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SUMMARY

Cell Competition (CC) is a biological process in which viable cells are eliminated by the
presence of neighbouring cells with increased fitness. First observed in Drosophila, Cell
Competition has been described in numerous biological scenarios in metazoans both du-
ring embryonic development and in the adult. Cell Competition has been envisioned as a
conserved and extended quality control system that eliminates less fit, mispatterned or
non-well adapted cells, ensuring homeostasis and proper function of tissues and organs

throughout life.

During the early mouse development, the mouse epiblast and its in vitro counterpart,
mouse embryonic stem cells (ESCs) are subjected to natural Cell Competition. Through
this mechanism, suboptimal or potentially harmful cells are removed by the presence
of fitter cells, optimizing the pool of cells that will give rise to the new individual. This
endogenous CC model correlates with MYC transcription factor expression, so cells with
low MYC levels are eliminated by the presence of cells with higher levels (Claveria et al.,
2013; Diaz-Diaz et al., 2017; Sancho et al., 2013). This process relies on the interaction
and comparison between cells with different fitness, which results in the elimination of
less fit cells. However, these molecular mechanisms remain largely unknown, especially

in mammals.

Here, we have explored different factors and pathways regulating cell fitness and the
execution of loser cell death. We have identified and analysed different candidates of
the P53 pathway and propose a model based on increased susceptibility to apoptosis,
autophagy and mitophagy induction and reduction of mitochondrial OXPHOS function,
accounting, at least in part, for the loser “signature” in pluripotent Cell Competition.

We have found that P53 and PUMA regulate apoptosis susceptibility in ESCs but their
function and expression is not restricted to apoptotic cells. We have shown that P53
activity inhibits MYC expression and is strictly required for PUMA expression. P53 and
PUMA regulate fitness and induces Cell Competition in ESCs.

P53 regulation of competitive fitness depends on the pluripotency status, with the
pathway being activated as the cells progress towards differentiation and their ability to

induce Cell Competition is supressed in naive pluripotency conditions.

We propose a model that integrates the P53 pathway and MYC in the definition of the lo-
ser cell fitness “status” and suggests that an alteration in mitochondrial OXPHOS function
regulated by P53-PUMA underlies competitive fitness in pluripotent cells.
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SUMMARY

La Competicién Celular (CC) es un proceso bioldgico por el cual células con menor fitness
son eliminadas por la presencia de células vecinas con mayor fitness. Observada por
primera vez en Drosophila, la CC se ha descrito en numerosos escenarios bioldgicos en
todo el reino animal tanto en el desarrollo embrionario como en el organismo adulto.
Actualmente, la Competicion Celular se considera como un importante mecanismo de
control de calidad capaz de eliminar células subdptimas o con un patrén erréneo, ase-
gurando asi la homeostasis y el correcto funcionamiento de érganos y tejidos a lo largo

de la vida del individuo.

Durante el desarrollo temprano, en el epiblasto de ratdn ocurren procesos de Competi-
cion Celular, de forma que, las células con menor fitness o potencialmente dafinas son
eliminadas por la presencia de células mas aptas, optimizando el conjunto de células
gue dara lugar al individuo. Este modelo de CC correlaciona con la expresién del factor
de transcripciéon MYC, de manera que las células con menores niveles de MYC son elimi-
nadas por la presencia de células con niveles mas altos (Claveria et al., 2013; Diaz-Diaz
et al., 2017; Sancho et al., 2013). Estos procesos también afectan al equivalente in vitro
de las células del epiblasto, las células madre embrionarias (ESCs). Estos procesos de CC
se basan en la interaccidon y comparacion entre células con distinto nivel de fitness, que
finalmente conduce a la eliminacion de las células con menor fitness o loser. Sin embar-
go, los mecanismos que regulan y dirigen este fendmeno permanecen en su mayoria

desconocidos, especialmente en mamiferos.

En este trabajo, exploramos diferentes factores y rutas de sefializacién que definen el
fitness de las células ES, asi como aquellos que regulan la eliminacidn de las células loser.
Asi pues, identificamos y analizamos diferentes factores de la ruta de P53 y proponemos
un modelo que explica el estatus de la célula loser basado en una mayor susceptibilidad
a sufrir apoptosis, la induccidn de la autofagia y la mitofagia y la alteracién de la funcién

mitocondrial.

P53 y PUMA regulan la susceptibilidad a la apoptosis en ESCs, sin embargo, su patrén de
expresion y funcidn no estd restringido a células apoptdticas. P53 inhibe la expresion de
MYC es necesario para la expresion de PUMA. P53 y PUMA regulan el fitness e inducen
Competicion Celular en ESCs. Por su parte, el estatus de pluripotencia regula la expre-

sién de P53 y su capacidad para inducir CC.

En resumen, proponemos un modelo sobre el estatus loser en células pluripotentes que
integra la ruta de P53 y MYC y sugerimos que la alteracién en la funcidn mitocondrial
podria ser un factor clave en la reduccion del fitness.
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INTRODUCTION

Cells within multicellular organisms would be subjec-
ted to evolutionary pressures as animals in the wild,
and this pressure could enhance organismal fitness.

(Roux, 1881)






INTRODUCTION

CELL COMPETITION
1 INTRODUCTION. Historical background and relevant discoveries

1.1 Early discoveries in flies. Deciphering the rules of Cell Competition

Cell Competition (CC) was first reported by Ginés Morata and Pedro Ripoll (Morata and
Ripoll, 1975), when studying mutant flies for Minute genes. Although this mutation is
lethal in homozygosity, heterozygous flies (M**) are viable with just minor abnormalities
as shorter and thinner bristles (Brehme, 1939). A principal feature of M*- flies is a slower
embryonic development (Morgan and Bridges, 1923). To test whether this developmen-
tal delay was due to a slower cell growth rate, Morata and Ripoll induced M* clones in
wild type (WT) embryos within the wing imaginal disct. M* clones were expected to be
smaller than WT clones, however, they completely disappeared, even though M*~ flies
are viable and fertile. This effect could not be explained by autonomous differences in
proliferation rate and the authors proposed that Minute cells were eliminated when
growing next to wild type cells. This process was termed as Cell Competition (Figure 1A).

Subsequent observations revealed some main characteristics of this CC model. For ins-
tance, only M clones adjacent to WT clones are outcompeted, indicating that close
proximity is required for CC. Competitive interactions did not occur when M*- were indu-
ced in abdominal histoblasts?. Besides, CC was not effective across compartment boun-
daries® (Morata and Ripoll, 1975). These observations demonstrated that CC is a local
but specific process (as cannot be induced in all tissues) that eliminates less-fit cells from
a cell population of the same kind. Later, Minute cells elimination was also reported in
Drosophila muscle precursors (Lawrence, 1982), indicating that other tissues apart from
wing discs are susceptible to undergo CC.

During 15 years, CC was not a subject of interest, however new discoveries put the field
again in the spotlight. For many years, only Minute mutants were known to induce CC.
More recent works reported that cells mutant for genes affecting cellular growth/proli-
feration such as dmyc, chico, ras or dpp were eliminated by CC (B6hni et al., 1999; Burke
and Basler, 1996; Johnston et al., 1999; Prober and Edgar, 2000). Additionally, different
studies showed that mutant cells were eliminated by apoptosis (Johnston et al., 1999;
Moreno et al., 2002; Prober and Edgar, 2000).

1.2 Supercompetition. Relative nature of cell fitness

Myc proteins are transcription factors involved in cell growth/proliferation, biosynthes is
capacity and apoptosis (Eisenman, 2001). Cells carrying hypomorphic versions of dmyc
were eliminated from a WT environment (Johnston et al., 1999), in a similar way to

! Imaginal discs are the precursors of adult insect structures and during developmental patter-
ning they show a simple epithelial morphology (Claveria and Torres, 2015).

2 Group of cells, precursors of the abdominal epithelium (Roseland and Schneiderman, 1979).

3 Cell lineage restriction borders (which do not correlate with any morphologically visible land-
marks) that separate developing cell populations from different lineages as independent functio-
nal units (Irvine and Rauskolb, 2001).
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Minute mutants. Two subsequent studies demonstrated that myc-overexpressing cells
actively eliminate neighbouring non-mutant WT cells (De La Cova et al., 2004; Moreno
and Basler, 2004). This process, termed Supercompetition demonstrates that CC relies
on the relative comparison of intrinsic cell properties and that competitive fitness could
be enhanced over that of wild type cells (Figure 1B).

Notably, overexpression of other components that increase cell growth/proliferation, as
Dp110 (PI3K complex) or CyclinD-Cdk4, as well as Minute genes failed to induced Super-
competition (De La Cova et al., 2004; Hafezi et al., 2012; Simpson, 1979) (Hafezi et al.,
2012). This indicates that generating a difference in cell growth/proliferation is therefore
not sufficient to trigger CC.

A

Homotypic
population

@

Low fitness cell

®

Wild type cell

©

High fitness cell

2

Apoptotic cell

Heterotypic
population

Figure 1. Cell Competition and Supercompetition

A. WT cells and cells with reduced fitness are viable. However in the presence of WT
cells, cells with reduced fitness are eliminated. B. WT cells population can be eliminated
by the presence of cells with increased fitness, which is called Supercompetition.

1.3 Cell Competition in mammals

The mouse bst mutation (Belly spot and tail), which impairs the ribosomal protein gene
rpl24 is similar to Minute mutations in flies, which also affect ribosomal proteins. Bst”
mice are viable with minor defects. Interestingly, WT cells injected into a bst”~ blastocyst
contribute in a larger proportion to the chimeric animals produced that those injected
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into a WT blastocyst (Oliver et al., 2004). These experiments suggested competitive in-
teractions in mammals for the first time, although whether this process was due to cell-
autonomous differences between bst”- and WT cells or CC was not addressed.

In a later study, Oertel et al. provided new evidences suggesting CC in mammals. They
transplanted fetal liver progenitor/stem cells into damaged adult rat livers and fetal liver
cells expanded across the liver inducing the elimination of adjacent host hepatocytes for
prolonged periods (Oertel et al., 2006).

More recently, two studies described CC in the early mouse embryo and in embryonic
stem cells* (ESCs). Sancho et al., demonstrated that ESCs with defective BMP signalling,
autophagy machinery or tetraploid cells are eliminated by WT cells. They also suggested
that MYC acts as a common downstream mediator regulating CC (Sancho et al., 2013).
Meanwhile, Claveria el al., established an inducible genetic mosaic system. With this mo-
del, they demonstrated that generating a relative difference in MYC levels in the epiblast
leads to the expansion of the population with higher MYC levels through the elimination
of the one with lower levels by apoptosis, without disrupting mouse development. This
process also occurs in ESCs and requires cell contact. Furthermore, in the epiblast, MYC
expression shows a natural cell-to-cell heterogeneity in a random distribution. Cells with
lower MYC levels are eliminated by natural CC, selecting cells with higher MYC level,
which posses more anabolic capacity (Claveria et al., 2013). This work demonstrated for
the first time an example of natural CC, without the induction of any genetic alteration.

Since its discovery, different aspects of CC have been reported and are introduced in the
following sections.

2 MECHANISMS OF CELL COMPETITION

The Cell Competition process can be subdivided in four steps: (1) Generation of fitness
imbalance between cells, (2) fitness comparison, (3) loser cell elimination and (4) com-
pensation for loser cell elimination by winners.

(1) CCis triggered by a fitness difference between cells. Competitive fitness encompas-
ses a variety of intrinsic cellular properties that affect the competitive behaviour of cells.
Different mutations affecting apparently unrelated cellular processes can trigger CC, like
apico-basal polarity, cell metabolism and cell proliferation. This suggests that fitness in-
cludes many different cellular features and CC is an extended mechanism that function
downstream all those features. These pathways alteration could converge into common
cellular downstream mechanisms leading to loser outcompetition when in presence of
winner cells.

Several scenarios of different complexity are possible to explain the mechanisms of fit-
ness comparison (2) and loser elimination (3):

4 ESCs are considered the in vitro counterpart of the epiblast. During the early development, the
epiblast is an epithelium compound of pluripotent cells that give rise to all cell lineages of the
whole organism (Sheng, 2015).
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a) Difference in fitness between cells is non-autonomously sensed, and as result, a ce-
llular mechanism is triggered. This response to differential fitness level can be triggered
directly in loser cells, winner cells or both, eventually leading to loser outcompetition.

b) There is no response to differential fitness level between winner and loser cells. Con-
versely, intrinsic cellular differences directly lead to loser outcompetition. For instances,
loser cells can be eliminated by a toxic signal or by growth factors deprivation, which
results from intrinsic differences in sensitivity to a “killing” signal or growth factors de-
privation between winner and loser cells.

Eventually, the elimination of loser cells (3) can induce a non-autonomous response in
“winner” cells (4) to compensate for “loser” cell elimination.

We will described the main discoveries according to each part.

2.1 Fitness. Pathways Triggering CC

Cell Competition initiates because of a difference in cell fitness between neighbouring
cells. Less fit cells or “loser cells” will be eliminated, while “winner cells” induce loser cell
elimination and remain in the tissue. We can learn about the nature of competitive fit-
ness from all the reported pathways able to induce CC. Along the last 15 years, the field
has exploded revealing a vast set of pathways inducing CC. They comprise many cellular
processes, like cell growth/proliferation, signalling transduction, patterning, stress or cell
polarity. Among these pathways, complex cross-talk regulation and pleiotropic relation-
ships are established, which makes it difficult to set a clear classification. Nevertheless,
we will consider here a Metabolic CC and a Structural CC (Figure 2).

2.1.1 Metabolic Cell Competition

CC can be induced by deficiency in pathways involved in cell growth and biosynthesis,
like MYC (Johnston et al., 1999; De La Cova et al., 2004; Moreno and Basler, 2004), ge-
nes encoding ribosomal proteins (Rps) (Morata and Ripoll, 1975; Simpson, 1979) or the
helicase 25E (which provokes reduced protein synthesis) (Nagata et al., 2019). CC s also
induced by pathways implicated in proliferation and signal transduction, like RAS (Karim
and Rubin, 1998; Prober and Edgar, 2000), SRC (Enomoto and Igaki, 2013; Kajita et al.,
2010), BMP/DPP (Burke and Basler, 1996; Sancho et al., 2013), HIPPO (Tyler et al., 2007;
Neto-Silva et al., 2010; Ziosi et al., 2010) or JAK-STAT (Rodrigues et al., 2012). Moreover,
pathways related with metabolism and stress can be included in this group, e.g. P53
(Bondar and Medzhitov, 2010; Dejosez, 2013), mTOR (Bowling et al., 2018) or autophagy
(Sancho et al, 2013). Alteration of mitochondrial dynamics through DRP1/MFN2 prote-
ins (Lima et al., 2020) or the activation of stress responses as oxidative stress (Kucinski et
al., 2017) can also trigger CC.

Alteration of many of these pathways can decrease fitness conferring cells a loser status
or increase it, inducing Supercompetition. Moreover some of these pathways have been
reported both in Drosophila and mammals, arguing for a deep conservation (Amoyel
and Bach, 2014; Baker, 2020; Bowling et al., 2019; Claveria and Torres, 2015; Gregorio
et al., 2016). Epistatic relationships among these factors suggest they could play a role
in a common pathway regulating competitive fitness. In this context, MYC has been pro-
posed as a general downstream fitness reporter. We will here mention some of these
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epistatic relationships.

BMP inhibits P53, which in turn inhibits mTOR signalling (Bowling et al., 2018), a prin-
cipal regulator of autophagy (Kim et al., 2015). Alteration of any of these components
can induce CC. Interestingly, the authors proposed that loser cells defective for BMP
(bmprla”), autophagy (atg57) or tetraploid cells (4n), show less MYC levels than WT
cells when in co-culture (Sancho et al., 2013). RAS and HIPPO also regulate MYC and MYC
function is required for HIPPO-driven CC (Prober and Edgar 2000; Neto-Silva et al., 2010;
Ziosi et al., 2010). Moreover, Minute mutations are enough to block Myc supercompe-
tition (Moreno and Basler, 2004), suggesting that ribosomal proteins function downs-
tream Myc in defining competitive fitness. Interestingly, during Minute and Myc-driven
CC, loser cells display less BMP/Dpp signalling (Moreno et al., 2002; Moreno and Basler,
2004). Moreover, Dpp upregulation can rescue WT cells during Myc supercompetition.
Additionally, Minute cells upregulate Nrf2 (key factor inducing oxidative stress response)
whose overexpression in the absence of stress is sufficient to induce CC, (Kucinski et al.,
2017), demonstrating that Rp heterozygosity plays a role in CC beyond protein transla-
tion (Lee et al., 2018).

Eventually, some pathways that regulate growth play also a role in patterning, differen-
tiation and cell identity. Thus, mis-patterned cells can be recognised and eliminated by
WT neighbouring cells. In this way, CC has been reported by altered BMP/Dpp (Adachi-
Yamada et al., 1999; Milan, 2002), Wnt signalling (Akieda et al., 2019; Suijkerbuijk et al.,
2016; Vincent et al., 2011) and pathways involved in differentiation such as Notch (Alco-
lea et al., 2014) or bam and bgcn (Jin et al., 2008).

2.1.2 Structural Cell Competition

Alteration of some genes involved in apico-basal polarity has been described to induce
CC. Apico-basal polarity is controlled by different protein modules as the basolateral
complex SCRIB, which is formed by Dlg, Lgl and Scrib proteins. In Drosophila, homo-
zygous mutants of these proteins generate neoplastic formations® during larval develop-
ment that eventually kill the animal. For that reason, these genes were called neoplastic
tumour suppressor genes, nTSG (Bilder, 2004). Notably, these mutant tumorigenic cells
are eliminated when surrounded by WT cells (Brumby and Richardson, 2003; Woods and
Bryant, 1991; Menéndez et al., 2010). Other apico-basal components that induce CC are
Mahjong (Tamori et al., 2010) and Crumbs (Chen et al., 2010; Hafezi et al., 2012).

V12

Ras"!? and Src

Ras"*? mutation and v-Src transformation cause tissue overgrowth in epithelia, howe-
ver, when surrounded by WT cells, mutant cells are eliminated (Enomoto and Igaki,
2013; Hogan et al., 2009; Kajita et al., 2010; Vidal et al., 2006). Although not directly
involved in apico-basal polarity, they generate a similar CC model. Upon interaction
with WT cells, mutant cells are eliminated by apoptosis, apical extrusion and basal

> Abnormal growth in which cells overproliferate, lose normal adhesion, shape and are unable to
differentiate. On the contrary, hyperplasia refers to normally shaped, overproliferating cells that
remain in the epithelium and differentiate (Bilder, 2004).
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protrusion.
Endosomal trafficking

Endosomal transport control recycling or degradation of plasma membrane compo-
nents. In similarity with some polarity genes, different endocytic genes behave as
NnTSGs in Drosophila (Menut et al.,, 2007). An explanation could be that endocytic
transport can regulates apico-basal polarity by controlling the levels of membrane
proteins essential in polarity, as Crumbs (reviewed in Eaton and Martin-Belmonte,
2014). Thus, endocytic mutant cells lose shape and overgrowth but are eliminated
in the presence of WT cells. These genes include: vps25 (Herz et al., 2006), rab5 (Ba-
llesteros-Arias et al., 2013), tsg101 (Moberg et al., 2005) or av/ (Lu and Bilder, 2005).
Additionally, defective endosomal transport generate aberrant endosomal structu-
res, in which active receptors continue signalling. In fact, mutants for endocytic ge-
nes, show increased Notch signalling.

Notably, in contrast to metabolic CC, in the context of polarity deficient mutants, loser
cells are the faster proliferating with tumorigenic potential and CC acts as a tumour sup-
pressor mechanism.

Notch
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Figure 2. Pathways involved in CC.

Schematic representation of different pathways whose differential activity induce CC.
These pathways are divided in growth and metabolic associated pathways and cell pola-
rity related pathways. Some of the crosstalk regulations between factors and pathways
are represented (Based on (Claveria and Torres, 2015)).
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2.1.3 Polarity and metabolic crosstalk-regulation

Crosstalk-regulation among structural and metabolic pathways have been reported. In-
deed, in a homotypic environment, apico-basal impairment increases overgrowth by
inhibiting Hippo pathway, which contributes to tumour formation. Remarkably, the con-
frontation with WT cells reverses the situation and makes mutant cells to downregulate
Hippo (Chen et al., 2012; Doggett et al., 2011; Enomoto and Igaki, 2013; Froldi et al.,
2010; Grzeschik et al., 2010; Hafezi et al., 2012). In this vein, some polarity deficient
clones can be rescued if surrounding by Minute cells (Froldi et al., 2010; Grzeschik et
al., 2010) or by overexpressing growth/proliferating pathways as Yki or Myc (Chen et al.,
2012; Froldi et al., 2010).

2.2 Fitness Comparison Mechanisms

Along the years, different elements reporting fitness and comparison models have been
described.

2.2.1 The FLOWER code

Moreno and collaborators have proposed a comparison model based on the expression
of the different isoforms of the transmembrane protein Flower.

In Drosophila, fwe encodes three transmembrane proteins: Fwevbiauitous (ubi) - Fyyglose-A gnd
fwe't, |n the wing disc, lose isoforms are expressed in loser cells in different models of
CC. Indeed, induction of fwe'* is enough to turn WT cells into losers. The authors pro-
posed that Fwe isoforms report cell fithess downstream Dpp signalling, MYC or Minute
(Rhiner et al., 2010). Notably, overexpression of mouse Fwe isoforms in mammalian cell
cultures did not induce CC while they did in Drosophila wing disc (Petrova et al., 2012).
In humans, two winner and two loser isoforms were found. Fwe”" cells overexpressing
loser isoforms are eliminated by Fwe” cells overexpressing winner isoforms (Madan et
al., 2019).

2.2.2 Mechanical sensing

Differences in mechanical properties such as membrane elasticity or cell attachment
ability have been proposed as a fitness-reporting and comparative mechanism. For ins-
tance, Ras, Src or Wnt alteration can modify cell attachment and membrane elasticity
(Akieda et al., 2019; Vidal et al., 2006). Differences in B-catenin/E-cadherin expression,
proteins involved in cell-cell adhesion, have also been shown to trigger CC in Drosophi-
la ovaries, zebrafish embryo or mammalian cell culture (Akieda et al., 2019; Jin et al.,
2008). Notably, mechanical features can lead to loser cell outcompetition (which will be
discussed below).

2.2.3 Diffusible signals in fitness comparison

Diffusible signals have been reported as a mechanism to report fitness and induce loser
outcompetition. Cell culture experiments in which winner and loser cells are physically
separated but share the same culture medium (known as Transwell cell culture system),
have shown that loser outcompetition only takes place when sharing medium with win-
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ner cells (Sancho et al., 2013; Senoo-Matsuda and Johnston, 2007).

2.3 Loser Cell Elimination

Concerning loser elimination, apoptotic cell death is the most broadly observed mecha-
nism so far, although other mechanisms like epithelial extrusion, induction of senes-
cence or differentiation have also been reported (Claveria and Torres, 2015; Gregorio et
al., 2016). Most of what is known about the molecular pathways involved in loser cell
elimination has been studied in Drosophila, while in mammals or zebrafish it has been
less characterised.

2.3.1 Apoptosis
Activation of the apoptotic machinery has been widely reported in many CC scenarios.

In Drosophila, activation of stress signalling pathways such as JNK or NF-kf3 and induc-
tion of pro-apoptotic genes, including hid and rpr have been reported in loser cells upon
competitive interactions (De La Cova et al., 2004; Meyer et al., 2014; Moreno and Basler,
2004). Additionally, cell stress responses as oxidative stress, proteotoxic stress or au-
tophagy have been reported essential for loser cell death (Kucinski et al., 2017; Nagata
etal., 2019). In addition, AZOT has been proposed as a specific factor in Cell Competition
required for loser cell death (Merino et al., 2015). In mammals, CASP3 activation in loser
cells upon competitive interaction has been extensively described (reviewed in Claveria
and Torres, 2015; Sancho et al., 2013). Additionally, activation of stress kinases like P38
and stress response factors, such as p53, have been involved in loser cell elimination
(Diaz-Diaz et al., 2017; Hogan et al., 2009; Wagstaff et al., 2016). Interestingly, the intrin-
sic apoptotic pathway but not the extrinsic one leads to /oser elimination in the mouse
epiblast (Claveria et al., 2013). In zebrafish, Smad2/3 activation leads to ROS production
and DNA damage, which induces apoptosis in loser cells by downregulating anti-apopto-
tic factor Bcl-2 (Akieda et al., 2019).

2.3.1.1 Stress sensors: JNK, P53

Here, we highlight the role of INK and P53 as important stress sensor factors regulating
apoptosis in CC.

JNK. In Metabolic-CC, INK regulates loser apoptosis in competition models driven by
mutations in Minute (Moreno et al., 2002), Dpp (Ziv et al., 2009) or APC (Suijkerbuijk et
al., 2016), but not by Hippo (Tyler et al., 2007) or JAK-STAT (Rodrigues et al., 2012). In
MYC-induced CC, some authors described that loser apoptosis is JNK-dependent (Mo-
reno and Basler, 2004), while others found it is JNK-independent (De La Cova et al.,
2004). Notably, it has been described that the combination of JNK and autophagy acti-
vation in loser cells is required to trigger loser apoptosis (Nagata et al., 2019).

Concerning Polarity CC, JNK plays a consistent role in loser apoptosis in CC models as
Igl (Menéndez et al., 2010), scrib (Chen et al., 2012; Igaki et al., 2009), src/ras (Vidal et
al., 2006) or endosomal (Herz et al., 2006) induced CC. Interestingly, in Igl, scrib or src/
ras induced-CC, JNK promotes tumorigenesis. However, in contact with WT cells, JNK
contributes to loser cell death. In addition to apoptosis, JNK also inhibits proliferation
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in loser cells (Kucinski et al., 2017) and increases proliferation non-autonomously in
winner cells (Chen et al., 2012; Enomoto and Igaki, 2013). Notably, JNK seems to exerts
these effects by promoting different Yki expression in winner and loser cells (Enomoto
and Igaki, 2013). Indeed, Igaki and collaborators reported two mechanisms leading to
this JNK function switch in mutant cells from tumorigenic (in homotypic conditions) to
pro-apoptotic (upon contact with WT cells):

- Sas-PTP10D. Sas and PTP10D are transmembrane proteins. In CC, they accumula-
te in the interface between winner and loser cells. These proteins interact and inhi-
bit EGFR-RAS signalling in loser cells. In homotypic conditions, mutant cells activate
EGFR-RAS, which collaborate with JNK to induce overgrowth by Yki activation. Howe-
ver, in contact with WT cells, Sas-PTP10D interaction inhibits EGFR-RAS in mutant
cells and JNK displays pro-apoptotic functions (Yamamoto et al., 2017).

- Serpin5. Toll signalling activated by Spaetzle (Spz) ligand, contributes to scrib”” cells
overgrowth in homotypic conditions, via JNK-Yki. However, in contact with WT cells,
the secreted protein Serpin5 inhibits Spz and Toll activation in mutant cells, leading to
their elimination via JNK (Katsukawa et al., 2018). However, the involvement of EGFR-
RAS after Toll inhibition was not explored.

Curiously, JNK modulation does not induce CC, indicating that JNK does not regulate
fitness. Instead, it regulates loser elimination after fithess comparison has occurred
(Kucinski et al., 2017).

In mammals, a function of JNK in loser apoptosis is not clear so far. Indeed, in scrib in-
duced CC in mammalian epithelia, loser apoptosis does not depend on JNK, but other
stress sensor proteins as P53 and P38 (Norman et al., 2012; Wagstaff et al., 2016).

P53. In CC, P53 has been involved both in regulating fitness and loser elimination upon
competitive interactions. In mammals, it has been described in multiple CC scenarios,
while its role in Drosophila is less clear. For instance, modulation of P53 induces CC in
Hematopoietic Stem cells (HSPCs) (Bondar and Medzhitov, 2010; Marusyk et al., 2010),
mammalian epithelial cells (Fernandez-Antoran et al., 2019; Wagstaff et al., 2016) or
in mouse embryo and fast-proliferating adult tissues (Dejosez et al., 2013; Zhang et al.,
2017).

Regarding loser apoptosis, P53 is involved in elimination of scrib” cells in mammalian
epithelium and mouse ESCs (Diaz-Diaz et al., 2017; Wagstaff et al., 2016). Indeed, P53
disruption rescues tetraploid and Bmp-deficient loser cells from CC in the mouse epi-
blast and ESCs (Bowling et al., 2018).

Notably, in the bone marrow and cultured mammalian epithelial cells p53 deficiency
appears insufficient to induce Supercompetition but mild P53 activation through radia-
tion or Nutlin-3 treatment is required for WT cells to be eliminated by p53-deficient
cells (Bondar and Medzhitov, 2010; Wagstaff et al., 2016). In ESCs, it is necessary to
initiate differentiation to induced CC b etween p53-deficient and WT cells (Bowling et
al., 2018; Dejosez et al., 2013). In contrast, in the mouse epiblast, p53-deficient cells
outcompete WT cells without treatment, probably because it is subjected to a natural
differentiation process (Dejosez et al., 2013).
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In Drosophila, p537 cells did not outcompete WT cells (De La Cova et al., 2004), howe-
ver, P53 activation via radiation or Nutlin-3 was not performed. Additionally, Minute*”
cells were outcompeted in a null p53 background, indicating that P53 is not required for
loser elimination in this model of competition (Kale et al., 2015).

2.3.1.2 Innate immunity

Jonhston and collaborators proposed that unfit cells are eliminated by components of
the innate immunity, in a similar way to infected or altered-self cells. They found that
during Myc-induced and Minute-induced CC, Toll-related receptors (TRR) are more ex-
pressed in loser cells and they are activated by the ligand Spatzle, leading to NF-kB acti-
vation and apoptosis in Drosophila wing disc (Alpar et al., 2018; Meyer et al., 2014). In
a later study (Germani et al., 2018), this type of TRR-mediated competition was found
to depend on the septic status of flies, indicating that a systemic response to infection is
required for TRR-mediated cell competition.

In contrast to the involvement of TRR signalling in these models, in scrib”- induced CC,
Toll activation turns loser cells into winners via Yki activation (Katsukawa et al., 2018).

2.3.1.3 Diffusible signals in loser cell death

Medium from a co-culture of winner and loser cells (also referred as “conditioned cell
medium, cCM”) can induce the death of naive /loser cells and stimulate proliferation of
naive winner cells. Notably, loser and winner cells receiving cCM never interacted befo-
re between them (De La Cova et al., 2014; Senoo-Matsuda and Johnston, 2007). These
experiments indicate that in this model the mechanisms leading to loser cell elimination
and winner compensation are triggered by diffusible factors secreted to the medium by
competing cells. In contrast to the “transwell experiments” previously described, here
comparative interactions (if they occur), could be contact-dependent. Notably, the pro-
posal of secreted killing signals implies interaction with intrinsic features of winner and
loser cells that determine their differential response.

On the other hand, different works reported no effects in loser or winner cells when
using conditioned medium or setting up transwell experiments (Claveria et al., 2013;
Penzo-Méndez et al., 2015; Wagstaff et al., 2016). Indeed, in most cases it has been re-
ported that only /oser cells at or very close to the boundary between winner and loser
cells are eliminated by CC and that CC requires cell contact (Enomoto and Igaki, 2013; Li
and Baker, 2007; Penzo-Méndez et al., 2015; Simpson and Morata, 1981; Tamori et al.,
2010; Villa del Campo et al., 2014).

Here we describe some secreted signals involved in loser cell apoptosis:

- Notum. In Wnt-supercompetition in Drosophila, Notum is proposed to be expressed
in winner cells and inhibit Wnt signalling in surrounded loser cells. This increases Wnt
signalling differences between winner and loser cells, which is required for loser cell
death (Vincent et al., 2011).

- Serpin5. In scrib”" induced-CC in Drosophila eye wing, Serpin5 is secreted by WT
winner cells, which inhibits Toll signalling in loser cells. Toll inhibition contributes to
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scrib”- elimination through JNK (Katsukawa et al., 2018).

- SPARC. In contrast with the previous factors, SPARC is secreted by loser cells and
provides certain protection against apoptosis in different models of CC in Drosophila
(Minute, Myc-supercompetition, Igl”- or Dpp induced-CC) (Portela et al., 2010).

2.3.1.4 Azot

Moreno and collaborators reported Azot as a protein specifically induced in suboptimal
viable cells that are eliminated by CC. Azot is expressed in loser cells in different CC mo-
dels in Drosophila (Myc-supercompetition, Dpp, Wg, JAK-STAT, Minute or Fwe"®¢ induced-
CC) but not in others, like polarity-CC or CC induced by src deficiency. Azot is required for
loser cell elimination, although its overexpression is not sufficient to induced cell death
in the wing disc. Irradiation can induce Azot, however is not induced upon the activation
of pro-apoptotic factors like Hid, Eiger, Bax or JNK, and it is not inhibited by P35, Bcl-2 or
the P53 apoptotic pathway. Additionally, it can be blocked by Fwe-lose downregulation
or Sparc activation in Myc-supercompetition (Merino et al., 2015). These observations
suggest Azot is upstream apoptotic pathway but downstream Fwe and Sparc.

2.3.1.5 Elimination of dead cells

Once loser cells are dead, they are cleared from the tissue. In Myc-supercompetition in
the Drosophila wing disc, loser cells are basally extruded and removed by hemocytes
(Lolo et al., 2012). Additionally, loser dead cells have been reported to be engulfed by
neighbouring cells. An interesting case is when intact-live cells are engulfed (process ter-
med “entosis” (Overholtzer et al., 2007) and loser death is triggered upon engulfment.
This has been described in Drosophila in scrib induced-CC (Ohsawa et al., 2011) and in
Minute-CC (Li and Baker, 2007), although data in Minute—CC have not been reproduced
in (Lolo et al., 2012). In the mammalian epiblast and ESCs CC, engulfment of intact cells
has also been reported (Claveria et al., 2013).

2.3.2 Mechanical Cell Competition

Loser cells can be eliminated by mechanical compaction and extrusion from epithelia.
For instance, in ras"*? induced CC and Myc-supercompetition, loser cells are delaminated
upon mechanical compaction from the epithelium (Levayer et al., 2015; Levayer et al.,
2016).

Additionally, src and ras"?? mutant cells are extruded by WT cells in the zebrafish gastrula
(Kajita et al., 2010), mammalian cultures (Hogan et al., 2009; Kon et al., 2017) and in the
mouse intestine (Kon et al., 2017) in a process called Epithelial Defense Against Cancer
(EDAC). Interestingly, ras"*? loser cells previously to be extruded undergo a reduction of
mitochondrial function driven by the PDK (Kon et al., 2017). Furthermore, this metabolic
switch is required for cell extrusion.

Scrib” mutant cells are also extruded from the Drosophila eye disc and mammalian
epithelial cell cultures (Vaughen and Igaki, 2016; Wagstaff et al., 2016). At least in Dro-
sophila, this process is controlled by the Slit-Robo2-Ena pathway and E-cadherin upon
interaction with WT cells (Vaughen and Igaki, 2016). In cultured mammalian epithelial
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cells, WT cells are also extruded by p537 cells upon mild P53 activation (Wagstaff et al.,
2016).

2.3.3 Cell displacement

Additional outcompetition mechanisms rely on loser cell displacement instead of cell
death. This takes place in stem cell-sustained tissues by the selective differentiation or
senescence of loser cell lineages, so that loser cell self-renewal is prevented.

In Drosophila ovaries, less fit germline stem cells (GSCs) are pushed out from the niche
(Jin et al., 2008; Rhiner et al., 2009). Less-fit cells undergo differentiation in CC in mouse
oesophageal epithelium (Alcolea et al., 2014; Fernandez-Antoran et al., 2019; Snippert
et al., 2014). In the mammalian adult bone marrow and embryo, p537 cells can also
outcompete WT cells by reducing WT proliferation or inducing their senescence (Bondar
and Medzhitov, 2010; Zhang et al., 2017).

2.4 Winner Compensation Fitness.

Despite the elimination of loser cells, CC does not show a big influence in tissue size or
morphology (De La Cova et al., 2004; Morata and Ripoll, 1975; Simpson, 1979; Villa del
Campo et al., 2014). This suggests the existence of mechanisms that stimulate winner
cells to compensate for loser cell elimination.

Increased proliferation in winner cells due to CC has been described in different CC mo-
dels (Bowling et al., 2018; Sancho et al., 2013; Senoo-Matsuda and Johnston, 2007) but
not in others (Claveria et al., 2013). A proposed mechanism is that loser cells when un-
dergoing CC-induced apoptosis secrete growth factors that enhance non-autonomous
proliferation in winner cells (Ballesteros-Arias et al., 2013; Takino et al., 2014). In fact,
the production of proliferative signals seems to be a general feature of apoptotic cells
(Pérez-Garijo et al., 2004; Ryoo et al., 2004). Other models propose that loser cells en-
hance winner stimulation through different signalling pathways, like Upd/Dome, Yki or
P53 (De La Cova et al., 2014; Kolahgar et al., 2015; Kucinski et al., 2017; Takino et al.,
2014).

Interestingly, in the postmitotic follicular epithelia, winner cells undergo hypertrophy
instead of proliferation to compensate loser outcompetition (Tamori and Deng, 2013).

3 ROLES OF CELL COMPETITION

The characterization of the physiological roles of CC relies on the identification of endo-
genous CC models, as well as the specific inhibition of CC without affecting other cellular
processes. Although these aspects still represent a challenge, relevant roles have been
proposed for CC.

3.1 Quality Control

CCeliminates viable cells, suggesting that CC optimizes tissues by selecting the best avai-
lable cells and eliminating those that could compromise tissue performance.
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Azot was described in Drosophila as a CC-specific component in loser cells that promotes
their elimination. Azot nullflies develop malformations in the wings and are less resistant
to radiation. In addiction, they display age-associated features in the adult brain tissue
and present a reduced lifespan (Merino et al., 2015). This suggests that CC eliminates
suboptimal cells ensuring tissue health and lifespan. On the other hand, the addition of
three azot extra copies improves irradiation resistance, reduces neurodegenerative va-
cuoles in the adult brain and prolongs lifespan (Merino et al., 2015). A subsequent study
showed that azot is upregulated in a model of Alzheimer’s diseases in Drosophila, while
an extra copy of azot contributes to the elimination of less fit neurons, which improved
brain function (Coelho et al., 2018).

CC has been described to eliminate stressed cells in different models. For instance, in
the epiblast, loser cells exhibit different stress indicators including altered mitochondrial
function or high P53 expression (Diaz-Diaz et al., 2017; Lima et al., 2020; Zhang et al.,
2017). Moreover, in the adult, CC eliminates cells displaying oxidative stress, proteotoxic
stress or active P53 response in Drosophila (Bondar and Medzhitov, 2010; Kucinski et al.,
2017; Wagstaff et al., 2016; Zhang et al., 2017; Baumgartnert el al., 2021).

Furthermore, CC has been proposed as a mechanism to removed cells carrying chromo-
somal abnormalities (Bradley et al., 2014; Kale et al., 2015; Sancho et al., 2013), mis-
patterned or undesired differentiating cells (Diaz-Diaz et al., 2017; Rhiner et al., 2009).

3.2 Regeneration

CC has been reported to contribute to the removal of damaged cells after injury in the
Drosophila brain (Coelho et al., 2018; Moreno et al., 2015). Additionally, in tissues such
as the heart, the hematopoietic system or the liver CC can function as a mechanism by
which a fitter population expands (Bondar and Medzhitov, 2010; Menthena et al., 2011;
Oertel et al., 2006; Villa del Campo et al., 2014).

3.3 Tumour Formation

CC has been described either as a tumour suppressor or as an oncogenic mechanism
depending on the context.

3.4.1 Tumour suppressor

Tumorigenic mutant cells for polarity genes (/gl, dlg, scrib), are eliminated by WT cells.
Indeed, if associated in large-enough groups, they still can induce tumours as just mutant
cells at the border of the clone are subjected to CC and the mutant clone overgrowth
(Ballesteros-Arias et al., 2013; Menéndez et al., 2010).

Cells overexpressing ras"*? or src, which can generate tumours, are normally extruded
apically from the epithelia by a process called EDAC (Hogan et al., 2009; Kajita and Fujita,
2015; Kon et al., 2017; Vidal et al., 2006). However, the extrusion can also take place
basally, in which case, the mutant cells are retained in the tissue and this could contri-
bute to tumour formation. Interestingly, high-fat diet attenuates apical elimination of
ras“*? transformed cells in mouse intestinal and pancreatic epithelia and promoted basal
extrusion and tumour formation (Sasaki et al., 2018). This demonstrates how environ-
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mental conditions, the diet in this case, can modify CC.

In the immune system, T cells precursors of the thymus are constantly replaced by youn-
ger bone marrow precursors by CC. When the income of bone marrow progenitors is
prevented, the aged thymic T-cell precursors autonomously renovate the thymus and
produce tumours (Martins et al., 2014).

3.4.2 Tumour promoter

A set of Supercompetition models are based on alterations in signalling pathways and
transcription factors involved in cell growth, patterning or metabolism such as myc, p53
or notch. Mutant cells for these genes eliminate WT cells and expand through the tis-
sue. Although these Supercompetition models do not directly generate tumours, CC can
extend oncogenic mutations facilitating the phenomenon of field cancerization and in-
creasing the chances that a second hit initiates tumour formation (Rhiner and Moreno,
2009). For instance, overexpression of ras*? or notch in scrib” or Igl” isolated cells res-
tores their neoplastic capacity (Brumby and Richardson, 2003; Menéndez et al., 2010)
and p53 mutant cells, normally eliminated in a WT background, persist in the tissue in a
ras"*?background (Watanabe et al., 2018).

Evidence from the role of cell competition factors in oncogenesis came also from the
discovery that flower-deficient mice show decreased susceptibility to papilloma (Petrova
et al., 2012). Additionally, in different types of human tumours, cancer cells express Fwe
winner isoforms, while neighbouring WT cells express loser isoforms. In fact, inhibition
of fwe reduces tumour growth (Madan et al., 2019). Additionally, in a model of intestinal
competition, apc” cells or cells overexpressing egfr and miR-8 outcompete WT cells
generating tumours (Eichenlaub et al., 2016; Suijkerbuijk et al., 2016).

EMBRYONIC STEM CELLS AND PLURIPOTENCY

Pluripotency is the capacity of cells to generate all embryonic lineages but not the com-
plete set of extraembryonic tissues (Nichols and Smith, 2009a). In the early mouse embr-
yo between day 3.5 and 6.5 of development (E3.5-E6.5), this characteristic corresponds
to a group of cells in the blastocyst called epiblast cells. Pluripotency must be unders-
tood not as a single status, but as a set of complex and dynamics stages that evolve in a
continuum manner during early development. Different stages can be distinguished by
differences in gene expression, epigenetic landscape, signal transduction or metabolic
profile (Nichols and Smith, 2009a; Sperber et al., 2015).

Previous to implantation in the uterus, at E3.5, epiblast cells present a pluripotency state
termed “naive” or “ground” (Hackett and Surani, 2014). This state is characterized by ho-
mogenous expression of pluripotent transcription factors and the elimination of gametic
epigenetic silencing, which generates a hypomethylated “open” chromatin. As the mou-
se embryo develops from pre-implantation to post-implantation, pluripotent epiblast

¢ Group of pluripotent cells in the blastocyst at E3.5, previous to the segregation into the epiblast
and the primitive endoderm (Nichols and Smith, 2009a).
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Figure 3. Types of pluripotent stem cells

A. mESCs are derived from the Inner Cell Mass (ICM) at E3.5. mESCs can be maintained
in more naive pluripotent status with the addition of “2i” into the medium. By using the
conventional medium “serum + LIF” mESCs exhibit a more cell-to-cell heterogeneous
status of pluripotency. Alternatively, mESCs can be maintained in medium containing
Activing A and FGF to obtain EpiLCs. B. From the epiblast cells of the mouse embryo
at E5.5, EpiSCs can be derived, which exhibit a primed status of pluripotency and are
maintain in medium containing Activin A and FGF.

cells evolve in a continuum manner and transit from a “naive” towards a “primed” pluri-
potent status. Although both states of pluripotency are characterized by the expression
of a set of “core” pluripotent transcription factors (including OCT4, SOX2 and NANOG),
some differences have been reported. For instance, naive cells express some specific
transcription factors such as REX1 and KLF4, while expression of FGF5 and OTX2 have
been reported exclusively in primed cells. Another differential aspect is the inactivation
of one X chromosome in female cells in primed status (Nichols and Smith, 2009a; Tosolini
and Jouneau, 2016). Eventually, pluripotency finishes between E6.5-E7.5, when epiblast
cells differentiate into the three germ layers during gastrulation (Posfai et al., 2014).

Pluripotent cells possess a specific metabolic profile reflecting their rapid proliferation.
Proliferation requires energy and significant amounts of nucleotides, amino acids and
lipids to assemble the two daughter cells. Pluripotent cells divert part of the glucose
to the generation of precursors for fatty acid, amino acids, and nucleotides synthesis,
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conferring them a highly glycolytic metabolism (Vander Heiden and DeBerardinis, 2017;
Varum et al., 2011). Interestingly, as the epiblast transits from the pre-implantation to
the post-implantation stage, it undergoes a metabolic remodelling characterized by a
decreased in oxygen consumption and increased glucose uptake, which is converted into
lactate (Sperber et al., 2015). In fact, the highest rate of proliferation ever reported in
mammalian cells takes place in cells at the onset of gastrulation.

1. PLURIPOTENCY in vitro

Different pluripotency states can be recreated in vitro. Typically, two kind of pluripotent
stem cells can be derived from early mouse embryos.

Mouse embryonic stem cells (mESCs) are derived from the inner cell mass® of the blas-
tocyst (Evans and Kaufman, 1981) or from the naive epiblast, after epiblast-primitive
endoderm segregation (Brook and Gardner, 1997) (Figure 3A). mESCs can be propagated
indefinitely and differentiate into all three germ layers in vitro. When undifferentiated
ESCs are returned to the preimplantation embryo, they integrate into the epiblast and
contribute to the entire adult organism, including the germ line (Bradley et al., 2014).

The originally described ESCs culture medium results in a heterogeneous mixture of
cells with different pluripotentcy status. This conventional medium includes fetal bo-
vine serum, which contains factors that prevent differentiation (e.g. BMP4), but also
FGF or activin-like activities which promote the exit from naive pluripotency. Additio-
nally, it contains leukemia inhibitory factor (LIF), which is required for ESCs proliferation
and maintenance of pluripotency in the absence of mouse embryonic fibroblast (MEFs)
(Smith et al., 1988; Williams et al., 1988). This “serum + LIF” condition generates a cer-
tain cell-to-cell heterogeneity in the pluripotency status (Boroviak et al., 2014; Ying et
al., 2008). Notably, by adding the inhibitors PD0O3 and CHIRON to the medium, mESCs are
maintained in a more homogenous naive-state that resembles the E3.5 pre-implantation
epiblast. PD0O3 inhibits the FGF/ERK signalling, while CHIRON inhibits GSK3, two impor-
tant differentiating pathways. This medium was is known as “2i” culture conditions (Sato
et al., 2004; Ying et al., 2008) (Figure 3A).

Another pluripotent cell type, known as epiblast stem cells (EpiSCs), are derived from
the postimplantation epiblast at around E5.5-6.5 (Figure 3B). These pluripotent cells
contribute to all three germ layers and the germ line when transplanted into postimplan-
tation embryos but not when transplanted into the preimplantation epiblast (Huang et
al., 2012). The medium used to maintain EpiSCs contains Activin A and Fibroblast Growth
Factor (FGF) (Brons et al., 2007; Tesar et al., 2007). Additionaly, mESCs maintained under
similar cultured conditions acquire an pluripotent state comparable to the primed E5.5
epiblast, and are called epiblast-like cells (EpiLCs) (Yamamoto et al., 2011) (Figure 3A).

ESCs and EpiSCs, although both originated from the epiblast lineage, represent diffe-
rent developmental stages. Thus, naive ESCs correspond with a more immature state of
pluripotency (E4.0), whereas EpiSCs resemble the primed state (E5.5-E6.5). In similarity
to in vivo stages, both cell types share the expression of essential pluripotent factors
(OCT4, SOX2 and NANOG). However, they differ in chromatin state, expression profile or
X-chromosome inactivation (Hackett and Surani, 2014). Regarding metabolism, mouse
naive-to-primed ESC transition is characterized by an increase in glycolysis and a decrea-
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se in mitochondrial oxidative phosphorylation (OXPHOS) activity. Notably, while naive
ESCs show a wide range of energy substrate usage, primed cells can only use glucose.
(Mathieu and Ruohola-Baker, 2017; Sperber et al., 2015; Tsogtbaatar et al., 2020).

P53 AND BCL-2 PROTEINS
1. P53

P53 was originally discovered as a 53kD protein bound to the viral SV40 T antigen, while
studying tumour-inducing viruses, (Lane and Crawford, 1979; Linzer and Levine, 1979).
Subsequent studies established P53 as the most frequent mutated tumour suppressor
gene in human cancers (Baker et al., 1990).

P53 is an important transcription factor. Its most studied functions are the ability to
promote cell cycle arrest, senescence and apoptosis in response to DNA damage, pre-
venting the propagation of mutations. For that reason, P53 is known as the “guardian of
the genome” (reviewed in Jain and Barton, 2018; Kastenhuber and Lowe, 2017). Indeed,
p537- mice mayor phenotypes are an increased rate of tumour formation and resilience
to radiation-induced apoptosis (Donehower et al., 1992).

P53 is post-translationally regulated by a set of proteins, the most important of which is
MDM?2, an ubiquitin ligase that facilitate P53 degradation (Haupt et al., 1997). Additiona-
lly, a wide range of posttranslational modifications control P53 activity, such as phospho-
rylation, acetylation, or methylation, as well as, SUMOQylation or glycosylation (Kumari
et al., 2014).

Apart from its traditional roles, P53 is currently known to regulate different processes
like autophagy, metabolism, ROS production, cellular plasticity or differentiation. The
biological output exerted by P53 depends on factors such as cell type, differentiation
status or stress conditions (Kastenhuber and Lowe, 2017). Additionally, P53 has been
described to exert non-transcriptional functions like centrosome duplication, apoptosis
induction or inhibition of autophagy (reviewed in Green and Kroemer, 2009).

Importantly, excessive activation of P53 can lead to a decline in stem cell populations re-
quired for tissue homeostasis. This results in degeneration and age-associated diseases,
such as neurodegenerative diseases (Kastenhuber and Lowe, 2017).

2. P53 IN PLURIPOTENT STEM CELLS

P53 plays important functions during embryonic development, for example, p537- mice
present developmental abnormalities in the neural tube, eyes and testes at low pene-
trance (Danilova et al., 2008). Maintaining genomic stability is critical for pluripotent
stem cells (PSCs), as they give rise to all the cells in the organism. It has been suggest that
P53 is critical to maintain genome integrity and prevent mutations expansion through
cell division (Song et al., 2010). Efforts to study the role of P53 in cell cycle arrest, apop-
tosis and senescence have generated controversial results and recent studies indicate
that P53 function is modulated as pluripotent stem cells develop through different plu-
ripotent stages (Jaiswal et al., 2020; Ter Huurne et al., 2020). On the other hand, it has
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Figure 4. BCL-2 proteins

A. BCL-2 proteins are classified in multi-BH domains proteins that can be pro-apoptotic
and antiapoptotic and BH3-only proteins, which are pro-apoptotic. B. Multi-BH pro-
apoptotic proteins can oligomerize and form pores in the mitochondrial outer mem-
brane, which is known as mitochondrial outer membrane permeabilization (MOMP).
This allows the exit of pro-apoptotic factors (here represented as grey spheres), which
trigger apoptosis. BH3-only proteins promotes MOMP, while antiapoptotic BCL-2 pro-

tein prevent it.

been proposed that P53 restricts cellular self-renewal, limits cellular plasticity and in-
hibits epigenetic reprogramming (Kastenhuber and Lowe, 2017). Indeed, P53 induces
differentiation in PSCs upon genotoxic or oncogenic stress, as a mechanism to ensure
the genomic stability (Jain et al., 2012; Li et al., 2012; Lin et al., 2005; Zhang et al., 2014).
Additionally, P53 has been shown to regulate PSC metabolic status by inhibiting OXPHOS
(Kim et al., 2019) and to induce anti-oxidant genes in response to oxidative stress (Liu

and Xu, 2011).

3. BCL-2 PROTEIN FAMILY

B cell lymphoma-2 (BCL-2) family proteins are important components of apoptosis.
Apoptosis is considered a controlled, energy-dependent mechanism by which damaged
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or infected cells that may interfere with the normal functioning of the organism are
eliminated. During apoptosis, activation of caspases leads to the cleavage of essential
cellular components, such as cytoskeletal and nuclear proteins, causing cell shrinking
and chromatin condensation. Eventually, these apoptotic corpses are removed by pha-
gocytic cells without generating harm to the surrounding tissue (Yacoubian and Stan-
daert, 2009). According to the stimulus inducing apoptosis, this process can be classified
as extrinsic or intrinsic apoptotic pathway. While, extrinsic apoptosis relies on death-
inducing ligands binding to cell surface receptors, which in turns activate the caspase
cascade, intrinsic apoptosis depends on intracellular factors such as cellular stress and is
executed through mitochondrial permeability regulation (Kroemer et al., 2009). In fact,
mitochondria contains different pro-apoptotic factors such as Smac/DIABLO, apoptosis-
inducing factor (AIF) and cytochrome c (cyt c), which are released upon apoptotic stimu-
li. BCL-2 family proteins are important factors regulating mitochondrial permeability and
pro-apoptotic factors release (Siddiqui et al., 2015).

Different pro- and anti-apoptotic BCL-2 proteins have been described so far. Upon apop-
totic stimuli, pro-apoptotic BCL-2 proteins BAX, BAK and BOK can oligomerize genera-
ting the “mitochondrial outer membrane permeabilization complex” (MOMP complex),
which allows the formation of pores in the outer layer of the mitochondria and the re-
lease of different factors as cyt c, leading to apoptosis. BAX and BAK oligomerization is
tightly regulated by the balance between the remaining pro- and anti-apoptotic BCL-2
proteins, which promotes or inhibits MOMP. Thus, this balance is essential to regulate
the sensitivity to undergo apoptosis (Certo et al., 2006).

At structural level, all BCL-2 family proteins possess a conserved “BCL-2 homology (BH)
domain. Indeed, they are classified as multi-BH BCL-2 proteins, which include anti-apop-
totic (BCL-2, BCL-XL, BCL-W, MCL-1, A1, BCL-B) and pro-apoptotic (BAX, BAK, BOK) prote-
ins. Additionally, there are BCL-2 proteins with a single BH domain, “BH3-only proteins”
which exert a pro-apoptotic role (BIM, BAD, tBID, BMF, BIK, NOXA, PUMA, HRK). Two me-
chanisms have been suggested to explain BCL-2 proteins function. The “displacement”
model proposes that BH3-only proteins lead to the release of BAX and BAK from the
anti-apoptotic BCL-2 protein to initiated MOMP (Figure 4). The “direct activation” me-
chanism suggests that, additionally, some BH3-only proteins can also directly activate
BAK and BAX through conformational changes (Certo et al., 2006). Although this family
is widely regulated at the transcriptional level, proteins of the family can also be post-
translationally activated by phosphorylation or cleavage. NF-kB, c-MYC or P53 have been
described as important regulators of BCL-2 proteins (Siddiqui et al., 2015). The balance
between pro- and anti-apoptotic BCL-2 family proteins regulates susceptibility to MOMP.
This mechanism, known as “mitochondrial priming”, determines how close a cell is to
undergoing MOMP (Certo et al., 2006). This mechanism allows the adaptation of apop-
totic sensitivity appropriately. For example, pluripotent stem cells have been described
to be highly sensitive to DNA damage due to “mitochondrial priming”, which lowers
the threshold to apoptosis triggering. (Heyer et al., 2000; Liu et al., 2013; Pernaute et
al., 2014). Lie et al., also demonstrated that P53 cytosolic function is enough to induce
apoptosis in hESCs. Additionally, Pernaute et al., identified several miRNAs in mESCs con-
trolling apoptotic threshold by regulating Bim expression (Pernaute et al., 2014).
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Notably, BCL-2 family proteins have been described to perform additional non-apoptotic
roles such as metabolic regulation, autophagy or cell cycle (reviewed in Siddiqui et al.,
2015). For instance, they interact with mitochondrial proteins, such as VDAC, glucokina-
se, mitochondrial pyruvate import channels and ATP synthetase (Danial et al., 2003; Kim
et al., 2019; Perciavalle et al., 2012), while thay can also regulate endoplasmic reticulum
Ca2+ homeostasis and interact with cytosolic P53 regulating its function (Tasdemir et al.,
2008).









OBJECTIVES

Cell Competition can be described as a process by which cells with different fitness inte-
ract and as a result, less fit cells are non-autonomously outcompeted.

Understanding the pathways and factors that define fitness and induce Cell Competition
is therefore of high relevance. This includes the autonomous intrinsic differences that
determine the cell competitive “status” and eventually whether a cell will stay in a tis-
sue or be outcompeted by neighbouring cells. Identifying these factors, their crosstalk
relations and whether they are common in different CC models would pave the way
for a better understanding of the Cell Competition phenomenon. Moreover, in most CC
models, after competitive interaction, loser cells are eliminated by apoptosis. Unders-
tanding the specific pathways regulating the execution of loser cell death would allow us
to identify specific CC components and block CC, exposing its role.

Thus, the main goals of this thesis are:

- Identify cellular stresses, pathways and factors involved in the execution of loser cell
death during MYC-driven Cell Competition in mammalian pluripotent cells.

- Identify pathways and factors determining competitive fitness in mammalian pluripo-
tent cells and integrate them in a model that describes loser cell status.

- Propose cellular mechanisms involved in the definition of competitive fitness.
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1. EXPERIMENTAL MODELS

1.1 mESCs Lines

- GFP-Myc reporter (Diaz-Diaz et al., 2017; Huang et al., 2008) and iMOS™™*line (Claveria
et al., 2013) has been previously described.

- p53, puma, noxa and myc knockout ESCs lines were generated by CRISPR-CAS9 tech-
nology. Generation of p53, puma, noxa KO cell lines is explained below. myc-KO ESCs line
was generated in our lab (Li et al., unpublished).

- Wt, p537- and puma” ESCs lines expressing the Grx1-roGFP,construction were generat-
ed by lentiviral transfection, which is further explained below.

1.2 Animals
- CD1 strain WT mice.

- p537 mice were generated by crossing heterozygous p53™** mice, previously de-
scribed (Jacks et al., 1994) http://www.informatics.jax.org/allele/MGI:6120822. p53t™1b
animals were genotyped using DreamTaq Green (ThermoFisher) as indicated below.
Primers are included in (Table 1).

p53 genotyping PCR PCR program
DreamTaq 10ul : Initial denat. 94 3min
P. Forward 0,2ul : Denaturalization | 94  30sec
P. Forward 0,2ul | Annealing 60 30sec 35x
P. Reverse 0,4ul : Elongation 72  1min
DNA 1pl 1 Final elongation 72 10min

00

1

2. EMBRYO HARVEST

Mice were mated during the afternoon and pregnant females were checked every mor-
ning for the presence of vaginal plugs. Midday of the day in which vaginal plug was de-
tected was considered gestational day 0.5 (EQ.5). Pregnant females were euthanized by
CO, inhalation and the uterus was extracted through an incision in the abdominal cavity
and transferred to DMEM media # 41965-039 (ThermoFisher) at 37°C.

2.1 E5-E7 Embryos

Working under the scope, and using precision forceps (Dumont #55 0.05x0.02mm) (FST),
muscular uterine walls was carefully ripped. After that, both the decidual layer and the
Reichert’s membrane were removed and embryos were fixed in paraformaldehyde (PFA)
(Merck) 2% in PBS overnight at 4°C. After fixation, embryos were washed in PBS several
times.

2.2 E3.5 Embryos

Working under the scope and using precision forceps and scissors, adipose tissue was
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removed and the uterus was cut next to the oviducts. Blastocysts were extracted by
flushing them out of the uterus using a 1ml syringe with 23-G needle. Oviducts were
also carefully removed from the ovaries and blastocysts were flushed out thorugh the
infundibulum. Blastocyst were then transferred to KSOM media MR-101 (Merk) with a
mouth pipette. Tyrode’s solution #T1788 (Merk) was used during a few seconds to dis-
solved zona pellucida. Blastocysts were washed in PBS 1% FBS and fixed in PFA 2% in PBS
1% FBS for 15 minutes at 42C. Eventually, blastocysts were washed in PBS + Triton-X100
0,1% 1% FBS.

3 CELL CULTURE ROUTINE

3.1 Mouse Embryonic Fibroblasts (MEFs)

MEFs are used as a feeder layer for the ESCs. Fibroblasts were previously extracted from
E10.5 CD1 embryos by the Pluripotent Cell Technology (PCT) unit at CNIC. Over 5 million
fibroblast were plated on a 100mm plate. Medium was changed after 24h. Two days af-
ter plating, MEFs were passaged to three 150mme-plate. Upon 3-4 days, MEFs were inac-
tivated using mitomycin C # M4287 (Sigma) for 2.5h and then washed 3 times with PBS,
trypsinized (Trypsin-EDTA 10x, Gibco) and frozen (0.6 million in 500ul volumen and 1,2
millions in 1ml freezing media). For cell freezing, cells were resuspended in MEFs media
(50% final volume) and then freezing media was carefully added (50% final volumen) to
get a final DMSO concentration of 10%. Vials are kept in a freezing container (Nalgene®)
at -80°C and transfered to liquid nitrogen 24h later.

Upon inactivation, MEFs were plated on 0,1%-gelatin coated plates.

3.2 Mouse embryonic stem cells (mESCs)

Approximatelly, 1x106 ESCs contained in one cryovial (Nalgene) were plated on a 35mm-
plated previously covered by mitomycin-C inactivated MEFs (0.3x10°). Medium was
changed every day and cells were passaged every 2 days.

For ESCs expansion, they were passaged to a 100mm-plate with inactivated MEFs
(1.2x10°) and after 2 days, cells were trypsinized, counted and freeze 1.2 millions in 1ml
volume per vial following the same procedure to freezing MEFs.

To perform experiments, ESCs were thawn over inactivated MEFs. After 2 days, MEFs
depletion is performed and ESCs are transfered to a 0,1%-gelatin coated new plate. For
MEFs depletion, after trypsinized, cells are plated in a 0,1%-gelatin coated plate and af-
ter 1 or 2 hours, MEFs are attached while ESCs do not. ESCs can then be transfered to a
new plate. Approximatelly, 700.000 cells were passaged to a 35mm-plate and 180.000
cells in the case of 12-wells plates.

3.3 Cell Culture Medium

mESCs medium: High glucose DMEM #41965 (LifeTech). 1% Sodium pyruvate, 1%
non-essential aminoacids, 1% penicillin/streptomycin (10,000U/ml) and 0,1% B-mercap-
toethanol were added. mESC medium also contained:
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- Serum. Fetal Bovine Serum (FBS), previously tested for mESCs cultured by the PCT
unit was used. Alternatively, KnockOut™ serum replacement (here referred as SR)
#10828 (Invitrogen) was used when indicated.

- Leukemia inhibitor factor (LIF). LIF was provided by the PCT unit and used 250x. LIF
was removed to induce mESC differentiation.

- 2i. The inhibitors CHIR99021 #04-0004-02 (Stemgent) and PD0325901 #04-0006
(Stemgent) were added to the mESCs medium at 0.1uM and 0.3uM, respectively, to
obtain “2i medium”.

MEFs medium: High glucose DMEM (LifeTech), 15% Fetal Bovine Serum (FBS), 1% so-
dium pyruvate (100x), 1% Penicillin/Streptomycin (10,000U/ml; 100x), 0,2% 2B mercap-
toethanol (50mM).

Freezing media: 55% (MEFs or ESCs Medium), 25% FBS, 20% DMSO (Sigma)
4. MUTANT ESCs LINES GENERATION

4.1 p537/-, puma’- and noxa’"ESCs Generation

p53, puma and noxa knockout lines were generated by using CRISPR-CAS9 technology.
Two crRNA sequences were employed per gene to generate a deletion in the gene se-
quence. crRNAs are indicated in Table 1. CRISPOR web tool (http://crispor.tefor.net/cris-
por.py) was used for crRNAs design. In the case of p53, the targeted region included the
DNA binding domain, the nuclear localization sequence and the oligomerization domain.
Regarding puma, it covers the majority of exons 1 and 2, including BH3 domain and
Ser96 and Ser106 residues, recently described important for PUMA-metabolic functions
(Kim et al., 2019). In case of noxa, removed region consisted in exons 2 and 3, including
BH3-1 and 2 domains.

crRNAs and tracrRNA were acquired from IDT while CAS9 protein was expressed and
purified by the PCT unit at CNIC. To generate each knockout line, 2x10°® GFP-MYC cells
were electroporated with the ribonucleoprotein (RNP) complex formed by the guide
RNA (crRNA + tracrRNA) and the CAS9. Cells were electroporated with Neon Transfection
System. A tdTomato-expressing plasmid was used as a reporter, so that 24h later, tdTo-
mato positive cells were sorted by FACS to select those cells in which electroporation ge-
nerated pores so tdTomato plasmid could enter into the cell. Then, individual cells were
expanded into single colonies and knockouts clones were screened by PCR.

p53 and noxa puma
genotyping PCR genotyping PCR PCR program

DreamTag 10pl Buffer (MyTaq) | 4ul Initial denat. 95 3min
P. Forward 0,2pl P. Forward 0,6ul Denaturalization |95 30sec
P. Reverse 0,2pl P. Reverse 0,6pl Annealing 63 30sec 35x
DNA 20ng MyTaq 0,2ul Elongation 72 2min

20pl DNA 100-200ng Final elongation 72 10min

20ul

53



MATERIALS & METHODS

p53 and noxa screening PCRs were performed using DreamTaq Green and MyTagq™ HS
(Bioline) in the case of puma. PCR reactions were performed under the same conditions.
P53 and puma KOs clones were also checked by immunofluorescence.

OLIGONUCLEOTIDE ;ISETIVI;II?SZD SEQUENCE (5’-3’)

Oligomers for crRNA

crP53 #1 GGACAAGCCGAGTAACGATC AGG

crP53 #2 TCTCGAAGCGTTTACGCCCG CGG

crPUMA #1 TCGCGGGCTAGACCCTCTAC GGG

crPUMA #2 CAACGCGCAGTACGAGCGGC AGG

crNOXA #1 GGATGTGCTAATTTGCGAGT AGG

crNOXA #2 AAGGAAGTTCCGCCGGTTGA TGG

Primers for KO screening

P53 #1 Forward TTCCCACCCTCGCATAAGTTT

P53 #1 Reverse GAGGTCTGGGTAGAGCACCA

P53 #2 Forward AGGGGACGTGGAACTCTCTT

P53 #2 Reverse GCAGCCCTAAGCATCTAGCA

PUMA #2 Forward TTTGCTACAAACCCCAGACG

PUMA #2 Reverse GCATCCAGCAGATCCATTCCTT

PUMA #5 Forward CCTGGTGGGTTTTGCTACAA

PUMA #5 Reverse TAGCCCGGGATATAGGAGCC

NOXA #1 Forward AGGAGGGCATAAATGGGCAA

NOXA #1 Reverse ACTTCCCTAGCTCCACGACT

NOXA #3 Forward GAGGGGTACCAGAACAACCA

NOXA #3 Reverse CAAACGACTGCCCCCATACA

Primers for Gibson assembly

Grx1-roGEP Forward TTCTTCCATTTCAGGTGTCGTGAGGAATTG-
2 GATCCCCGGGATGGCCTCCACTCGTGTC

Grx1-roGEP Reverse ACAAATTTTGTAATCCAGAGGTTGATTGTCGAC-
2 GAATTCGTTACTTGTACAGCTCGTCCATG

Primers for p537-mice

p53f 12B7 Forward 1 | TGGTTTGTGCGTCTTAGAGACAGT

pPNTf 2B5 Forward 2 | CCAGCTCATTCCTCCCACTCA

p53r_1B3 Reverse AAGGATAGGTCGGCGGTTCAT

Table 1. crRNA and primers sequences.

4.2 Grx1-roGFP, ESCs Generation

Grx1-roGFP, construction was cloned into a lentiviral vector under the EF1 promoter.
For that, “pLPCX mito Grx1-roGFP2” plasmid from Tobias Dick (Gutscher et al., 2008)
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(Addgene plasmid # 64977) was used and the Grx1-roGFP,sequence cloned into the len-
tiviral plasmid “pCDH-EF1” from Kazuhiro Oka (Addgene plasmid # 72266) using Gibson
assembly technology, (primers described in Table 1).

This construction was packaged into lentiviral particles by the Viral Vectors Unit at CNIC.
Finally, lentiviral particles (MOI between 5 to 10) were used to infect 100.000 ESCs cells
overnight in a 24-well plate. After ESCs expansion, GFP positive cells were sorted by
FACS.

5. COMPETITION ASSAYS

Upon one passage using inactivated MEFs and the posterior MEFs depletion, 180.000
cells were plated in co-culture or separated conditions in 12-well plates using FBS me-
dium without LIF to induced differentiation. For each time point, cells were trypsinized
and counted using a Newbauer chamber (Sigma-Aldrich). The percentage of fluorescent
and non-fluorescent cells in the co-cultures was determined by flow cytometry.

6. RT-PCR

RNA extraction. Cells were resuspended in TRI Reagent (Invitrogen), (approx 4x10°cells/
ml), 5min at RT. Then, we added (1:1) ethanol (95-100%) volume and vortex. “Direct-zol
RNA Miniprep kit” R2051 was used to extract RNA and we proceed as indicated by the
manufactures. Finally, RNA was stored at -80°C.

cDNA reverse transcription. 1ug of RNA was used to perform the retrotranscription re-
action using “High Capacity cDNA Reverse Transcription” Kit 4368814 (ThermoFisher).

gPCR. “Sybr Green” #4472903 (Invitrogen) was used to perform the qPCR reaction. Pri-
mers for the qPCR reaction were adquired from “KiCgStart® SYBR® Green Primers” (Sig-
ma-Aldrich). gadph was used as a control.

7. MMUNOFLUORESCENCE

7.1 Whole-mount Embryo Immunofluorescence

E3.5 whole-mount immunostaining was performed using 4-well plates and a mouth pi-
pette. Triton X-100 0,1% and FBS 1% was added to PBS and blocking solutions to avoid
blastocyst getting attached to the plate.

E5.0-E7.5 immunofluorescent was performed using 35mm plates and/or round bottom
2ml Eppendorf tubes using a micro-pipette with end-cut tips to avoid excessive pressure
when transfering the embryos.

Both E3.5 and E5.0-E7.5 embryos were permeabilized using 0,5% PBT (PBS + Triton X-100
0,5%) for 20min. Embryos were washed in PBT 0,1% and blocked using 10% goat serum
(Gibco-BRL Life-Technologies) in 0,3% PBT 1 hour at RT. Embryos were incubated with
primary antibodies overnight using blocking solution at 4°C. Embryos were washed se-
veral times with PBT 0,1% and then incubated with the secondary antibodies, Wheat
Germ Agglutinin (1:500) (ThermoFisher) to stain plasma membrane and DAPI (1:1000)
using blocking solution for 1 hour at RT. Finally, embryos were washed several times and
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embbebed in mounting media. To avoid the embryos to collapse due to the different
density between 0,1% PBT solution and mounting media, mounting media was diluted
in serial dilutions using 0,1% PBT, (25, 50, 80 and 100% mounting media concentration)
and the embryos were transferred through the different dilutions.

For E.5.0-E7.5 embryos , we used VectaShield mounting media (Vector Laboratories)
while, for E3.5, liquid Abberior mounting media was used.

7.2 mESCs Immunofluorescence

For confocal microscopy adquisition, 180.000-250.000 ESCs were plated into 35mm-glass
bottom dishes (MatTek). Previous, MatTek plates were coated using human fibronectin
#354008 (Corning) overnight at RT. Two days after plating, cells were washed with PBS
and fixed overnight using PFA 2% at 42C. Immunostaining was then performed similar to
the embryo immunostaining described above. For ESCs, permeabilization was reduced
to 10 minutes. Vectashield is used as a mounting media.

Primary and secondary antibodies were incubated in a 100ul volume. To avoid evapora-
tion during primary antibody overnight incubation, plates were kept inside a humidity
chamber.

For BECLIN1 (BECN1 H-300) detection, cells were permeabilized with -20°C-cold metha-
nol for 10min.

For aCASP3 (Asp175) (D3E9) (Alexa Fluor 594 Conjugate) #8172, used in the double
aCASP3-PUMA immunostaining, we proceed as described in the Cell Signaling Tech Proto-
col Id: 182 [https://www.cellsignal.com/products/antibody-conjugates/cleaved-caspase-
3-asp175-d3e9-rabbit-mab-alexa-fluor-594-conjugate/8172? =1576109130770&Ntt=-
casp3%20594&tahead=true].

To generate P53 activation, ESCs were treated with 40uM etoposide (Sigma) during 10
hours or 5-30uM Nutlin-3 (BioVision) during 12 hours previous to immunostaining.

7.3 Cell Suspension Immunostaining

For immunostaining of suspension ESCs, they were trypsinized and fixed with 2% PFA in
PBS for 1 hour at 42C. Then, we permeabilized and blocked cells with 10% serum goat in
PBS containing 0,1% saponin for 1 hour at RT. Subsequently, ESCs were incubated with
the primary antibody in blocking solution overnight at 4°C. After that, cells were washed
with PBS-0,1% saponin and incubated with the secondary antibodies in blocking solution
for 1 hour at RT. Finally, we washed cells and resuspended them in 200ul of PBS and
analyse by flow cytometry. Primary and secondary antibodies were incubated in 100-
200ul volume.

7.4 Antibodies
- All the primary antibodies used and their concentrations are summarized in Table 2.

- Secondary antibodies were diluted at a ratio 1:500.
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ANTIBODY HOST DILUTION | BRAND REFERENCE
Alpha tubulin (TU-02) mouse | 1:1000 Santa Cruz sc-8035
ARTS mouse | 1:300 Merk Ad471
BECN1 (H-300) rabbit 1:100 Santa Cruz sc-11427
Cleaved Caspase-3 (Asp175) rabbit 1:100 Cell Signaling | 9661
Cleaved Caspase-3 (Aspl75)

(D3E9) (Conjugate- Alexa Fluor® | rabbit 1:75 Cell Signaling | 8172

594 )

GFP chicken |1:500 Aves lab AB_ 2307313
GLUT1 rabbit 1:300 Merk 07-1401
MYC rabbit 1:300 Merk 06-340
NOX4 rabbit 1:150 Ajay Shah’ lab

NOXA mouse | 1:50 Novus NB600-1159
NOXA mouse | 1:50 Santa Cruz sc-56169
P53 (1C12) mouse | 1:500 Cell Signaling | 2524
Phospho-Histone H2A.X mouse | 1:500 Merk 05-636
Phospho-Histone H3 (Ser10) mouse | 1:500 Cell Signaling | 9706
?;‘é;%i‘}}@‘:;’éii (EAQT 4(.512;1/ 2| abbit | 1:200 Cell Signaling | 4370
(PE?SSEQ)O_% (Ser240/244) | b | 1:800 Cell Signaling | 53645
$;1r0158p5h)o—SAPK/JNK (Thr183/ mouse | 1:200 Cell Signaling | 9255
PUMA (D7L9L) rabbit 1:400 Cell Signaling | 24633
TOM?20 rabbit 1:500 Santa Cruz

Table 2. Primary antibodies.

8. METHODS BASED ON MOLECULAR PROBES

8.1 ROS Measurements

DHE (Invitrogen) was used for H,0, and O~ measurement. ESCs were incubated with
2uM DHE for 15min at 37°C. Then, cells were washed and analysed in “live” by confocal
microscopy. 0,2% H,O, was used as a positive control while “cold-ice incubation” with
DHE was used as a negative control.

8.2 Mitochondrial Membrane Potential

TMRM was used to measure membrane potential. Cells were incubated with TMRM
(D-1168, Invitrogen) was incubated at 25nM for 20min at 37°C. WGA 633 (1:500) and
Hoescht 33342 (Invitrogen) (1:2000) were used as membrane and nuclear markers res-
pectively. Then, cells were washed with PBS and analysed “in live” by confocal micros-
copy. Cells pre-incubation with 2uM oligomycin (Sigma-Aldrich) for 3 hours was used as,
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while pre-incubation with 50uM FCCP (Sigma-Aldrich) for 30min was used as a negative
control. Oligomycin and FCCP treatment were also maintained during incubation with
TMRM.

8.3 Apoptosis Measurement

FLICA™ 660 Caspase-3/7 (BIORAD) was used to measure apoptosis according to manu-
facturers. Additionally, apoptosis was determined by immunostaining against Cleaved
Caspase-3 (Asp175), according to procedures described in “6. Immunofluorescence”.

8.4 Cell Cycle

Propidium iodide (PI) was used to determine cell cycle. For that, 200.000 cells were tryp-
sinized and resuspended in 500ul of 70% ethanol at -202C, drop by drop and stored
during 24h at -202C. Then, cells were washed in PBS twice, resuspended in 200ul of PBS
containing 50ug/ml Pl and analysed by flow cytometry. Data were analysed using Dean-
Jett-Fox model in FlowJo.

For flow cytometry data analysis, FACSDiva and FlowJo softwares were used.

9. MITOCHONDRIAL REDOX STATUS

ESCs mitochondrial REDOX status was studied by “in live” analysis of the Grx1-roGFP,
cells lines through confocal microscopy.

Additionally, Grx1-roGFP, cells were fixed and immunostained. To avoid REDOX status
alteration caused by 2% PFA fixation, cells were incubated with 20mM N-etilmaleimida
(NEM) (Sigma) 5min previous to fixation. NEM is a thiol-blocking agent that protects
against thiol oxidation mediated by paraformaldehyde fixation (Albrecht et al., 2011). To
induced maximun oxidation or reduction, cells were pre-incubated with 100uM H,0, or
20mM DTT for 10min before the NEM treatment.

10. IMMUNOBLOT

Cells were lysed with RIPA buffer containing (25x) protease inhibitor (Roche) for 30min at
4°C. Approximately 1.5x10° cells were lysed at a concentration of 3x10° cells/ml. Protein
concentration was measured using BSA (Sigma-Aldrich) serial dilutions and the “DC™
Protein Assay” kit (BioRad). Absorbance was measured at 690nm using a microplate
spectrophotometer. Proteins were separated via 12% SDS-PAGE under reducing condi-
tions and transferred to a polyvinylidene difluoride (PVDF) membrane using “Wed blot-
ting system” (BioRad). After incubation with primary and secondary antibodies, protein
signal was detected via chemiluminescence using the “Pierce ECL Western Blotting Subs-
trate” kit (Thermo-Fisher).

11. EQUIPMENT

11.1 Microscopy

Leica TCS SP8 coupled to a DMi8 inverted confocal microscope Navigator module equip-
ped with white light laser was used for imaging. A HC PL Apo CS2 40x/1.3 oil objective
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and 1024x1024 pixels, A.U. set to 1 were commonly used.

For Super-resolution microscopy, a Leica gated STED-3X- WLL SP8 and a HC PL APO CS2
100x/1.40 oil objective was used. Alexa Fluor 514 and Alexa Fluor 568 secondary anti-
bodies were used for this technique.

11.2 Flow Cytometry

ESCs suspensions were analysed in a BD LSRFortessa™ Special Order Research Product
(laser wavelengths 405, 488, 561, 633).

ESCs were sorted by FACS using a BD FACSAria™ Il and Synergy 4L cell sorter.

12. IMAGE ANALYSIS

Confocal images were analysed using FlJI (https://imagej.net/Fiji).

12.1 Nuclear Signal

For nuclear signal quantification, nuclei were segmented by DAPI/TO-PRO-3™ staining.
Nuclei masks were created applying the “default Threshold tool” and they were manua-
lly corrected to ensure that segmented objects correspond to individual cells and discard
mis-located, apoptotic or mitotic cells. Then, “Analysed particle” tool was used to iden-
tify the regions of interest (ROIs) corresponding to nuclei. Finally, ROls were were used
to measure the nuclear signal.

12.2 Cytoplasmic Signal

For cytoplasmic signal quantification, we first segmentated the whole individual cells
using WGA as a membrane marker. Then, we substracted the nuclear area (obtained as
described above) from the whole cell region.

For whole cell segmentation, we applyed a “Gausian Blur” filter (scaled units 2) to the
WGA signal and used the “Find Maxima” tool (Find Maxima configuration: output type,
segmented particles; light background) to create a mask. Afterwards, manual correction
was performed to ensure that segmented objects correspond to individual cells. Finally,
“Analysed particles” was used to identify the ROIs corresponding to whole cells.

To couple the whole cell ROIs with the nuclear ROIs from the same cell, a macro was de-
signed with the help of CNIC Microscopy Unit based on ROIs position within the image
(Anexo 1). This macro generated the “cytoplasmic” ROIs that were used to measure the
cytoplasmic signals.

12.3 Foci Number

To detect foci number, each ROl corresponding to a nucleus was selected and processed
using the “Find maxima” tool. Configuration was output=count. Noise was manually ad-
justed. A macro was used to generate a loop for counting foci in all the ROIs correspon-
ding to the nuclei of the capture (Anexo 1) .
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12.4 Whole-mount Embryo Immunofluorescence Analysis

To study PUMA positive cells - MYC correlation at E6.5, MYC levels were normalised per
Z slice and embryo to avoid depth-dependent loss of signal and variation among diffe-
rent embryos. Statistical analysis was performed using linear mixed models using Ime4
R library, p value=6.81x107°.

This type of analysis was also performed for the P53-PUMA correlation at E3.5, p=0.105
and P53-MYC correlation at E3.5. Embryo was set as random variable and either P53,
PUMA or MYC-classification and Z-position as covariates to simultaneously adjust for
the two factors. Coefficients represent either the quantitative increase in the respon-
se variable (log,(MYC)) per unit increase in the independent variables (either log (P53)
or PUMA-classification variables) and their associated p-values show the significance of
such coefficients under the null hypothesis of them being 0.

13. RNASEQ ANALYSIS

RNAseq data described in (Diaz-Diaz et al., 2017) were analysed to identify apoptot-
ic-related factors. Apoptotic-related genes were screened using “Genering Gene ontol-
ogy (GO) term finder” (https://go.princeton.edu/cgi-bin/GOTermFinder) and “The Gene
Ontology (GO) Project” tools (http://www.informatics.jax.org/mgihome/GO/project.
shtml). Potential downstream P53 candidates were manually selected from those genes.

14. STATISTICAL ANALYSIS

Parametrical T student test was performed to compare two groups of data. For compa-
risons with more than two groups of data One —way ANOVA multiple comparison was
used. One-sample test (Wilcoxon test) was used to compare a group of data with a hy-
pothetical mean. Comparison and graphs were made with Graph Pad Prism 8.4.3 statisti-
cal analysis software. Adjusted values of P<0,05 were considered statistically significant.
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RESULTS

1. CELL STRESS IN LOW-MYC CELLS

Live analysis in ESCs shows that loser elimination occurs in low MYC cells after the accu-
mulation of random contacts with high MYC cells for around 10h (Diaz-Diaz et al., 2017).
We wondered whether the persistent random contacts of prospective loser cells with
MYC-high cells could generate some cellular stress in low MYC cells leading to apoptosis.

GFP-MYC reporter ES cell line was used to measure MYC levels(Figure 5A, A’) (Diaz-Diaz
et al., 2017) and we analysed the levels of the stress-activated protein kinase p-JNK1/2,
which were higher in low MYC cells, supporting this idea (Figure 5B-B”’). Therefore, we
analysed a number of candidate mechanisms and factors potentially involved in loser
cell stress.

1.1 DNA DAMAGE

Maintenance of genome integrity is essential for ESCs. These cells acquire abundant
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Figure 5. GFP-MYC reporter line and pJNK expression in ESCs.

A. Confocal images of anti-MYC antibody and endogenous GFP-MYC signal. A’. Quanti-
fication of GFP-MYC and anti-MYC, p<0.0001. B. Confocal detection of pJNK and GFP-
MYC. B'. Correlation between MYC and pJNK, p<0.0001. B”. Quantification of pJNK
levels in MYC-Low and MYC-High populations (MYC-L group represents the 30% po-
pulation of cells with lowest MYC levels while MYC-H group represents the 30% of the
population with highest MYC levels).
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DNA lesions, probably due to a high proliferation rate and shortened G, cell cycle pha-
se. However, they accumulate mutations at low rates (10 times less than differentiated
counterparts) because of a more robust and efficient DNA Damage Response (DDR) me-
chanisms (Vitale et al., 2017).

When DNA damage is unresolvable, ESCs undergo Regulated Cell Death (RCD) or lose
pluripotency. ESCs are particularly prone to suffer RCD, as they display constitutive mito-
chondrial priming. In other words, the balance between anti- and pro-apoptotic mem-
bers of BCL-2 protein family is close to threshold for apoptotic induction (See Introduc-
tion). Indeed, ESC are hypersensitive to genotoxic stress (Li and Huang, 2010; Vitale et
al., 2017) .

DNA lesions include a wide range of alterations such as single base modification (alkyla-
tion, deamination and oxidation), nucleoside hydrolysis, distorting lesions, single strand
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Figure 6. Double strand breaks in MYC-low ESCs.

A. Confocal images of y-H2AX and GFP-MYC. A’. Correlation between MYC and y-H2AX,
p<0.0001. A”. Quantification of y-H2AX levels in MYC-Low and MYC-High populations.
B. Confocal images of P53BP1 and MYC levels and quantification (B’, B”’). C. Double im-
munostaining of y-H2AX and P53BP1 and (C’) quantification.
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breaks or double strand breaks.

Double Strand Break (DSB) is considered the most harmful form of DNA damage and the
major type incurred physiologically during cellular proliferation (Fu et al., 2017). Upon
DSB, histone H2AX is phosphorylated (modification termed y-H2AX), which constitutes
an extended early indicator of DSBs. Additionally, y-H2AX has been reported to be par-
ticularly high in ESCs (Dickey et al., 2009). Therefore, we wanted to explore the correla-
tion between DSBs and MYC levels. Unexpectedly, we identified a positive correlation
between MYC levels and y-H2AX foci number, so that there are more y-H2AX foci in cells
with higher MYC levels (Figure 6A- A”).

Curiously, a function of y-H2AX in maintaining self-renewal, independent of DNA dama-
ge in ESCs, has been proposed (Turinetto et al., 2012). Given that MYC levels correla-
tes with pluripotency, so naive ESCs express higher MYC levels than more differentiated
ones (Diaz-Diaz et al., 2017), this suggests that in undamaged ESCs, y-H2AX could be
reporting pluripotency status instead of DNA damage.

Thus, we analysed P53BP1 foci number, an important mediator of DSBs repair machinery
(Panier and Boulton, 2014). In this case, we found no correlation with MYC levels (Figure
6B-B”’). Double y-H2AX and P53BP1 immunostaining showed more y-H2AX foci per cell
than P53BP1 (15.68 versus 4.45, N=117 cells) (Figure 6C). However, P53BP1 co-localized
with y-H2AX foci and they positively correlate (Figure 6C’). These observations support
the notion that y-H2AX could be playing a role in pluripotency asides its function in DSBs
repair.

Although, we cannot reject a role of DNA damage in ESCs Competition, due the broad
variety of DNA lesions, DSB (the most dangerous form of DNA damage) is not associated
with MYC-low cell stress in Cell Competition.

1.2. OXIDATIVE STRESS

Reactive Oxygen Species (ROS) perform an important role in cell signalling. However, an
excess of ROS can damage cellular macromolecules and lead to apoptosis. In ESCs, ROS,
which are maintained at very low levels, have been reported to play important role in
stress and differentiation (Bigarella et al., 2014). Therefore, we explored the potential
role of oxidative stress in ESCs during Cell Competition.

1.2.1 ROS Detection with Dihydroethidium (DHE)

DHE has been widely used to quantify cellular O,~ and H,O, (Wang and Zou, 2018). In
ESCs, DHE showed a cytoplasmic and a nucleolar signal (Figure 7A). H,0, 1%, used as a
positive control, reduced cytoplasmic signal, while induced an elevation of the nucleolar
signal. On the other hand, ice-cold cell pre-incubation as a negative control efficiently
inhibited DHE staining (Figure 7B).

Double staining of DHE and mitochondrial marker “Mitotracker Deep Red” indicated
that cytoplasmic DHE signal corresponds to a mitochondrial pattern (Figure 7C). Quanti-
fication of MYC and DHE signal indicated that neither nuclear nor cytoplasmic DHE levels
correlated with MYC levels (Figure 7D, E). Similar results were obtained regarding MYC
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Figure 7. DHE analysis in ESCs.

A. Confocal images of DHE signal in ESCs. B. Positive (+ H,0,) and negative (ice-cold pre-
incubation) DHE staining controls. C. Confocal detection of double Mitotracker deep
red and DHE immunostaining. D, E. Quantification of nuclear and cytosolic DHE levels,
p<0.0001 and (G, H) DHE positive area. F, I. Quantification of nuclear and cytosolic DHE
levels and area, p<0.0001.

levels and total DHE-positive area (Figure 7G, H). Cytoplasmic and nucleolar DHE levels
and areas positively correlated (Figure 7F, 1).

1.2.2 NOX4

The NADPH Oxidases (NOX) are a group of transmembrane proteins able to transport
electrons from NADPH to reduce oxygen producing ROS (O, and H,0,). In ESCs, NOX4
has been associated to different processes, such as differentiation (Crespo et al., 2010;
Maraldi et al., 2015). Thus, we wanted to explore a potential role for NOX4 in ESCs stress.
NOX4 staining showed a cytoplasmic dotted-like signal probably corresponding to mem-
brane organelles such as mitochondria and endoplasmic reticulum and a nucleolar signal
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(Figure 8A). We found neither the nuclear nor the cytosolic NOX4 levels correlated with
MYC intensity levels (Figure 8B, C). However, the area occupied by NOX4 signal in the nu-
cleus and more significantly in the cytosol positively correlated with MYC levels (Figure
8D-G), although the differences between Myc-high and Myc-low cells were mild.

In some ESCs colonies, we could find cells with a higher cytosolic NOX4 signal than the
rest of their neighbours (Figure 8H). However, MYC levels in these cells were not signifi-
cantly different from that in the general population (Figure 8I).

Collectively, neither detection of two important ROS as O, and H,O, through DHE stai-
ning nor expression of ROS- producing NADPH-oxidase NOX4 suggest a role of ROS or
oxidative stress in MYC-low stress during CC.

1.3 MITOCHONDRIAL STATUS
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A. Confocal images of NOX4 expression in ESCs. B, C. Quantification of MYC and nuclear
and cytoplasmic NOX4 levels. D, F. Quantification of MYC levels and nuclear and cytoso-
lic NOX4 positive area. E, G. Quantification of nuclear and cytosolic NOX4 positive area
in MYC-L and MYC-H cells. H. Confocal acquisition showing a cell with a high cytosolic
NOX4 level. I. MYC levels of the general population versus cells with a high cytosolic
NOX4 levels.

Figure 8. NOX4 analysis in ESCs.
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Mitochondria has a key role in metabolism and homeostasis. Different features as mi-
tochondrial mass, mitochondrial architecture, or mitochondrial membrane potential
(MtMP) contribute to cellular adaptation to energy demand and other cellular proces-
ses. Altered mitochondrial number or MtMP could be an indicator of metabolic stress
(Duarte et al., 2015). Thus, we decided to explore the mitochondrial status in MYC-low
cells during Cell Competition.

1.3.1 Mitochondrial Content

TOMM20, a mitochondrial outer membrane protein was used as a mitochondrial mar-
ker. We found a weak positive correlation between MYC levels and mitochondrial mass
(Figure 9A, B). No significant changes were found in a direct comparison between MYC-L
and MYC-H populations (Figure 9C).

1.3.2 Mitochondrial Membrane Potential

MtMP is a central mechanism for ATP production through OXPHOS and it is conside-
red a key parameter for evaluating mitochondrial function and cell health. To evaluate
MtMP, we used TMRM, a cationic fluorescent dye sequestered by active mitochondria
(Creed and McKenzie, 2019). First, TMRM staining was validated by flow cytometry. As a
positive control, we used oligomycin, which blocks the V-ATPase and induces proton ac-
cumulation within the intermembrane space. As a negative control, we used the proton
uncoupler FCCP, which disrupts proton gradient (Figure 10A). The olygomicyn control
indicates that ESC mitochondria are near their maximum capacity of MtMP. Then, we
analysed the relationship between TMRM and MYC levels in ESCs by confocal micros-
copy (Figure 10B). We found a positive correlation between MYC and TMRM levels and
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Figure 9. Mitochondrial content and MYC levels in ESCs.

A. Confocal captures of TOMMZ20. B. Quantification of TOMM20 positive area and
MYC levels in two independent experiments. Experiment 1: r’=0.01707, s=0.06204,
p=0.1640. N=115. Experiment 2: r’=0.02277, s=0.1056, p=0.045, N= 177. C. Quantifica-
tion of TOMM20 positive area in MYC-L and MYC-H population.
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Figure 10. Mitochondrial membrane potential (wm) in ESCs.

A. Flow cytometry profile of ESCs stained with TMRM, TMRM + oligomycin (positive
control), TMRM + FCCP (negative control) and bar plot. B. Confocal images of TMRM
in ESCs. C, D. Quantification of MYC and TMRM levels and positive area, p<0.01 and
bar plot showing TMRM levels and positive area in MYC-L and MYC-H populations. E.
Confocal images of GLUT1 in ESCs and (E, E’) quantification.
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a more significant correlation between MYC levels and TMRM positive area, indicating
that MYC low cells present a lower MtMP (Figure 10C, D).

ESCs experience a metabolic switch as they commit into a more differentiated status,
from OXPHOS to glycolysis (Tsogtbaatar et al., 2020). As MtMP is an indicator of the po-
tential to obtain ATP through OXPHQOS, these results suggest that MYC-low cells display a
lower oxidative metabolism. This is also supported by the fact that the glucose transpor-
ter, GLUT1 (one of the main transporters for glucose uptake in ESCs) (Heilig et al., 2003),
is expressed at higher levels in low-MYC cells (Figure 10E-E”).

Collectively, our results suggest that MYC-low cells have a more glycolytic metabolism
than Myc-high cells.

1.4 ARTS AND HTRA1 PROAPOPTOTIC PROTEINS

We next explored the role of recent described pro-apoptotic proteins in MYC-low cells
death during CC.

1.4.1 ARTS

ARTS/SEP4_2 is a pro-apoptotic protein located at the outer membrane of the mitochon-
dria. It has been generally thought that mitochondrial outer membrane permeabilization
(MOMP) precedes caspase activation. However, after apoptotic stimuli, ARTS initiates a
first wave of caspase activation before MOMP, by translocating to the cytosol where it
degrades XIAP and BCL-2. This contributes to MOMP enhancing apoptosis (Edison et al.,
2011; Edison et al., 2017). Interestingly, ARTS is induced by P53 and has a role in stem
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Figure 11. ARTS and MYC levels analysis.

A. Confocal capture of ARTS in ESCs. B. Quantification of ARTS and MYC levels in two in-
dependent experiments. Exp 1: r’= 0.0058, s=0.028, N=328, p=0.167. Exp 2: r>=0.0137,
s=-0.029, N=138, p=0.1702. C. Quantification of ARTS positive area and MYC levels in
two independent experiments. Exp 1: r’= 0.0021, s=0.0266, N=328, p=0.399. Exp 2: r’=
0.0086, s=-0.0526, N=138, p=0.2792.
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cells apoptosis (Fuchs et al., 2013; Hao et al., 2020).

In ESCs, ARTs displayed a dotted-cytoplasmic pattern compatible with a mitochondrial
localisation (Figure 11A). However, we did not find any correlation between MYC levels
and ARTS levels or ARTS positive area (Figure 11B, C). We conclude that, although ARTS is
probably involved in ESCs apoptotic execution machinery, it does not play a role in loser
cell apoptosis due to CC.

1.4.2 HTRA1

HTRA1 is serine protease involved in apoptosis. Although it is mainly secreted into the
extracellular space, a fraction remains within the cytosol. HTRA1 plays different functions
such as extracellular matrix re-organization, cell signalling or cell migration. Additionally,
it is involved in apoptosis by degrading the caspase inhibitor XIAP (Chien et al., 2009;
Hara et al., 2009; He et al., 2012; Klose et al., 2019; Tiaden and Richards, 2013; Zura-
wa-Janicka et al., 2017).

In ESCs, HTRA1 is present in the cytoplasm. By STED- Super-resolution microscopy using
the mitochondrial marker TIM23, we confirmed HTRA1 is localized in the mitochondria
(Figure 12B). However, we did not observe any correlation between HTRA1 and MYC

A’ A” n S

=R 2=0.00139 :D; . p N
~ ' ®
< e
e
|:|_: 20 : e
i i , . o 146 146
0 50 100 150 200 !

% $=0.01211
GFP-MYC (AU) MYGL NYCAH

HTRA1 (A

35
N
\
\
\
\
1
1
1
|
1
1
1
R———

(4]
-
ez

[¢)]
=

Figure 12. HTRA1 in ESCs.

A. Confocal images of HTRAL. A’, A”. Quantification of HTRAL1 levels. Cell number analy-
sed is indicated inside the bars. B. STED-Super-resolution microscopy for HTRA1 and
mitochondrial marker TIM23. Arrowheads indicated TIM23 and HTRA1 co-localisation.
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levels (Figure 12A-A”). HTRA1 mitochondrial localization has not been described so far,
in contrast to HTRA2/OMA protein, which also plays a role in apoptosis inhibiting XIAP
(Zurawa-Janicka et al., 2017). These results could indicate a new undescribed location
for HTRAL in ESCs or lack of specificity of the HTRA1 antibody. Nonetheless, these results
indicate that although HTRA1 could play a role in apoptosis in ESCs, we didn’t identify a
relation between HTRA1 with “loser” cell death during MYC-driven CC.

In summary, our data did not suggest an important role for the candidate stresses and
factors analysed as important elements in loser elimination downstream the fitness
comparison. Therefore, in order to identify specific pathways related to “loser” cell sta-
tus and death in an unbiased manner, we took advantage of transcriptomic data obtai-
ned in the lab from the GFP-MYC ES cell line (Diaz-Diaz et al., 2017).

2. LOSER CELL STATUS AND DEATH. ANALYSIS OF THE
TRANSCRIPTOME

Since GFP-MYC cell line reports natural heterogeneous MYC levels, cells with different
MYC levels were sorted by FACS according to GFP expression, obtaining a MYC-LOW (“lo-
ser”), MEDIUM and HIGH (“winner”) population (Figure 13A, B).

Molecular Signature Database analysis (MSigDB) between MYC-HIGH and MYC-LOW
transcriptome identified P53 pathway upregulated in MYC-L cells (Diaz-Diaz et al.,
2017). Indeed, CASP3-positive cells, which express low MYC levels, show high P53 levels
(Diaz-Diaz et al., 2017). Moreover, the whole MYC-L population, without including the
CASP3-positive cells, expressed higher P53 levels than the MYC-H population, although
this difference is less strong (Figure 14) (Diaz-Diaz et al., 2017). These data suggest P53
involvement in ESCs Cell Competition, both in the execution of loser cell death and in
the stress associated to the loser status. Thus, we decided to focus on genes involved in
stress/apoptosis downstream of P53.

Among the genes upregulated in MYC-L population, we found several members of the
BCL-2 family (See Introduction) such as the pro-apoptotic BH3-only genes puma, noxa,
bik and bnip3. On the other hand, the pro-survival BCL-2 gene bcl-x/ was downregulated
in MYC-L population. We also identified other P53-downstream genes highly upregulat-
ed in the MYC-L population such as ddit4, perp, tp53inp1 or sesn3 (Figure 13C).

- ddit4 is expressed upon stress stimuli as hypoxia or DNA damage by P53, P63 or HIF-
1. It functions as an inhibitor of MTORC1. ddit4 has been also associated metabolism,
autophagy and ROS production (Tirado-Hurtado et al., 2018).

- tp53inp1 is induced after stress stimuli by P53 and P73. In a “steady-state” stress
condition has a protective role and is located in the cytoplasm where induces auto-
phagy (especially mitophagy), alleviating ROS and regulating REDOX metabolism. At
a certain stress level, autophagy can display a pro-apoptotic role and TP53INP1 can
translocate into the nucleus enhancing P53 and P73 transcriptional function in a pos-
itive feedback loop (V).
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Figure 13. P53 downstream candidates

A. Schematic representation of the GFP-MYC ES cell line. B. Histogram showing MYC-
H, M and L populations sorted by FACS. C. Fold change expression of candidate genes
between MYC-L and MYC-H populations (RNAseq data). Grey numbers next to each
bar indicate the adj. p-value. D. Fold change expression between MYC-L and MYC-H of
candidate genes (qPCR data). One sample t and Wilcoxon test was used for statistical
analysis.

- perp encodes a plasma membrane protein involved in apoptosis and cell adhesion. It
is induced upon cell stress by P53 and P63 and can establish a positive feedback loop
with P53. It can mediate both extrinsic and mitochondrial apoptotic pathway. PERP
has been described to interact with endoplasmic reticulum Ca% pump, SERCA2b, pro-
moting apoptosis. It also interacts with desmosomes, favouring cell adhesion (Mc-
Donnell et al., 2019).

Then, we further validated these candidates by gPCR analysis. Similar results to RNAseq
were obtained, although lower differential expression between MYC-L and MYC-H popu-
lations was observed for some genes, being not significant in the case of bnip3 and bcl-x/
(Figure 13D).

2.1 P53

First, we wanted to check the correlation between P53 and MYC levels as well as the
apoptotic function of P53 in MYC-L cells. P53 immunostaining showed a nuclear hete-
rogeneous pattern in ESCs. P53 signal efficiently increased upon etoposide treatment (a
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P53 activator through DNA damage generation) (Figure 14A). Per-cell quantification of
P53 and MYC levels indicated an inverse correlation between the levels of the two pro-
teins (Figurel4 B-D).

To check the apoptotic role of P53 in ESCs, we used an antibody against cleaved CASP3
and looked for cells still maintaining perfect cellular morphology (early apoptotic cells).
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Figure 14. P53 in ESCs.

A. Confocal images showing P53 immunostaining in control and etoposide treated
(100uM, 6h) ESCs. B. Confocal captures of P53 and MYC signals. C. Quantification of P53
and MYC levels, p<0.0001. D. P53 levels in MYC-L and MYC-H populations. E. Confocal
captures showing aCASP3, MYC and P53 F. Quantification of P53 levels in MYC-L, MYC-H
and aCASP3 positive cells. Quantified number of cells for this experiment is indicated
inside the bars. G. Quantification of MYC levels in aCASP3 positive cells and the general
population.
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Early apoptotic cells expressed low levels of MYC and high levels of P53. MYC-low cells
(without including apoptotic cells) also expressed higher P53 levels although this differ-
ence is lower (Figure14 E-G). These results suggest a role of P53 in both the execution of
loser cell death and in loser fitness status.

Then, we moved to validate at the protein expression level some of the candidates invol-
ved in apoptosis, acting downstream P53.

2.2 BH3-ONLY PROTEIN PUMA

Regarding BCL-2 family, we performed an immunostaining of PUMA, one of the most
important apoptotic factors downstream P53 (Yu and Zhang, 2008).

We show that PUMA was expressed in almost all the cells, showing a heterogeneous
cytosolic pattern. Quantification of PUMA and MYC levels by confocal microscopy revea-

— *kkk D
2 . 2 L
Los 6. . $=-0.324 < -4 *
< . < g
= = s
-] -] o 2
o o = =
) ) S
o Lo T T 0
MYC-L MYC-H
N=156 N=156
' F 200-
*%x
-~ 150
3
zmo— T
=
2D 50
o
372
0

T
CASP3 CASP3
neg. cells pos. cells

Figure 15. PUMA analysis in ESCs

A. Confocal images showing PUMA and MYC in ESCs. B. Quantification of PUMA and
MYC levels, p<0.0001. C. Quantification of PUMA levels in MYC-L and MYC-H popu-
lations. D. Ratio of PUMA expression in MYC-L and MYC-H populations by immuno-
blot. Boxplot represents a set of four independent experiments. E. Confocal images of
aCASP3+ and PUMA immunostaining. A CASP3 positive cell is indicated with a white
arrowhead. F. PUMA levels in aCASP3 positive cells and the general population. Cell
number quantified for this experiment is indicated inside the bars.
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led a strong inverse correlation, which was confirmed by immunoblot (Figure 15A-D).
Apoptotic cells expressed moderately higher PUMA levels than the general population
(Figure 15E, F).

2.3 mTOR AND BECLIN1

Another potential candidate was DDIT4. As DDIT4 is an important inhibitor of mTORC1,
we evaluated mTOR function by measuring pS6 levels, a widely used marker of mTOR
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Figure 16 . mTOR activity and BECLIN1 in ESCs.

A. Confocal images showing pS6 and MYC levels. B. Quantification of pS6 and MYC
levels, p<0.0001 and (C) pS6 in MYC-L and MYC-H populations. D. Confocal images
showing BECLIN1 in different cell types. E. Quantification of BECLIN1 and MYC levels,
p<0.0001. F. Confocal captures of cells with a high nuclear Beclinl signal and quantifi-
cation (G).
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activity. We found a positive correlation between pS6 and MYC levels (Figure 16A-C).

mMTOR inhibition is a critical factor for autophagy initiation (Schmeisser and Parker, 2019).
Additionally, TP53INP1 has a role inducing autophagy, especially mitophagy. These two
candidates could indicate a function for autophagy in loser status/cell death. To evalu-
ated autophagy, we measured the levels of BECLIN1, a central factor in the formation of
the autophagosomes (Kang et al., 2011). In ESCs, BECLIN1 showed a nuclear pattern in
the majority of the cells instead of a cytosolic pattern. We assessed BECLIN1 location in
other cell types and found a cytosolic signal in HEK cells and a predominantly nuclear
pattern in MEFs (Figure 16D). Quantification of BECLIN1 and MYC levels in ESCs indicated
a positive correlation (Figure 16E). Further observation of BECLIN1 staining allowed us to
identify few ESCs with a considerably high nuclear-signal, which all corresponded to cells
with very low MYC levels (Figure 16F, G).

In summary, transcriptional upregulation of ddit4 and tp53inp1 suggest a role for au-
tophagy in loser status/cell death. This is supported by the inhibition of mTOR in MYC
low cells. Nuclear localization of the autophagy marker BECLIN1 has been previously
described although its function is not clear and completely unknown in ESCs (Xu et al.,
2017). Therefore, we cannot discard that in this case BECLIN1 is performing a different
role from autophagy. However, the fact that it is highly upregulated in cells with very
low MYC levels suggest that could be part of the loser cell death execution machinery in
ESCs. A similar role for BECLIN1 has been suggested during cardiomyocyte competition
in the adult heart (Villa del Campo et al 2014).

2.4 WORKING MODEL

In CC, P53 has a function in both defining cellular fitness and the execution of loser
cell death. Here, by transcriptomic analysis we have identified different candidates that
could account for these functions downstream P53 (Figure 17).

On one hand, we have identified several BH3-only proteins upregulated in loser cells.
These proteins have been involved in apoptosis by inducing MOMP. Moreover, they are
linked to metabolism and decreased mitochondrial function through different mecha-
nisms e.g. promoting Ca* released from the ER (which also can contribute to apoptosis)
or interacting with factors involved in mitochondrial fusion and fission or the B subunit
of the FO/F1-ATP synthase (Vervliet et al., 2016). Recently, PUMA has been described to
block mitochondrial pyruvate carriers (MPCs), preventing OXPHOS and promoting gly-
colysis (Kim et al., 2019). On the other hand, we have identified ddit4 and tp53inp1
genes upregulated in low MYC cells. DDIT4 is a potent inhibitor of mTOR. Inhibition of
mTOR can induce autophagy and alter metabolism (Dossou and Basu, 2019). Moreover,
TP53INP1 has been related to mitophagy (Saadi et al., 2015)we have provided evidence
that Tumor Protein 53-Induced Nuclear Protein 1 (TP53INP1. Finally, PERP, which can be
induced by autophagy, prompts apoptosis upon interaction with the ER calcium chan-
nels SERCA2b (McDonnell et al., 2019; Roberts and Paraoan, 2020).

In summary, we can propose a signature that reports competitive cell fitness in ESCs
based on the levels of P53, its targets PUMA/NOXA, mTOR and MYC. This signature cor-
relates with the status of MTMP and presumably OXPHOS activity. While MYC and mTOR
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correlate positively with competitive fitness, P53 and its targets correlate negatively.

P53

|

'd
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Figure 17. WORKING MODEL.

P53 activates its targets DDIT4, TP53INP1, PERP and some BH3-only proteins. TP53INP1
and DDIT4 (through mTOR inhibition) are important autophagy/mitophagy inducers
and can modulate metabolism and mitochondrial function. BH3-only proteins can re-
duce mitochondrial function by different mechanisms and contribute to apoptosis pro-
moting MOMP. PERP can also contribute to apoptosis by interacting with ER Ca?* chan-
nel SERCA2b. Therefore, P53 induces the expression of target genes that can lead to a
reduced mitochondrial function (Loser metabolism) and contribute to loser apoptosis
via mitochondria.

From all these candidates, we decided to focus on the study of PUMA and its possible
function in fitness and CC.

3. P53 AND PUMA IN PLURIPOTENT CELL COMPETI-
TION

Puma has been described as one of the most potent apoptotic inducers of the BH3-only
protein (Yu and Zhang, 2008). However, we found that PUMA is expressed in almost
every ES cell, suggesting that it is playing a role in ESCs different from apoptosis induc-
tion. Together with the fact that PUMA inversely correlates with MYC levels and the re-
cent described functions of PUMA in metabolism (Kim et al., 2019; Siddiqui et al., 2015),
suggests that PUMA could contribute to regulate fitness. Thus, we wanted to characteri-
ze PUMA in ESCs, its regulation and its function in CC.
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Figure 18. PUMA isoforms and mitochondrial localization

A. Normalized expected counts of PUMA isoforms in MYC-H (H) and MYC-L (L) popula-
tions. Numbers 1, 2, 3 next to H or L refer to three biological replicates. B. STED-Super-
resolution microscopy images showing PUMA and TIM23 levels.

3.1 P53 AND PUMA REGULATION

3.1.1 PUMA Isoforms and Localization

Four isoforms have been described for puma gene in the mouse [ensemble.org (2020,
Nov)]. We wanted to explore the relevance of these isoforms in PUMA expression in
ESCs. Analysis of the counts obtained for each isoform in the RNAseq data showed that
the isoform 1 is the principal isoform expressed in ESCs (Figure 18A).

3.1.2 P53 Is the Main Regulator of PUMA in ESCs and the Early Mouse
Embryo

Then, we wanted to explore PUMA regulation by P53. We confirmed a positive correla-
tion between P53 and PUMA in ESCs and an inverse correlation between these two pro-
teins and MYC expression (Figure 19A- A”).

Aside from P53, PUMA can be regulated by different factors independently of P53 such
as P73, FoxO3a, CHOP, glucocorticoids or ischemia-reperfusion (Futami et al., 2005;
Ming et al., 2008; Wu et al., 2007; You et al., 2006; Yu and Zhang, 2008). To determine
the relevance of P53 in the regulation of PUMA in ESCs, we checked PUMA expression in
p537 cells. Interestingly, in the absence of P53, we observed no detectable PUMA signal
(Figure 19B). On the other hand, P53 activation by using etoposide or Nutlin3 resulted in
PUMA upregulation (Figure 19C-D).
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Figure 19. P53 is essential for PUMA expression

A. Confocal images showing P53, PUMA and MYC in ESCs. A’. Quantification of PUMA
levelsin P53-Land P53-H populations. A”. Quantification of P53, PUMA, and MYC levels,
N=384, PUMA-MYC (r*=-0.506, p=2.09x10-26), P53-MYC (r*=-0.457, p=2.09x10-21),
P53-PUMA (r?=0.669, p=3.50x10-51). B. PUMA expression in wt and p537 cell line. C,
C’. P53 and PUMA expression after etoposide treatment and quantification. D. Quanti-
fication of P53, PUMA levels after Nutlin3 treatment. Scale bar (A), 20um.

These data indicate that P53 is essential for PUMA expression in ES cells and suggest
that, similarly to PUMA expression, P53 activity is widespread in ES cells and not just
restricted to stressed or apoptotic cells.
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We next moved to study P53, PUMA and MYC expression in vivo. We used 6.5dpc mouse
embryos given that MYC-driven CC, as well as other CC models, have been described at
this stage (Bowling et al., 2018; Claveria et al., 2013; Diaz-Diaz et al., 2017; Lima et al.,
2020; Sancho et al., 2013).
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Figure 20. PUMA and MYC inversely correlate in the epiblast.

A, B. Confocal images showing PUMA and MYC expression in an E6.5 mouse embryo
(Ex, extraembryonic ectoderm; Epi, epiblast). B". Quantification of normalized MYC le-
vels of high PUMA-expressing cells per embryo. B”. Quantification of normalized MYC
levels in the general cell population and high PUMA levels. C. Confocal images showing
PUMA expression in wt and p537" E6.5 embryos. Scale bar A-C, 20um.
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Consistent with the observations in ESCs and in similarity to MYC expression pattern,
epiblast cells expressed widespread heterogeneous levels of PUMA. In contrast to the
epiblast, the extraembryonic ectoderm (Ex) did not show detectable PUMA expression
and MYC is strongly expressed here (Figure 20A). We found that epiblast cells with high
PUMA levels expressed lower MYC levels than the general population (Figure 20B-B”).
Additionally, we found no detectable PUMA signal in p537 E6.5 embryos (Figure 20C)
indicating that P53 is essential for PUMA expression in the embryo.

Then, we wanted to explore P53 expression in the epiblast and its correlation with PUMA
and MYC. Although P53 is present and functional at E6.5, we detect almost no P53 posi-
tive cells, even after inducing P53 activation with Nutlin-3 (data not shown).

Thus, we moved to a previous stage, E3.5, where Cell Competition has also been de-
scribed (Hashimoto and Sasaki, 2019). At this stage, P53 immunofluorescence showed
a nuclear pattern similar to that obtained in ESCs. We observed a positive correlation
between P53 and PUMA in the blastocyst (Figure 21A, A’). However, no correlation was
found between P53 and MYC (Figure 21B, B’).
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Figure 21. P53-PUMA and MYC expression in the early mouse embryo.

A. Confocal images showing P53 and PUMA levels in E3.5 mouse embryos and quanti-
fication (A’), p<0,0001. B. Confocal captures of P53 and MYC levels in E3.5 embryos. B’.
Quantification of MYC and P53 levels in the blastocysts of two different litters (Exp 1:
r’=0.0087, s=-0.122, N=46, p=0.53 ; Exp 2: r’=0.011, s=0.087, N=85, p=0.41).

3.1.3 P53-PUMA and MYC Regulation

We have reported an inverse correlation between MYC and P53-PUMA, so high P53 and/
or PUMA cells are exclusively MYC-low cells (Figure 19). To understand whether these
observations derive from cross-regulatory interactions between MYC and P53/PUMA,
we studied the expression patterns of P53 and PUMA in myc-KO cells. We found that
elimination of myc neither increased P53 nor PUMA expression, but rather we observed
a slight non-significant downregulation (Figure 22A-B’). These results indicate that MYC
does not regulate P53-PUMA expression.
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Figure 22. P53-PUMA expression in myc”- cells.

A. Confocal captures showing MYC levels in wt and myc” ES cells. B. Quantification of
P53 and PUMA levels in wt and myc-/- clones by confocal microscopy and (B’) by flow
cytometry. C. Model representing a hypothetical regulation of P53-PUMA by MYC.

We next measured MYC levels in p53, puma and noxa KO cells. We observed MYC upre-
gulation in p537 cells (Figure 23A-B). Additionally, P53 activation with Nutlin3 induced
MYC downregulation (Figure 23D-F).

We observed a non-significant upregulation of Myc in puma? cells. Noxa elimination
does not affect MYC expression (Figure 23A).

Then, we were interested into explore MYC upregulation in p53”- early mouse embryos.
We did not observed differences in MYC levels between p53 KO E6.5 embryos from two
litters and their wt/het littermates (Figure 24A-B). Same result was observed preliminari-
ly in one E3.5 litter (Figure 24C, C’).

3.1.4 P53-PUMA and MYC Are Regulated by Pluripotency

As the mouse embryo develops from pre-implantation to post-implantation before gas-
trulation starts at E6.5, pluripotent epiblast cells evolve in a continuum manner from a
“naive” pluripotency or “ground state” to a “primed” pluripotency before they commit
into a particular fate (see Introduction) (Nichols and Smith, 2009b). The different plu-
ripotency states can be recreated in vitro in ESCs by using different culture conditions
(Boroviak et al., 2014). MYC is described to be downstream pluripotency and determine
competitive ability (Diaz-Diaz et al., 2017).

Thus, we were curious about P53 and PUMA expression dynamic in ESCs along different
pluripotent stages. To study this, we used different media: FBS, SR and 2i media, which
increasingly promote the naive state.
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Figure 23. MYC expression in wt, p53, puma and noxa KO ESCs.

A. Quantification of MYC levels in wt, p53, puma and noxa KO ES cells. B. Confocal ima-
ges showing MYC levels in wt and p537 cells. C. Model representing MYC regulation by
P53 and PUMA. D. Confocal images showing P53 and MYC levels in cells treated with
Nutlin3 and control and quantification (E). F. MYC levels upon treatment with increased
concentration of Nutlin3 measured by flow cytometry.

- “Serum + LIF medium”. Here referred to “FBS medium”, is a conventional medium to
counterbalance differentiation stimuli. These conditions allow the presence of cells with
either a more naive or a more primed status.

- “SR medium”. SR, knockout serum replacement, is a chemically defined formula that
can substitute serum. It has been described that maintains a more pluripotent status
than conventional serum (Cheng et al., 2004).

- “2i media”. Based on PD03 and CHIRON molecules added to conventional media, pro-
motes the “naive” pluripotent state.

We found that P53 and PUMA levels correlated with the pluripotent state, in similari-
ty with the behaviour of MYC. P53 and PUMA levels were low in 2i medium and they
increased in SR and even more in FBS medium (Figure 25A). This indicates that naive
pluripotent cells maintain low levels of P53 and PUMA, whereas, the acquisition of the
primed status activates P53 and PUMA. Additionally, naive pluripotent cells also maintain
low levels of MYC. As media conditions allow cells the transit to more prime state, MYC
levels and variance increased (Figure 25A) (Diaz-Diaz et al., 2017). On the other hand,
we allowed differentiation by removing LIF, which is necessary to maintain ESCs without
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Figure 24. MYC expression in p537 early mouse embryos.

A. Confocal images of MYC levels in a wt and a p537" 6.5dpc mouse embryo and quan-
tification (A). B. Quantification of MYC levels in p537 or heterozygous 6.5dcp embryos
from a different litter. C. Confocal captures showing P53 and MYC levels in 3.5dpc mouse
embryos and MYC level quantification (C’). White arrow in C shows a p53“ blastocyst.

MEFs. In these conditions, MYC levels decreased while PUMA augmented (Figure 25B,
B’). Collectively, these results indicate that P53 and PUMA expression are regulated by
pluripotent conditions and they increase as cells progress towards differentiation.

We were also interested in knowing about PUMA expression pattern during early em-
bryo development. PUMA is first detected at E3.5 and is expressed at high levels in some
specimens. From E5 to E6.5, PUMA is heterogeneously expressed in the epiblast. How-
ever, when gastrulation starts, PUMA decreases in the gastrulating cells of the primitive
streak (Figure 24C).

3.2 CHARACTERIZATION OF p53, puma AND noxa KNOCKOUT ESCs

P53 is well known to induce cell cycle arrest, senescence and apoptosis in response to
DNA damage and other stress stimuli. However, P53 has been related to other functions
as regulation of autophagy, metabolism or pluripotency (Kastenhuber and Lowe, 2017).
BCL-2 proteins such as PUMA and NOXA are involved in apoptosis, although other non-
apoptotic functions as regulation of metabolism have been described (Siddiqui et al.,
2015). In ESCs, P53 function in apoptosis and cycle arrest is not clear and recent works
suggest that P53 functions change depending on ESCs pluripotent status (Fu et al., 2020;
Hao et al., 2020; Jaiswal et al., 2020). On the other hand, less is known about PUMA and
NOXA function in ESCs. Thus, we characterized apoptosis, cell cycle and proliferation in
p53, puma and noxa knockout ESCs, using conventional medium (serum + LIF).

To study apoptosis, we performed an immunostaining against active CASP3 (aCASP3)
and analysed it by flow cytometry. We observed a reduction of the proportion of cells
with active CASP3 in p53, puma and noxa knockout ESCs, being this reduction stronger
in p53 KO cells (Figure 26A, B). Additionally, to assess caspase activation we used a com-
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Figure 25. Regulation of P53, PUMA and MYC by pluripotent condition.

A. Quantification of P53, PUMA and MYC levels in FBS, SR and 2i conditions. B. Confocal
images of PUMA and MYC levels in FBS media with LIF or without LIF and quantification
(B’). C. Confocal images showing mouse embryo at different stages.

mercial reagent (FLICA™). This reagent is based on the CASP3/7 target sequence (DEVD)
and a fluorescent dye, so that upon caspase cleavage, it emits fluorescence. By this as-
say, we also observed a reduction in caspase activity in puma, noxa and especially, p53
KO cells (Figure 26C).

We then examined proliferation by detecting phospho-Histone 3, pH3, (which labels
condensed chromosomes during mitosis) and analysed by confocal microscopy and flow
cytometry. No significant changes in the proportion of pH3 positive cells were observed
in the knockout lines (Figure 26D-E’). To assess a role in cell cycle for p53, puma or noxa,
we used propidium iodide and analyzed by flow cytometry and found no significant alte-
ration of cell cycle in the mutant cell lines (Figure 26F, F’).
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Figure 26. Apoptosis, proliferation and cell cycle in p53, puma and noxa KO ESCs.

A. Histograms showing aCASP3 staining in wt and p537 cells. B. Quantification of the
percentage of aCASP3+ cells. C. Quantification of the percentage of aCASP3/7 positive
cells using FLICA™. D. Confocal image showing pH3 positive cells and quantification
(D’). E. Zebra-plot of pH3 staining. pH3 positive population is located in the left upper
part, gated by a black contour. E’. Quantification of the percentage of pH3 positive cells.
F. Histogram showing cell cycle and quantification (F’).

P53 has a function inducing differentiation and restricting plasticity in stem cell popula-
tions (Jain and Barton, 2018). In ESCs, different works relate P53 to differentiation. Many
of these works are performed after induction of DNA damage or by inducing differentia-
tion. P53 differentiating function in ESCs in normal condition is less described, although
it has been suggested in a work in human ESCs (Kastenhuber and Lowe, 2017).

Thus, we wanted to study the differentiation status in the KO cell lines, by detecting
p-ERK, which is described to suppress self-renewal and induce differentiation (Death-
ridge et al., 2019). We performed p-ERK immunostaining and observed higher levels in
p537 cells (Figure 27A, B).

3.3. CELL COMPETITION

Then, we wanted to check whether p53, puma and noxa have a role in regulating fitness,
by studying whether their elimination promotes the winner phenotype. To do so, we
confronted tdTomato-expressing WT cells with p53, puma or noxa knockout cells and
other non-fluorescent WT cells’ as a control. To account for clonal variation, including
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Figure 27. Differentiation in p53, puma and noxa KO ESCs.

A. Bars graph showing p-ERK quantification in mutant cell lines. B. Confocal images of
p-ERK in ESCs.

possible off-target mutations, we used for each gene at least three mutant and three WT
sister clones. According to the literature referring to similar Competition assays, these
experiments were performed in differentiating conditions (Dejosez et al., 2013; Lima et
al., 2020; Sancho et al., 2013).

In these CC assays, we compared the evolution of tdTomato-WT cells in co-culture with
WT or the different KO cell lines (Figure 28A, B). Tomato-WT cells were eliminated when
co-cultured together with p537 cells but not when they were co-cultured with WT cells
(Figure 28C, left). The population of tomato-WT cells was also reduced when confronted
with puma” cells, although this effect was less pronounced than in the case of p537 cells
(Figure 28D, left). Similar experiments with noxa” resulted in a non-significant tendency
towards a reduced growth of the confronted tomato-WT cells (Figure 28E, left). These
differences in cell population growth can be also observed by the ratio between the final
and initial cell numbers for each population (Figure 28C, D, E). Some of these assays were
repeated with similar results (Figure 28C’, C”’, D’).

These results indicate that p53 and puma can regulate Competitive fitness in ESCs in
such a way that higher levels of P53/PUMA results in lower fitness. Additionally, we ob-
served that p53 KO cells increase their number faster than WT. This also occurs in puma
KO cells.

3.3.1 CC and Pluripotency

CCinduced by BMP-signalling deficient cells occurs in differentiating conditions but this
does not take place if naive pluripotency is enforced in 2i condition (Lima et al., 2020;
Sancho et al., 2013). Regarding P53-induced CC, Dejosez et al., showed that p537 cells
seem to outcompete WT cells in the early mouse embryo and in ESCs in differentiating
conditions, although it is not clear whether this is due to an autonomous behaviour or
to CC. In contrast, in the same work, when cells are maintained in naive pluripotent sta-
tus, WT cells outcompete p53 KO cells, although they show a similar growing rate when
separated. (Dejosez et al., 2013).

Thus, we wanted to confirm whether p537 cells switch their status from winner to loser
depending on pluripotency. p53-KO cells were not outcompeted by WT cells in 2i me-

7 Wt clones were obtained during the same knockout-generation process than p53, puma and
noxa.



RESULTS

R
2.
wt tdtomato @ or@ or @ N 4

p53* puma’ noxa”

C C”
5 207 525 akod 525 *x
&1 o wt (cocul. p53%) E x> g 2 ‘g‘ ”
< s O Wit (cocul. wi) 215 c g
z = 315 B 15
D 600 I § 10 aaludad o *k i
-g ] S10 10
S 400 I £ 5] i £ i £ :
E 3 = g° ! 5 ° :
3 c 1 (= c
8 "/g\é\\_‘ Lol Ll 1. el ' Lo : [T '
L e wt wt p534 p53* wt L owt p53*- wt I wt pb3”
1 1
mo T2 T3 T4 TS Coculture’ Coculture! Isolated Coculture ' Coculture Coculture ' Cocultive
D D’
B . 5® s
& 6001 owt (cocul. puma’) £ £
= wt (cocul. wi) 2 °1 o 21
pug 3 3
8 4001 O 4 o So
€ 5 s
2 £ .l i £ 5
£ 2001 B s
© £ i £
() Lol s T i L0 1
o i . . wit wtpumaypuma” wit wtpumatpuma’
T15 T2.5 T5 Coculture! Coculture !Isolated Coculture! Coculture 'Isolated
625-
& 507 o wit (cocul. noxa”) £,
X w0 O Wi (cocul. wi) 3
= 315 ] o
8 300 8 °
€ S 104
‘_::’ 200 E e
8 1004 ug: o
- ; . : . wt wt noxainoxa”
T™moT2 T3 T4 TS Coculture! Coculture ‘Isolated

Figure 28. CC induced by p537-, puma”- and noxa”".

A. (left) tdTomato-WT cells were confronted either with knockout cells or non-fluo-
rescent WT cells as a control. Knockout lines are represented in different colours. A.
(right) (1) We monitored the evolution of tdTomato-WT when confronted with non-
fluorescent WT cells and (2) with each knockout cell lines. Here p53“ cells (in green)
are used as an example of KO cell line. (3) We also monitored the evolution of KO cells
line in isolation. B. Confocal image showing tdTomato-WT and puma KO cells. C, D,
E. Evolution of tdTomato-WT cell number in co-cultured with WT cells (light red line)
or p537 cells (C), puma™’ (D), noxa (E) (dark red line) (left). Bar graphs representing
the ratio between the final and initial cell number in wt and p537, puma” or noxa”
in isolated or co-culture condition (right). Each dot represents a different wt, p537,
puma?- or noxa”" clone. Four clones of wt and p537,, puma”- or noxa”- were used in
each experiment.
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dium (Figure 29A, B). In 2i medium, p537 cells had a similar growth rate than WT cells,
both in isolation (Figure 29B). When co-cultured, we observed a non-significant tenden-
cy to higher growth of the p537- ESCs at the expense of WT cells.

In 2i conditions, apoptosis in WT cells is reduced to similar levels than those observed in
p537 cells (Figure 29C). Moreover, in similarity to what was observed in differentiating
conditions, we did not find differences in the proportion of pH3* cells between WT and
p537 cells, although proliferation in 2i conditions was reduced in both populations in
comparison to differentiating conditions (pvalue=0,02) (Figure 29D).
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Figure 29. P53-induced CC in 2i conditions.

A. Evolution of p537 cells isolated or in co-culture with WT cells. B. Final/initial cell
number ratio of p537 cells and WT cells isolated and in co-culture. C. Percentage of
CASP3* cells of p537 cells and WT cells. D. Percentage of pH3 positive cells in the indi-
cated conditions.

Collectively, we have not observed the previously described acquisition of a loser status
by p537- ESCs in 2i conditions, however, we observed a blunting of the winner phenotype
of p537- ESCs in 2i conditions compared to the differentiating conditions. Additionally, in
these conditions, some differential characteristics between WT and p537 when cultured
in isolation equalize. Thus, apoptosis in WT cells decreased to similar levels to p53-KO
cells and the higher growing rate in p53-KO cells is reduced to levels similar to WT cells.

3.3.2 CC and Mitochondrial Metabolism

Then, we wanted to explore how P53 and PUMA regulate fitness and induce CC. Regar-
ding PUMA location in the mitochondria and its recently described role in glucose meta-
bolism, we wanted to check mitochondrial status.

To do that, we decided to assess mitochondrial REDOX status as it can report differential
mitochondrial function (Handy and Loscalzo, 2012). For that, we used the mitochon-
drial ratiometric reporter protein Grx1-roGFP,, which we cloned within a lentiviral vec-
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tor downstream the EF1 promoter and subsequently transfected in wt, p53-KO and pu-
ma-KO ESCs lines.
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Figure 30. Mitochondrial REDOX status in wt, p53-/- and puma-/- cells.

A. Schematic representation of Grx1-roGFP, in an oxidized and reduced form, (A’) exci-
tation spectrum of roGFP, when it is oxidized or reduced, (A”) fluorescent emission of
roGFP, detected at (500-550nm) when it is excited at 405 (upper) or 488 nm (lower). B.
Ratio of emission intensity when Grx1-roGFP, is excited at 405nm versus 488nm upon
treatment with H O, or DTT. B’. 405/488 ratio “in live”-increased upon H,0, treatment
and confocal capture at different time points. C. Quantification of 405/488 ratio and
PUMA or MYC levels. D, D’. 405/488 ratio of wt, p537- and puma” cells in conventional
and differentiating conditions and confocal captures of wt cells in these conditions (D”’).
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roGFP can display an oxidized or reduced form. When it is reduced, its excitation spec-
trum has a maximum at A=488nm. When it is oxidized, the excitation spectrum increases
at A=405nm. Thus, the emission intensity when roGFP is excited at 405 or 488nm varies
along with REDOX status in the mitochondria, which can be monitored by the emission
ratio after excitation at 405 and 488nm (Figure 30A-A”’). As a control, we confirmed that
inducing oxidation of roGFP-expressing cells with H O, increases emission intensity when
roGFP is excited at 405nm and decreases emission when is excited at 488nm. Then, the
ratio between this to emission intensities (405/488nm) increases. The opposite situation
occurs inducing reduction with DTT (Figure 30A”, B). These controls demonstrated that
the Grx1-roGFP, reporter was expressed and functional in ESCs (Figure 30B-B’).

Next, we tested whether there is a correlation between mitochondrial REDOX status and
MYC and PUMA expression in WT cells but we did not identify a significant correlation
(Figure 30C). We then tested mitochondrial REDOX status in wt, p537-and puma” cells in
conventional conditions and inducing differentiation. However, no major changes were
detected, except that in conventional conditions WT cells seem to exhibit a more redu-
ced mitochondrial status (Figure 30D). Differentiation induction promoted mitochon-
drial morphological changes. From non-fused spherical shape to more fused elongated
morphology (Figure 30D").

We found that in WT cells differentiation induced oxidation in mitochondria. In contrast,
no significant change was found in puma”- and p537 cells cells, which correlates with the
fact that in undifferentiated conditions, they show higher mitochondrial oxidation than
WT ESCs (Figure 30D’).

Collectively, the fact that we did not find important differences between mitochondrial
REDOX status among wt, p537-and puma?- cells, together with the fact that no correla-
tion was shown between mitochondrial REDOX status and MYC or PUMA expression,
suggest that mitochondrial REDOX status does not play a principal role defining fitness.
Therefore, other approaches will be necessary to evaluate the role of P53 and PUMA
in the mitochondria and the metabolism and shed some light into the mechanisms by
which BH3 and other factors downstream P53 regulate fitness and induced CC.
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In this doctoral thesis, we have explored a number of candidate pathways and factors
potentially involved in loser cell death. As a result, we have characterized different fac-
tors and mechanisms upregulated in low MYC cells contributing to the “loser status/sig-
nature”. We then focused on the candidates P53 and the BCL-2 family members PUMA
and NOXA and characterized their expression, regulation and their role defining compe-
titive fitness in pluripotent stem cells.

1. CELL STRESS IN LOW-MYC CELLS

Live analysis in mESCs shows that low MYC cells are eliminated after persistent random
contacts with high MYC cells (Diaz-Diaz et al., 2017). This observation suggested that
these contacts could generate cell stress in “loser” cells, triggering its elimination. Addi-
tionally, we found activation of the stress kinase JNK upregulated in low MYC cells, which
supports this notion.

JNK is a MAPK activated by different stress stimuli. JINK has been widely described in CC
in Drosophila as a factor able to induce “loser” cell death (See Introduction). Additional
roles described for JNK activation in loser cells are (1) inhibition of proliferation and (2)
non-autonomously enhancement of proliferation in neighbouring winner cells (Chen et
al., 2012; Kolahgar et al., 2015; Moreno et al., 2002). However, in mammals the role of
JNKin CCis less explored. In fact, in scrib”- induced CC in MDCK culture (Madin-Darby Ca-
nine Kidney) it has been reported that not JNK, but another stress MAPK; P38, is involved
in loser cell elimination (Norman et al., 2012; Wagstaff et al., 2016).

In ESCs, JNK has been related to self-renewal, while its role in stress and apoptosis remai-
ned unknown (Semba et al., 2020). The fact that pJNK is higher in low MYC cells suggests
that it is unlikely that JNK high activity levels correlate with pluripotency, given that low-
MYC cells exhibit a more differentiated status than high MYC cells (Diaz-Diaz et al., 2017).
Regarding its general function as a stress activated kinase, this result could support the
idea that low-MYC cells are subjected to stress due to CC.

Therefore, we analysed two well-described and highly regulated stress stimuli in ESCs
such as genotoxic and oxidative stress. We also checked mitochondrial status and two
recent described factors involved in apoptosis, ARTS and HTRA1.

1.1 GENOTOXIC STRESS

Genome integrity maintenance is crucial for ESCs. Despite their fast proliferation, ESCs
keep a low mutational level due to an efficient DNA Damage Repair response. In addi-
tion, when damage is unresolvable, ESCs undergo apoptosis or lose pluripotency. In-
deed, ESCs have been described to be hypersensitive to DNA damage (Li and Huang,
2010; Vitale et al., 2017).

Here, we have analysed DSBs, the most harmful and frequent form of DNA damage du-
ring cell proliferation and did not find higher incidence of DNA lesion in low-MYC cells.
On the contrary, we found a positive correlation between DSBs indicator y-H2AX and
MYC. The proposed role of y-H2AX in ESCs pluripotency (Turinetto et al., 2012) and the
fact that another DSBs marker; P53BP1, did not correlate with MYC levels, support that
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this positive correlation is not related with DSBs and support a role for y-H2AX in pluri-
potency, as high MYC cells exhibit a more “naive” status.

Although the DSBs study did not indicate a higher DNA damage in low MYC cells, there
is a vast variety of DNA lesions that we have not studied here and therefore we cannot
discard a role of other types of DNA lesions in Cell Competition.

1.2 OXIDATIVE STRESS

Reactive Oxygen Species (ROS) are involved in cell signalling; however, excessive ROS
production produces an oxidative stress that can damage macromolecules and induce
apoptosis. In ESCs, ROS are maintained at very low levels (Bigarella et al., 2014). In our
analysis, neither 02*//H,O, detection with DHE nor expression of the ROS-producing
protein NOX4 indicated higher presence of ROS in low MYC cells.

Interestingly, an oxidative stress response has been related to Cell Competition in other
models in Drosophila. Piddini and collaborators described that loser cells in two different
models of CC, induced by either Minute or Mahjong mutations (See Introduction), both
trigger an oxidative stress response in loser cells. In fact, the activation of the oxidative
stress response in loser cells determines the loser fate in these models. However, as in
our case, they did not find increased ROS in loser cells by DHE or CM-H2DCFDA staining
but they did show less reduced glutathione in loser cells. In addition, they demonstrated
that Nrf2 mosaic activation —but not homogeneous activation— was enough to turn WT
cells into losers (Kucinski et al., 2017). These results suggested that, rather than the oxi-
dative stress itself, it is the activation of the oxidative stress protection pathway in cells
surrounded by non-stressed cells what triggers the loser cell phenotype.

Although we have neither explored reduced glutathione levels nor Nrf2 role in ESCs,
data obtained in the lab showed that the antioxidant N-acetylcysteine (NAC) was unable
to inhibit Cell Competition. Additionally, the mitochondrial REDOX reporter Grx1-roGFP,
showed no correlation between MYC levels and mitochondrial REDOX status. Collecti-
vely, these results did not suggest a role of oxidative stress in ESCs CC.

On the other hand, we have reported an interesting NOX4 expression pattern in nucleoli,
where we also found ROS (detected by DHE) in ESCs. The role of ROS in nucleoli has re-
cently related to signalling and autophagy but remains unknown in ESCs (Pfister, 2019).
Additionally, we have also shown a correlation between MYC and the area occupied by
NOX4 and we have identified cells with a very high cytosolic NOX4 signal not related to
MYC levels. These findings, although not related to low-MYC cell elimination, open new
questions relating ROS regulation and ESCs biology.

1.3 MITOCHONDRIAL STATUS

Regarding mitochondrial status, we identified no changes in mitochondrial mass bet-
ween the MYC-low and MYC-high populations, but we found a lower mitochondrial
membrane potential in MYC-low cells.

Recently, T. Rodriguez and collaborators have reported that loser cells in the epiblast are
associated with mitochondrial defects and lower mitochondrial membrane potential.
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Indeed, they demonstrated that bmpr17 cells, which are loser in the presence of WT
cells, are more glycolytic and exhibit less mitochondrial membrane potential. Interestin-
gly, these features only appeared under differentiating conditions but affect loser cells
both isolated and in co-culture with WT cells (CC conditions). Eventually, they showed
that mutations in mitochondrial DNA or altering mitochondria by forcing mitochondrial
fusion or fission is enough to induce CC (Lima et al., 2020).

As both bmprl mutant cells and MYC-Low cells exhibit lower mitochondrial membrane
potential, we hypothesized that both BMP-induced CC and natural MYC-driven CC can
share a common mechanism through metabolism. In fact, T. Rodriguez and collaborators
demonstrated a regulatory pathway between BMP, P53 and mTOR (Bowling et al., 2018),
while we have reported a correlation between P53, mTOR and MYC.

A possible scenario could be that P53 is regulated by multiple stimuli as signalling trans-
lation ability, BMP signalling and others. In loser cells, P53 is activated and regulates
metabolism through different targets, including mTOR and PUMA. These targets then
modulate metabolism through different mechanisms such as autophagy or metabolites
uptake. Eventually, the metabolic status can be reported by MYC expression.

In summary, mitochondrial status and metabolism is probably playing a role in defining
fitness in different competitive scenarios, including MYC-driven CC, as it has been pre-
viously shown in bmpri”- induced-CC and in the epiblast (Lima et al., 2020). However,
regarding metabolic stress as an inducer of loser cell death, the fact that bmpri” lo-
ser cells display a lower MtMP both when they are separated or in co-culture with WT
cells, makes it less probable that metabolic stress is operating as a mechanism triggering
apoptosis.

Collectively, several evidences point out that loser cells suffer stress. Cell stress in low-
fitness cells could be due to their autonomously reduced fitness. Additionally, it could
result from a non-autonomous interaction with fitter cells. However, our data did not
suggest an important role of the stresses and factors analysed in loser cell elimination.

2. LOSER CELL STATUS AND DEATH

If stress induction due to CC does not account for loser elimination, another scenario
could be that CC promotes the activation of specific apoptotic factors triggering low-MYC
cell death. To identify specific pathways related to “loser” death and loser cell status in
an unbiased manner, we took advantage of transcriptomic data (Diaz-Diaz et al., 2017).
Transcriptome analysis of MYC-low and MYC-high cells allowed us to identify P53 as an
important pathway upregulated in MYC low cells (Diaz-Diaz et al., 2017).

2.1 P53

P53 is considered a general stress sensor protein involved in multiples functions. In CC,
P53 has been involved both in defining fitness and in the execution of loser elimination.

Fitness. Regarding fitness, P53 activation has been associated to a loser status. For
example, P53 is upregulated in loser cells endogenous CC in mouse epiblast and ESCs
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(Bowling et al., 2018; Diaz-Diaz et al., 2017; Lima et al., 2020). Moreover, in other in-
duced-CC models such as CC induced by scrib mosaic deficiency, P53 is upregulated in
scrib” loser cells inmammalian epithelial cells (Wagstaff et al., 2016). Indeed, we found
that genetic or chemical alteration of P53 modifies cell fitness inducing Cell Competi-
tion. In that way, P53 activation reduces fitness while P53 inhibition increases cell fit-
ness. CC induced by P53 modulation will be discussed in greater depth in the following
sections.

Loser cell elimination. Low MYC cells, which already express higher P53 levels than
MYC-high cells, further upregulate P53 as they undergo apoptosis in ESCs. Similarly,
scrib” cells express high P53 levels in monoculture. When in co-culture with WT cells,
they further upregulate P53 (due to a WT-induced mechanical compaction). Knockout
of P53 in scrib” cells blocks their outcompetition (Wagstaff et al., 2013).

Interestingly, different functions of P53 in CC have been described in a MYC-Supercom-
petition model in Drosophila. In this model, MYC-overexpressing cells (winner cells)
undergo a set of metabolic changes upon interaction with WT cells. P53 is required in
MYC-overexpressing cells to bear this metabolic switch. On the other hand, P53 is es-
sential in this model to produce diffusible killing signals that induce WT cell death (De La
Cova et al., 2014). This mode of action of P53, reported in Drosophila epithelial tissues,
does not seem to apply to mammalian pluripotent stem cell competition.

In this thesis, we have confirmed that apoptotic cells upregulate P53 but also that
non-apoptotic low-MYC cells express higher P53 levels than high-MYC cells. This con-
firms that P53 has a function defining fitness, but also in the execution of apoptosis in
ESCs. Due to its relevance in CC, we focused on the identification of potential candidates
involved in apoptosis and loser “status” downstream P53.

2.2 BCL-2-FAMILY PROTEIN

The BCL-2 family consists of a set of proteins involved in apoptosis by regulating MOMP.
They have also been related to other non-apoptotic functions such as metabolism or Ca?
homeostasis (see Introduction).

Here, we found different BH3 —only proteins upregulated in MYC-low cells such as puma,
noxa, bik and bnip3. Others, as bim or beclin1, however, were not differentially expressed
between low- and high-MYC populations. Other important members of this family, as bid
or bad, are mainly regulated post-transcriptionally, so we cannot discard a potential role
of these factors in CC from this analysis.

2.3 Ddit4 AND BECLIN1

Other candidates upregulated in low MYC cells were ddit4 and tp53inp1. These candi-
dates suggest a role of mTOR inhibition and autophagy in CC. We confirmed an inhibition
of mTOR in low MYC cells. mTOR has been described to regulate competitive fitness.
Thus, mTOR upregulation increased fitness while its inhibition induced apoptosis (Bowl-
ing et al., 2018). Our results suggest that mTOR regulation in MYC-induced CC could be
mediated, at least in part, by DDIT4.
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We also reported the upregulation of Beclinl in a few cells with low levels of MYC. BE-
CLIN1 is a central element in the initial formation of autophagosomes. Curiously, we
identified a nuclear localization for BECLIN1 in ESCs. This had been previously described
in other cell types, but not in ESCs, although BECLIN1 function in the nucleus is not clear
(Xu et al., 2017). Therefore, due to this localization, we cannot discard that BECLIN1 is
performing a role different from autophagy induction in ESCs. BECLIN1 showed a posi-
tive correlation with MYC; however, it was highly upregulated in cells with very low MYC
levels. This could indicate that, in general, its expression correlates with competitive
fitness, which is supported by the fact that autophagy deficient cells have a loser be-
haviour (Sancho et al., 2013). However, its strong upregulation could be related to the
execution of loser cell death in ESCs.

2.4 MODEL PROPOSAL

By transcriptomics, P53 response is identified as the principal pathway upregulated in
low-MYC cells during CC. Although, P53 is not upregulated at the transcriptional level
(Diaz-Diaz et al., 2017), higher nuclear P53 is detected in low-MYC cells. The identified
candidates downstream P53 can play a role both in the execution of apoptosis and al-
tering metabolism, which can contribute to a loser status (see Results 2.4). Thus, loser
cells could exhibit a specific metabolic profile characterized by a reduced mitochondrial
oxidative function and increased glycolysis, which is supported by the fact that MYC-
low cells exhibit reduced MtMP and increased Glutl expression. This metabolic status
is compatible with the metabolic switch ESCs suffer during differentiation (Mathieu and
Ruohola-Baker, 2017) and the fact that differentiating ESCs are outcompeted by naive
ESCs (Diaz-Diaz et al 2017). Consistent with this notion, a reduced OXPHOS and increased
glycolysis has been reported in loser bmpr1” loser cells (Lima et al., 2020).

Additionally, we have shown an inverse correlation between MYC and P53, and MYC and
their respective downstream targets mTOR and PUMA, which suggests that MYC act as
a general loser status reporter.

Due to its ubiquitous expression, inversely correlating with MYC in ESCs and its recent
described roles in metabolism, we decided to focus on the study of PUMA and P53 re-
gulating fitness and CC.

3. P53 AND PUMA IN PLURIPOTENT CELL
COMPETITION

puma (bbc3) has been described as one of the strongest apoptotic inducers of the BH3-
only protein family. Indeed, it accounts for the majority, if not all, of the apoptotic activi-
ty of P53 upon genotoxic stress (Hikisz and Kiliariska, 2012; Yu and Zhang, 2008). In ESCs,
we found that PUMA is widely expressed, showing cell-to-cell heterogeneous levels that
inversely correlate with MYC levels.

Although apoptotic cells present higher PUMA levels than the general population, this
difference is not quantitatively large; only 10% increase over non-apoptotic cells, while
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more than a 100% increase was found for P53 expression in the same cells. Therefore,
many non-apoptotic cells express similar PUMA levels to apoptotic cells. This suggests
functions for PUMA different from apoptosis execution; in fact, it suggests that PUMA
is not involved in the execution phase of apoptosis during CC. Rather, PUMA could be
just making the cells more prone to suffer apoptosis or less competitive in a way inverse
to MYC expression. Recently described roles of PUMA in mitochondria and metabolism
suggest that PUMA could play a function regulating fitness and CC, downstream of P53
through metabolic regulation (Kim et al., 2019; Siddiqui et al., 2015). Thus, we wanted
to explore these hypotheses.

3.1 PS3 AND PUMA EXPRESSION IN ESCs AND EARLY MOUSE EMBRYO

First, we wanted to further describe P53 and PUMA expression and regulation in ESCs
and in the mouse embryo. We found that in the absence of P53, there is no obvious
PUMA signal in ESCs or in the embryo, indicating that P53 is essential for PUMA expres-
sion in pluripotent cells. Regarding the literature, puma can be transcriptionally activated
by different factors aside from P53 such as E2f1, Myc, C-Jun, Sp1 (Yu and Zhang, 2008). In
fact, different factors and apoptotic stimuli induce puma in the absence of p53 e.g. P73,
FoxO3a, CHOP, glucocorticoids and ischemia-reperfusion (Futami et al., 2005; Ming et
al., 2008; Wu et al., 2007; You et al., 2006; Yu and Zhang, 2008). As many of these works
are performed upon stress inductions, it would be interesting to explore whether P53
is also necessary for PUMA induction upon different apoptotic stimuli. This would allow
to distinguish whether P53 is just essential for PUMA expression and function in ESCs in
steady-state conditions or whether it is required for PUMA expression in different con-
texts. It would be also interesting to explore whether other BH3-ONLY protein exhibit
expression patterns and P53-dependent regulation similar to PUMA in pluripotent cells.

In the epiblast, PUMA is expressed in every cell in a heterogeneous manner similar to
ESCs. In fact, we also showed that high PUMA-expressing cells exhibited low MYC levels
in the epiblast. On the other hand, P53 signal was not detected at E6.5. However, the
fact that P53 is essential for PUMA expression in ESCs and in the epiblast indicates that
P53 function is widespread in pluripotent cells, and the inability to detect P53 with anti-
bodies is due to technical problems.

At E3.5, however, P53 signal was detected and we found a positive correlation between
P53 and PUMA. However, we did not observe correlation between P53 and MYC, in-
dicating that MYC depends on additional factors in the blastocyst, in contrast to ESCs.
Curiously, Bowling et al., described that P53 activation with Nutlin3 is required to show
a correlation between P53 and mTOR signalling.

Collectively, these data suggest that P53-PUMA and MYC are subjected to similar regula-
tion in ESCs and in vivo, with the exception that we could not find a correlation between
P53 and MYC in E3.5 embryos.

3.2 REGULATORY INTERACTIONS BETWEEN P53-PUMA AND MYC

We have described an inverse correlation between P53-PUMA and MYC. Quantification
of P53, PUMA and MYC levels indicated that high P53-PUMA cells have low MYC levels,
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although not all MYC-low cells express high P53-PUMA levels and can express low P53-
PUMA levels (Figure 14 and 15). To understand whether Myc could be inhibiting P53-
PUMA or on the contrary, P53 and PUMA can inhibit Myc expression, we used different
knockout cell lines.

myc-KO cells did not modify the levels and heterogeneity of P53-PUMA. However, p53
/- cells upregulate MYC expression. These results suggest that P53 act upstream MYC
defining fitness and have a function inhibiting MYC. Thus, P53 may impact competitive
fitness at least to some extend by regulating MYC. Further exploration will be needed
to address whether P53 can directly inhibit MYC expression or it is mediated by P53-
downstream targets.

On the other hand, neither puma nor noxa elimination upregulated myc expression, in-
dicating that these BH3-only proteins does not inhibit MYC expression. Curiously, some
but not all puma” clones overexpressed MYC. This indicates that puma” cells competiti-
ve fitness is not dependent on MYC regulation. As PUMA is not expressed in p537 cells,
these results indicate that P53-PUMA can regulate competitive fitness by mechanisms
independent of MYC regulation.

We can hypothesize that P53 can impact on competitive fitness through different downs-
tream elements including PUMA (and other BH3-only proteins), MYC as well as diffe-
rent factors previously identified by RNAseq (e.g.dddit4, tp53inp1, perp). In the case of
DDIT4, it is supported by the fact that it is a potent inhibitor of mTOR, which correlates
with MYC expression and induces CC downstream P53 (Bowling et al., 2018).

Preliminary results in vivo indicated that MYC is not upregulated in p537 mouse embr-
yos. Although the number of embryos analysed should be increased in order to obtain
stronger conclusions, this suggests that in embryos, MYC regulation could depend on
additional factors. This would be supported by the fact that no correlation was found
between MYC and P53 in E3.5 mouse embryos. Moreover, this suggests that in the mo-
del of p537-induced CC, differences in fitness due to the absence of P53 would not be
dependent on MYC.

3.3 P53-PUMA AND MYC ARE REGULATED BY PLURIPOTENCY

Pluripotency is the capacity of cells to produce all three embryonic germ layers. Pluri-
potency, however, is not a single status, and during development, cells transit through
diverse sequential pluripotent states. We showed that naive cells (promoted in “2i” me-
dium) maintained low levels of P53 and PUMA and, as medium conditions are modified
to allow the transit to a less naive pluripotent status and the emergence of primed cells
(“SR/FBS” medium), P53 and PUMA levels increase progressively. Such medium condi-
tions actually produce a heterogeneous state in which naive and primed cells coexist in
vicinity.

While naive pluripotent cells cultured in 2i also maintain low levels of MYC, the hetero-
geneity established in the SR/FBS medium promote higher MYC levels in the naive cells
and lower MYC levels in their primed neighbours. It would be interesting to explore what
regulates MYC upregulation in more naive cells when cultured in FBS or SR media in con-
trast to 2i media. One possibility is that this happens in response to contact with primed
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cells, as part of a mechanism to detect and eliminate primed cells from naive cell pools.
During this process, our results suggest that P53 and other factors upregulated in more
primed cells inhibit MYC expression. In agreement with this view, when we allowed di-
fferentiation by removing LIF, PUMA levels increased, while MYC levels were downregu-
lated. This could indicate that PUMA, along with other factors, is upregulated in more
primed cells and inhibits MYC levels. This upregulation could mediate a hypersensitivity
in ESCs when they transit to a more primed status which is supported by the fact that
ESCs become more sensitive to passaging after differentiation, while puma”-and specia-
lly p537" are more resistant (data not shown).

Another interesting aspect of MYC regulation by P53 is that although P53 is inhibiting
MYC expression in ESCs, in the absence of P53, MYC keeps its heterogeneous expression
pattern. This shows that other factors in addition to P53 are regulating MYC and cell fit-
ness, being pluripotency an important factor able to regulate both MYC and P53.

Regarding in vivo data, at E3.5 PUMA is just expressed at high levels in only some blasto-
cyst. From E.5to E6.5, it is heterogeneously expressed in all epiblast cells. However, when
gastrulation begins, PUMA expression is decreased along the primitive streak. While in
ESCs we found a good inverse correlation between P53/PUMA and Myc levels, in the
embryo, this correlation seems to break at the primitive streak, where low levels of both
PUMA and MYC are detected. It is possible, however, that the stages of differentiation
recreated in vitro upon LIF withdrawal do not reach the primitive streak cell status.

We can hypothesize that epiblast cells and ESCs can heterogeneously acquire a more
primed status and upregulate P53-PUMA (along with other factors) allowing competi-
tive interactions among neighbouring cells. In contrast, gastrulation constitutes a pro-
grammed, coordinated and localized (primitive streak) differentiation process. During
this process, both PUMA and MYC are downregulated and CC is blocked (Claveria et al.,
2013; Diaz-Diaz et al., 2017). In particular, downregulation of PUMA could be required
at gastrulation to avoid that the somatic cells derived from gastrulation enter apoptosis.
In fact, PUMA is not normally expressed in non-pluripotent cells unless an apoptosis
pathway is triggered. Therefore, PUMA downregulation at the primitive streak may co-
rrelate with the transition from a pluripotent stem cell-mode of action of PUMA to its
inducible activation in non-pluripotent cells.

3.4 FUNCTIONAL CHARACTERIZATION OF P53, PUMA AND NOXA IN ESCs.

Most studied functions of P53 are induction of cell cycle arrest, senescence and apop-
tosis in response to DNA damage and other stresses. However, P53 is involved in many
other functions as modulation of autophagy, control of ROS, alteration of metabolism or
repression of pluripotency and cellular plasticity (Kastenhuber and Lowe, 2017). BCL-2
proteins such as PUMA and NOXA account for the apoptotic function downstream P53.
In addition, BCL-2 proteins have been related to other functions in metabolism (Siddiqui
et al,, 2015).

In ESCs, previous efforts to study P53 function have produced contradictory results. Re-
cent studies suggest that P53 functions in ESCs change depending on the pluripotent sta-
tus (Fu et al., 2020; Hao et al., 2020; Jaiswal et al., 2020). Regarding BH3-only proteins,



DISCUSSION

there is little information about PUMA and NOXA function in ESCs.

Apoptosis. We have observed that p53, and to a lesser extent, puma and noxa KO ESCs
have a reduced apoptosis rate in conventional conditions (FBS +LIF), which are known
to allow spontaneous cell competition (Diaz-Diaz et al 2017). Jaiswal et al., have des-
cribed that in ESCs cultured in similar conditions, apoptosis induced by doxorubicin,
staurosporine or WX8 is independent of P53 and PUMA. However, in differentiating
conditions (by LIF deprivation), cell death becomes P53 and PUMA dependent (Jaiswal
et al., 2020). Nevertheless, we have found a role in apoptosis for P53, PUMA and NOXA
cultured with “FBS” medium at least in steady-state conditions. A possible explanation
could be that cell death dependent on P53 and BH3-only proteins in pluripotent cells
(FBS +LIF) is due to CC, and therefore unrelated to cell damage.

Proliferation and cell cycle. We did not observe a significant function of P53, PUMA or
NOXA in proliferation or cell cycle in FBS+LIF. This is consistent with a recent work in
which showing that in standard ESC culture conditions, cell cycle regulation is indepen-
dent of P53. However, when ESCs present a naive pluripotent status, using “2i” media,
P53 mediates the elongation of G1 cell cycle phase (Ter Huurne et al., 2020).

Differentiation. Regarding differentiation, P53 has been related to differentiation in
ESCs. Indeed, this has been proposed as a mechanism to maintain genome stability in
ESCs (Fu et al., 2020; Jain and Barton, 2018). Lin et al., showed that upon DNA damage
induction, P53 is phosphorylated at Ser315 and inhibits NANOG (critical pluripotent
factor), inducing differentiation of mESCs (Lin et al., 2005). Additionally, exogenous P53
expression induces differentiation as well as G1 phase elongation (Jain et al., 2012).
On the other hand, differentiation induction by retinoic acid mediates P53 activation
by Lys373 acetylation in hESCs (Jain et al., 2012). Regarding P53 and differentiation in
unstressed conditions, Zhang et al., have shown that P53 induces differentiation, which
is prevented by SIRT1 acting downstream OCT4 (Zhang et al., 2014).

Here, we described that p-ERK is higher in p537 cells in “FBS” medium. However, this
correlation was not observed in puma” or noxa” cells. It is possible that, apart from
its functions in differentiation, in unstressed conditions P53 plays a role in regulating
pluripotency in mESCs. This has already being proposed by others, showing that p53
knockdown cells inhibit nanog in unstressed conditions (Abdelalim and Tooyama, 2014).
On the other hand, in a late primed pluripotent status, p-ERK could be mediating other
functions apart from differentiation.

Regarding the regulation of the P53 pathway and MYC, we found that pluripotency sta-
tus modifies P53, PUMA and MYC expression, so that, the range of expression levels
increases in FBS+LIF (which allows the emergence of some primed cells) in comparison
to 2i medium (which maintains more naive status). Moreover, when differentiation is
initiated in ESCs, MYC levels are reduced while PUMA levels increase. On the other hand,
modulating MYC levels does not change the pluripotent status (Diaz Diaz et al., 2017; C.
Claveria, unpublished). Therefore, although P53 may have a function in differentiation
in unstressed conditions, it seems that progression in the pluripotency status towards
differentiation priming is an essential factor to allow the emergence of cells with the
“loser signature”.
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3.5 CELL COMPETITION

CC assays showed that fluorescent WT cells undergo a reduced growth when they are
co-cultured with p53 and puma KO cells, in comparison to other WT cells. This indicates
that p53 and puma have a function in competitive fitness regulation in ESCs, because
not only they reduce apoptosis in winner cells but they also promote the elimination of
neighbouring wild type cells. The function of P53 as a fitness regulator is consistent with
previous data in which P53 overexpression can turn cells into losers, while P53 inhibition
transforms them into winners (Bondar and Medzhitov, 2010; Wagstaff et al., 2013).

In ESCs, Dejosez et al., showed that in similarity with the early mouse embryo, p537 cells
displace WT cells when they are cultured in differentiating conditions. However, it is not
clear whether this effect is due to autonomous or non-autonomous effects. Interesting-
ly, these authors showed that when ESCs are cultured in undifferentiated conditions,
p537 cells become loser and are outcompeted by WT cells (Dejosez et al., 2013). We will
discuss the relation of P53-induced CC and pluripotency in the following sections. Inter-
estingly, Bowling et al., demonstrated that P53 regulates mTOR and that knocking-down
p53in bmprl”-and 4N loser cells rescues them from CC. This suggests that P53 has a role
defining fitness and inducing CC in ESCs, although this has not been directly demonstrat-
ed until our work here.

3.6 CELL COMPETITION AND PLURIPOTENCY

T. Rodriguez and collaborators have demonstrated that BMP-induced CC in ESCs occurs
in differentiating conditions but it is inhibited when a more pluripotent status is main-
tained (Lima et al., 2020; Sancho et al., 2013). MYC-driven CC does not require inducing
differentiation but it needs culture conditions that allow the emergence of primed cells
coexisting with naive cells. Dejosez et al., described that maintaining a pluripotent status
turned p537 cells from winner to loser. They also described a similar behaviour for to-
poisomerase | gene (Dejosez et al., 2013), which has been less described in the CC field
and how it regulates fitness or its relation with other pathways inducing CC is unknown.

Here we found that although p53-KO cells are not outcompeted by WT cells in 2i me-
dium, the outcompetition of WT by p537 cells that we described in differentiating con-
ditions is inhibited in 2i. In agreement with this, in 2i media, apoptosis of WT cells is
reduced to similar levels than in p53-KO cells. These results indicate that as ESCs exit the
naive pluripotent status, they increase P53 levels and also P53-dependent apoptosis.
This P53-dependent apoptosis that occurs only when naive and primed cells coexist in
the culture could be due to (1) cell autonomous P53-dependent apoptosis in unstressed
ESCs in FBS+LIF medium or it could be due to CC. Then, in the absence of p53, CC would
be blocked indicating that (2) P53 is required to define fitness. In other words, p537 cells
do not have competitive interactions or (3) p53 is required for the execution of loser cell
death.

Moreover, in contrast to differentiating conditions, in which p53-KO cells exhibit an in-
creased growth rate in comparison to WT cells, this growth rate is reduced to similar
levels to WT cells rate in 2i conditions. This observation fits with reported data in undiffe-
rentiated conditions in which p537-and WT cells display similar growth rate (Dejosez et
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al., 2013). We found that in differentiating conditions, ESCs increased their growth rate,
however, P53 limited this growth rate. Given that no changes in pH3 were detected bet-
ween p537-and WT cells in differentiating conditions, we assume that P53-dependent
inhibition of growing rate could be due to the increased apoptosis.

In summary, in 2i conditions CC between p537-and WT cells is inhibited. When, cells
exit the naive status, competitive interactions increase. This is accompanied with an in-
crease in P53 and PUMA levels and a decrease in MYC levels in differentiation-primed
cells, which thereby acquire low competitive fitness. In contrast to p53” cells, WT cells
have a lower growing rate, probably due to a higher apoptotic rate. Both effects are P53-
dependent and inhibited by naive pluripotency.

3.7 CELL COMPETITION AND MITOCHONDRIAL REDOX STATUS

We tested mitochondrial REDOX status by using the ratiometric reporter Grx1-roGFP..
We found that ESCs show a REDOX status close to a “maximum reduction status” indu-
ced by DTT and is far from the “maximum oxidation status” induced by H,O,. This is in
agreement with the notion that ROS is maintained at minimum levels in ESCs (Bigarella
et al., 2014).

It has been described that different stem cells types exhibit distinct mitochondrial mor-
phology, which is linked to mitochondrial function (Seo et al., 2018). Mitochondrial fu-
sion produces tubular/branched mitochondria that are thought to produce energy more
efficiently than the immature, globular mitochondria. Therefore, non-fused spherical
mitochondria are associated to a more glycolytic metabolism, while more fused elon-
gated are related to higher OXPHOS. However, this depends on complex factors as cell
type. While ESCs show non-fused mitochondria, they present a bivalent energy produc-
tion switching from more glycolysis to more mitochondrial respiration (Seo et al., 2018).
Epiblast stem cells (EpiSCs), which are differentiation-primed cells, show more tubular
and developed mitochondrial content; however they are more glycolytic and have low
mitochondrial respiratory capacity due to low cytochrome c oxidase and HIF1a expres-
sion (Zhou et al., 2012).

Our results suggest that mitochondrial REDOX status is not involved in defining cell fit-
ness. Therefore, other approaches will be necessary to evaluate the role of P53 and
PUMA in the mitochondria and metabolism and identify the mechanism by which P53
and PUMA regulate fitness and Cell Competition.

PROPOSED MODEL

As mouse embryonic stem cells heterogeneously progress to a less naive pluripotent
status, competitive interactions are promoted between “low fitness” and “high fitness”
cells.

We consider “low competitive fitness” cells those that are non-autonomously eliminated
by “high competitive fitness” cells. According to this definition and regarding that MYC
is a well reporter of fitness in ESCs, MYC-low cells are cells with decreased competitive
fitness. Based on MYC expression, we identified P53 and several downstream targets
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upregulated in MYC-low cells, as important candidates involved in “loser” cell death.
These factors and pathways include BH3-only proteins, mTOR pathway and mitophagy
induction. In addition to their function in apoptosis, the analysis of these factors su-
ggests an important role in metabolic regulation.

Characterization of the loser cell signature is of great interest and is being sought in va-
rious models of Cell Competition (Kucinski et al., 2017; Lima et al., 2020; Nagata et al.,
2019). Here, we describe a pattern of expression levels for various factors that corres-
ponds to low competitive fitness and, therefore, represents a “loser signature”. From
the factors studied, we propose that P53 and to a lesser extent, the BH3-only protein
PUMA regulate competitive fitness and induce CC (Figure 31).

A LOSER CELL B p53” or puma” WT cell
WINNER LOSER CELL
- P531%
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PUMA TP53INP1 ,’/" ‘\ = /,/,‘ R
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Figure 31. Proposed model.

A. Low-fitness cells are defined by a set of cell-autonomous features that constitute a
“loser signature” and promote the “loser status”. P53 and several downstream targets
contribute to that loser status. As these factors have been described to alter metabo-
lism and reduce mitochondrial function, we propose that these factors could decreased
fitness at least in part by regulating metabolism. Altered metabolism would have an
impact on competitive fitness, along with other factors and eventually, would be re-
ported by MYC expression levels. Competitive interactions between cells with the loser
signature (P53", PUMAM, MYC") and cells with a winner profile (P53, PUMA'", MYC")
leads to apoptosis of loser cells. Further upregulation of P53 and some of its downs-
tream targets can contribute to MOMP and elicit apoptosis of loser cells. B. P53  and
PUMA exert a function in competitive fitness. This function could be mediated by their
metabolic regulatory functions, along with other roles. P537- and puma”- cells adquire
a “winner status” and mediate the outcompetition of WT cells.
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CONCLUSIONS

1. MYC-low cells do not present more Double Strand Breaks (DSBs), H,0, and O*~ ROS
or differential mitochondrial REDOX status, which suggests that genotoxic or oxidative
stress do not determine loser cell low competitive fitness in ESCs.

2. MYC-low cells possess a “loser signature” characterized by activation of the P53
pathway. P53 targets upregulated include puma, noxa, ddit4, tp53inp1 or perp, which
are involved in cell death induction, autophagy and mitophagy and alteration of the
mitochondrial function.

3. PUMA is not restricted to apoptotic cells but widely expressed in ESCs and in the early
mouse embryo in a cell-to-cell graded heterogeneous pattern. P53 is essential for PUMA
expression in pluripotent cells indicating that activity of P53-PUMA is not restricted to
apoptotic cells in this context.

4. P53, but not PUMA or NOXA, acts upstream of MYC and inhibits its expression.

5. In conventional unstressed ESC culture conditions (FBS +LIF), P53, PUMA and NOXA
have a function in apoptosis, but not in proliferation or cell cycle.

6. P53, PUMA and MYC are regulated by the ESC pluripotent status, with MYC levels de-
creasing and P53-PUMA increasing as cells progress towards differentiation.

7. P53 or PUMA elimination confers ESCs a winner status, allowing them to eliminate
WT cells in co-culture, which indicates that P53 and PUMA activity negatively regulate
competitive fitness in pluripotent stem cells.

8. Cell Competition induced by P53 loss is inhibited by maintaining cells in a naive pluri-
potent status.

9. p537-and puma” cells do not present major differences in the mitochondrial REDOX
status in comparison with wt cells, indicating that P53 and PUMA function on cell fitness
is not mediated by differences in mitochondrial REDOX status.
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1. Las células con bajos niveles de MYC no presentan mas roturas de doble cadena, es-
pecies reactivas de oxigeno H,0, o O o diferencias en el estado REDOX mitocondrial,
sugiriendo que ni estrés genotdxico ni el estrés oxidativo determinan el bajo fitness de
las celulas loser en ESCs.

2. Las células con niveles bajos de MYC poseen una “loser signature” caracterizada por la
activacion de P53. Algunos genes dianas de P53 sobreexpresados incluyen puma, noxa,
ddit4, tp53inp1 o perp, factores implicados en la induccion de la apoptosis, la autofagia
y mitofagia y la alteracién de la actividad mitocondrial.

3. PUMA no se expresa Unicamente en células apoptodticas, sino que esta ampliamente
expresado en células ES y en el epiblasto, generando un patrén heterogéneo célula-a-
célula. P53 es esencial para la expresion de PUMA en células pluripotentes.

4. P53, pero no PUMA o NOXA, se encuentra aguas arriba de MYC e inhibe su expresion.

5. En células ES, cultivadas en condiciones normales y empleado medio convencional
(FBS + LIF), P53, PUMA y NOXA desempefian una funcién en apoptosis, pero no en pro-
liferacién ni ciclo celular.

6. P53, PUMA y MYC son regulados por el estado de pluripotencia de las ES. A medida
que las células adquieren un estado de mayor diferenciacién, los niveles de MYC bajan,
mientras que los de P53-PUMA se incrementan.

7. La eliminaciéon de p53 y puma confiere a las células ES un “status winner”, capaces
de eliminar células WT en co-cultivo. Por tanto, P53 y PUMA regulan negativamente el
fitness en células madre Pluripotentes.

8. La Competicidon Celular generada por la eliminacién de p53 se inhibe al mantener un
estado de pluripotencia naive.

9. Las células p537 y puma” no presentan diferencias importantes en el estado REDOX
mitocondrial, indicando que la funcién de P53 y PUMA regulando el fitness no es produ-
cida por el estado REDOX mitocondrial.
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ANEXO |

1. CYTOPLASM MACRO

n = getNumber(“How many nuclei”, );
match = newArray(n);

for(i=0; i < n;i++){
for(j=n; j< roiManager(“count”);j++){
roiManager(“Select”, j);
getSelectionBounds(x, y, width, height);
X = X + width/2;
yc =y + height/2;
roiManager(“Select”, i);
roiManager(“Set Line Width”, 0);
roiManager(“Rename”, “Cell_" + i+1);
roiManager(“Select”, i);
if(Roi.contains(xc, yc)){
matchli] = j;
roiManager(“Select”, j);
roiManager(“Set Line Width”, 0);
roiManager(“Rename”, “Nuclei_” + i+1);
j = roiManager(“Count”); }
roiManager(“Select”, newArray(i, match[i]));
roiManager(“XOR”);
roiManager(“Add”);
roiManager(“Select”, roiManager(“Count”)-1);
roiManager(“Set Line Width”, 0);
(

” o«

roiManager(“Rename”, “cytosol_” +i+1); }

2. FOCI NUMBER MACRO

run(“Duplicate...”, “duplicate channels=1");
recuento=roiManager(“Count”);
punctae=newArray(recuento);

for(roi=0;roi<recuento;roi++){
roiManager(“Select” roi);
roiManager(“Rename”,”N”+roi+1);
” u

run(“Find Maxima...”, “noise=30 output=Count”);
punctae[roi]=getResult(“Count”,roi); }

//Crear tabla

run(“Clear Results”);

for(roi=0;roi<recuento;roi++){
setResult(“Puntae” roi, punctae[roi]);
updateResults; }
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