as a Source Data file.
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Supplementary Fig. 12c–g). Thus, Foxo3 may be a universal marker for
less-fit cells in various cell competition contexts.

Discussion
In this study, we identified a previously unknown universal cell com-
petition marker in vertebrates and elucidated the novel roles and
mechanisms of physiological cell competition during organogenesis—
the Shh-unfitness-driven cell competition. In zebrafish spinal cord and
muscle development regulated by Shh morphogen gradients, unfit
cells with abnormal Shh activity spontaneously appear and distort the
morphogen gradient. Subsequently, unfit cells alter membrane

N-cadherin levels, activate the Smad-Foxo3-ROS axis, and undergo
apoptosis through communication with neighbouring normal cells. In
zebrafish and mouse, Foxo3 is upregulated in cells with abnormal
morphogen signalling and in various less-fit cells, which are eliminated
through cell competition. Thus, Foxo3 canbe a commonmarker of cell
competition in vertebrates.

Artificially introduced cells with abnormal Myc or Axin2 activity
trigger competitive communication with neighbouring normal cells in
developing mouse organs (i.e. the heart, skin, and brain)61–63. These
facts suggest that developing tissues can eliminate unfit cells through
cell competition. However, whether unfit cells are generated and drive

a

DNA Luciferase
(Smad reporter)

G
F

P
+

ce
ll

(c
on

tr
ol

)
S

m
oC

A
+
ce

ll
(S

h
h

-h
ig

h
)

P
tc

h1
+

ce
ll

(S
h

h
-l

o
w

)

d

b

c

DNA 8-OHdG
(oxidized DNA)

G
F

P
+

ce
ll

S
m

oC
A

+
ce

ll
P

tc
h1

+
ce

ll

DNA   DNA act-casp3

+
G

F
P

+
G

F
P

-B
cl

2a

SmoCA+ cell

DNA   DNA act-casp3

+
G

F
P

+
G

F
P

-B
cl

2a
Ptch1+ cell

DNA  DNA act-casp3

co
nt

ro
l

N
A

C

SmoCA+ cell

DNA  DNA act-casp3

co
nt

ro
l

N
A

C

Ptch1+ cell

g

e

f

h

i

GFP

Sm
oC

A

larvae(n):
cells(n):

(5)      (10)      (9)
(84)    (102)    (91)

Lu
ci

fe
ra

se
in

te
ns

ity

Ptch
1

p < 0.0001

p < 0.0001

GFP

Sm
oC

A

larvae(n):
cells(n):

(13) (18) (19)
(111) (126) (101)

8-
O

H
dG

in
te

ns
ity

Ptch
1

p < 0.0001

p = 0.0015

ve
nt

ra
l t

is
su

e
(S

hh
-a

ct
iv

at
ed

)
do

rs
al

 ti
ss

ue
(S

hh
-i

na
ct

iv
at

ed
)

Smad
-ROS

N-cadherin

Smad
-ROS

cadherin
imbalance

larvae(n):
cells(n):

(10)     (14)
(134)   (162)

p = 0.0097

ct
rl

.

N
A

C

a
ct

iv
e

ca
sp

3
+

ce
lls

 /
S

m
o

C
A

+
ce

lls
(%

)

SmoCA

larvae(n):
cells(n):

(9)      (12)
(140)   (226)

p = 0.0002

+
G

F
P

+
G

F
P

-
B

cl
2a

a
ct

iv
e

ca
sp

3
+

ce
lls

 /
S

m
o

C
A

+
ce

lls
(%

)

SmoCA

larvae(n):
cells(n):

(9)     (12)
(143)  (197)

p = 0.0185

ct
rl

.

N
A

C

a
ct

iv
e

ca
sp

3
+

ce
lls

 /
P

tc
h

1+
ce

lls
(%

)

Ptch1

larvae(n):
cells(n):

(7)      (12)
(78)    (176)

p = 0.0001

+
G

F
P

+
G

F
P

-
B

cl
2a

a
ct

iv
e

ca
sp

3
+

ce
lls

 /
P

tc
h

1
+

ce
lls

(%
)

Ptch1

spinal cord spinal cord

DNA  DNA act-casp3

+
G

F
P

+
G

F
P

-
S

m
ad

3b
D

N

SmoCA+ cell

+
G

F
P

+
G

F
P

-
S

m
ad

3b
D

N

SmoCA

larvae(n):
cells(n):

(7)       (7)
(93)     (63)

a
ct

iv
e

ca
sp

3
+

ce
lls

/
S

m
o

C
A

+
ce

lls
(%

) p = 0.0016

larvae(n):  (9)     (10)
cells(n):(124)  (174)

Ptch1

a
ct

iv
e

ca
sp

3
+

ce
lls

/
P

tc
h

1
+

ce
lls

(%
)

p = 0.0004

+
G

F
P

+
G

F
P

-
S

m
ad

3b
D

N

DNA

Ptch1+ cell

DNA act-casp3

+
G

F
P

+
G

F
P

-
S

m
ad

3b
D

N

Fig. 5 | Smad-reactive oxygen species pathway mediates the killing of
unfit cells. a, d Shh-unfit cells activate the Smad2/3/4-dependent reporter gene
(SBE-Luc) (a) and reactive oxygen species (ROS) production (d). Confocal images
show whole-mount fluorescent in situ hybridisation of luciferase mRNA (a) and
immunostaining for 8-OHdG (d) (magenta) in mosaic larvae expressingmembrane
GFP alone or with SmoCA or Ptch1 (green). Scale bar = 10μm. In a, the luciferase
intensity of each GFP+ cell is plotted. Two-tailed one-way ANOVA was used. In d,
violin plots show the 8-OHdG intensity of each GFP+ cell. Two-tailed one-way
ANOVA was used. b, c, e, f, h, i Smad3bDN overexpression (b, c), ROS inhibition

(e, f), and Bcl2a overexpression (h, i) blocked SmoCA- or Ptch1-expressing cell
apoptosis. Confocal images show whole-mount immunostaining of active caspase-
3 (grey) in mosaic larvae expressing mKO2 with SmoCA or Ptch1 (magenta),
injectedwithGFPorGFP-Smad3bDN(b, c), treatedwithD2W(control) orN-acetyl-l-
cysteine (NAC, a ROS scavenger) (e, f), or injectedwithGFPorGFP-Bcl2a (h, i). Scale
bar = 10μm. The graphs on the right show the mean + SEM of mKO2+ (SmoCA,
Ptch1) and caspase-3-active cell frequencies. An unpaired two-tailed t-test was used
for the statistical analysis. g Schematic diagram showing the elimination of Shh-
unfit cells. Source data are provided as a Source Data file.
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cell competition during physiological organogenesis is poorly under-
stood. This is partly due to the inherent difficulty in capturing spon-
taneously arising abnormal cells. In our zebrafish model, which is well-
suited for imaging analyses, we previously captured the emergence of
unfit cells during embryogenesis7. In this study,we visualised abnormal
cell appearance and endogenous cell competition in vertebrate

organogenesis and elucidated their regulatory mechanisms. Further-
more, we demonstrated that eliminating these unfit cells is essential
for proper organogenesis. Thus, we have revealed the physiological
significance of cell competition during organogenesis.

Drosophila imaginal discs, which form bone morphogenetic pro-
tein (BMP) morphogen gradients, can eliminate artificially introduced
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cells with abnormally high or low BMP activity64,65. Zebrafish embryo-
nic tissue eliminates naturally and artificially generated cells with unfit
Wnt/β-catenin signalling activity through cell competition to correct
noisy Wnt/β-catenin morphogen gradients and achieve precise
anterior–posterior patterning7. This study demonstrates that cell
competition-mediated elimination of Shh-unfit cells ensures the pre-
cise Shh morphogen gradient formation and robust spinal cord and
muscle patterning. These findings indicate that cell competition-
mediatedmorphogen gradient correctionmay function irrespective of
the morphogen type, supporting robust tissue patterning. Because
morphogen gradients are also formed in adult organs66–68, this cor-
rection system may be involved in tissue homeostasis and regenera-
tion. Regarding the elimination mechanisms, Wnt- and Shh-unfit cells
are eliminated via cadherin-mediated communication with neigh-
bouring fit cells and activation of the Smad-Foxo3-ROS axis. However,
how Shh morphogen signalling controls N-cadherin levels remain
elusive. As N-cadherin levels are regulated in the plasma membrane,
investigating the endocytic processes of cadherins may offer intri-
guing perspectives. It might be interesting to focus on Cell-adhesion
molecule-related/down-regulated by Oncogenes (Cdon) protein as a
possible mediator of this process because Shh signalling negatively
regulates Cdon expression, and Cdon positively regulates membrane-
localisation of N-cadherin in developing zebrafish spinal cord69. Thus,
our studies indicate that dose-dependent morphogen signalling acti-
vation in morphogen-receiving cells and cadherin-mediated inter-
cellular coordination is required to precisely form morphogen
gradients and consequent tissue patterns.

In addition to cell competition, cadherin-mediated cell sorting
contributes to morphogen gradient correction during spinal cord
development in zebrafish34. In the spinal cord, strong Shh signalling
activation induces protocadherin 19 (Pcdh19) transcription, whereas
moderate Shh signalling levels induce the transcriptional activation of
type-II cadherin Cdh11. Because of this Shh activity-dependent cad-
herin transcription andpreferential homophilic cadherin binding, cells
with unfit Shh activity migrate to areas with fitter Shh activity34. How-
ever, the significance of multiple systems for morphogen gradient
correction and differential utilisation in developing tissues is
unknown. To clarify this, identifying specific regulatory factors gov-
erning cell sorting is critical.

In this study, we demonstrated that cell competition is crucial
for robust spinal cord development by inhibiting cell competition
through the blocking of apoptosis or foxo3 activity. Furthermore,
forced inhibition of cell competition led to the accumulation of Shh-
high cells in the Shh-high ventral region (Supplementary Figs. 4h,
6g), indicating that ectopically generated and surviving Shh-high
cells may have migrated to the Shh-high fit area. This finding also
suggests that cell competition and sorting-mediated systems
mutually influence one another. Considering the efficient activation
of the apoptosis-mediated system in cells only causing substantial

noises in morphogen gradients, the ‘unfitness’ of unfit cells can
determine the system they use. For example, minor and fluctuating
noise may be repaired by sorting, whereas severe and persistent
noise may be eliminated through cell competition. Notably, the
types of cadherins and their regulatory mechanisms differ between
these two systems. Cdh11 and Pcdh19, which are transcriptionally
regulated by the Shh morphogen gradient, mediate sorting34,
whereas N-cadherin, which is post-translationally regulated by the
Shh morphogen, mediates cell competition. Investigating this dis-
tinction may provide insights into the underlying switching
mechanisms.

The universal mechanisms regulating diverse types of cell com-
petition remain unknown. Transcriptomic analysis indicated that the
Flower-Azot pathway is specifically activated in loser cells in
Drosophila16,17. However, our previous RNA-seq data did not show
upregulation of flower or azot-like genes in Wnt-unfit cells (GEO
accession code: GSE133526)7 (Supplementary Table 1), which indicates
that the Flower-Azot pathway might not be a universal machinery of
cell competition in vertebrates. This study identified several genes
encoding common regulator candidates, including foxo3b, sesn3,
tcima, and lnx1. foxo3b is commonly upregulated in cells that lose cell
competition driven by Wnt, Shh, Ras, Myc, and ribosomal proteins in
zebrafish. In addition, less-fit cells in mice also had upregulated Foxo3,
suggesting that Foxo3 is a potential universal marker of cell competi-
tion in vertebrates.

However, how different cellular fitness leads to foxo3 expres-
sion in unfit cells, and what is the specific functional role of Foxo3 in
each context is still unclear and requires further investigation. This
study shows that, at least in unfit cells with abnormal Wnt signalling
activity, Smads and Foxo3 apparently translocate into the nucleus
cooperatively and activate the expression of foxo3. A similar
mechanism would be used in the apoptosis of Shh-unfit cells
because Smad activation and foxo3 upregulation are required for
this process. On the contrary, we previously showed that Myc-
mediated cell competition occurs in a Smad-independent manner7.
It is well-known that Foxo family proteins can associatewith a variety
of unrelated transcription factors to regulate the expression of tar-
get genes70–72. Therefore, it would be interesting to investigate the
possibility of Foxo3 binding to different transcription factors
depending on the type of cellular unfitness, thereby inducing foxo3
expression in the nucleus.

Because less-fit cells appear sporadically, analysing when and
where cell competition occurs is challenging. In this study, we gener-
ated a Tg(foxo3b:GFP) and Tg(foxo3b:mCherry) reporter to visualise
the spatiotemporal dynamics of foxo3b expression from embryogen-
esis to organogenesis, which enabled us to understand the spatio-
temporal dynamics and roles of physiological cell competition.
However, Foxo3 is involved in various signalling pathways (e.g. cell
metabolism, DNA damage repair, and stress resistance)38,73, and

Fig. 6 | Foxo3b is a common marker of cell competition. Artificially introduced
Wnt-unfit cells into early embryos (9 hpf) (a) and Shh-unfit cells in the developing
spinal cord (24 hpf) (b) strongly express foxo3b. Confocal images show whole-
mount fluorescent in situ hybridisation of foxo3bmRNA (magenta) in GFP alone or
with β-catCA, GSK-3β, SmoCA, or Ptch1 (green). foxo3b intensity of each GFP+ cell
was graphed. Maximum and minimum: whiskers; medians: lines; 10th and 90th
percentiles: boxes. Two-tailed one-way ANOVA was used. c, d Eliminating Wnt- and
Shh-unfit cells require foxo3b. Representative confocal images show mosaic
embryos expressing GFP-tagged β-catCA (green), mKO2-tagged SmoCA (magenta),
and active caspase-3 (magenta in (c), grey in (d)) in foxo3b heterozygous (foxo3b+/-)
or homozygous (foxo3b-/-) mutants. The graph on the right shows the mean+ SEM
of β-catCA+ or SmoCA+, caspase-3 active cell frequencies. An unpaired two-tailed t-
test was used for the statistical analysis. e Schematic illustration of the Smad-Foxo3
signalling. f, h foxo3b inhibition enhances Wnt- and Shh-unfit cell accumulation.
Whole-mount in situ hybridisation of ELuc in Tg(OTM:ELucCP) embryos (f) or

immunostaining of d2EGFP (green) in Tg(8xGBS:d2EGFP) larvae (h) injected with
luciferase or foxo3b sgRNAs (foxo3bKO). The bar plots show unfit cell frequencies in
each sample. The chi-square test and an unpaired two-tailed t-test were used for
statistical analyses in (f, h), respectively. g, i, j foxo3b-mediated unfit cell elimination
is required for precise tissue patterning. Representative images show the whole-
mount in situ hybridisation of cdx4 (g) or olig2 (i) and immunostaining for fast
myosin (j) injectedwith luciferase or foxo3b sgRNAs. The bottomgraph in (g, i) show
the percentages of embryos/larvae with normal or abnormal expression patterns.
The chi-square test was used for statistical analysis (g, i). The graph to the right of
j shows the mean + SEM of abnormal gene expressing-cell frequencies in each larva.
An unpaired two-tailed t-test was used for the statistical analysis. k Precise mor-
phogen gradient formation and tissue patterning require foxo3b activity. Scale
bar = 10μm in (a, b, d, h, j), and 100μm in (c, f, g, i). Source data are provided as a
Source Data file.
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therefore, to attain a more accurate understanding of physiological
cell competition, integrating additional factors, such as sesn3, tcima,
lnx1, would be advantageous. This approach would allow us to pre-
cisely detect naturally generated unfit cells, and thereby help under-
stand the importance of physiological cell competition and elucidate
the causes of the ‘abnormality’ of unfit cells.

Cells with abnormal Shh and Wnt signalling activities or Foxo3
dysregulation can be the origin of tumorigenesis74–79. Therefore, cell
competition-mediated elimination of unfit cells might support robust
tissue development and serve as a mechanism to suppress cancer

initiation. Additionally, Foxo3 is well known for its association with
ageing and age-related diseases. For instance, genetic variations in
Foxo3 are associated with longevity80–82, whereas the decreased
activity of Foxo3 is implicated in the progression of age-related
diseases83.We also show that some foxo3b-/- zebrafish, which appeared
phenotypically normal during embryonic and larval development,
exhibited deformities as they aged (Supplementary Fig. 11d). Foxo3
may sustain the robustness of tissue homeostasis via cell competition
throughout life. Interestingly, a previous study reported that foxo3b-
null zebrafish have lower survival rates under hypoxic stress84.

Fig. 7 | Foxo3 is a universal marker of cell competition. a Cell competition
eliminates rps3 mutant cells. The schematic diagram on the left shows the experi-
mental introduction of rps3 mutant cells into zebrafish embryos in a mosaic or
ubiquitousmanner using CRISPR/Cas9-mediated genome editing. Confocal images
show whole-mount immunostaining of embryos (9hpf) without rps3 mutants
(none) or with mosaic or ubiquitous rps3 mutants (green) and active caspase-3
(magenta). Scale bar = 100 µm. The box plot on the right shows the mean + SEM of
the GFP+ and caspase-3 active cell frequencies. Maximum and minimum: whiskers;
medians: lines; 25th and 75th percentiles: boxes. Two-tailed one-way ANOVA was
used. b Schematic illustration indicating that rps3 mutant cells are eliminated by
competition with neighbouring normal cells. c rps3mutant cells upregulate foxo3b.
Representative images show whole-mount in situ hybridisation of foxo3b mRNA
(magenta) in embryos without rps3 mutants (none) or with mosaic or ubiquitous
rps3 mutants (green). Scale bar = 10μm. d Oncogenic RasG12V cells show upregu-
lated foxo3b expression. Confocal images show endogenous foxo3b (green)

expression in Tg(foxo3b:GFP) 24 hpf larvae expressing mCherry alone or with
RasG12V. Scale bar = 10μm. e Myc-surrounding cells upregulate foxo3b. Myc-high
cells communicate with and induce apoptosis in the surrounding Myc-low cells.
Representative images show whole-mount in situ hybridisation of foxo3b mRNA
(magenta) in mosaic embryos (9hpf) expressing GFP alone or with Myc. Scale
bar = 10μm. In the box plot on the right shows the mean+ SEM of the foxo3b
intensity of each GFP+ cell (c), mCherry+ cell (d), and cells neighbouring GFP+ cell
(e). Maximum and minimum: whiskers; medians: lines; 25th and 75th percentiles:
boxes. An unpaired wo-tailed one-way ANOVA was used. f Nuclear YAP-low loser
cells in mouse pre-implantation epiblast express Foxo3. Representative images
show whole-mount immunostaining for YAP (green) and Foxo3 (magenta) in
DMSO-treated (control) or Z-VAD-FMK-treated (apoptosis-inhibited) embryos.
Note that most of the cells in DMSO-treated embryos are nuclear YAP-high and
Foxo3-low, but Z-VAD-FMK treatment increased nuclear YAP-low and Foxo3-high
cells. Scale bar = 10 μm. Source data are provided as a Source Data file.
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Possibly, this vulnerability to hypoxia might partly be due to poor-
quality cells, which would normally be removed through cell compe-
tition, persisting in these foxo3-deficient zebrafish. Thus, it would be
interesting to investigate the role of this system inhealthmaintenance,
stress tolerance, and prevention of ageing. Our findings reveal a novel
facet of Foxo3 that has already been recognised as an anti-ageing
factor.

Methods
Ethical approval
All experimental animal care was performed following institutional
and national guidelines and regulations. The study protocol was
approved by the Institutional Animal Care and Use Committee of
Osaka University (RIMD Permit# Biken-AP-R02-04, FBS Permit# FBS-
20-001). The study was conducted following the ARRIVE guidelines.

Zebrafish maintenance
Adult zebrafish were maintained under a 14 h light/10 h dark cycle at
28.5 °C. Wild-type strains (AB) and the following transgenic lines were
used: Tg(8xGBS:d2EGFP)32, Tg(OTM:ELuc-CP)7, Tg(hsp70l:mKO2-T2A-
SmoCA), Tg(hsp70l:GFP-zBcl2a), Tg(foxo3b:GFP), Tg(foxo3b:mCherry),
foxo3b-/-, and Tg(krt4p:gal4)85. One-cell stage embryos were used for
cell injection to generate transgenic fish ormosaic embryos and larvae,
with the larvae processed at 24 h post-fertilisation (hpf).

Plasmids
8xGBS:d2EGFPwas constructed by inserting the SmaI fragment of 8×3′
Gli-BS-δ51-LucII86, including the Gli-biding sequence (Gli-BS), between
the Tol2 excision site and a minimal promoter (miniP, AGAGGGTA-
TATAATGGAAGCTCGACTTCCAG), derived from pGL4 (Promega,
Madison, WI, USA), of XhoI/EcoRI-digested pT2-TCF-mini-d2EGFP87.
The half-life of d2EGFP protein, which was used as a fluorescent
reporter in 8xGBS:d2EGFP, is relatively short (approximately 2 h), and
this property facilitated the detection of dynamic changes during Shh
signalling in vivo.

The hsp70l promoter was sub-cloned into a pTol2 vector (a gift
from Dr K. Kawakami) to prepare heat-shock promoter-driven plas-
mids. mKO2 or membrane-tagged (GAP43-fused) GFP and T2A were
then sub-cloned into the pTol2-hsp70l promoter plasmid. These
plasmids expressed mKO2 or GAP43-GFP in response to heat shock.
PCR-amplified cDNAencoding signallingmodulator proteinswere sub-
cloned downstream of T2A in pTol2-hsp70l:mKO2 (or GAP43-GFP)-
T2A plasmids to generate plasmids expressing mKO2 or GAP43-GFP
with signalling modulator proteins.

The Shh signalling activators included a constitutively active
mutant of mouse Smoothened (SmoCA), in which Trp539 was replaced
with Leu (a gift fromDrP. Beachy,Addgeneplasmid#37673;Cambridge,
MA, USA)88 and human wild-type Gli1 (a gift from Dr B. Vogelstein;
Addgene plasmid #16419)89. Shh signalling inhibitors included mouse
wild-type Ptch1 (a gift from Dr P. Beachy, Addgene plasmid #120889)90

and the dominant-negative form of Gli3R (a gift from Dr B. Vogelstein;
Addgene plasmid #16420)89. Other signalling regulators were as follows:
N-cadherin; Smad3bDN, in which Pro401, Ser421, and Ser423 were sub-
stituted with His, Ala, and Ala, respectively91; constitutively active zeb-
rafish Smad3b mutant (Smad3bCA), in which Ser421 and Ser423 were
substituted with Asp; foxo3bDN (N-terminus-truncated zebrafish
foxo3b)92; mouse wild type Foxo3 (Foxo3WT); constitutively active
mouse Foxo3 (Foxo3CA), in which Thr32, Ser252, and Ser314 were sub-
stitutedwithAla;GFP-fusionzebrafishBcl2a (GFP-Bcl2a); humanPuma (a
gift from Dr B. Vogelstein; Addgene plasmid #16588)43; and zebrafish
Caspase-8. Wnt/β-catenin signalling activator (N-terminus-truncated
mouse β-catenin, β-catCA) and Wnt/β-catenin signalling inhibitor
(human wild-type GSK-3β) have been described previously7. To prepare
UAS promoter-driven plasmids expressing constitutively active human

H-Ras (RasG12V) mutants, Gly12 was substituted with Val (pTol2-UAS-
mCherry-T2A-RasG12V), as described previously15.

cDNAs for signalling proteins were PCR-amplified and cloned into
the multi-cloning site of the pCS2p+ vector for mRNA synthesis. The
cloned proteins were caspase activity fluorescent biosensor/CC3Ai (a
gift from Dr. B. Li, Addgene #78909)93, mScarlet (a gift from Dr D.
Gadella, Addgene plasmid #85042)94, GFP, Cas9, human Bcl2a (a gift
from Dr S. Korsmeyer, Addgene #8768)95, mouse SmoCA, and zebra-
fish Foxo3b and Smad2.

sgRNA synthesis
We selected target sequences for each gene that did not overlap with
other genomic sequences using the CRISPR design tool CHOPCHOP.
The protocol for sgRNA synthesis was based on a previously reported
method96. The oligonucleotides containing a T7 promoter sequence,
target sequence, and the sgRNA templates were PCR-amplified from
sgRNA scaffold oligo97 using the oligonucleotides and primer sgRNA-
RV with PrimeSTAR Max (TaKaRa, Kusatsu, Japan) and purified using
the NucleoSpin Gel and PCR Clean-up Kit (MACHEREY–NAGEL, Düren,
Germany). sgRNAs were synthesised using the CUGA7 gRNA Synthesis
Kit (Nippon Gene, Tokyo, Japan), and their concentrations were mea-
sured using a NanoDrop Lite spectrophotometer (Thermo Fisher Sci-
entific, Waltham, MA, USA).

Generation of transgenic zebrafish
Plasmid DNA and Tol2 transposasemRNAwere co-injected into one-cell
stage wild-type zebrafish embryos to generate Tg(hsp70l:mKO2-T2A-
SmoCA) and Tg(hsp70l:GFP-zBcl2a) zebrafish. To generate Tg(fox-
o3b:GFP) andTg(foxo3b:mCherry) zebrafish, a donor plasmid containing
a heat-shock promoter was co-injected into one-cell stage wild-type
embryos with a sgRNA targeted for genome digestion, an sgRNA tar-
geted for donor plasmid digestion, and the Cas9 protein (M0646, New
England Biolabs, Ipswich, MA, USA)98. The sgRNA sequences were 5′-
tcccgtacgcggaatccaggggg-3′ (foxo3b transcription start site (TSS)
upstream target) and 5′-ggctgctgtcagggagctcatgg-3′ (tbait).

Two sgRNAs and Cas9 were co-injected into one-cell-stage wild-
type embryos to generate foxo3b-/- zebrafish. Two gRNAs were
designed to delete the 2 kb upstream promoter region from the TSS
and exon 2. The sgRNA sequences were as follows: 5′-catgcctcaaca-
taggacagtgg-3′ (-2 kb from the TSS) and 5′-gaactgctgcctgtgtcacaagg-3′
(flanking region of exon2). Transgenic fish were then outcrossed with
wild-type fish to produce founder lines. Heterozygous adult fish were
crossed to obtain homozygous transgenic lines.

Clonal introduction of Shh-unfit cells
H2B-mCherry (100 pg) mRNA, with or without SmoCAmRNA (400pg),
was injected into two blastomeres of an eight-cell stage embryo. This
method introduces Shh-unfit cells at the patchy-clone level.

Mosaic introduction of Shh-unfit cells
Hsp70 promoter-driven plasmids (12.5–50pg) were injected into one-
cell stage embryos and maintained at 23.5 °C until 14 hpf (10-somite
stage). After bringing larvae back to 28.5 °C for 15min, they were
transferred to pre-warmed egg water at 37 °C and kept at this tem-
perature for 1 h to expose them heat shock. Subsequently, larvae were
placed at 28.5 °C and then fixed at 24 hpf for immunostaining or in situ
hybridisation. This method introduces Shh-unfit cells at the single-cell
level but not at the patchy-clone level.

Mosaic introduction of Wnt-unfit cells
Hsp70promoter-driven plasmids (5–17.5 pg)were injected into one-cell-
stage embryos andmaintained at 28.5 °C until 4.3 hpf (dome stage). The
embryoswere then exposed to heat-shock at 37 °C for 1 h. After the heat
shock, embryos were placed at 28.5 °C and then fixed at 9 hpf.
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Mosaic introduction of oncogenic cells
UAS promoter-driven plasmids (7.5–25 pg) were injected into one-cell-
stage Tg(krt4p:gal4) embryos, maintained at 25.5 °C and then fixed at
26–28 hpf.

foxo3b KO zebrafish in F0 generation
Cas9 and four sgRNAs were injected into one-cell stage embryos to
generate foxo3b KO zebrafish in F0 generation54–56. The sgRNA
sequences were as follows: 5′- ccggcgaagggccaaaaatgggg-3′, 5′- gacg-
gaggcttcccggcgaaggg-3′, and 5′-ggattcagcaaccccatttttgg-3′, 5′- gcgta-
gacggtagttttgagagg-3′. As control, four luciferase sgRNAs were
injected; their sequences were as follows: 5′-gggcatttcgcagcctaccgtgg-
3′, 5′-ggcatgcgagaatctcacgcagg-3′, and 5′-tcggggaagcggttgccaagagg-3′,
and 5′- tttgtggacgaagtaccgaaagg-3′.

Mosaic or ubiquitous introduction of rps3 mutant cells
Cas9 mRNA and sgRNAs were injected into a single blastomere of an
eight-cell stage embryo to introduce mosaic mutants99. Cas9 mRNA
and sgRNAs were injected into one-cell stage embryos to generate
ubiquitous mutants99. Three sgRNAs were injected to disrupt the rps3
gene efficiently54,56. The sgRNA sequences were as follows: 5′-cgaggat
ggttattccggcgtgg-3′, 5′-cattcgtgagctgaccgctgtgg-3′, and 5′-tctctgcgct
acaagctgctcgg-3′.

Time-lapse imaging and data analysis
For time-lapse confocal live imaging, larvaewithmosaically introduced
SmoCA cells (Supplementary Movie 1, 2) or Tg(foxo3b:mCherry)
embryos (Supplementary Movie 3) were manually dechorionated
using forceps and mounted in 1% low melting agarose with egg water
onto glass bottom dishes. Live imaging was performed using an
FV3000 confocal laser scanningmicroscope (Olympus, Tokyo, Japan).
In Supplementary Movie 1, 2, two laser lines at 488 and 594 nm were
used. The recording interval was 10min. At each time point, 30 con-
focal slices were acquired along the z-axis. In Supplementary Movie 3,
three lase lines at 445, 488, and 561 nm were used. The recording
interval was 10min. At each time point, 18 confocal slices were
acquired along the z-axis.

Antibodies
Primary antibodies included anti-fastmyosin (F310) (#AB_531863, 1/10;
Developmental Studies Hybridoma Bank (DSHB), Iowa City, IA, USA);
anti-slowmyosin (F59) (#AB_528373, 1/10; DSHB,); anti-muscle pioneer
(4D9) (#AB_528224, 1/5; DSHB); anti-N-cadherin (Cadherin2) (#125885,
1/1000; GeneTex, Irvine, CA, USA); chicken anti-GFP (#13970, 1/1000;
Abcam, Cambridge, UK); rabbit anti-GFP (#A-11122, 1/500; Thermo
Fisher Scientific); anti-active caspase-3 (#559565 (1/500; BD
Bioscience, Franklin Lakes, NJ, USA) and #9661 (1/500; Cell Signalling,
Mountain View, CA, USA)); and anti-V5 tag (R960-25, 1/200;
Invitrogen).

Secondary antibodies included AlexaFluor488-conjugated anti-
chicken IgY (#A-78948, 1/1000; Invitrogen, Waltham, MA, USA) and
anti-rabbit IgG (#A-11034, 1/500; Invitrogen); AlexaFluor594-
conjugated anti-mouse IgG (#A-11032, 1/500; Invitrogen) and anti-
rabbit IgG (#A-11037, 1/500; Invitrogen); AlexaFluor647-conjugated
anti-rabbit IgG (#4414, 1/500; Cell Signalling Technology); and anti-
mouse IgG (#A-21235, 1/500, Invitrogen).

mRNA and antisense oligo MO microinjection
Capped mRNA was synthesised using the SP6 mMESSEAGE mMA-
CHINE kit (Ambion, Austin, TX, USA) and purified usingMicro Bio-Spin
columns (ZymoResearch, Irvine, CA, USA). The synthesisedmRNAwas
injected into one-cell-stage embryos. Antisense oligo MOs (Gene
Tools, Philomath, OR, USA) were injected into one-cell stage embryos
to perform knockdown experiments in zebrafish larvae. Standard
control morpholino, 5′-CCT CTT ACC CTC AGT TAC AAT TTA TA-3′;

N-cadherin (n-cadherin)34,35, 5′-TCT GTA TAA AGA AAA GCG ATA GAG
TT-3′ (1 ng); Smad4 (smad4a)37, 5′-AAT CAT ACT CAT CCT TCA CCA
TCA T-3′ (2 ng); and Cadherin11 (cdh11)34, 5′-TCT GTA TAA AGA AAC
CGA TAG AGT T-3′ (2 ng) were injected. n-cadherin and smad4a MOs
are translation-blocking morpholinos, and cdh11 MO is a splicing-
blocking morpholino. We adjusted the concentration of the MOs to
achieve a level of expression that was sufficiently reduced without
causing severe morphogenetic defects.

Chemical treatment
Zebrafish larvae were treated with 30 µM Smo inhibitor, cyclopamine
(Selleck Chemicals, Houston, TX, USA), to downregulate the Shh sig-
nalling activity. Larvae were treated with 100 µM NAC (Sigma-Aldrich,
St. Louis, MO, USA) to evaluate the effects of ROS on eliminating unfit
cells. Each solution was added at 18 hpf.

Whole-mount immunostaining
At 9 hpf, embryos were fixed with pre-cooled 4% paraformaldehyde in
phosphate-buffered saline (PBS) overnight at 4 °C. At 24 hpf, larvae
were dechorionated with 1mg/mL pronase (Roche, Darmstadt, Ger-
many) and fixed with 4% paraformaldehyde in PBS overnight at 4 °C.
The embryos and larvae were washed with 0.5% Triton X-100 (PBST) at
least four times and blocked with 10% foetal bovine serum, 4% Block
Ace (Megmilk Snow Brand, Tokyo, Japan), and 1% dimethylsulphoxide
(DMSO) in 0.1% PBST for 1 h. The embryos and larvae were incubated
with the primary antibodies overnight at 4 °C, washed, and incubated
with AlexaFluor-conjugated secondary antibodies with Hoechst33342
(H3570, 1/1000; Invitrogen) overnight at 4 °C.

Immunostaining for anti-8-OHdG was performed as described
previously, with slight modifications100. Larvae were dechorionated at
24 hpf with 1mg/mL pronase and fixed with pre-cooled 50% Bouin’s
solution in PBS overnight at 4 °C. The larvae were washed with 0.5%
PBST at least 12 times. After rinsingwith0.5% PBST, larvaewere treated
with 0.1% collagenase in 2% PBST at 28.5 °C for 15min. After rinsing
with 0.5% PBST, larvae were treated with proteinase K (10μg/mL) at
28.5 °C for 12min. After rinsing with 0.5% PBST, DNA was denatured
using 4N HCl for 12min at 28.5 °C. The pH was adjusted with 50mM
Tris-HCl for 5min at 28.5 °C. After rinsingwith 0.5% PBST andblocking,
larvae were incubated with anti-8-OHdG monoclonal antibody (15A3,
sc-66036, 1/100; Santa Cruz Biotechnology, Dallas, TX, USA) and anti-
GFP antibody overnight at 4 °C, and then washed and incubated with
AlexaFluor-conjugated secondary antibodies and Hoechst33342
overnight at 4 °C. Stained larvae were visualised using an FV3000
confocal laser scanning microscope. Images were prepared and ana-
lysed using ImageJ software (NIH, Bethesda, MD, USA).

Whole-mount in situ hybridisation
RNA probe synthesis was performed as described previously101. The
probes used were as follows: n-cadherin, dbx1b, olig2, foxa2, cdx4,
foxo3b, sesn3, lnx1, tcima, puma, wnt8a, shh, GFP, Emerald luciferase
(ELuc), and firefly luciferase (Luc). SBE-Luc (pGL4.48[luc2P/SBE/Hygro]
vector) was purchased from Promega (Madison, WI, USA). Whole-
mount in situ hybridisation was performed as described previously101.
Fluorescence in situ hybridisation was performed as described
previously102. Digoxigenin- or FITC-labelledRNAantisenseprobeswere
prepared from plasmids containing n-cadherin, dbx1b, olig2, foxa2,
cdx4, foxo3b, sesn3, lnx1, tcima, puma, wnt8a, shh, GFP, Emerald luci-
ferase, or firefly luciferase. Images were obtained using an FV3000
confocal laser scanning microscope.

Whole-mount multiplex in situ hybridisation chain
reaction (HCR)
We followed the protocol suggested by Nepagene (Chiba, Japan), as
described previously103. The probes used were as follows: foxo3b and
dbx1b (sequences of the probes are provided in Supplementary
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Table 3). Images were obtained using an FV3000 confocal laser scan-
ning microscope.

Reverse transcription polymerase chain reaction
For qPCR analysis, cDNAwas synthesised using the ReverTra Ace qPCR
RTmastermixwith genomicDNA remover (#FSQ-301; Toyobo, Osaka,
Japan). qPCR analysis was conducted on a Stratagene Mx3000P qPCR
system using THUNDERBIRD SYBR qPCR Mix (#QPS-201; Toyobo)
using the following conditions: 95 °C (1min), 45 cycles at 95 °C (15 s)
and 60 °C (35 s). A standard curve was used to determine the relative
mRNA abundance. The β-actin gene was used as a normalisation con-
trol. The primers used were as follows: 5′-taaggcaagcagagggtgttc-3′
(afg1lb Fw1), 5′-ttctctgttgcgggtccttt-3′ (afg1lb Rv1), 5′-ttgaatcaa-
catggcggcg-3′ (afg1lb Fw2), 5′-gttgtcgaacaccctctgctt-3′ (afg1lb Rv2), 5′-
gagcacccctgacaagagac-3′ (foxo3b Fw), 5′-gccggatggagttcttccaa-3′
(foxo3b Rv), 5′-tggactttgagcaggagatgggaa-3′ (β-actin Fw), and 5′-
aaggtggtctcatggataccgcaa-3′ (β-actin Rv).

Histology
Dechorionated larvae were fixed in 4% paraformaldehyde overnight at
4 °C, solidified in iPGell (Genostaff, Tokyo, Japan), placed in 10 and20%
sucrose/PBSuntil the tissueswere submerged, and in 30% sucrose/PBS
overnight at 4 °C. iPGell-solidifed larvae were embedded in a Tissue-
Tek optimal cutting temperature (OCT) freezing medium (Sakura
Finetek, Tokyo, Japan). Slices (20μm thick) were prepared using a
Thermo Fisher Scientific HM525NX cryostat and stored at −80 °C until
used (Fig. 2b, 4a; Supplementary Fig. 1a).

Gene set enrichment analysis (GSEA)
GSEA against RNA-seq data of β-catCA-mosaically introduced (Mosaic)
or ubiquitously β-catCA-expressing (Ubiquitous) zebrafish embryos
(GEO accession code: GSE133526)7 was performed using RaNA-seq104.

Mouse maintenance
Adult mice were maintained under a 12 h light/12 h dark cycle at 22 °C,
55% humidity. B6D2F1/Jcl (C57BL/6N x DBA/2N) F1 female mice were
purchased from CLEA Japan, Inc. (Tokyo, Japan). Embryos were
obtained from 3-week-old B6D2F1/Slc F1 female mice. Mice were
maintained under specific pathogen-free conditions at the Animal
Facility of the Frontier of Biosciences, Osaka University. The Animal
Care and Use Committee of the Graduate School of Frontier Bios-
ciences, Osaka University, approved all mice experiments (FBS Per-
mit# FBS-20-001).

Mouse embryo culture and inhibitor treatment
Mouse embryos were obtained from the inter-crosses of B6D2F1/Jcl
mice at the one- or two-cell stage using standard protocols105 and were
cultured in wells of a 72-well MiniTray (Nunc 136528) containing 10 µL
of Potassium Simplex optimised medium (KSOM; ARK resource,
Kumamoto, Japan) covered with 5 µL ofmineral oil at 37 °C in a 5% CO2

incubator. Embryos were cultured in KSOM containing 200mM of Z-
VAD-FMK (3118-v; Peptide Institute Inc., Osaka, Japan) and 0.4% DMSO
from the early blastocyst stage to the late blastocyst stage to suppress
apoptosis. Control embryos were cultured in KSOM containing
0.4% DMSO.

Immunofluorescent staining and image acquisition of mouse
embryos
Immunofluorescence stainingof embryoswasperformedusing a 72-well
MiniTray (Nunc 136528), as described previously11, with slight modifica-
tions. Embryos were fixed in 4% paraformaldehyde in PBS for 5min at
28.5 °C washed and permeabilised twice with 0.1% Triton X-100 in PBS
(0.1% PBST) for 1min at room temperature. The embryos were then
blocked with 2% donkey serum in 0.1% PBST (blocking solution) and
incubated overnight with primary antibodies in a blocking solution at

4 °C. After washing three times in 0.1% PBST for 1min, the embryoswere
incubated with the secondary antibodies and Hoechst33342 (H342, 1/
1000;Dojindo, JawaTengah, Indonesia) in0.1%PBST forover 1 hat room
temperature. After twowashes in PBS, the embryoswere placed in a PBS
drop on a glass-based dish, and confocal images were obtained using a
Nikon A1 inverted confocal microscope (Tokyo, Japan). Images were
analysed using NIS-Elements AR analysis (Nikon) or IMARIS software
(Bitplane, Belfast, UK). The following antibodies were used: mouse
monoclonal anti-YAP1 antibody (H00010413-MO1, 1/100; Abnova,
Taipei, Taiwan), rabbit monoclonal anti-FOXO3 (2497S, 1/100; Cell Sig-
nalling Technology), Alexa Fluor Plus 488-conjugated donkey anti-
mouse antibody (A32766, 1/1000; Thermo Fisher Scientific), Alexa Fluor
Plus 555-conjugated donkey anti-rabbit antibody (A32794, 1/1000; Invi-
trogen), and Alexa Fluor Plus 647-conjugated donkey anti-goat antibody
(A21447, 1/1000; Invitrogen).

Analysis of Foxo3 expression in post-implantation embryo
loser cells
Single-cell RNA-seq data from E5.5 mouse embryos cultured for 16 h
with or without a caspase inhibitor (accession number E-MTAB-80-
640)12 were re-analysed using Seurat 4.0.0106. Six clusters, Epiblast_1
(Epi_1), Epiblast_2 (Epi_2), Epiblast_3 (Epi_3), Loser, Extra-embryonic
ectoderm (ExE), and Visceral endoderm (VisEn), were identified based
on the expression of marker genes.

Statistical analyses
Larvae without severe morphological defects were selected for ima-
ging in each experiment. Differences between groups were examined
using a two-tailed unpaired Student’s t-test, one-way analysis of var-
iance (ANOVA), chi-square test in Prism 8 (GraphPad Software, San
Diego, CA, USA) or Excel (Microsoft, Redmond,WA, USA), and DESeq2
(version 1.10.1) (The R Project for Statistical Computing). p values <
0.05 were considered significant. The representative images and plots
were reproduced in at least two (Figs. 1d–f, 2c–f, 4a, b, e, 5b, e, 6a, c, d,
h, j, and 7a, c–f and Supplementary Figs. 1a–c, 2c–i, 3a–e, f, 4b–d, f, 6a,
b, e–g, 7a, b, d, 8a–c, 10a,b, e, g–i, and 12c–g) or three ormore (Figs. 1b,
2b, 3b–e, 4c, f, g, 5a, c, d, f, h, i, and 6b, f, g, i and Supplementary
Figs.1d–f, 2a, b, 3f, g, 4a, e, g, h, 5a, b, f, 6b, 7c, 8d, 9a–c, f–h, 10c, d,
f and 11b, c) independent experiments.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All the data supporting this study are available within the article,
supplementary information, and source data. The previously pub-
lished datasets re-analyzed in this work can be accessed as GSE133526
and E-MTAB-80-640. Source data are provided with this paper.
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